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a b s t r a c t

The considered simulation tasks are based on an electrometallurgical process development strategy and
associated telemanipulator simulation systems are proposed with various scales of experimental facil-
ities. Fundamentally, target facilities are assumed to be operated only by remote handling systems
because the considered process is operated in hazardous environments. Futhermore, the feasibility at
various scales should be experimentally verified with gradual increase in throughput. In this regard,
bench, engineering, and pilot-scale simulation systems are important early-stage tools for assessing the
practical operability of the target process with the material handling systems. Such simulation systems
are highly customized for applications and are a precursor to larger pilot and demonstration-scale plants.
This paper introduced and classified the developed simulator systems for this approach at various scales
using remote handling systems which were assembled inside a virtual target facility, and the man-
machine interface was included for a more realistic operation of the simulator. The results obtained for
each simulator show the feasibility and requirement for improvement of the systems for the considered
test issues with respect to the operation and maintenance of the process.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Simulation technology based on teleoperation is an important
and challenging topic for several industries. In this work, we tried
to break down the functions of simulator systems for teleoperation
based on the purpose of simulation tasks and introduced several
industrial application cases. First, a teleoperation simulator can
assist and reinforce a user's sense and intuitive work for tele-
operation. Sourina et al. introduced the application of simulation
technology to remote manipulation. The proposed system utilize a
virtual orthopedic surgery training simulator with force feedback
function [1]. CEA LIST in France developed a real time simulator for
maintenance task with force-feedback in an immersive environ-
ment [2]. Obviously, force-feedback devices have been employed as
advanced technology to redouble simulation effects and improve
the sense of a real situation in a virtual environment as well as in
teleoperation and hazardous environments. Second, a tele-
operation simulator can merge with practical operation and su-
pervisory control system to overcome the restrictions of inherent
by Elsevier Korea LLC. This is an
operation condition. One such application is teleoperation in the
construction industry, in which drilling of deeper tunnels is one of
the biggest challenges. Advanced teleoperation and supervisory
control techniques were proposed by David et al. in the “Telemach
project” as potential solutions to the drilling of deep tunnels. In
particular, a complete framework merging virtual reality tools and
actual equipment was designed to overcome the limitations of
existing systems. A wide range of assistances was developed to
reduce the impact of secondary tasks during the maintenance
process, offer guidance, and secure task execution according to the
context. The feasibility of the principle was demonstrated through
key operations of a scale-one mock-up of a tunnel boring machine
[3,4].

Third, the predefined or programmed motion of teleoperation
systems can be simulated to prove the feasibility before actual
applications. On such simulation systems can be found in the field
of nuclear industry. The dismantling of major components is one of
the most difficult activities in a nuclear facility during decom-
missioning. In the planning step, the selection of dismantling
equipment and organization of dismantling processes suitable for
the site was found to significantly affect the cost and safety of the
entire decommissioning process [5,6]. Hyun et al. proposed the
user interface technology to reduce mental transformations for
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tangible remote dismantling simulator, inwhich operators can cut a
control rod guide tube with a seamless remote dismantling system
[7,8] with reduced mental load [9]. Choi et al. studied the topology
that represents objects by boundaries and connections between
different parts of the planning of dismantling of nuclear facility
[10]. Although methodologies based on the mesh are more popular
in machining [11,12] and surgical cutting [13] simulations, Choi
et al. used topology as the geometric representation because to-
pology is compatible with the CAD kernel, which may offer even
better stability and reliability for repetitive cutting situations over
various sizes and complicated shapes that occur frequently during
the dismantling of nuclear facilities. These concepts were varied
using the developed virtual decommissioning simulator practically.

In this study, based on the electrometallurgical process devel-
opment strategy, telemanipulator simulation systems with various
scales of electrometallurgical process facilities are considered. The
facilities are assumed to be operated only by remote handling
systems because the considered process are operated in hazardous
environments and for the feasibility at various scales should be
experimentally verified. In this regard, bench, engineering, and
pilot-scale systems are important early-stage tools for assessing
and scaling new process technologies. For each scale of facility,
simulation purposes are considered in this study as follows. First,
reachability of telemanipulator for the target equipment in lab/
engineering-scale virtual space is simulated with assitive functions
for user's manipulation sense (Visual and force feedback). Second, a
high-DOF telemanipulator is simulated for the target equipment in
an engineering-scale confined virtual space with versatile
controller. Finally, autonomous teleoperation systems are simu-
lated with a discrete event simulator and virtual reality system in a
pilot-scale virtual space. Such systems are highly customized for
applications and are a precursor to larger pilot and demonstration-
scale plants.

2. Classification of target facilities and teleoperation systems

In this study, the scale of each facility is assumed as follows.
First, the bench-scale (lab-scale) uses systems that cover less than
10% of the full scale of operations. The engineering and pilot-scales
are the proof-of-concept stages at scaled-up sizes for treating up to
10% and half the size of a total actual process, respectively. Usually
pilot-scale facilities are built on-site at the eventual placewhere the
full-scale facility will be constructed and operated. The full-scale is
the final design and size of the facility that is constructed and
operated. The full-scale facility is the result of incorporating out-
comes at the bench, engineering, and pilot-scales to optimize the
final design. The bench-scale or batch-test stage has inherent
shortcomings that can restrict the usefulness of data for process
plant design. These shortcomings are related to the inherent
operating differences between the batch-operated laboratory
equipment and procedures and those of a full-scale continuous
process plant. The factors affecting these shortcomings might
include the following: 1) particle size distribution, 2) influence of
process and reaction time, 3) effect of process machinery size on
process plant performance, 4) behavior and disposition of by-
products and unfinished fractions, and 5) limitations associated
with the quality of samples available for bench-scale test work.
Pilot plants are also used to study the instrumentation and control
units within a specified process plant, and to evaluate specially
designed equipment. In this regard, pilot plants can be used to
examine alternative process flowsheets and produce concentrates
and other products for downstream process design test work, such
as electrometallurgical processing of concentrates. At this stage,
recycled solutions, electrolytes, and organics must be examined to
detect the accumulation of undesirable contaminants [14]. The
inclusion of a pilot plant test program during the study phase of
such process operations is crucial. For instance, an extensive range
of ancillary and utilities supports the bench and pilot programs.
Meanwhile, the scale of experiments is increasing and the use of
specified atmosphere condition, such as an argon or highly dry
atmosphere, are also required by confined cells being applied to
various kinds of material handling and maintenance systems [15].
This study focused on the proposal of telemanipulator simulation
systems for assessing the practical operability and maintainability
of the target process equipment at various scales of virtual facility.
In this study, such applications are based on the mechanical/servo-
based master-slave system, and the servo systems can perform
programmed motions in specific cases and zones. In the pilot-scale
facility, these systems offer the automation feature.

This study attempted to classify teleoperation systems for
confined experimental facilities according to the level of automa-
tion for themanipulation of targetmaterials considering the facility
scales and introduced several kinds of simulation systems for each
scale of experimental confined cell facilities. Remote handling
systems for the simulation considered in this study are as follows.
Fig. 1 and Table 1 show the classification of these schemes ac-
cording to the facility scales and required payload for the experi-
ment in the associated facilities.

⁃ Mechanical mastereslave manipulator (MSM): operation,
maintenance (lab/engineering-scale)

⁃ Bridge-transported dual-arm servo manipulator (BDSM): oper-
ation, maintenance (engineering/pilot-scale)

⁃ Container gripper integrated with BDSM (C-Grip): container
handling (pilot-scale)

⁃ Module gripper integrated with autonomous telescopic mast
system (T-Grip): module/container handling, maintenance
(autonomous facility with pilot-scale)

Table 2 shows the general requirements for each type of remote
handling systems derived on the basis of the classification of the
developed remote handling systems according to the scale of the
experimental facility. Table 3 shows the simulation scopes of the
developed remote handling systems based on the analysis of
Tables 1 and 2

Based on the considerations listed in Tables 2 and 3, key issues
for the proposed simulators are as follows.

⁃ Manual (mechanical type) handling simulation: operability
(visibility of passive view and reachability) of mounted tele-
manipulator system

⁃ Manual (servo type) handling simulation: operability (visibility
of active view and accessibility) of the movable telemanipulator
system

⁃ Automatic handling simulation (C-Grip): layout feasibility and
lead time of entire process

⁃ Automatic handling simulation (T-Grip): material handling
performance (pick and place) of each process

In this study, the classification of experimental facilities ac-
cording to the levels of automation for the manipulation of the
target material, is as follows. A globe box system has the lowest
level of automation generally because the experimental operator
handles the specimen directly by using the operator's own hands,
as shown in Fig. 2(a). Essentially, a glove box is a sealed container
that is designed to allow one to manipulate objects where a sepa-
rate atmosphere is desired. Gloves are built into the sides of the
glove box and arranged in such a manner that the user can place
their hands into the gloves and perform tasks inside the box
without breaking the containment structure. Unlike the globe box



Fig. 1. Comparison of each scale facility considered in this study (lab/engineering-scale facilities are in operation [16-19] and pilot-scale facility is a conceptual design [20]).

Table 1
Classification of the proposed remote handling systems according to the scale of the facility and weight of process materials or containers.

Table 2
Analysis of technical features for each type of remote handling system for simulation.

Features Manual operation system Automation system

Stationary device Traveling device

Operation method ⁃ Mechanical transmission using a master device (Mechanical
type).

⁃ Signal transmission using a master device
(Servo-type).

⁃ Executive operation
system.

User feedback (e.g.
Force Reflection)

⁃ Direct force reflection.
⁃ Contact signal (Real-time force reflection and visual alert).

⁃ Force control and force signal reflection.
⁃ Continuous scene view (First/Second/Third
person point of view).

⁃ None.

Manipulation
Characteristics

⁃ Fixed workspace.
⁃ Intuitive operation þ Easy manipulation.
⁃ Low payload.

⁃ Free manipulation with large workspace þ High
DOF.

⁃ Non-intuitive operation.
⁃ High payload.

⁃ Programmed motion
with large workspace.

⁃ Multi-processing.
⁃ Unmanned operation.

Main works ⁃ Near-place maintenance (From windows).
⁃ Manual operation of process equipment.

⁃ Far-place maintenance (From windows).
⁃ Manual operation of process equipment
(Assistive).

⁃ Autonomous Pick-and-
Place.

Installation and
arrangement of
target systems

⁃ Equipment should be installed in the manipulator's workspace
(Low accessibility).

⁃ Installation position of target systems is not
important (High accessibility).

⁃ Installation position is
optimized through
simulation.

Main goals of
simulation

⁃ Contact simulation between manipulator and equipment.
⁃ Reachability simulation for the manipulator in its own work
space / Sensitive contact feedback for body contact during
manipulation.

⁃ Window view test.

⁃ Visual information for free manipulation.
⁃ Accessibility simulation for the manipulator in
its own work space / Intuitive and
continuous vision.

⁃ Bottle-neck
identification.

⁃ Lead time calculation.

Solutions for better
simulation results

⁃ Adjustment of Installation position and orientation.
⁃ Modification of equipment structures.

⁃ Modification of equipment structures.
⁃ Modification of operational strategy.
⁃ Adjustment of Installation position and
orientation.

⁃ Performance
optimization for each
process.

⁃ Layout improvement.
⁃ Buffer system
arrangement.
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system, confined cells (Fig. 2(b)) that employ themechanical/servo-
based master slave system has a larger scale or higher level of
automation (Fig. 20(c)). Finally, the large confined cell facility,
which has an autonomous material-handling system such as



Table 3
Simulation Scope of each remote handling system.

System Performance Check Visibility Check Simulation Platform

Manual Handling
Simulation

MSM* Reachability, Interference Check (Operability check) Passive View Custom 3D Simulator & Commercialized Haptic
device

BDSM** Accessibility (Operability check) Active View Custom 3D Simulator & Commercialized 3D
pointing device

(Semi-) Autonomous
Handling Simulation

C-
Grip**

Accessibility (Operability check) and Motion Planning
(Performance check), Lead time

Active View (for
supervision)

Virtalis Visionary Render for WITNESS® (Discrete
event simulator with VR)

T-
Grip**

Trajectory Planning and Motion Scheduling (Performance
check), Gripping Performance

Not required
(Programmed path)

Tecnomatix®*** (HILS, Hardware-In-the-Loop
Simulation)

*: Commercialized models developed by Korea Radiation Shield Eng [21], **: Developed by KAERI (Korea Atomic Energy Research Institute), ***: Provided by Siemens AG [22].
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articulated robot, has the highest scale and automation level. In this
study, telemanipulator systems were applied to the experimental
facilities except the globe-box system. The developed tele-
manipulator simulation systems applied to the engineering, and
pilot scale facilities are described in the following sections.
3. Simulations for engineering-scale facility with
teleoperation systems

3.1. Background

Asmentioned earlier, theMSM system can be used for the bench
and lab-scale facilities because the payload of the MSM sytem is
relatively low. However, it is possible to perform intuitive operation
through awindow view and easymanipulationwithin its dominant
workspace. Hence, many concepts and strategies must be surveyed
using MSM through the versatile experiment. In this regard, MSM
can be applied to the engineering-scale facility if equipment with a
low level of automation or prototype systems that require versatile
and quick handling are used to investigate various experimental
and functional conditions. Obviously, the servo type manipulator
(BDSM) is also applied to assist MSM and cover the entire range of
the target facility, as shown in Fig. 3. The bottom of Fig. 3 shows the
captuured image of the teleoperation simulator from the position of
the operator who stands at the initial position in front of the
window for teleoperation.

In general, theMSMmounted on thewall has a fixed workspace,
and careful checks for reachability and interference are required to
achieve precise teleoperation works. In this study, the virtual MSM
integrated with a haptic device could check the allowable practical
motion range for the target handling systems, such as process
equipment operated in the large confined (over engineering-scale)
cell remotely. If a part of MSM is in contact with the process
equipment during operation, the haptic system transmits the re-
action force signal with visual alert, such as color changes. There-
fore, the user can intuitively identify the unexpected contact during
operation and adjust the position of the target handling system
precisely or reconsider the manipulation strategy. To this end, the
major function of the MSM simulator for the engineering-scale
facility could be maximum reachable space check and arm inter-
action check against the engineering-scale process equipment and
surroundings, and the haptic device could play an important role in
these activities. Considering the facility introduced in this study, a
large-scale facility that consist of an inert atmosphere that is
different from air, the abovementioned activity is very important
because in this condition the experimental process equipment re-
quires specified transportation through a large transfer lock and
subsequent remote installation to maintain a consistent internal
condition. Moreover, trial-and-error tests are required to specify a
proper installation spot for the equipment on site, which is
extremely time-consuming and labor intensive. In this regard, the
preliminary simulation of operability and visibility is an important
step for the experiments in the engineering-scale confined cell
facility.
3.2. Graphic rendering

Basically, the developed custom simulator for the considered
engineering-scale process comprises 3D models, graphics
rendering application programming interfaces (APIs), graphical
user interfaces (GUIs), various databases (DBs), and haptic
rendering API, as shown in Fig. 4. The 3Dmodel for simulation, such
as process equipment, was constructed using a commercialized
CAD tool that could easily construct a 3Dmodel. In particular, in the
specified situation of the development project, the designers of
each unit process equipment and miscellaneous belong to different
teams and they might use different CAD software. To account for
the differences, the modeler was not included in the developed
simulator and the VRML (Virtual Reality Modeling Language)
format was applied using a common 3D file format for interfacing
the various 3D CADs with the simulator.

Graphic rendering is a visualization process of the 3D models of
the facility and equipment. In this study, Open Inventor® was used
as a graphic rendering API because it is a scene-graph-based
graphic API, which is very useful in constructing 3D models.
Moreover, it is compatible with the VRML format. Various exten-
sions, such as VolumeBiz and ScaleBiz, are useful for constructing
more advanced features with little effort [23]. Joint information of
the MSM and the mechanical properties are stored in XML
(Extensible Markup Language) format within the equipment file.
Additionally, a user-defined coordinate is applied to the simulator
in order to deploy the apparatus and equipment when users want
to move them to a desired position along a desired direction. Then,
the GUI was developed to allow the selection of an I/O (Input/
Output) device, such as a joystick and haptic device with a plugin,
and to enable the application of algorithms to each plugin by using
an external interface. This simulator was constructed using Visual
Studio suite of application software from Microsoft®, and Open
Haptics on Windows®. Open Inventor and a CodeJock® Toolkit
were employed to develop the overall GUI (Fig. 4).
3.3. Simulation using MSM

3.3.1. Haptic rendering
Man-machine interaction provides uers a more realistic inter-

face for the simulator andmore reliable operational experiences. To
realize the interaction between the manipulator and environment
(or obstacles), the Phantom Omni ® developed by SensAble Tech-
nologies Inc. was applied. This system is a known general-purpose
device and it covers different types of telemanipulators with one
control device. In fact, MSM and BDSM have a similar configuration
and it is possible to apportion the same device by switching each



Fig. 2. Layout development process for pilot-scale hot cell facility.

S. Yu et al. / Nuclear Engineering and Technology 52 (2020) 429e447 433



Fig. 3. Engineering-scale experimental facility modeling with remote handling systems.

Fig. 4. SW Architecture for the developed simulation system.
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control program instantly during the simulation. The developed
haptic rendering algorithm is divided into three algorithms: the
collision detection algorithm, which uses position information
collected through sensors to find collisions between objects and an
operator; the force response algorithm, which computes the
interaction forces between an operator and virtual objects involved
in a collision; and the control algorithm, which collects interaction
force information from forced responses and supplies them to the
operator through the haptic device while maintaining a stable
overall behavior. A collision detection algorithm implemented in
the Open Inventor was used for detecting the collision of two scene
graphs. The force response to the haptic device was implemented
using OpenHaptics® Toolkit (SensAble Technologies Inc.) [24-28].
3.3.2. Kinematics
MSM is operated with intuitive window view, as shown in the

bottom of Fig. 3 and direct manipulation of the slave system by
using the master device without confusing the arm side.

As shown in Fig. 5, the MSM applied in the digital simulator is
designed to perform simulations in conjunction with the position
of the end-effector (EEF) of the haptic device (Phantom Omni ®,
SensAble Technologies Inc.). Fig. 6 shows the process of converting
the location information of the haptic device to MSM location in-
formation. In this figure, the initial design of the simulation systems
and improved version are also presented for comparison.

As shown on the left side of Fig. 6, because the purpose of most
remote handling devices is to control the position and orientation
of an object, the general approach to control the motion of the EEF
through the six-DOF input device was applied. For this purpose, the
EEF motion was converted into joint motion directly through in-
verse kinematics and the algorithm of the inverse kinematics of
MSM was developed using the pseudo-inverse method. Finally, the
infinitesimal translation and orientation of the EEFmotion could be
converted to an infinitesimal motion in the joint coordinate by
using a pseudo-inverse of the manipulator Jacobian. Meanwhile,
the EEF motion should exactly follow the position and orientation
of the input device, for which a position-to-position control is
required. However, the position error is accumulated over time
because the pseudo-inverse method is a type of linearization
method. Consequently, after the joint coordinate system has
computed the position of the EEF, further adjusted through the
forward kinematic analysis is required. To achieve this, the position
and Euler angles of MSM were received from the haptic device and
converted to the workspace of the MSM, and then the joint value of
the MSM was calculated using the Jacobian matrix with the nu-
merical method. In this method, the position value of the haptic
device must be periodically provided. When the position of the
haptic device changes slightly at the time of sampling, errors rarely
occur. However, when the haptic device is moved quickly, errors are
likely to occur. To solve these problems, this study used the
improved simulation algorithm to ensure that the MSM precisely
follows the movement of the haptic device, as shown on the right
side of Fig. 6. That is, the joint space of the haptic device was
directly mapped into the joint space of the MSM, and several



Fig. 6. Simulation architecture for MSM model and connected haptic device (Initial design: Left, Modified design: Right).

Fig. 5. Kinematic structure of the mechanical manipulator and control device.
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values, such as the shoulder joint (q2 of z2 axis as shown in the
middle of Fig. 5) and prismatic joint (d3 of z3 as shown in the
middle of Fig. 5) were calculated by the inverse kinematic solution
and compared with the directly converted joint mapping values to
minimize the errors from q2 and d3. Fig. 7 shows the simulation
process with the developed equipment model. First, the conceptual
process equipment model is imported in the simulator, and the
proper is investigated for operation with adjacent equipment and
operability with telemanipulator. Then, the equipment model is
fabricated as the prototype system and tested in the mock-up fa-
cility with an actual telemanipulator system intensively before the
final installation in the real facility.

3.3.3. Experiments using MSM - operability analysis
Accessibility is defined as the ability of remote handling systems

to approach each manipulation target, such as probes, electrodes,
lid or electrical connectors, and tubing valves on the process
equipment. Operability is the ability to manipulate the process
equipment, which includes dexterity of the remote handling de-
vices in addition to accessibility. Here, only operability is consid-
ered for brevity. To achieve successful remote operation of the
process equipment which has low level of automation, the opera-
bility of the remote handling devices on each process equipment
needs to be evaluated at the design stage of each process
equipment, and the positioning of the equipment should be
determined within the operable region. The operable region is
closely related to the workspace of the remote handling device,
which is further related to the kinematic and dynamics character-
istics of the manipulators, including allowable EEF motion [16].
Operability can be checked using the haptic devices by controlling
the EEF to approach each apparatus on the process equipment.
However, if an object cannot be accessed in the current position,
the position of the equipment should be changed. Then, the oper-
ability of all the components needs to be checked again, which
consumesmuch time. Therefore, this study implemented two steps
to analyze operability. First, the accessible position of each process
equipment was determined by using a workspace-envelop gener-
ation algorithm and mapping of target object of process equipment
on the proper position such that they arewithin theworkspace (Fig.
8(a)). Once the accessible position was specified, operability was
checked using the haptic interaction of the operator (Fig. 9), while
securing visibility through the window (Fig. 8(b)).

The developed simulator includes a facility model, process
equipment, and remote handling device, MSM. The goal of the
experiment was to confirm that a user can handle the apparatus
designed in 3D CAD on the simulator and that the focus of the
force-feedback input device can access the considered process
equipment. When users want to revise the structures, they can



Fig. 8. Reachability and visibility test with simulator for the engineering-scale experimental facility.

Fig. 7. Teleoperation simulator for the engineering-scale hot cell facility (Left) and collaboration with mock-up facility [16] (Right).
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remodel them using scene graphs and rearrange the position by
using a user-defined coordinate that is required to deploy the
apparatus in any desired position. This GUI has the advantage of
saving time because the VRML files are organized in the scene
graph based on an object-oriented method. This is an improvement
over previous methods that are time consuming because remod-
eling is required whenever object modeling is changed.
Furthermore, it is very easy to construct an environment by con-
necting the haptic device and the virtual environment.

3.4. Simulation using BDSM

3.4.1. Motion generation using 3D pointing device
The proposed servo-manipulator system (BDSM) was equipped



Fig. 9. Operability test with MSM simulator for the engineering-scale experimental facility.
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with a bridge-transported telescopic mast system. It could access
almost every point of the confined cell and support the MSM. The
manipulator system has 6-DOF for each arm. Therefore, the target
handling system could be manipulated freely. In previous research,
BDSM showed a sufficient performance in remote areas, even if the
system was operated using only the camera system without force
control or feedback during remote handling [15]. This implies that
operators feel that the force-reflection function interferes with
their elaborate work, and they can perform every work using the
camera, which can be manipulated freely in the spatial area.
Therefore, the simulation for BDSM focused on versatile camera
work to avoid obstacles and reach the target position through vi-
sual guidance of the operator. Using the visual information from the
camera, the operator can check the remote handling performance,
operability in blocked or shaded areas, dual arm co-work perfor-
mance, and visual cognition of the monitoring system connected
with field cameras. This chapter illustrates how BDSM can be
simulated for remote works in the confined facility. Regardless of
the initial location, BDSM should be surveyed for the possibility of
approaching and avoding obstacles, and secruing visualization. This
important even for target materials located far away from the
current motion range of BDSM. In this study, this type of remote
handling system had to be simulated in a versatile condition.

Fig. 10 shows the kinematic structure and workspace of BDSM. A
commercial 3D mouse was selected as a control device of BDSM in
the simulator. The knob of the 3Dmouse generates the translational
and rotational motions of EEF directly and entire arm components
such as the lower and upper arms follow it.

Fig. 11 shows the signal flow of the control device system for
BDSM simulation. The abovementioned 6-DOF pointing device can
be utilized to generate the EEFmotion in theworkspace and several
individual motion commands can be combined and transmitted to
the control system to interpret the operators’ intention and upda-
ted continuously.



Fig. 10. Kinematic structure and control device of BDSM arm for simulation.

Fig. 11. Simulation architecture for BDSM and connected control device.

Fig. 12. Posture identification of BDSM
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3.4.2. Kinematics
Based on the kinematic characteristics of BDSM, which has 6-

DOF for each arm, six governing equations were formulated with
six variables substituted for unknown values [28]. However, the
calculation of the fourth order polynomial equations is difficult. To
solve this problem, the kinematic configuration was analyzed with
the closed form inverse-kinematics of the virtual arm. The goal of
this approach is to find P2 and P4 in Fig. 12.. Fig. 12 describes the
plane configuration of the virtual arm located in a virtual space.
First, the origin of the reference coordinate exists at the center of
the sphere r with radius is l1. Second, P2 can be located at the cir-
cular trajectory on plane PL1, which is generated by the overlapping
of spheres R and r. Third, PL2 including P4 and P6 is orthogonal with
the z-axis of the end-effector coordinate regardless of the pose of
using the geometric approach.



Fig. 13. BDSM arm motion simulation using 3D pointing device on the opposite side from the window wall where the MSM cannot be accessed.
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the virtual arm. Fourth, P4 exists on the line generated from the
crossline of PL2 and PL3. Through this approach, the position of P2
can be easily determined, and P4 can be then determined using the
vector equations. If the positions of P2 and P4 are determined
geometrically, the remaining posture can be easily determined
using inverse kinematics. Through this algorithm, the total calcu-
lation cost for BDSM in the developed simulator could be reduced
while securing visualized manipulation performance [28].
3.4.3. Experiments using BDSM e accessibility analysis
The commercialized 3D pointing device was used as the

manipulation device for simulation as shown on the left side of Fig.
13. Using this device, the operator can direct the BDSM arm to
approach the target point intuitively because the device can
generate six types of pointing signals (3-axis translations and 3-
axis rotations). The end-effector of the 3D model of BDSM
showed that the most of inaccessible areas of MSM can be accessed
(see the right side of Fig. 13).

As mentioned earlier, visibility simulation is more important
issue with BDSM. The left side of Fig. 14 shows the configuration of
the equipped camera system in BDSM and the remaining images
Fig. 14. Camera system equipped in BDSM and simulated scenes with t
describe the simulated scene with the equipped camera system in
the simulator. Unlike the MSM, the entire system of BDSM is
movable. Hence, reachability is relatively less important than MSM.
However, this system requires a free motion of the camera system
for visual guidance. The two systems differ from each other in the
following aspects. First, reachable space is an important factor for
MSM because its base is fixed on the wall, but the accessibility of
each arm is more important than reachability for BDSM because it
has to be approached to the target by avoiding the obstacles. Sec-
ond, MSM can be operated through the working window for most
tasks, but BDSM requires visual information acquired from the field
camera for most remote handling tasks. In MSM operation, the field
of view (FOV) from the window is relatively wide and intuitive
because there is no possibility of misunderstanding and the vision
range is also wide. Therefore, the user can easily recognize the
entire scene of the working window site as shown in Fig. 8(b).
However, while operating the BDSM, the utilization of window
view is hardly possible because the body of BDSM can be rotated
according to the working conditions. Hence, the operator of the
master device is confused whether to use the master arm or the
slave arm if the operator watches BDSM directly through the
he equipped camera system in the simulator (3D camera system).
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window. Threrefore, the main works could be performed by using
the camera view proided by the eye-in-hand camera or 3D camera
system. However, the equipped camera system has a limited res-
olution and FOV; hence, the conditions in the remote site is difficult
to comprehend directly. Therefore, most systems generally employ
multi-camera systems.

4. Simulations for pilot -scale facility with teleoperation
systems

4.1. Background

As mentioned above, the pilot-scale is the proof-of-concept
stage that is scaled-up in size to represent the total actual process.
They are generally larger-scale that the engineering one. According
to the operational strategy of this study, the arm of BDSM is no
longer used for precise manipulation of process equipment in the
pilot-scale facility, but that system is utilized for material handling
and maintenance. For efficient use of BDSM in the pilot-scale fa-
cility for operation, the arm of BDSM must be rearranged as shown
in Fig. 15(b). This system is reconfigurable by assembling or dis-
assembling the manipulator arm module and C-Grip module ac-
cording to the purpose of the target task, as shown in Fig. 15(a).
Fig. 15(b) and Fig. 15(c) show the C-Grip system of teleoperation in
the pilot-scale facility, derived from Fig. 15(a).

4.2. Target facility modeling

The pilot-scale facility model can be used to effectively oversee
and optimize the entire process. To achieve this, we applied the
following simulators: the discrete event simulator (DES) for process
line balancing, and the virtual reality (VR) simulator for the
immersive watching and interactive design of the harmonized
operation among the process equipment, ancillary devices and
material handling systems. Fig. 16 presents a part of the concep-
tually designed floor plans for the target facility considered in this
study. This drawing was converted into a 3D model using SOLID-
WORKS® SW in order to build the VR model of this facility. Sub-
sequently, the converted 3Dmodel was modified to a proper one so
that it can be directly loaded into a VR environment (Fig. 17(a)).

The utilized virtual reality system supports two tracks for virtual
tour and manipulation with a head mounted display (HMD) and
controller, for which 3D glasses and 3D mouse are available. In this
study, users put on the Vive™ headset developed by HTC, Inc. and
walked around freely and explored the entire designed facility. A
chaperon guidance system was used to keep the users within the
bounds of the facility area. With wireless controllers in each hand
combined with precise SteamVR™ Tracking system developed by
Valve Corp., users could freely explore and interact with virtual
objects, characters, and environments. Vive's controllers are
designed specifically for VR with intuitive controls and realistic
haptic feedback [29]. To simulate material flow in the virtual reality
environment, the following process were implemented. First, the
process equipment was organized, and the material flows in the
discrete event simulator (WITNESS® in this study [30]) were
designed based on the originally designed process recipe and
equipment. Second, the developed simulation model was com-
bined with the virtualized facility model in the VR platform. Then,
the designed material flow process of the discrete event simulator
was intuitively observed and reviewed in the 3D visualization
model. Fig. 17 shows the demonstration of VR inspection for the
designed hot cell facility using the HMD and controller devices.
Users can travel inside the confined cells freely while operating the
designed process.

4.3. Experiments

4.3.1. Remote handling simulation using VR system
Fig. 18 shows the integrated simulation, with the discrete event

model of the target process recreated in the VR environment. Users
can check the practical motions and operations in the target facility
by using the immersive VR simulator and generate operational
scheme from the DES based on the calculated annual process time.

Fig. 19 shows a simple example of the motion planning of the
telemanipulator system. The manipulator should be capable of
avoiding surrounding obstacles when moving to another position
in the confined cell; hence, the manipulator should retract the
stretched telescopic tube to overcome the obstacles. Using the
detailed motion trajectory and velocity, the operation time of the
telemanipulator system can be calculated, and this value can be
applied practically to the DES instead of a simply assumed one, such
as the travelling time of equipment from point-to-point in DES.

4.3.2. Discrete event simulation
The cycle times for every component in the designed facility

including process equipment and remote handling system were
investigated. To this end, the originally designed process was
simulated inWITNESS (Fig. 18) with initial settings, but the result of
completion time for the designed process was over the predefined
goal of 200 operating days per year. This means that a few process
equipment or remote handling systems act as bottle-neck against
the entire process. In this regard, to find bottle-neck points and
solve associated problems, several parametric tests were per-
formed additionally using WITNESS. Through the simulation of the
entire process using WITNESS and VR, target processes for
improvement were selected, as shown in Table 4; completion time
of Op. A-1 exceeding 200 days, correlations (between Op. B-2 and
B-4/B-6/B-7) and long cycle time (Op. A-3, B-3, B-5 and B-8) were
considered. In this study, the selected processes (Table 4) were
tested as according to the following strategy, and various cycle
times of teleoperation systems were tested additionally to estimate
their impact on the entire process.

∙ Adjust the cycle time of Op. A-1 to 50% and 75% of the original
value.

∙ Adjust cycle time of Op. B-2, Op. B-4, Op. B-6 and Op. B-7 to 50%
and 75% of the original value.

∙ Adjust cycle time of OP. A-3, Op. B-3, Op. B-5 and Op. B-8 to 80%
and 90%

∙ Adjust the traveling speed of the material handling systems (C-
Grip system) to double the originally designed speed.

As shown in Fig. 20, when the cycle times of Op. A-1 and Op. B-2,
Op. B-4, Op. B-6 and Op. B-7 are reduced to a ratio of 0.5, the total
completion time of the entire process is 235.3 days. If the operation
speed of the bridge-transported remote handling systems operated
in Op. A-x cell and Op. B-x cell of the target facility are doubled, the
completion of the entire process is achieved at 224.9 days and
completion times of the Op. C-x cell (preprocess of Op. A-x,
179e168.6 days) and Op. A-x cell (189.3e181.1 days) are reduced.
The effects of reducing the cycle time of Op. A-3, Op. B-3, Op. B-5
and Op. B-8 to 80% or 90% are meaningful only if the cycle time of
Op. A-1 and Op. B-2 are reduced to 50%. Such case studies are
possible in the discrete event simulator, and optimized operation
capacities of process equipment and remote handling systems are
derived through this simulator.



Fig. 15. Design of material handling systems for the simulation of the pilot-scale confined cell.

Fig. 16. Conceptual layout of the target facility.
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Fig. 17. 3D facility model in VR platform and virtual inspection of the designed facility during real-time simulation.

Fig. 18. Integrated simulation with discrete events of the target process in VR environment.
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5. Further study - simulations for pilot -scale facility with
autonomous teleoperation systems

Generally, the demonstration-scale experimental facility
beyond previously designed engineering-scale facilities focusing on
the architectural structure could be developed, and the conceptual
design approach for this facility is out of scope of this study.
However, as shown in Table 1 and 3, we will briefy discuss the
automation concept and HILS architecture for large-scale electro-
metallurgical process in this chapter. As shown in Fig. 21, the
associated test-beds were integrated to evaluate the proposed
concepts of material handling systems and process equipment.

The use of an overhead telescopic mast system (TM), conveyors,
and a dummy equipment in the system architecture of the



Fig. 19. Case of VR simulation of material handling system.

Table 4
Selected processes for parametric study in the proposed simulator.

Index Equipment Qty. (EA) Batch Size (kg) Cycle Time (h) Batch Planning (batch/yr) Completion Time (Day)

Op. A-1 3 100.0 66.5 300 277.1
Op. A-3 1 20.0 24 194 194.0
Op. B-2 6 50.0 33.5 600 139.6
Op. B-3 4 48.6 26.5 600 165.6
Op. B-4 6 96.0 30 150 31.3
Op. B-5 2 13.1 26.5 275 151.8
Op. B-6 6 65.6 38.5 150 40.1
Op. B-7 6 53.3 28.4 150 29.6
Op. B-8 1 7.3 27 150 168.8
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automation test-bed (Fig. 21(a) and (b)) is proposed. This test-bed
system consists of server/client PC, and physical modules such as,
process equipment, material handling systems (TM and conveyor)
and auxiliary devices. The conveyor system was connected directly
to the OPC (Object linking and embedding for Process Control)
server, and several elements which require high-level control were
implemented in the OPC client with Tecnomatix (see Table 3 and
Fig. 21(b)), and the operational scenarios are designed and verified
by users through the user interface and simulator integrated with
Tecnomatix SW. The target handling objects are dummy baskets
and electrode, featuring slots for inserting the baskets and
electrode on top of the dummy equipment. The given task in the
automation test-bed is to deliver the basket from the conveyor to
the specified slot on the equipment and to replace the electrode
from one slot to the other. This scenario is inspired by the typical
motions of the apparatus observed in the engineering or pilot-scale
process facility. The TM system was integrated with the modifica-
tion of the "Power manipulator" manufactured by Walischmiller®
(Fig. 21(c)), and the position of bridge and the TM were controlled
by laser distance sensors. The EEF was equipped with the T-Grip
system which has two-point gripping mechanism dedicated to the
dummy basket such that the TM system can move the dummy



Fig. 20. Result of the parametric study for the originally designed process and layout.
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basket to the desired position. The left side of Fig. 21(d) shows the
proposed TM system with the T-Grip system for basket handling.
The TM system automatically approaches, grips, transports, place-
down and releases the dummy basket, provided that the origin and
destination are assigned to the predefined points in the layout
(Fig. 21(c)) [31]. Fig. 21This basic approach using the simulator and
HILS is designed for pilot-scale facility operated by an automated
system, and the feasibility of detailed tasks, such as handling of
various kinds of containers and modules, has been verified by the
gripper system, which has relatively large tolerance and multi-
purpose jaw mechanism.
6. Conclusions

This paper introduced and classified the developed simulator
systems for experiments at various scales using remote handling
systems. The proposed simulator systems include the graphic
rendering of 3D graphics models, which were assembled within the
simulator, and man-machine interfaces were attached for a more
realistic operation of the simulators. The results obtained for each
simulator indicate the feasibility and requirement for improvement
of the systems for the considered test issues with respect to the
operation and maintenance of the process. Moreover, the fusion of
virtual and real worlds allowed the integration of the total evalu-
ation procedure, for which the added value was proved during tests
with expert operators. However, the reliability of the simulation
system for the pilot-scale facility in this study still needs to be
improved and more possible issues must be covered, which should
be considered in the design stage of the process equipment and
material handling systems. Furthermore, additional features
focusing on the development of high-level assistances and rele-
vance for batch-process operation should be implemented not only
to enhance the operational safety, but also facilitate monitoring and
data-logging of the task execution progress for operational man-
agement and precise analysis of the process procedure. Addition-
ally, considering the validation of the engineering/pilot-scale
confined cell facility using the simulator systems, following chal-
lenges have to be addressed, and these issues will be handled as
future works.

⁃ Standardization for the automation should be considered to
replace the manual teleoperation system.

⁃ The size-effect of process equipment should be considered to
increase the total output of each process.

⁃ Maintenance was not a big challenge in the engineering-scale
facility, but it could become one in the pilot-scale facility
because the facility is much larger than engineering-scale fa-
cility and manual teleoperation systems will have difficulty in
accessing all points of the facility. Therefore, servo-based tele-
operation systems should be included in maintenance tasks and
standardization of process equipment modules and autono-
mous repair systems should be essentially applied.

⁃ The level of automation should be considered carefully to select
the operation scheme of the target facility.



Fig. 21. HILS for pilot-scale hot cell facility based on the T-Grip and autonomous telescopic mast system.
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Fig. 21. (continued).
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