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Abstract

The production of isotopes for diagnosis and treatment of cancer patients involves handling and processing of
irradiated materials. This process is performed inside heavily shielded workstations termed Hot Cells. A modular
robotic design for handling irradiated materials inside hot cells is introduced. The new robotic system is reconfigurable
in order to enhance versatility of applications and precision of its tasks. The reliability of the introduced robot control
system is assessed using Failure Trees (FT) Methodology. The technology developed in the present work allows for
improving productivity and cost effectiveness for production of medical isotopes.
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Introduction

The production of medical isotopes, involves handling and
processing of irradiated materials. It is performed inside heavily
shielded workstations termed Hot Cells. Most of the handling tasks
inside hot cells are conducted with the aid of master-slave mechanical
manipulators in order to reduce radiation exposure to operators. Figure
1 displays a pair of such manipulators that are currently used in the
production of isotopes inside hot cells. These manipulators transfer the
kinematic motion of user-operated controls located outside the hot cell,
to end effector claws inside the hot cell [1]. Nevertheless, they are bulky
structures, slow in motion and suffer from not capable of transferring
rotational motion with precision, and very expensive (exceeding
$200,000 per unit). An effective alternative for handling radioactive
materials inside hot cells is the use of cost effective semiautonomous
robots [1,2]. The main objective of the present research is to develop and
support modular robotic design concepts to improve task versatility,
reduce personnel radiation exposure, and improve productivity and
cost effectiveness in production of radioactive isotopes.

The design requirements for the required robots should follow the
reported conditions [1-5]. The platform should cope with different
types of applications inside the hot cell to ensure mobility and accuracy
in positioning. The platform has to have rigid structure to be able to
carry sensor and tools payload without excessive deformation. These
requirements, in addition to the nature of the radioactive environment,
impose important constraints on the motor power and the power supply.

Figure 1: Operators control manipulators that mimic the human movement
through pneumatic servos and hydraulics, used for handling tasks inside hot
cells.

Hence, all evolved design specifications should ensure reliable deploy-
ability of the introduced modular robots for hot cell environment.

The engineering design process

The design process road map [2] is used in the present work for
developing the required devices. It illustrates the flow of the design
process from preconception, to conceptualization, to configuration,
and lastly, to design finalization and validation.

Quality function deployment

The Quality Function Deployment (QFD) is a preliminary planning
mechanism that is used to aid in the design process. The QFD relates the
customer needs to specific engineering characteristics of the potential
design to better understand which characteristics have greater priority
over others. The Quality Function Deployment for the Single-Arm
Robot can be seen in Figure 2. Three classes of requirements are included
in the reported QFD: Functions; Ergonomics; and Constraints (cost,
size, environment). The most important engineering characteristics are
shown to be: remote robust control of motion, high degree of freedom,
and the ability to perform in a high risk environment (radioactive
tolerance).

Kinematics and control strategy

Kinematics analysis is applied to the design concepts of modular
robots. It refers to the determination of required joint values and end
effector values, as done in path planning. The kinematic equations
of the manipulator can be used to handle redundancies (different
combinations of joint angles that produce the same end effector
orientation and position), collision avoidance, and avoidance of
singularity solutions [3]. Once the kinematic equations have been
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developed, they can be used to create a dynamic model of the robot,
whereupon the effects of forces upon movements are analyzed. The
results of this analysis are used to improve the control algorithms of
the robot. The control system and electronics for robots are analyzed
for robustness. Evaluation of power sources (batteries... etc.) to be
used is conducted for optimum battery configuration. The introduced
control system for modular robots is wireless using Bluetooth wireless
capabilities.

Modular robot structural design requirements

In order to reduce cost of materials and manufacturing of the
required devices, thermoplastic with high strength are used in
construction of most of the structure components. Most polymers and
elastomers are not significantly affected by radiation doses below 10,000
Gy (1 Mrad). Teflon is a unique exception and parts that include Teflon
insulation must be replaced by parts using less affected insulation. For
example, hookup wire with cross-linked polyolefin insulation is tolerant
to a radiation dose of 1 MGy. Structural analysis for strength and failure
are conducted using the FEM Simulation of SOLIDWORKS computer
aided design and engineering platform.

Design for manufacturing and assembly

Upon realizing the initial concepts of modular robot, all of them
and their components are reviewed and modified for ease of assembly
and manufacturing by Direct Digital Manufacturing (DDM) technique.
DDM describes a class of relatively new manufacturing process in which
parts are fabricated by additive manufacturing. In this process, parts
are fabricated layer-by-layer in thin cross sections from geometries
supplied by a computer aided (CAD) model of the part. One of the key

benefits of this type of manufacturing is the ability to achieve complex
and intricate geometries that could not be done with conventional
methods (e.g. ducting with internal features). This, in combination
with the fact that no expensive tools are required to produce a part
dramatically, reduces lead times that would otherwise be required to
produce functional products [6]. Additionally, DDM processes use
much less material than conventional methods because fabrication is a
result of adding material instead of removing it, thus reducing waste. At
the time the present project was undergoing, the research teams have
access to DDM technologies at both MU and KAU, specifically Fusion
Deposition Modeling (FDM) and Selective Laser Sintering (SLS). FDM
process is displayed in Figure 3, while SLS is displayed on Figure 4. Both
technologies were use in the early prototypes. Because FDM uses larger
variety of thermoplastic materials than SLS, the final concepts were
built using FDM process.

DDM (3D Printing) by fused deposition modeling (FDM) is
a manufacturing process that creates parts by depositing polymer
filaments in successive layers (Figure 3). The polymer filament passes
through the extrusion nozzle, which heats the filament to a semi-
molten state and deposits it on the build platform [6]. The platen
build platform then descends within the work build chamber to
allow for the deposition of the next layer upon the previous one. The
variety of materials available, ease of producing complex geometries,
and extremely fast fabrication times make FDM a very attractive
manufacturing option for several industries.

Modular robotic design and testing

Following the engineering design process presented earlier, a
modular robot was developed to be reconfigurable in order to perform

9 = Strong
3 = Moderate
1= Weak
I
s
gl 2
wl o o
c B w o o o
2|l 2o |z & g] 8 o o
2l Ele REIREE I B £
A RN EI IR EE I E B = £
sl ale|lslelSlElelSlElBIBIE] 2| B %
gl SlE| S1alsl2l2]|alsl&l=)eE|E| E|s=
els|l 3| °l=l2|lele|8]elwls]e|s]|e|e
el 2| 2| 5| & AR A a| 8| 2
HE BRI EEHEEEHE IR R
slelz|s|=|&|=|e|2|S|&|=]| E| 8| E| &
Functions
1. Repeatable Motion 9|1 5(5]|5]1.0[1.0(5.00.10|
2. Range of Motion 319 413]3]|1.3]|1.5(8.0|0.15
3. Solid Structure 9 414|4]10|1.0(4.0|0.08
4. Maximum Load 919 213(3]0.7|1.0]1.3]0.03
Ergonomics
5. Practical Gripper 9 4(3]|5]1.3[1.0(5.3/0.10|
6. Simplified User Controls 9 3(2]3]15]|1.5(6.8(0.13
7. Sleek Design (Hidden Components) 9 2|4]2]05(1.0(1.0(0.02
Miscellaneous
8. Cost 9 413]|3]13|1.5]8.0/0.15
9. High Risk Environment Design 319|5]|3]|5]1.7(1.5[12.5]0.24]
Absolute | HAEBEHBEEBEHEE
solute Importance ~N|lo|l-]|s| sl T <]lsl]8 51.9 1.00
. o=l al 2l ol o] =
Relative Importance 2lefZlelel gl 22|
o o o o o o o o
Competitive Assessment L of o)
Technical Difficulty x| x x| x
Target Values < S I IR I

Figure 2: QFD for a modular robot.
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Figure 3: Fusion deposition modeling (FDM) technique for rapid digital
manufacturing.
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Figure 4: Selective laser sintering (SLS) technique for rapid digital
manufacturing.

different materials handling and processing tasks inside hot cells. The
first concept selected for evaluation is the two-arm robot moving on
tracks (Figure 5).

The goal of the initial kinematic analysis was to determine the
“envelope” of the Robot. At its resting position, the robot measures 5.95
in wide x 12.95 in tall x 10.74 in deep. The robot was animated to achieve
its most extreme positions. The analysis indicates that the envelope of
the first configuration of the Modular Robot is 19.62 in wide x 16.66
in tall x 15.54 in deep. When redesigning the robot chassis, the battery
and control boards must be considered along with additional space for
wiring. All of the electrical control components can be inserted and
attached to the main chassis of the robot. A top view and cutaway top
view of the robot chassis can be seen in Figures 6 and 7. The battery
was the largest component and was given space underneath the center
of the robot. The battery slides into place and is secured using an end
cap that can be inserted into a slot on the front of the robot. In the
back of the robot, the motor control board is inserted into a slot at the
bottom of the chassis cavity. The voltage regulator and 9V battery are
inserted into side channels along the main battery slot. The servo board
is then screwed down on the top of the cavity with the servo control
board underneath. All of the wiring is fed to the motor control board

through a slot in front of it. The servo board is also rotated so that the
serial port is directly out of the back of the robot. This orientation will
allow for connection of a serial cable to the port without interference
with the tracks. The Bluetooth board is secured to the top of the chassis
near the servo board via double sided tape. The torso turret was also
repositioned to allow easier connection of motor wires to the track
motors. Figure 8 displays the redesigned Electrical System for efficient
assembly.

Figure 5: Two-arm modular robot on tracks.

:Mrack{Motors

Figure 6: Top view of robot chassis.

Figure 7: Cutaway top view.
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Assembly of final prototype

Figure 9 explain about Exploded view and Final Product of the
Redesigned Robot for Efficient Assembly.

Assessing reliability of the developed modular robot

In order to assess the reliability and risk level of different systems
in the new Modular Robot, fault tree analysis was conducted on all of
them. A fault tree analysis for the electronics and control system of the
robot is displayed in Figure 10. The top event of the tree is the failure of
the electronic system. This event can occur if four other events happen,
which include motor board failure, servo board failure, servo failure or
motor failure. If failure occurs in the motor board, the tracks will not
be able to move. If the servo board fails, then the servomotors will not
be able to control the position of the torso and arms. The board failures
can be caused by three different events, electrical shortages, power loss,
Bluetooth out of range. The estimated failure rate of the robot control
system during operation is 2%, which is considered acceptable for the
intended applications.

Experimental verification of the performance of a single arm of
the developed modular robot was tested using the experimental setup
displayed in Figure 11. Initial testing began with rudimentary motions
controlled by computer Servo Position inputs. Basic functions allowed
for co-ordinates to be input to the arm and the arm would move to
the location. Several objects vary in size were used for evaluating
the functions of the developed robotic system. Accuracy analysis in
determining object position and orientation was performed using
repeated tests. The attached vision system determines the orientation of
an object and location in X-Y coordinates. The followings are samples
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Figure 8: Diagram of redesigned electrical system for efficient assembly.

of the repeatability tests for finding object location using Cartesian
coordinates where base of robot is [0,0]:

Trial 1: Detected at: X=157.00 and Y=135.00
Trial 2: Detected at: X=158.00 and Y=135.00
Trial 3: Detected at: X=157.00 and Y=136.00

Repeatability determined from the above tests is 99.63% which is
considered very well for the intended applications.

Other configurations of the developed modular robot

Other configurations of the presented Modular Robot are
displayed in Figures 12 and 13. Both, the two-arm and single arm
robots are mounted on a screw-driven, rail mounted platform
(linear slider mechanism) to add a seventh degree of freedom to
the modular robot system. The two-arm robot is suitable for repair
and assembly tasks inside the hot cell while the single arm robot is
configured for precision materials handling tasks such as those used
for disassembling annular targets for removal of irradiated nuclear

Figure 9: Exploded view and final product of the redesigned robot for efficient
assembly.
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Figure 12: Two-arm modular robot on slider mechanism.

foil during the production of Mo-99 medical isotopes. It should be
mentioned that all configurations of the modular robot are sized
to have small footprints and to fit available hot cells. Any of the

Figure 13: Single arm modular robot with seven degrees of freedom.

mentioned configurations would cost $5,000-$10,000 compared with
an average cost of $150,000-$300,000 for a master-slave mechanical
manipulator or $75,000 for commercially available 7-degrees-of-
freedom robot that does not fit inside the hot cell and has limited
capabilities for handling precision tasks.

Conclusions

® A modular robotic design for handling irradiated materials
inside hot cells is introduced.

® The new robotic system is reconfigurable in order to enhance
versatility of applications and precision of its tasks.

® The robotic control system is developed to be wireless using
Bluetooth wireless capabilities.

¢ The reliability of the introduced robot control system is assessed
using Failure Trees (FT) Methodologies.

® The technology developed in the present work helps
in supporting modular robotics design for hazardous
environments and allows for improving productivity and cost
effectiveness for production of medical isotopes.
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