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EXECUTIVE SUMMARY 

 

The Material Fuels Complex (MFC) at the Idaho National Laboratory (INL) is a cutting-

edge research center with capabilities for nuclear energy research that are non-existent in 

other laboratories. Since 1975, microstructural research at a number of MFC’s sample 

examination facilities has contributed on an international level to many nuclear energy 

advances. In August of 2012, INL completed its newest nuclear facility, the Irradiated 

Materials Characterization Laboratory (IMCL).  This facility provides MFC with key 

capabilities for sample preparation including shielded hot cells, glove box and hood, 

mechanical properties test equipment, and several specialized examination instruments. 

However soon after its completion, the need for a supplemental facility to handle only 

beta/gamma emitting materials (non-fuels) was realized. 

 

The conceptual design process for the new Sample Preparation Laboratory (SPL) has 

presented INL with the opportunity to incorporate new technologies into existing 

operations. As part of the mission need, SPL shall include post-irradiation examination 

capabilities using an X-Ray Diffraction Instrument (XRD), Electron Probe Micro 

Analyzer (EPMA), Plasma Focused Ion Beam (PFIB), and Scanning Electron 

Microscope (SEM). Because of serious health risks associated with radiation, it is 

necessary to place these instruments in a hot cell environment for emission containment. 

Most sample preparation and examination in a hot cell is currently performed using 

master-slave manipulators. These instruments are large, expensive, and require 

specialized training. Therefore, INL has to investigate new, less expensive, space-saving, 

and tele-operational technologies to replace the master-slave system. 

 

The ISU Sample Preparation Laboratory Team (SPLT) has been asked to assist INL in 

developing the capability to load and unload metallurgical mounts containing beta-

gamma emitting material from a transport system to examination equipment remotely in 

their new SPL facility. The SPL will need a tele-operational system capable of loading 

and unloading 1.97-inch diameter by 1-inch-thick metallurgical mounts to and from 

instrumentation; therefore, the SPLT team will be responsible for creating a system that 

will perform the task of removing the metallurgical mounts from canisters and then 

placing them in the highly sensitive and expensive instrumentation. Additionally, this 

objective was to be met given specifications such as accuracy, repeatability, safety, cost, 

and complexity. 

 

In order to best satisfy this project scope, SPLT collaborated on 7 possible methods. 

These concepts included: a robotic arm, armor suit, robotic rover, crane/claw, conveyor 

belt/chute, and a heli-quad copter. The seventh concept was chosen to be the existing 
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master slave system for the sole purpose of moving it forward into the decision making 

process for comparison. The SPLT team used a traditional design process and decision 

matrix to collaborate on a final system concept. Ultimately, a robotic arm was chosen for 

further development.  

 

The choice of robotic arm was based many factors and considerations such as degrees of 

freedom, reach, payload, programmability, and cost. Availability was also a main concern 

as the team only had 5 months to provide INL with their deliverable. After conducting a 

complete product study for various options currently on the market, the team presented 

INL with their decision to use a UR-5 from Universal Robots. An accompanying gripper 

was also selected based on degrees of freedom, payload, and maneuverability. When 

coupled with a highly sophisticated vision and sensory system, the UR-5 was believed to 

provide the most efficient solution to the project need. 

 

Once the decision to use the UR-5 was made, the team then designated specific areas of 

concentration to each member so that the system could be quickly integrated. Jerron 

Berrett was responsible for decisions involving system kinematics and robotic 

maneuverability. Cody Race worked closely with the project mentor in choosing the best 

vision system to use in this application. Sage Thibodeau brought the entire system 

together using his knowledge of electronics and robotic sensory. And Larinda Nichols 

was in charge of making sure that all hardware and materials chosen for use in the 

radioactive cell would be evaluated for interference or possible radioactive degradation. 

The team also worked closely together to provide recommendations and solutions to 

several other issues that came to light as the system progressed. Many of these solutions 

were in answer to the off-normal, dropped sample situation and included the development 

of a sample tray and enclosure system.  

 

Overall, the team was highly successful in meeting the requirements and specifications 

given to them as part of this project. These are summarized below. 

 

Accuracy 

The system must place the sample within a 0.01 inch radius from a desired location.  

  The UR-5 has an accuracy of 0.004 inches. 

 

Repeatability 

The system must meet the accuracy specification 99.99% of the time. 

  The UR-5 has a repeatability of 100%. 
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Radiological Environment 

Equipment must be able to withstand up to 1 Curie Cobalt-60 exposure. 

  Material degradation from Co-60 beta and gamma radiation was found to be 

negligible for a minimum of 20 years, even under constant exposure.  

 

Radiological Safety 

Personnel shall not be physically present in the cell during operation. 

  The vision system allows the operator to perform all tasks and processes from 

outside of the instrument cell. 

 

Overall Cost of Project 

Must meet a budget of $50,000. 

  The initial budget of $50,000 was exceeded as a result of an increase in project 

scope. A new budget of $55,000 was set in March of 2016, of which only 

$52,400 was used. 

 

Complexity 

Project to be completed in 9 months. 

  The system will be complete and deliverable by May 5, 2016. 

 

In summary, the final autonomous system deliverable to the INL for their SPL facility 

consists of a fully programed UR-5 robotic arm and 2 Rvision SEE HP cameras. These 

components have been installed in a complete instrument cell mock-up and a final 

program was created to demonstrate their individual functions. To satisfy the requirement 

that the system continue to be fully functionable in the off-normal, dropped sample 

situation, a Cognex In-Sight Micro 1100 machine vision camera and PIR motion sensors 

have also been included. These components would be used to manually locate the sample 

should it ever leave the robot gripper before reaching its destination. An aluminum tray 

and various enclosure options to keep the sample within reach of the robot at all times are 

also included in this report. Furthermore, an additional safety redundancy was 

incorporated. Two Elmo 3-D stereovision cameras and Wildshot 100 Pan Tilt unit 

ensures that the sample is always accessible to the operator even in the case of machine 

vision failure. These components have all been installed, tested, and proven to adequately 

provide the INL with a complete system for their remote sample transfer needs. 
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INTRODUCTION 

 

Background Information 

 

Idaho National Laboratories (INL) currently has a facility known as the Hot Fuel 

Examination Facility (HFEF) that uses hot cells to do post-irradiation examination (PIE). 

Hot cells are shielded nuclear radiation containment chambers. At INL the hot cells are 

filled with argon and is a closed containment area. It was built in 1975 and no human has 

entered the hot cells since then. The HFEF has the capabilities to do non-destructive 

examination of irradiated samples as well as destructive testing. The hot cell is 

surrounded by 6 ft. of concrete to keep radiation in. Manipulating samples is done by an 

operator using manipulation arms known as master slave manipulators. The manipulators 

act as a robotic extension of the operator’s hand and works by mechanical means. A 6 ft. 

thick, oil infused window is what the operator looks through to see what they are doing. 

Operating the master slave manipulator is very strenuous on the operators’ arms and 

wrists, also looking through the window offers a distorted depth-of-field view. INL is in 

the process of creating a new facility that will be able to do the destructive tests in a less 

radioactive environment, with less physical demands needed by an operator. This facility 

is the Sample Preparation Laboratory. 

 

The Sample Preparation Laboratory (SPL) at INL is a facility that will provide 

radioactive sample preparation including, micro- and nano- scale examination equipment 

as well as equipment for evaluating mechanical properties and mechanical failure modes. 

The facility will improve PIE currently being done at HFEF and sample quality. The SPL 

is a critical step in establishing and sustaining pre-eminent advanced PIE capabilities that 

are required to improve understanding and performance of existing nuclear reactors/ fuels 

and future generation. 

 

The SPL will be composed of 4 instrumentation cells. Each cell will contain one of the 

following instruments: X-Ray Diffraction Instrument (XRD), Electron Probe Micro 

Analyzer (EPMA), Plasma Focused Ion Beam (PFIB) and Scanning Electron Microscope 

(SEM). Preparation of each sample will be done in a separate preparation line by a 

researcher. The sample will then travel in a Rabbit (pneumatic canister) through a 

pneumatic transfer system to the specified examination instrumentation cell. Once it 

reaches the room it will need to be placed into the examination equipment.  
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Description of Problem 

 

INL needs the capability to load and unload metallurgical mounts containing beta-gamma 

emitting material from a transport system to examination equipment remotely in their 

new SPL facility. 

 

Project Need 

 

INL’s SPL is in need of a tele-operational system capable of loading and unloading 1.97-

inch diameter by 1-inch-thick metallurgical mounts to and from instrumentation.  

The goal for this project is to create a system that will perform the tasks of removing the 

metallurgical mounts from canisters and then placing them in the highly sensitive and 

expensive instrumentation. 

 

DISCUSSION 

 

Objective 

 

The objective for this design is to investigate the integration of kinematics, electronics, 

materials science, and radiation physics for the design of a system for use in a nuclear hot 

cell environment. By meeting this objective, the design will improve current conditions 

for operators working in these conditions as well as the procedures for these types of 

environments. It will also provide INL a glimpse of current technological advances that 

could improve the processing of material for INL as well as other nuclear research 

facilities across the country. 

 

Specifications 

 

For this design there is a set of constraints that the system design must work around or 

integrate to meet the needs of INL. Designing the system to meet all the constraints and 

specifications, the final design for the system will improve efficiency and accuracy of the 

process, eliminate the need for expensive shielded windows, reduce in-cell lighting 

requirements, and improve the ergonomic conditions of operators compared to the 

existing technology used currently. The main requirement is that the system be able to 

remove and return a sample from a transfer system as well as an instrument. The next 

main constraint is that the operators be able to look inside the room without being in the 

room, in other words have an integrated vision system to be able to see all areas of the 

room. The system must have accuracy and repeatability, meaning that it has to be able to 

repeat the process over and over again with very minimal deviation from the programmed 
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and desired operation. The system being placed in a hot cell environment must be able to 

withstand radiation that could be present at any time in the room. A complete list of the 

specifications can be seen below:  

 

 • Remove and return the sample to the transfer system  

 • Remove and return the sample to the Rabbit 

 • Remove and return the sample to the instruments 

 • See inside the room without human being in the room 

 • Pick up a dropped sample without the need of a human in the room 

 • System places sample within a .5-inch radius from desired location  

 • System meets the accuracy specification 99% of the time 

 • Operated by left and right handed operators 

 • Equipment must withstand a total absorbed dose of 1 x 106 Rad  

 • Rounded corners when edges are less than 90 degrees 

 • Physically be able to sense obstacles and shut down during maintenance 

 • Personnel should not be in the same room while robot is in operation 

 • 10-year lifecycle  

 • Be able to remove and replace components within 24 hours 

 • Physically maneuvers and reacts to dropped samples within 10.5' x 8' area 

 • Does not exceed a cost of $50,000 

 • Time to completion takes less than 9 months 

 

Technical Information 

 

PRELIMINARY DESIGN IDEAS 

 

In order to come up with a system that would best solve the problem statement, the team 

brainstormed ideas that could potentially meet the requirements. At this point in the 

design process, all ideas were kept and considered until quantitative standards were set 

that could single out the best options. The team came up with seven ideas to be 

considered. 

 

The first idea considered was the master slave manipulator. This is a mechanical arm 

currently used in most hot cells today. An operator has a manual control apparatus that 

allows them to maneuver the mechanical arms in the hot cell from a safe location. The 

operator views into the hot cell through a 4-ft-thick oil-filled glass window that protects 

them from radiation exposure. The master slave manipulators were considered because 

they are a tried and true method that has been used in the industry for many years and are 

quite capable in carrying out most tasks required in the hot cell. However, the mechanical 

arm and the window in which the operator views their work through in the hot cell are 
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extremely expensive and can be strenuous on the operator because they must be on their 

feet while operating the master slave manipulator and they must sometimes contort their 

body and arms in awkward ways to get the mechanical arm to carry out their task. 

 

The second idea was a robotic arm placed in the hot cell. The robotic arm would be 

anchored to either the floor or ceiling so that the arm could retrieve and deliver the 

radioactive sample to both the pneumatic transfer system and the experimental 

instruments. The benefits of the robotic arm are that robotic arms are cheaper when 

compared to something like the master slave manipulator arm and there is the option of 

either having the robotic arm be operated manually by the operator, or the robotic arm 

can be programmed to carry out its various tasks without any operator input. The robotic 

arm also has the potential to eliminate the expensive oil-filled glass windows currently 

used and instead rely on cameras in the hot cell to view activity. The drawback to the 

robotic arm is that if it is bolted to the floor and happens to accidentally drop the sample 

it is carrying, then some sort of method would need to be designed to prevent the sample 

from rolling or dropping to an unreachable part of the room. 

 

The third idea was to send a person wearing an armored suit into the hot cell to place the 

samples into the experimental instrumentation. The armored suit would be shielded so as 

to protect the wearer from being exposed to any harmful radiation. This design idea 

would eliminate any accuracy or precision errors that may be present with the other 

systems and could also eliminate the need for the thick oil-filled glass window. However, 

the technology and materials required to build such an armored suit are still quite new 

and expensive. The suit could also prove to be quite bulky and hard to maneuver in a 

small space in the hot cell. 

 

The robotic rover concept basically takes the robotic arm concept and puts it on wheels. 

The rover would be able to maneuver throughout the entire hot cell and be automated or 

tele-operated. The potential for dropped samples, like in the case robotic arm concept, 

would no longer be a problem because the rover would be able to reach the dropped 

sample anywhere in the room. However, the ability to move the robotic arm throughout 

the room would come at a higher cost than a robotic arm that is simply fixed in place. 

The rover also brings a higher level of complexity when compared to something like the 

robotic arm concept. 

 

The fifth idea was a maneuverable overhead crane or claw. The track system would be 

located on the ceiling so that the claw could maneuver around the hot cell without being 

impeded by any obstacles. The claw would be capable of lowering to the pneumatic 

transfer system and instruments, or, if there was a dropped sample, the claw could reach 

all the way down to the floor. A problem with this design is that some of the experimental 
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equipment that the samples need to be placed into cannot be loaded from the top. Some 

solution would need to be found to allow the claw to load the instruments from the sides. 

 

A conveyor belt or chute was also considered as a potential system to load the samples 

into the experimental instruments. Chutes and conveyor belts are commonly used in 

factories to transport large quantities of material from one location to another. While the 

system would be able to transport many samples from the pneumatic transfer system to 

the instruments, for the purposes of this project only one sample would need to be 

transported at any given time. The conveyor belt and chute may also lack the accuracy 

and precision required to deliver and load the samples into the instruments.  

 

The final idea considered was a heli-quad copter. The quad copter would be equipped 

with some sort of claw arm to be able to pick up the sample and place it into the 

instruments. The quad copter would be capable of accessing most of the hot cell and be 

either tele-operated or autonomous. The drawbacks with using the quad copter are that a 

battery would be required and would need to be charged constantly. There would also be 

a potential for the quad copter crashing in the hot cell and damaging expensive equipment 

or itself. 

 

After selecting some preliminary ideas to be considered, they were compared using 

quantitative standards in a decision matrix. 

 

DECISION MATRIX 

 

Paring down the original seven items into three concepts was done using a decision 

matrix. Specifications for the project were first determined based on engineering 

experience and customer requests. Weights were then given to each specification based 

on their importance to the customer as well as the over-all project. A 1-5 scale was used 

in the weighting of each specification. A ranking of 1 was used for optional specifications 

that had little effect on the project. A ranking of 3 was used for desired specifications, 

which meant that the customer desired them and should be implemented on the final 

concept. A ranking of 5 was used for mandatory specifications. If these specifications 

were not in the final concept, the project would not work for the customer’s needs. If the 

specification was in between these weights, it was given a 2 or 4 depending on 

importance. Next, the concepts were compared side by side with another 0-5 scale. A 

score of a 0 meant that it did not meet the specification at all, a score of a 5 meant that it 

could fully meet the specification. Final scores were determined by multiplying the 

weighted number by the score given for each specification, then these values were added 

together for each individual concept (see Table 1). 
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TABLE 1: Table of Final Matrix Scores 

Concept Score 

Master Slave Manipulator 217 

Armor Suit 212 

Robotic Arm 253 

Robotic Rover 247 

Chute/Conveyor Belt 143 

Crane/ Claw 216 

Heli-Quad Copter 198 

 

 

 

CHOICE FOR FINAL DESIGN 

 

A decision matrix was used to determine which of the above listed concepts would be 

carried forth in the design process (see Appendix A). The decision matrix was used to 

illustrate the weighted score of each concept as they met the project specifications and 

requirements. The results indicated that the robotic arm best met all requirements of the 

project; therefore, it was chosen for final design.  

 

PROCEDURAL FLOW CHART 

 

Two flow charts were also created to get a visual perspective of each step required in the 

robotic procedure. One flow chart is for the incoming procedure (Appendix B) and the 

other is of the outgoing procedure (Appendix C).  The flow charts allowed the team to 

determine the best way to complete each required step in the sample transfer process. 

Concept ideas for each step were then collaborated upon, and the best choice was 

determined.  

 

Incoming Procedure.  The incoming procedure happens when the sample has 

been prepared by the researcher and is sent into the instrumentation cell. The 

transfer system will be used to send the sample to the cell. While this happens, the 

robotic arm or the operator, by automatic means, will open the instrumentation 

equipment to ensure it is ready to receive the sample. The operator, through visual 

means, or the robot, by sensors, will know that the canister from the pneumatic 

transfer system has arrived. Next, the operator or robot will open the transfer 

system to receive the canister. The robot will then grab the canister from the 

pneumatic transfer system.  
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At this point while moving the canister to the opening tray the sample could be 

dropped or make it to the tray. If the sample is dropped the robot or operator will 

sense where the dropped sample is by sensors (robot) or cameras (operator). The 

robot will then grab the sample and orient it and move the sample to the tray as 

originally planned. The robot will then proceed to open the canister using an x-y 

plane flip top lid. The robot will then proceed to dump out or remove the Rabbit 

from the container. The Rabbit could accidentally be dropped at this time. If this 

happens, the same dropped sample procedure as above will commence. Once 

returned or if not dropped, the next step is opening the Rabbit, which will be done 

by the robot. The robot or operator will sense that the sample is indeed in the 

Rabbit. The robot will then retrieve the sample. At this step it could be dropped or 

moved to the instrument opening. When it reaches the instrument opening the 

sample is oriented either by robot control or operator control. The sample, once 

oriented, will then be placed in the instrument. The door will be closed by either 

the operator or robot, and the experiment will be programmed to run.  

 

Outgoing Procedure.  The outgoing procedure is much like the incoming 

procedure, but in the opposite order. When the experiment finishes, the researcher 

or operator will ensure that the experiment is truly done and that all data is 

gathered. The operator or robot will open the transfer system and ensure there is 

nothing blocking that would cause problems when sending back to the preparation 

line. The operator will put the robot into retrieve mode. The robot or operator will 

open the tray to the instrumentation. The robot will then proceed to grab the 

sample. The sample will be moved to the tray where the Rabbit and canister are 

from the incoming procedure. The sample could be dropped as well before 

making it to the tray, which the dropped procedure will then be used to get the 

sample to the tray. 

 

Once returned to the tray, the robot or the operator will orient the sample to the 

correct orientation to be placed in the Rabbit. The Rabbit will then be oriented for 

placement in the canister. At any of these two previous steps the sample could be 

dropped and the dropped sample procedure would be used if this happened. Once 

the canister has been closed, it will be oriented to the position needed to place in 

the pneumatic transfer system. At this point the sample could be dropped in which 

case the dropped sample procedure would be followed to return it to the correct 

step in the process. The canister will then be placed in the transfer system. The 

robot or the operator will close the transfer system. The operator will then send 

the canister back to the preparation lab.  

 



15 
 

    RACE, NICHOLS, BERRETT 

Both procedures showed how big of an impact the dropped sample would have on the 

entire procedure, both in time and efficiency. This part of the design will be the focus of 

the design. All other steps can be completed no matter the configuration of the dropped 

sample design. 

 

System Design 

 

Once the robotic system was identified as the optimal solution to the project need, the 

next course of action was to separate the design process into areas of focus. These are as 

follows:  

 

1. Kinematics – Ensure the robot meets the mobility needs of the project. 

2. Mechanical Design – Equipment necessary for robot to perform each task. 

3. Materials – Materials required and their behavior in radioactive environments. 

4. Vision System – Robot will require advanced optical systems for teleoperation. 

5. Electronics – Programming and sensors are integral to accomplish procedure. 

 

KINEMATICS 

 

Requirements and Assumptions 

 

The project requirements for selecting the robotic arm were as follows: 

 

a. Must be commercially available 

b. Size of robotic arm (robot must be capable of performing tasks without causing 

interference to equipment within its reach) 

c. Axes of motion (degrees of freedom) which addresses flexibility to perform work 

d. Accuracy and repeatability 

e. Placement relative to room size, pneumatic transfer system, and instrument (with 

recommended clearances around instrument) 

f. Ability to remotely open/close pneumatic sample carriers 

g. Ability to retrieve dropped sample 

h. Purchase and maintenance cost  

 

In addition to the project requirements listed above, the following assumptions were also 

made as part of the decision making process:  

 

a. Payload for this application is negligible  

b. All four instrumentation cells will employ the same system  

c. Robotic arm may be mounted in a stationary position or on a moveable track.   
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d. Robotic equipment considered for other non-instrument areas (such as the 

Materials Properties Test Cell) of SPL are independent of this study, and  

e. Processes are programmed. Exceptions may occur where commercially provided 

teleoperation features of robot may be used for robot program teaching or picking 

up of dropped sample also known as the off-normal situation.  

 

Robotic Arm Choice  

 

A variety of robotic arms are currently available on the market however, the specific 

nature of this task has led the team to a company called Universal Robots of Denmark 

(they have significant distribution in the United States). Reasons for this decision of 

robotic arm include accuracy, reliability, cost, ease of programming and the radius at 

which it can reach. Universal Robots robotic arms also have 360˚ motion at each of the 

joints which other robotic arms did not. To go along with this motion at the joints 

Universal Robots robotic arms also has six degrees of freedom. The degrees of freedom 

needed in the robotic arm was important for this project, because if it does not have a 

sufficient amount of degrees of freedom the robotic arm would not be able to do the task 

it needs to perform. 

 

Each joint of the robotic arm is a revolute joint having one degree of freedom. The 

number of joints on the Universal Robotics robotic arm is six, totaling up to six degrees 

of freedom. The minimum degrees of freedom that would be needed to complete the 

tasks was found to be five with the help of SolidWorks. The way that SolidWorks helped 

in determining the minimum degrees of freedom was to take out one of the joints on the 

top end of the robot arm (Appendix D). In Appendix E, it can be seen what the arm looks 

like with all of its joints. The reason that SolidWorks was chosen for this was because it 

would allow to move the robotic arm in any position to ensure that the robotic arm would 

be able to perform the task needed. With five degrees of freedom the robotic arm was still 

able to perform the tasks needed (Appendix F). This procedure was also done with the six 

degrees of freedom robotic arm to show it working as well (Appendix G). If anymore 

joints are taken out reducing the degrees of freedom the robotic arm would not be able to 

perform the task needed. The reason that no other joints can be taken out is because it 

limits the motion of the arm. With five degrees of freedom it is still able to move in the 

orientations needed. 

 

As soon as the degrees of freedom drop below five the arm loses the ability to move in 

the positions it would have to be in to complete the tasks. This was done by starting from 

the top of the arm and working down because some of the joins were more important than 

others. This is because there were some joints that are more important than others. The 

robot arm needed to be able to move at its base in order to get other joints around. Then 
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the next joint needed to be able to move to give it motion in the x-plane. Then the next 

joint was to give it more motion in the x-plane and in the y-plane. At the top of the arm 

there is three joints. Each of these joints give the arm the ability to orient the arm into 

many positions. If two of these are removed, it will lose motion to do this. Even though it 

would still have one joint for motion at this point in the arm it would not have the ability 

to change the orientation of that joint. This would be needed to be able to perform the 

task of placing an object in areas with precision. 

 

Universal Robots also allow easy integration of a customized, versatile two-finger 

gripper, supplied by the company Robotiq. The gripper adds extra reach of up to six 

inches and can handle loads of up to 11 lbs. Universal Robots offers a line of robotic 

arms with proportional specifications based upon reach and payload. The table below 

shows all of the robotic arms that Universal Robots offers.  

 

 

TABLE 2: Universal Robot Product Line 

MODEL PAYLOAD WEIGHT REACH FOOTPRINT COST 

UR-3 6.6 lbs. 24.3 lbs. 19.7 in 4.6 in $23,000 

UR-5 11 lbs. 40.6 lbs. 33.5 in 5.9 in $35,000 

UR-10 22 lbs. 63.7 lbs. 51.2 in 7.5 in $45,000 

 

 

The benefits of using a UR-3 model for this application include less initial expense and 

smaller footprint. However, the UR-3 does not provide adequate reach for loading and 

unloading samples. It also does not allow for a large enough clearance space for the 

necessary instrumentation access for maintenance.  

 

The UR-5, sample room layout in Appendix H, provides a larger reach, but is compact 

enough to allow for potentially more safety features such as a full enclosure for an off-

normal situation. Additionally, the payload is almost double that of the UR-3. The UR-

10, sample room layout in Appendix I, is likewise a choice for its longer reach and higher 

payload which allows for future capabilities should the need arise. It is understood, 

however, that this additional reach could prove problematic for an off-normal situation 

during transfer. This is due to the larger area that the sample could potentially be 

dropped.  

 

All models provide the accuracy and repeatability required for the application; therefore, 

the final decision is based on robot reach and payload, taking into consideration area to 

drop the sample and instrument access. As a result, the team constructed a simple and 

inexpensive three-dimensional mock-up, as seen in Appendix J, of an instrumentation 
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cell to compare the performance of each robot relative to the given workspace. This 

mock-up provided a life like, realistic visual for the team to determine the best position 

for the instrumentation (PFIB in this case) and the other components needed. A model of 

the UR-3, UR-5 and UR-10 were inexpensively constructed to be used in the mock-up of 

the instrumentation cell. These were used to determine the relative positions in the x-y-z 

planes that would allow for the proper procedure to be done. This would also show, if 

any, possible limits of each robotic arm. The UR-5 and UR-10 were deemed sufficient for 

further exploration. Using SolidWorks, a 3-D model was prepared to identify the best 

possible solution with both robots placed where they would be placed in the mock up 

(Appendix H-I). 

 

After simulating the maneuverability of the UR-5 and UR-10 in a 3D mockup of the 

sample cell, weighing the benefits, and weaknesses of both robots the recommendation 

would be to use the UR-5 in the Sample Preparation Laboratory instrumentation cells. 

The UR-5 is commercially available. The size of the robotic arm is capable of performing 

tasks without causing interference to the equipment or maintenance to the equipment. It 

can move in all desired positions due to its six degrees of freedom. The UR-5 can be 

placed in such a way that it meets the equipment space requirements based on the 

recommended maintenance space from the PFIB manual and requirements discussed with 

Dean Blanton, (INL SEM/FIB Specialist at MFC) while looking at the PFIB. A benefit 

discussed earlier that the UR-5 has over the UR-10 is a potential for total enclosure that 

would allow complete assurance that the sample will always be able to be obtained 

remotely or tele-operated by the robotic arm. The UR-5 and UR-10 differ when it comes 

to cost and the radius of reach. The UR-5 has a cost of $35,000, the UR-10 costs $45,000, 

which could potentially bring a savings of around $40,000 if UR-5’s are used in the three 

neighboring cells running similar operations. The smaller reach of the UR-5 decreases the 

radius for an off-normal situation, but is still capable of maintaining adequate distance 

between the instrumentation and pneumatic transfer station for maintenance. The smaller 

radius in which the sample can be dropped is very beneficial in making sure the sample 

does not get lost in the cell, as well as keeping the dropped sample recovery system 

simple and compact. A downside to UR-5 is the potential for longer maintenance time 

removing safety barriers.  

 

Suggested Alternative   

 

The UR-10 is considered a viable option for the SPL instrumentation cells because it can 

also carry out the same tasks as the UR-5, although its size and reach are larger than 

required for this application. The UR-10 is less desired when considering cost and the 

potential for a dropped sample. Despite the UR-10 having a longer reach, which could 

allow for more space for maintenance and possible future applications, it also increases 



19 
 

   BERRETT 

the radius for the off-normal dropped sample could be lost in the cell. The ability to be 

fully enclosed is also not reasonable due to the size of the arm. The benefit of having a 

larger reach does not counteract the danger of having a larger radius for a dropped 

sample. The attachable gripper is also only rated for 11 lbs while the UR-10 is rated for 

22 lbs, so the only benefit gained from the UR-10 would be the reach. For this application 

payload is assumed to be negligible. The UR-5 is deemed to be a better option than the 

UR-10.  

 

Robot Reach 

 

The next step after selecting the robotic arm was finding out where it could reach. The 

reason for this was to be able to determine where the robotic arm could recover a dropped 

sample. Also we needed the reach to determine the most beneficial position for the robot 

to be able to complete its tasks. An Auto cad drawing of the reach of the UR-5 robot can 

be seen in Appendix K. This cad drawing is a drawing of the room that is being worked 

with for this project. The drawing shows all of the walls as well as the instrumentation 

that is being used, this is the box that is on the left in the drawing. The drawing also 

shows where everything would be placed in the cell. The robot was placed in the best 

possible position that would allow the robotic arm to complete the task and still reach 

where it would need to. To expand on the drawing, the inner green circle was where just 

the robotic arm could reach. Then a Robotiq gripper was added to the robot arm 

extending the reach of the arm by six inches. This is indicated by outer green circle. 

Anywhere that has red hash marks indicates where the robotic arm cannot reach. 

Likewise, anywhere that has green hash marks is where the robotic arm can reach. Where 

the green and red hash marks come together in the insemination equipment indicates the 

robotic arm can reach there but it is limited. This area has a tray that is raised and has an 

area underneath that the sample has a chance of going if it is dropped. Also in the picture 

is the transfer table. This table is where the sample would be coming into the room and 

where it would be oriented for placement in the instrumentation equipment. Things that 

would be on this table include a transfer system, a carrier holder, a tray to place the 

sample on, and articulation tools. The carrier holder and articulation tools will be 

expanded upon later in this report. The drawing of the reach was needed to know where 

to place the things listed above. This will ensure that the robotic arm will be able to reach 

the things it needs to reach.   

 

MECHANICAL DESIGN 

 

A carrier will be unloaded from the transfer system by the robotic arm.  The carrier will 

possess another carrier which houses the sample. A carrier holder was designed in order 

to hold each carrier separately while not in use. The design of the carrier holder is a 
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simple design consisting of two circles placed a distance apart from one another. Each 

circle has the dimensions greater than the outside diameter of the carriers that will be 

made. An O-ring will be cut out so that it has three tabs that go in the holes that are in the 

carrier holder. The O-rings will help provide friction so that the carrier holder will hold 

the carrier better. This is for when the robotic arm needs to open the carriers. A drawing 

of the part can be seen in the Appendix L. This part was printed using a 3D printer that 

were provided by ISU. 

 

The carrier holder had to be printed in two part because it was over the size limit of the 

printers. For this reason, the two parts were glued together. The assembled part was 

bolted to the table so that it was perpendicular with the table. The end with the larger 

circle was placed towards the wall and the smaller end towards the robot arm. This 

placement of the carrier was done so because of the procedure of the robot arm. When the 

carrier comes into the transfer station it is in the larger carrier. Once the robot gets the 

smaller carrier out of the larger one, it can place larger one in the carrier holder in the 

back so it is out of the way. Hand calculations were done for this to show that it would 

not fail if the robot were to hit the side of the carrier holder (Appendix M). An assumed 

force was chosen for these calculations. The force chosen should be higher than what the 

robot would be able to apply. The robot has a safety feature programed into it so that if 

the robot reaches a force of this value it will shut itself off.   

 

Articulation tools for the robotic arm were also designed to be used in case a sample is 

dropped and out of the reach of the robot. There were two tools that were designed to be 

used with the robotic arm. The first tool is a J-hook a drawing of this tool can be seen in 

Appendix N. This is a hook tool that would be able to go around the sample and pull it to 

a spot that the robot can acquire the sample. The places that this would be used are 

underneath of the instrumentation equipment or on top of the equipment where the robot 

would not be able to reach. The J-hook has to have an offset handle designed into it. This 

is to keep the gripper that is attached to the robot up off of the instrumentation 

equipment. If this offset was not high enough, then the gripper would drag across the 

equipment. This could cause stresses where the gripper and robot arm are attached that 

can be avoided. The J-hook will attach to this offset where a slot is in the tool. This slot 

has been designed to allow the gripper end to go into the end of the tool. Once the gripper 

end is in the tool it is able to grasp the tool to be able to carry the tool wherever it needs 

to be able to obtain the sample. 

 

The next tool that was designed was tongs. For this tool a set of tongs was bought from 

McMaster Carr. These tongs will have to be equipped with the same offset but with some 

changes see Appendix O-P for the drawings. The tongs will have to have two pieces in 

order to work the tongs. In order to attach the tongs to the offset handles to the tongs, a 
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slot was made for the ends of the tongs handles to go into. With the handles of the tongs 

in the offset handles, two set screws will be tightened on each side to hold the tongs in 

place. The holes that are shown in the drawings for the set screws are just for indication 

of where they will be placed. On the end of the offsets where the gripper attaches, there 

will be a spring screw that will hold the offsets onto the gripper. The spring screw has a 

ball with a spring behind the ball to allow the ball to be pushed out. The screw will be 

placed into the side of the offset handle in a specific location. As the gripper goes into the 

slot for the gripper end on the offset handle the spring ball will go into a place on the 

outside of the gripper. This spot is already machined into the gripper and will be useful 

for this. This will allow the tongs to stay on the gripper and still be functional 

 

One modification that will be made to the tongs is to add an elastic band around the 

outside of them. This will make it so that the tongs will always be in the closed position 

at all times. This is desired so that if the tongs should fall off of the robot gripper then the 

sample would still be held in the tongs. The tongs would be used in a case where the J-

hook would not be able to get around the sample or if the user sees fit that it would be 

easier to grab the sample. The J-hook as well as the tong offset handles are 3-D printed 

for the use of demonstration purposes. A recommendation would be to have the tools 

made in a machine shop for better durability. 

 

The robots horizontal position needed to be determined; this meant that the stand had to 

be able to be adjustable in the horizontal direction. Accomplishing this was done by 

designing a stand with an inner slide that was separate from the outer slide. The stand not 

only needed to be adjustable but had to be level, sturdy and able to withstand the various 

forces and stresses that the robotic arm might put on it throughout its task movements. 

The design of the stand included a larger diameter outer pipe and a smaller diameter inner 

pipe. The larger diameter pipe was welded to a base plate. The smaller diameter pipe was 

welded with a smaller plate on top. The larger diameter pipe had two holes drilled into it 

at 90˚ angles from each other with nuts welded over the holes. Bolts were then used to be 

able to create a clamping force on the inner piping to hold it at the necessary height. 

Appendix R and S show the drawing and design of the stand as well as the calculated 

forces and factors of safety for the stand components and bolts to hold the stand to the 

floor and the robot to the stand. 

 

MATERIALS 

 

Materials used in the design of the instrument cell include stainless steel, aluminum, and 

Plexiglas. The cell itself will not be inert, but there is no concern of oxidation since 

humidity and temperature will be kept at optimal levels for the examination equipment.  
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The instrument cells in the SPL facility will examine samples emitting both beta and 

gamma radiation. Any alpha contamination will be removed from incoming material in 

the sample preparation line decontamination cell before entering the remaining areas of 

the facility. The purpose of using teleoperations to handle these samples remotely is the 

focus of this project; therefore, only a radiation analysis on the materials surrounding the 

instruments will be necessary. No direct human interaction with the samples is permitted. 

 

A 1 Curie Cobalt-60 source was specified as the standard for determining radiological 

effects within the cell due to its dual emission of both gamma (γ) and beta (β) rays. For 

every decay of Cobalt-60 to Nickel-60, approximately 1.89 MeV β- and 2.5 MeV γ will 

be emitted. Both emissions are forms of ionizing radiation, which only interacts with the 

electrons surrounding the nucleus of an atom. Beta radiation and low energy gamma 

radiation (under 10 MeV) will not activate the materials they come in contact with.  

 

 

 

FIGURE 1: Decay Scheme of Cobalt-60 

(National Nuclear Data Center, Brookhaven National Laboratory) 

 

In most inorganic substances, ionizing radiation causes electrons to migrate out of their 

original position. Ejection of electrons from the material subsequently decreases its 

resistivity, increases its conductivity, and may even cause disruption in its native lattice 

structure. Polymers have characteristic bonds consisting of long chains of molecules. If 

any of these bonds are broken and this chain rearranges, the polymer may experience 

physical changes in hardness, flexibility, and appearance. 

 

The material used for the proposed robot enclosure is plexiglass, a type of polymer. 

However, the behavior of Plexiglas in a radiological environment has been previously 

observed and well documented by CANDU Technology, and the absorbed dose required 

for noticeable deterioration has been found to be approximately 20 MRad (see Figure 2). 

It would take over two decades of constant exposure from a Cobalt-60 source at a 

distance of only 1 foot to achieve this amount of absorbed dose (see Appendix Q for 

details on this calculation). Therefore, the effects of radiation on any plexiglass used in 

the instrument cell were deemed insignificant. 
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FIGURE 2: Effects of Radiation on Various Polymers 

(CANTEACH Project, CANDU Technology)  
 

Main electronic components for the robot will remain outside of the instrument cell. Any 

necessary cabling to connect the robot to these components can be commercial grade. 

Most commercially available cables will not show significant degradation up to a total 

dose of 1MGy [Houssay]. If degradation is somehow suspected, it is more cost effective 

to remove these cables from service. Hardening is costly and unnecessary. 

 

Other inorganic substances used in each instrument cell include aluminum and stainless 

steel. But metals do not behave like polymers in the presence of low energy ionizing 

radiation. They do not degrade or experience any significant changes in lattice structure. 

This is due to the fact that electrons in metals are very mobile and move easily from one 

position to another. Under influence, any vacancy created by the movement of an 

electron from its original position will be quickly filled by another electron. 

Consequently, any metals contained within the instrument cell will remain unharmed and 

non-radioactive when considering the maximum source of 1 Curie Cobalt-60. 

 

In addition to extensive research and radiological calculations, the Idaho State University 

Health Physics Department was consulted on various occasions to verify the results of 

this study (summarized below).  

 

• Cobalt-60 decays by both gamma and beta emissions. 
 

• Emission of 2 gamma rays per Cobalt-60 decay, 117 MeV and 1.33 MeV, for a 

total energy of approximately 2.5 MeV. 
 

• Gamma and beta emissions are both forms of ionizing radiation (IR).  
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• Beta radiation does not leave material radioactive. 
 

• Low energy ionizing gamma rays (with energies is less than 10MeV) do not 

activate surrounding materials. 
 

• Neutron radiation and some high energy gamma will activate metal components; 

however, these energies are not anticipated in SPL. 
 

• Gamma radiation attenuation for personnel safety requires 8-inch-thick, high 

density steel to be used in the construction of instrument cell walls. 

• Beta radiation can be attenuated by thin aluminum sheet, ranging from 60 

micrometers for 0.5 MeV to 550 micrometers for 3 MeV. 
 

• IR is a problem for most inorganic substances because it interacts with the 

electrons surrounding a nucleus and causes them to migrate out of position. 
 

• Ejection of electrons from the material decreases resistivity, increases 

conductivity, and causes changes in lattice structure. 
 

• Metals are an exception to this behavior 
 

• Electrons in metals are very mobile and move easily from one position to another. 

Under influence, any movement of an electron from its original position can be 

replaced quickly with another electron. Only a short transient period exists. 
 

• Negligible effects from IR to stainless steel or aluminum materials in cell. 
 

• Non-metal materials (plexiglass and polypropylene plastic) may become altered 

as IR strips electrons and changes bonds between atoms. 
 

• Oil is also affected by high levels of radiation. As electrons are displaced by 

ruptured bonds, the oil viscosity increases and lubricant flow decreases. 

Lubrication of bearings may be required more often. 
 

• Special additives can also remedy this issue. 
 

• Polymers have characteristic bonds consisting of long chains of molecules; 

therefore, polymers change if these bond arrangements change. 
 

• Bonds break and reform, changing physical properties such as hardness, 

flexibility, and appearance (visibility). 
 

• Plexiglass and polypropylene plastic susceptible to becoming softer and weaker. 
 

• Radiation anticipated in instrument cells, based on 1 Curie Cobalt-60, will not 

have this effect, however. Absorbed dose deterioration is shown to be 

insignificant up to approximately 20 MRad (see Figure 2). 
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• Radiation hardening is of minor concern and deemed unnecessary for this 

application. 
 

• It was found to be more cost effective to remove material from service when 

deterioration becomes considerable than to invest in radiation hardened 

components. 
 

• Commercially available cables do not show significant degradation up to a total 

dose of 1MGy [Houssay]. But further efforts to keep radiation exposure to 

conservative include keeping on-board electronics to a minimum using 

connection wiring.  

 

Enclosure Concepts 

 

The accuracy and repeatability offered by the UR-5 and Robotix gripper provide 

reasonably high confidence that samples will not be dropped or misplaced during 

operation. However, the sensitive nature of radiation makes it very important to consider 

all possible scenerios. The machine and stereovision systems can be used to exit 

autonomous mode and retrieve the sample manually, but the sample must remain within 

reach of the robotic arm to do so. For this reason, the following enclosure concepts are 

recommended for further consideration and development. 

 

The first enclosure is a small, mobile option. Rather than enclosing entire arm, 

instrument, and transfer table, this acrylic “glove” will keep the sample enclosed during 

any transfer between PFIB and table (see Figure 3). This option has the potential to 

eliminate the need for a larger enclosre that might hinder robotic movement or instrument 

access. 

 

 

 
 

FIGURE 3: Concept 1 - Small Enclosure  
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First, the robot would retrieve the sample from the incoming pneumatic system, then 

orient it within the Robotix gripper. The small enclosure would be docked in a custom 

stand located next to the carrier system on the transfer table. This stand has been 

specifically designed to keep the enclosure stationary, resisting the pushing and pulling 

action from the robotic arm, until the loaded gripper is fully inserted and the robot can lift 

the enclosure up and out of its station (see Figure 4). 

     
 (a) (b) (c) 

  
FIGURE 4: Enclosure Concept 1 – Small Enclosure 

(a) Docking Station (b) Gripper Inserted into Enclosure (c) Enclosure Movement 

 

The robotic arm would then move to the second docking station on the instrument table 

to withdraw the gripper for sample transfer to the instrument tray (see Figure 5). This 

process would ensure that the sample remains fully contained at all times during transfer. 

Even in the unlikely event that the sample falls out of (or is dropped from) the gripper 

during this transfer, it will remain within the enclosure until the robot can return to the 

transfer table. The robot could then be used to invert the enclosure to remove the sample 

to the table, reload the sample into the gripper, and repeat the transfer process. 

 

   
 (a) (b) 

  
FIGURE 5: Enclosure Concept 1 – Loading Gripper & Transfer 

(a) Second Docking Station (b) Removal of Gripper 
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The enclosure has been fitted with a thick rubber gasket at the opening to reduce the 

possibility of separation from the robotic arm during transfer; however, it is 

recommended that an inclined tray be located under the entire reach of the robot to 

eliminate this concern. 

 

A second option for enclosure uses acrylic to house both the transfer table and instrument 

tray, offering additional containment as necessary (see Figure 6). If a sample does happen 

to roll during gripper manipulations, the acrylic would keep it contained within the 

confines of these two areas. This system could be easily integrated for use with the afore 

mentioned smaller enclosure, or possibly only the inclined tray if desired.  

   
 (a) (b) 

  
FIGURE 6: Enclosure Concept 2 - Partial Enclosure 

(a) Top View (b) Side View 

 

The final, dome enclosure is also made from formed acrylic glass. This system extends 

the entire reach of the robot, is used in combination with an inclined tray, and offers easy 

disassembly when required for instrument maintenance (see Figure 7). 

 
  (a) (b) (c) 

  
FIGURE 7: Enclosure Concept 3 - Full Enclosure 

(a) Isometric View (b) Top View (c) Side View 
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Although it is believed that any of these options would be viable solutions for sample 

enclosure, issues involving contamination and air flow within the instrument cell must 

also be considered. These specifics are not yet fully defined in the development of the 

SPL facility; therefore, the team offers these concepts for further investigation. 

 

VISION SYSTEM 

 

In order to ensure that the SPL instrumentation rooms did not have the expensive, 

distorting oil infused windows a camera vision system was needed in the instrumentation 

cell to ensure the operators could see what was happening within the room. The vision 

system is also important to allow the operator to see the position of the robot for normal 

and off-normal operations. Room cameras will need to be placed in the instrumentation 

cell. Determining the locations and how many cameras would be needed cameras were 

placed in various locations based on the team’s ideas and thoughts. Cameras were moved 

around if a better position was determined. It was determined based on the tests as well as 

an initial layout in AutoCAD that two room cameras would be sufficient. The layout of 

the cameras and their views can be seen in Appendix T-U.  

 

The robotic system will have the ability to be tele-operated for non-programmed or off 

normal situations such as a dropped sample. The ability for the operator to operate the 

robot cannot be done efficiently or effectively with only the room cameras. A camera will 

be used closer to the gripper of the robot to allow for the operator to see in tele-operation 

mode. Many problems arose with this part of the camera system. The camera needed to 

be able to track the end of the gripper or allow for an unobstructed view of the end of the 

gripper and it also had to give the operator a realistic view to make it easy to use the 

gripper to pick-up the sample.  

 

In order to allow for a more realistic viewing and depth of field 3-D camera viewing 

systems were looked into. The problem with the 3-D system was that many involved the 

operator to have to wear glasses which was not desirable.  One system that was looked 

into that did not require glasses was a Stereovision 3-D camera system. The system 

involved two small cameras along with a special monitor that converted the images to a 

more realistic view. An older model of the Stereovision system was given to us to test 

with our robotic system. The stereo vision was calibrated and tested compared to a 

regular 2-D vision set-up. Since a Stereovision system was more expensive than a regular 

camera system the team wanted to ensure that the benefits were noticeable and that the 

system would improve the overall efficiency and effectiveness of the system. The 

Stereovision did show improved depth of field viewing at a specific focal length that it 

was set at and calibrated for compared to the regular 2-D cameras. However, the down 

side of the Stereovision was the fact that it was only good for such a small focal range or 
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length. Another option was looked into to help eliminate the tele-operation altogether and 

make the robot as autonomous as possible, this option was Machine Vision. Machine 

Vision is a camera system that can recognize distinct shapes and markings of objects. 

Using the Machine Vision connected to the robot, the system can orient the gripper on the 

end of the robot to pick up the sample in the correct orientation for insertion into the 

instrumentation every time. The met mount which comes out of the Rabbit can be shaped 

special so that the Machine Vision can react to the special shape and orient the gripper for 

grasping the sample correctly. Machine Vision can also be used for dropped sample and 

off normal situations.  It was determined, however, based on the nature of the tasks the 

robotic system would be doing that both the Machine Vision and the Stereovision would 

be used. The decision allows repetitiveness in the event that an unforeseen off normal 

situation occurs that might cause the operator to go into tele-operation mode, where the 

Stereovision system would have to be used.  

 

Next, the position of these systems needed to be determined to allow for best operation. 

The key for the camera system positions was to have it follow with the robot and be in a 

position where the focal length would not change much especially for the Stereovision 

cameras. Both cameras were decided to be placed on the robot. This would ensure that 

the robotic system could track with the robot without other devices. The Stereovision was 

originally decided to be placed at the base of the robot and be clamped so that it would 

rotate with the robot. However, after further testing with the programming of the robot 

and position of the cameras it was determined that the robotic camera system would be 

placed at the 3rd joint from the base. This was decided because the focal range of the 

robot with the camera at the base was too large for the 3-D vision to work at its best. By 

moving it to the farther position the overall view shrunk but the focal length would not 

change by much and allow the Stereovision to work at its best. A clamping system was 

designed to allow for this camera system to be in this position. The machine vision had to 

be in a place where it could distinguish between minor changes in shape or certain 

markings. Multiple ideas were thought of to determine the best position for this. One idea 

was to mount it to the transfer table where it would be stationary. Another idea was to 

attach it directly to the robot which is the best to make the robot as autonomous as 

possible and be able to react to the dropped sample.  

 

ELECTRONICS 

 

Autonomous Operation. The goal for using the Universal Robot arm is to design a system 

that is capable of operating autonomously without any input from the operator. For that to 

be possible, certain electrical components, sensors, and cameras must be integrated into 

the system in order for the robot to adapt to the changing variables in the work zone. The 

following sections will delve into what physical quantities need to be sensed, what 
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approach was taken to solve this problem, and what final solution was taken to create an 

autonomous system. 

 

Sensing Dropped Objects. The objective of the robotic arm is to carry a radioactive 

sample from a pneumatic transfer system over to a nuclear experimental instrument, load 

it in the instrument, and then unload it and return the sample to the transfer system when 

the experiment is finished. One possibility that needs to be addressed is what if the robot 

somehow drops the sample or knocks over another object? The system needs the 

capability to recover the sample or dropped object so that the experiment can commence 

and no human needs to enter the hot cell. For that, the robot must have some way of 

knowing when an object is dropped. This is where sensors come into play. There are 

many different types of sensors capable of measuring different quantities such as 

temperature, distance, sound, light, and so on. In this case, the sensor must have the 

ability to sense the presence of an object that was not there previously or should not be 

there at all. Several types of sensors were considered for this application. 

 

Ultrasonic Sensors. These sensors work by sending out ultrasonic sound waves that 

bounce off objects and return to a special microphone. The sensor measures the time it 

takes for the waves to return and uses this to identify how far away an object is. It can 

“see” objects at distances between 0.8 in and 10 ft. Its limitations are that it may not 

sense an object if its reflective surface is at a shallow angle (less than 45 degrees).  The 

ultrasonic sensor also only has a line of sight of about 40 degrees. 

 

 
 

FIGURE 8: Parallax Ultrasonic Sensor 

(Ultrasonic Distance Sensor. #28015. Parallax Inc.) 

 

 

Passive Infrared Motion Sensors. These sensors are dome shaped and have honeycomb 

like sections inside that detect changes in infrared waves. The passive infrared sensors do 

not send out any infrared waves, but detect infrared waves given off by objects in their 

surroundings. The range of PIR motion sensors is 30 ft. with a view angle of 120 degrees. 

These simple sensors send either a digital HIGH signal if movement is detected or a 

digital LOW signal if no motion is detected. 
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The main factors considered when comparing these two sensors were cost, simplicity, 

and range. The PIR motion detector was chosen as the sensor to be used in the system 

because it was cheaper than the ultrasonic emitter, sent a simple HIGH or LOW signal 

rather than a wide analog signal, and it had more than enough range as well as a wide 

field of view. 

 

 
 

FIGURE 9: Parallax PIR Motion Sensor 

(PIR Sensor. #555-28027. Parallax Inc.) 

 

 

PIR Motion Sensor Layout. A shortcoming of the PIR motion sensor is that if an object 

falls into the sensor’s field of view, the sensor cannot give a very precise location of 

where the object landed. To combat this, an array of sensors surrounding the robot in a 

circular pattern are used with overlapping fields of view to increase the resolution of the 

system. Several sensor layouts were tested using AutoCAD to determine how many 

sensors would be reasonable. It was determined that a minimum of three sensors is 

needed in order to cover the entire region around the robot. However, it is desirable to 

have the sensor’s views overlapping so layouts of six, eight, and ten sensors were 

considered. After comparing the different layouts, it was determined that employing six 

sensors was the best layout because adding anymore was not cost effective. Figure 10 

shows the layout of the six sensors encompassing the base of the robot. The light shaded 

areas represent the zones in which only one sensor has a line of sight, while the dark 

shaded areas represent the areas where the vision of two sensors overlaps. With this 

layout, it is possible to narrow down the area where the sensor was dropped based on 

what sensors have been activated.  
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FIGURE 10: PIR Motion Sensor Layout 

 

 

Another issue with the PIR motion sensor is that because it has such a wide range in both 

the vertical and horizontal planes, it is possible for the sensor to detect the robot’s 

motion, even during normal operation. In order to solve this issue, a cap similar to a 

lampshade is placed over the top of the sensors at the base of the robot. The cap limits 

their view to areas well below the operation table and PFIB table where the robot will be 

working. The sensors are also dropped about 8 inches below the base of the robot to 

decrease the likelihood of them detecting the moving robot. 

 

PIR Motion Sensor Testing. Two PIR Motion Sensors were purchased from RadioShack 

to test whether the sensors would be effective in detecting the motion of a dropped 

sample. To test the sensors, an Arduino UNO microcontroller was used. A program was 

made so that when one of the sensors detected motion, it would light up its corresponding 

LED. If both of the sensors were activated, then they would both light up their LED’s. If 

neither motion detector was activated, then a single yellow LED would blink every 

second to indicate normal operation. The sensors were placed on the outside of a 

cardboard ring, approximately 60 degrees from each other. A “cap” was placed over the 

sensors so that they could only detect motion horizontally outward or downward. The 

range and reliability of the sensors was tested by dropping various objects with different 

shapes and sizes from about three feet above the sensors. The effectiveness of the sensors 

depended on how large the objects were and how fast they were moving. The sensors 

were able to detect the motion of objects about the size of wadded up paper quite well 

with an 80% detection rate, even when moving fast. However, the sensors were less 

effective when small or slender objects were dropped in front of it. To better increase 

their effectiveness, the sensors were placed on a table so that the object hitting and 

bouncing on the table was within their field of vision. This yielded better results when 

detecting small objects because the sensors had more time to process that an object had 

passed into their field of view.  
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Integrating the Sensors into the Universal Robot. After determining the sensor layout and 

testing the effectiveness of the sensors, the next step was to integrate the sensors into the 

Universal Robot electrical interface so that the robot can read the sensors. The Universal 

Robot electrical has 16 digital inputs from which the six sensors can be connected to. The 

Universal Robot also has 16, 24V power supply outlets in which to power external 

devices such as the sensors. A voltage regulator is required to step down the 24V power 

supply to 5V so that the motion sensors can be use the Universal Robot power supply. A 

L78S05 linear fixed voltage regulator was selected because it can handle voltages up to 

35V, current up to 2 Amps, and it steps the voltage down to 5V. The input end of the 

voltage regulator is in parallel with a 0.33 μF capacitor and the output end of the 

regulator is in parallel with a 0.1μF capacitor to stabilize the input and output voltages. 

However, in order to save time and cost of shipping, the Arduino UNO’s 5V supply is 

used to power the sensors instead.  

 

The Universal Robot electrical interface reads a LOW digital signal as an input voltage 

between -3V and 5V while a HIGH digital signal identified with input voltages between 

11V and 30V. Using a digital multimeter, it was found that the LOW signal sent by the 

PIR sensor is 0.2mV while the HIGH signal is only 3.28V. The output voltage of the 

sensors needs to be stepped up in order for the Universal Robot to read the sensors. In 

order to accomplish this, a LM741 dual op-amp is used in a non-inverting configuration 

with Ri of 680 ohms and Rf of 2000 ohms to give a gain of 3.94 and a resulting HIGH 

output voltage of 13V. The dual op-amp can be used with two sensors at the same time 

and can also be powered by the 24V supply voltage from the Universal Robot. After 

testing the circuit, it was found that Universal Robot does in fact read the sensors when 

the sensor outputs are boosted with the op-amp.  

 
FIGURE 11: Non-Inverting Op-Amp Configuration 

(Introduction to Mechatronic Design, Prentice Hall)  
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Sensing Orientation of Carriers and the Sample. Another quantity that needs to be sensed 

by the robot is the orientation of both the sample and the container in which the sample 

travels in through the pneumatic transfer system. The transfer container has a lid that 

swivels in order to open so that the sample can be taken out of the container. The 

optimum orientation for the container to be opened is to have the handle of the lid facing 

out towards the robot so that it can easily open the container. This makes it very 

important control the orientation of the container. The orientation of the sample is very 

important as well. The sample must be placed into the PFIB in a very specific way so that 

the experiment can be done properly and the sample remains secure in the PFIB. A 

couple methods were explored to sense orientation. 

 

Color Sensors. One idea was to create a colored grid around the container. Each color 

would correspond to an angle with reference to where the lid handle on the container was. 

For example, say the sensor sensed the color red, which is oriented 45 degrees from the 

handle. Through the robots programming, it would know to rotate the container 45 

degrees to have the latch facing out towards it so it could then open it and remove the 

sample.  

 

An infrared emitter and detector pair was tested to sense different colors. The IR detector 

senses the way the IR waves reflect differently off of different colors by changing its 

resistance. The first circuit tested was capable of discerning light and dark colors from 

each other, but could not tell similar colors, such as yellow and orange, from each other. 

An op-amp was used to try and create a greater output voltage gap between similar 

colors. However, even after adding gain to the signal, the change in voltage between 

similar colors was not reliable enough to move forward with. Another option would need 

to be considered. 

 

Machine Vision. A more sophisticated option to determine orientation that was 

considered is machine vision. A machine vision consists of a specialized camera that can 

be programmed and bright light source to illuminate the objects being viewed by the 

camera. The machine vision can be programmed to recognize patterns, symbols, shapes, 

and words, measure dimensions, and determine the orientation of the specific pattern or 

shape of interest. Though quite a bit more expensive than a color sensor, the machine 

vision was seen as the best option because of its reliability as well as not only being 

useful to determine orientation, but also in locating a dropped sample. 
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PROGRAMMING 

 

Programming the Universal Robot. An essential part of the design of this system is to 

make a complex job for an operator much simpler by using a robot that can carry out the 

task. This is where programming is such a big component of the design. The robot must 

be able to be programmed so that it not only delivers the sample to and from the 

experimental equipment, but can also adapt to a changing environment and in a worst 

case scenario, be manually controlled by the operator. Part of the reason the Universal 

Robot was chosen is because it is one of the easiest programmable robots on the market.  

 

All of the programming for the robot is done through the teach pendant, which is 

essentially a tablet from which the robot is controlled. On the teach pendant, all 

preferences, settings, and programs can be specified. The robot can be programmed to 

move in three different ways on the teach pendant. The robot can be moved into a 

specific position, called a “waypoint”, by using buttons on the teach pendant that control 

each joint. This method is effective if you are not in the room with the robot and need to 

maneuver it to its waypoint. Another method to move the robot into a waypoint is by 

using the “teach” button. This method is by far the easiest because all that needs to be 

done is to hold down the teach button while the programmer physically grabs the robot 

and moves it into position. Finally, the robot can be programmed using a pose command, 

which is basically like traditional script code. Using script code is by far the most 

difficult, but if the programmer knows what they are doing, then it can be an effective 

method for more complex tasks. The robot can be programmed with a combination of 

one, two, or all of the programming methods in a single program.   

 

The program flows by moving the robot from waypoint to waypoint. If the robot moves 

to a waypoint where it needs to pick up or drop off an object, then the speed and force in 

which the gripper opens and closes can be specified for that point in the program. If-else 

statements, based on the inputs from the sensors, machine vision, and also the user, 

control the decision making of the program. 

 

Programming the Machine Vision. The machine vision also needs to be programmed in 

order for it to determine the orientation and location of the containers and samples. The 

chosen Cognex 1100 camera can be programmed using the Cognex Insight Explorer 

software with two different methods: Easybuilder and Spreadsheet. Easybuilder is, as its 

name implies, much easier and user friendly for those inexperienced with using 

spreadsheets or unfamiliar with programming. Easybuilder gives access to many tools to 

fulfill the needs of the user such as pattern matching, dimensioning, and text recognition. 

Easybuilder is a quick way to set up the program, which means that many of the 

advanced settings, such as accuracy and tolerance requirements, are set as default 
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settings. This allows for the program to be set up quickly, but prevents the programmer 

from having complete control over the program. 

  

This is where Spreadsheet has an advantage. Although Spreadsheet is far more 

complicated, it allows for full control over the machine vision program. Complex logic 

statements, output calculations or conversions, and data formatting can all be done on 

Spreadsheet. Fortunately, whenever Easybuilder is used, it creates a spreadsheet for the 

user allowing for a combination of the two methods to be used in a single program. This 

allows for the machine vision program to be set up quickly and easily, but also allows for 

greater control when needed. 

 

As far as the tools used in the program, there are a lot to choose from on the In-Sight 

Explorer software. The tool used for this system is the PatMax Pattern tool. This is one of 

Cognex’s most sophisticated pattern matching technologies for its ability to track almost 

any pattern on an object in many different positions and orientations. When using PatMax 

Pattern, the programmer must specify the size of the search box. The search box is the 

area within the image that the machine vision actively searches for the pattern. A large 

search box allows the machine vision to search for the pattern over a larger area, but 

sacrifices some operation speed in the process. The programmer must also specify what 

pattern they wish to track. In the case of this system, the machine vision is programmed 

to track the top of the large container, small container, and the mock sample. Black tape 

is placed on top of the containers and sample to create a distinct pattern for the machine 

vision to track. 

 

The Patmax Pattern tool spits out several results that are useful for the Universal Robot. 

PatMax first gives a passing or failing grade for the pattern within the image that the 

machine vision has captured. If there is a match between the pattern that the machine 

vision is searching for and the pattern in the search box, the PatMax tool gives x-y 

coordinates of the location of the part as well as the angle that the part is oriented. These 

coordinates can then be sent to the Universal Robot over an Ethernet cable. This is the 

method used correctly orient and locate the containers and sample. 

 

 

FIGURE 12: Machine Vision PatMax Pattern Tool  



37 
 

   NICHOLS 

INSTRUMENT CELL MOCKUP 

 

Four instrument cells in the new SPL facility have been designated for the proposed 

sample transfer system (see Figure 13). These cells are to be located in the center of a 

restricted radiation area on the facility’s first floor. Early in the design process, the team 

decided that a complete mock-up of one of these instrument cells would be advantageous 

for system development. First, the team used cardboard to construct a general layout of 

the cell dimensions and relative location of the required instrumentation and fixtures. The 

INL was impressed with the results of this action and requested that a more permanent 

and complex mock-up be developed. Therefore, the team used wood to frame a complete 

10’ x 14’ instrument cell. Wood was also used to construct a true to size PFIB and sample 

transfer table. By April 17, 2016, the team had completed mock-up of an actual 

instrument cell, including all necessary components for a comprehensive demonstration 

of the final system. The progression of the mock-up from early to final construction is 

shown below in Figure 14. 

 
FIGURE 13: Instrumentation Cells Designated for Remote System 

 

 

 

   
 (a) (b) (c) 

  
FIGURE 14: Progression of Mock-Up 

(a) December 2015, (b) January 2016, (c) April 2016 
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FINAL BUDGET 

 

Idaho National Laboratory gave the team an initial budget of $50,000 for the completion 

of this project. This money was to be allocated to the various parts of the project that will 

be needed, including the purchase of robotic arm, gripper, containment, sensors, vision 

system components and other mock up materials. As the project progressed, the scope of 

work increased and an additional $5,000 was given to the team to integrate and purchase 

Machine Vision equipment. The final budget for the project came to be $55,000 (see 

Table 3). A complete breakdown of the budget can be seen in Appendix Z. $52,412.34 of 

the $55,000.00 was used for the testing and demonstration of design. 

 

 

TABLE 3: Summary of Budget 

 
 

 

 

Some items that were used in the testing and completion of the instrumentation cell were 

loaned to the team by the mentor. These items include the Stereovision system as well as 

the RVision pan tilt room cameras. Appendix Z also shows a complete list with costs of 

items that will be used in the implementation of the real instrument cell based on the 

team’s recommendations and design. The complete cost to implement the team’s 

recommendations, for one cell, would be roughly $100,000.00 (see Table 4). This 

includes a new Stereovision system by Dimension Technologies, UR-5 with gripper, 

Machine Vision and the RVision SEE HP room cameras. This design would be 

implemented in all 4 instrumentation cells for a total cost for the SPL facility of 

approximately $440,000.00 including a 10% contingency.  

  

Item Total Cost

Robot / Gripper 31,523.00$                                              

Mock- Up Material 1,004.60$                                                

Robot Stand 116.82$                                                    

Vision Systems 9,471.57$                                                

Mentor Travel 1,200.00$                                                

Total Spent 52,412.34$                                              

Total Material Budget 55,000.00$                                              

Remaining Budget 2,587.66$                                                



39 
 

   NICHOLS, RACE, THIBODEAU, BERRETT 

TABLE 4: Costs of Actual Equipment 

 
 

 

 

CONCLUSION 

 

INL has presented the SPLT design team with the need for the capability to load and 

unload metallurgical mounts containing beta-gamma emitting material from a transport 

system to examination equipment remotely in their new SPL facility. The project goals 

were to create a system that would perform the task of removing the metallurgical mounts 

from canisters, then placing them in highly sensitive and expensive instrumentation.  

 

A UR-5 robotic arm equipped with Rvision SEE HP camera system, Cognex In-Sight 

Micro 1100 machine vision camera, Elmo 3-D stereovision, and PIR motion sensors was 

chosen and developed to meet the project specifications. This system is capable of 

removing samples from canisters and placing them in highly sensitive instruments 

through the use of programming and sensory. The UR-5 robotic arm also possesses the 

degrees of freedom and reach necessary for the transporting, loading, and manipulating 

the 1-inch met mounts. Custom holders have been designed to be integrated with the 

system to hold all incoming pneumatic carriers during the loading and unloading process. 

The degrees of freedom of the gripper also ensures that the robot can open and close the 

carriers, as well as place the smaller carrier inside the larger carrier for pneumatic 

transport. Articulation tools were also developed for situations in which a sample is 

dropped outside the robot’s reach. 

 

The requirement of the system being autonomous is met through the use of sensors, 

machine vision, and programming. The sensors and machine vision allow the robot to 

adapt to different situations without any input from the operator. The programming 

allows the procedure run smoothly and also incorporates the inputs from the sensors and 

the machine vision so that the robot takes appropriate action. The autonomous component 

of the design is what sets this system apart from the master-slave system currently used. 

 

Item Total Cost

Robot / Gripper 31,523.00$                                              

Machine Vision 8,244.29$                                                

Stereo Vision 50,000.00$                                              

Rvision 10,000.00$                                              

Total 99,767.29$                                              
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Based on testing done by the group it was determined that a robotic arm has great 

precision and repeatability even doing multiple tasks at once. The robotic arm system can 

be programmed with safety measures built in which makes it safe for human interactions. 

The robotic arm has life expectancy of 35,000 hours. An analysis was also performed for 

possible radiation effects on all materials used in this project. No significant interference 

or degradation is anticipated, and commercially available products are recommended as 

adequate.  

 

Summary of major project requirements met by the SPLT team: 

 

 The UR-5 has an accuracy of 0.004 inches. 

 The UR-5 has a repeatability of 100%. 

 Material degradation from Co-60 beta and gamma radiation was found to be 

negligible for a minimum of 20 years, even under constant exposure.  

 The vision system allows the operator to perform all tasks and processes from 

outside of the instrument cell. 

 Only $52,400 of the $55,000 final budget was used. 

 The system will be complete and deliverable by May 5, 2016. 

 

The SPLT team is confident that the UR-5 robotic arm system they have developed and 

recommended in this report will provide a superior solution to INL’s project need. 
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MANAGEMENT 

 

Cody Race is a senior student of mechanical and nuclear engineering at Idaho State 

University. His knowledge of photography and his background education in radiation 

detection and nuclear radioactivity was used in the creation of the vision system. His first 

priority of work involved the creation of the visions system, which includes but is not 

limited to, the placement of the cameras, the ability for cameras to tilt and rotate, the 

operator control panel, the radioactive effects on the optic systems and the realistic vision 

for the operators while not looking directly into the room. He also has roughly 3 years of 

outside engineering experience with various companies so he was tasked with being the 

project lead as well. This included but was not limited to, scheduling of meetings, 

ensuring the team is meeting deadlines, project planning and communication within the 

team and outside vendors/mentors.  

 

Larinda Nichols is a senior student of mechanical and nuclear engineering at Idaho State 

University. She also had the privilege of working with the Idaho National Laboratory as 

an intern during the summer of 2015. Her industrial and educational background in 

nuclear radioactivity, radiation detection, and materials science was utilized in selecting 

materials for in this project.  Larinda was also responsible for ensuring that all hardware 

used in the final design met radiological standards as given by the INL.  

 

Jerron Berrett is a senior student of mechanical engineering at Idaho State University. 

Jerron was responsible for the kinematics of the robot. His background education 

includes classes in kinematics and materials that aided him for this scope of work. He 

was to ensure that the robot would have the necessary degrees of freedom to be able to do 

the required tasks as defined by the process, which includes but is not limited to, picking 

up the sample, placing the sample in the instrument, and being able to pick up a sample if 

dropped.  

 

Sage Thibodeau took a semester long mechatronics class that explored the disciplines 

required for the design of automated robotic systems. These disciplines include 

mechanical, electronic, control, and computer programming design. Sage was in charge 

of electronics and controls, which included but was not limited to, selecting and 

integrating sensors, choosing a microcontroller or “brain” of the system, coding of the 

system, making sure the power source is compatible with the system, and designing any 

other electrical circuit components necessary.  
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APPENDIX A: Decision Matrix 

 

  Concept 
Spec Weight 1 2 3 4 5 6 7 

Removal/return of sample from pneumatic 
transfer system. 5 5 5 5 5 0 5 3 
Removal/return to rabbit 5 4 5 5 5 0 3 3 
Removal/return to instruments 5 4 5 5 5 0 1 1 
Vision (Optics/window) 3 2 5 3 3 3 3 3 
Ability to react to dropped sample 5 5 5 3 5 0 5 5 
Accuracy 5 5 5 5 1 3 5 3 
Repeatability 5 3 5 5 1 0 1 0 
Multi-personnel operation (lefty/Righty) 4 2 5 5 5 5 5 5 
A total dose of 1 x 10^6 Rad shall be the basis for 
equipment radiological design (2 Ci Co 60) 5 5 0 5 5 5 5 5 
No sharp edges 3 5 5 5 5 5 4 5 
Safety 3 3 1 5 5 4 2 2 
10 year life cycle 3 5 0 5 5 5 5 1 
Easy to Upgrade/ Modular 3 0 2 5 5 0 0 5 
Cell Size (10.5' X 8') 4 3 5 4 5 3 5 5 
Lifetime Cost 2 1 4 2 2 5 3 5 
Complexity 2 5 0 2 2 5 4 0 
         

 Total 217 212 253 247 143 216 198 
  

Master Slave Manipulator 1 
Armour Suit 2 
Robotic Arm 3 

UGV 4 
Chute/Conveyor Belt 5 

Crane/ Claw 6 
Heli-Quad Copter 7 
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APPENDIX B: Incoming Procedure Flowchart 
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APPENDIX C: Outgoing Procedure Flowchart 
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APPENDIX D: Five Degrees of Freedom 
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APPENDIX E: Six Degrees of Freedom 
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APPENDIX F: Five Degrees of Freedom – Robotic Arm Placement 
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APPENDIX G: Six Degrees of Freedom – Robotic Arm Placement 
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APPENDIX H: Sample Room Layout – UR5 
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APPENDIX I: Sample Room Layout – UR10 
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APPENDIX J: Instrument Cell Mockup 
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APPENDIX K: AutoCad Rendering of Instrument Cell – Robot Reach 
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APPENDIX L: Carrier Holder 
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APPENDIX M: Carrier Holder Hand Calculations 
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APPENDIX N: J-Hook Articulation Tool 
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APPENDIX O: Tongs Articulation Tool – Left Side 
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APPENDIX P: Tongs Articulation Tool – Right Side 
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APPENDIX Q: Radiation Calculations 
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APPENDIX R: Robotic Stand 
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APPENDIX S: Robotic Stand Calculations 
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APPENDIX T: Robotic Camera System Placement – Side Wall View 
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APPENDIX U: Robotic Camera System Placement – Top View 
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APPENDIX V: Color Sensor 
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APPENDIX W: Sensor Integration 

 

  



72 
 

    THIBODEAU 

 

  



73 
 

    THIBODEAU 

APPENDIX X: Voltage Regulator 
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APPENDIX Y: Sensor Connection to Robot 
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APPENDIX Z: Breakdown of Final Budget 

 

 
  

Item Qty Cost/Qty Total Cost

UR 5 1 25,600.00$   25,600.00$   

Robotiq Gripper 1 4,320.00$     4,320.00$     

Shipping 1 1,603.00$     1,603.00$     

2x4x8 Lumber 22 2.57$              56.54$           

Plastic Wing Nut 2 13.14$           26.28$           

Acrylic Tubing 3 36.88$           110.64$         

Wafer Board 4x8x3/8 16 10.75$           172.00$         

Grabber Screws 1.5" 3 4.80$              14.40$           

2x4x12 Lumber 5 4.72$              23.60$           

Acrylic Tubing 3 36.18$           108.54$         

Drawer Slides 1 60.07$           60.07$           

Wing Nut 2 14.74$           29.48$           

4x8x1/8 acrylic Sheet 2 137.02$         274.04$         

1x2x8 Lumber 20 2.57$              51.40$           

Scissors 2 19.52$           39.04$           

Duct Tape & Misc. 1 31.72$           31.72$           

Angled Flashing 1 1.51$              1.60$              

Side Flashing 5 0.99$              5.25$              

3.5" schd 40 Pipe 1 20.79$           20.79$           

4" schd 40 Pipe 1 24.05$           24.05$           

1/4x12 12" 1 14.00$           14.00$           

1/4x6" x 6" 1 10.00$           10.00$           

Nuts and Bolts 1 47.98$           47.98$           

Robot

Mock-Up Material

Robot Stand
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    RACE 

 
  

Pan Tilt Unit 1 399.95$         399.95$         

Rvision Power Supply 1 300.00$         300.00$         

Rvision Cables 2 200.00$         400.00$         

Composite to VGA Converter 2 46.00$           92.00$           

RCA to BNC Adapter 2 5.00$              10.00$           

RCA to RCA Cable 2 10.00$           20.00$           

RCA to RCA Adapter 2 5.00$              10.00$           

Insight Micro 1100 1 4,484.27$     4,484.27$     

Lens 1 147.14$         147.14$         

Cabling 1 208.93$         208.93$         

Ring Light 1 394.64$         394.64$         

CCS Bracket 1 139.29$         139.29$         

Diffusor Filter 1 92.86$           92.86$           

Micro Trigger Cable 1 88.21$           88.21$           

Donut mount 1 714.00$         714.00$         

Cable Management System 1 726.56$         726.56$         

Ball Bearings (3/4") 2 7.64$              15.28$           

Aluminum Shafts 2 19.57$           39.14$           

Washers 1 9.48$              9.48$              

Rubber Rod 1 3.88$              3.88$              

External Retaining Ring 1 12.30$           12.30$           

Internal Retaining Ring 1 7.03$              7.03$              

C-Clamp (3-D Printed) 1 311.00$         311.00$         

Fiberglass Washer 1 4.26$              4.26$              

Nylon Wingnut 1 9.19$              9.19$              

Nylon Wingnut 1 7.90$              7.90$              

PTFE Flat Washer 1 3.23$              3.23$              

Nylon Fully threaded Rod 1 3.63$              3.63$              

Velcro Cable Tie 2 3.55$              7.10$              

Velcro 1 31.55$           31.55$           

Tie Down Ring 4 4.29$              17.16$           

Unthreaded Spacer 1 4.69$              4.69$              

Aluminum fully threaded rod 1 3.63$              3.63$              

Male Female aluminum 2 2.90$              5.80$              

Cap Screw 1 4.47$              4.47$              

Kevin's Clamp 1 743.00$         743.00$         

Rental Cars 8 150.00$         1,200.00$     

Kevin Travel

Vision System
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Summary of Budget 
 

 
 
 

Actual Equipment Costs 
 

  

Item Total Cost

Robot / Gripper 31,523.00$                                              

Mock- Up Material 1,004.60$                                                

Robot Stand 116.82$                                                    

Vision Systems 9,471.57$                                                

Mentor Travel 1,200.00$                                                

Total Spent 52,412.34$                                              

Total Material Budget 55,000.00$                                              

Remaining Budget 2,587.66$                                                

Item Total Cost

Robot / Gripper 31,523.00$                                              

Machine Vision 8,244.29$                                                

Stereo Vision 50,000.00$                                              

Rvision 10,000.00$                                              

Total 99,767.29$                                              
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Arduino Motion Sensor Circuit 
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Machine Vision Program 
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FINAL UR5 PROGRAM 

   

 Init Variables 

   BeforeStart 

     Script: rq_before_start.script 

     Script: rq_script.script 

     Call SubP_rq_print_driver_version 

     rq_gripper_act≔0 

     rq_obj_detect≔0 

     rq_mov_complete≔0 

     rq_pos≔125 

     rq_force≔0 

     rq_speed≔100 

   Robot Program 

     Call SubP_rq_activate_and_wait 

     Call SubP_rq_set_force 

     Call SubP_rq_set_speed 

     Call SubP_rq_close_and_wait 

     Call SubP_rq_open_and_wait 

     MoveJ 

       Home 

     MoveJ 

       Waypoint_1 

       Waypoint_2 

       Waypoint_4 

       Waypoint_5 

       Waypoint_6 

       Call SubP_rq_move_and_wait 

       Waypoint_7 

       Call SubP_rq_close_and_wait 

     MoveJ 

       Waypoint_8 

       Call SubP_rq_open_and_wait 

       Waypoint_9 

       Waypoint_10 

       Waypoint_11 

       Waypoint_3 

       Waypoint_12 

       Waypoint_13 

     rq_force≔150 

     Call SubP_rq_set_force 

     Call SubP_rq_close_and_wait 

     MoveL 

       Waypoint_14 

     MoveJ 

       Waypoint_15 

       Waypoint_16 

     MoveL 

       Waypoint_17 

     Call SubP_rq_open_and_wait 

     MoveJ 

       Waypoint_36 

       Call SubP_rq_close 

       Waypoint_37 

       Waypoint_38 

       Waypoint_40 

       Waypoint_41 

       Waypoint_42 

       Waypoint_39 

       Waypoint_27 

     MoveJ 

       Waypoint_18 

       Waypoint_19 

       Waypoint_20 

     socket_start≔ False  

     Set microTRIG=On 

     Loop socket_start≟ False  

       

socket_start≔socket_open("169.254.7.2

18",30000) 

     

ReadWaypoint≔socket_read_ascii_float

(1) 

     Loop ReadWaypoint[0]≠1 

       

ReadWaypoint≔socket_read_ascii_float

(1) 

     Angle≔ReadWaypoint[1] 

     socket_close() 

     Set microTRIG=Off 

     Call SubP_rq_open_and_wait 

     MoveJ 

       Waypoint_21 

     Call SubP_rq_close_and_wait 

     MoveL 

       Waypoint_22 

     Container1_Angl≔p[0,0,0,0,0,Angle] 

     MoveL 

       Container1_Angl 

       Waypoint_23 

     Call SubP_rq_open_and_wait 

     MoveJ 
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       Waypoint_24 

       Call SubP_rq_close_and_wait 

       MoveJ 

         Waypoint_25 

         Waypoint_26 

       MoveP 

         open_container 

         CircleMove 

           Waypoint_28 

           Waypoint_29 

       MoveJ 

         Waypoint_30 

         Call SubP_rq_open 

         Waypoint_31 

         Waypoint_32 

         Call SubP_rq_close_and_wait 

       MoveL 

         Waypoint_33 

       MoveJ 

         Waypoint_34 

         Waypoint_35 

         Waypoint_43 

         Waypoint_44 

         Waypoint_45 

         Waypoint_46 

         Waypoint_47 

       MoveL 

         Waypoint_48 

         Call SubP_rq_open_and_wait 

       MoveJ 

         Waypoint_49 

         Waypoint_50 

         Waypoint_51 

         Call SubP_rq_close_and_wait 

         Waypoint_52 

         Waypoint_53 

       MoveL 

         Waypoint_54 

         Call SubP_rq_open_and_wait 

         Waypoint_55 

       MoveJ 

         small_container 

       socket_start≔ False  

       Set microTRIG=On 

       Loop socket_start≟ False  

         

socket_start≔socket_open("169.254.7.2

18",30001) 

       

ReadWaypoint≔socket_read_ascii_float

(1) 

       Loop ReadWaypoint[0]≠1 

         

ReadWaypoint≔socket_read_ascii_float

(1) 

       Angle≔ReadWaypoint[1] 

       socket_close() 

       Set microTRIG=Off 

       

Container2_Angl≔p[0,0,0,0,0,Angle] 

       MoveJ 

         Waypoint_56 

         Call SubP_rq_close_and_wait 

       MoveL 

         Waypoint_57 

         Container2_Angl 

         Waypoint_58 

         Call SubP_rq_open_and_wait 

       MoveJ 

         Waypoint_59 

         Call SubP_rq_close_and_wait 

         Waypoint_60 

       MoveP 

         Waypoint_61 

         CircleMove 

           Waypoint_62 

           Waypoint_63 

       MoveJ 

         Waypoint_64 

         Waypoint_65 

         Call SubP_rq_open 

         Waypoint_66 

         Waypoint_68 

         Call SubP_rq_close_and_wait 

       MoveL 

         Waypoint_67 

       MoveJ 

         Waypoint_69 

         Waypoint 

   SubP_rq_activate 

     rq_activate() 
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   SubP_rq_activate_and_wait 

     rq_activate_and_wait() 

   SubP_rq_auto_release_close_and_wait 

     rq_auto_release_close_and_wait() 

   SubP_rq_auto_release_open_and_wait 

     rq_auto_release_open_and_wait() 

   SubP_rq_close 

     rq_close() 

   SubP_rq_close_and_wait 

     rq_close_and_wait() 

   SubP_rq_current_pos 

     rq_current_pos() 

   SubP_rq_is_gripper_activated 

     rq_is_gripper_activated() 

   SubP_rq_is_motion_complete 

     rq_is_motion_complete() 

   SubP_rq_is_object_detected 

     rq_is_object_detected() 

   SubP_rq_move 

     rq_move(rq_pos) 

   SubP_rq_move_and_wait 

     rq_move_and_wait(rq_pos) 

   SubP_rq_open 

     rq_open() 

   SubP_rq_open_and_wait 

     rq_open_and_wait() 

   SubP_rq_print_driver_state 

     rq_print_driver_state() 

   SubP_rq_print_fault_code 

     rq_print_fault_code() 

   SubP_rq_print_firmware_version 

     rq_print_firmware_version() 

   SubP_rq_print_num_cycles 

     rq_print_num_cycles() 

   SubP_rq_print_probleme_connection 

     rq_print_probleme_connection() 

   SubP_rq_print_serial_number 

     rq_print_serial_number() 

   SubP_rq_reset 

     rq_reset() 

   SubP_rq_set_force 

     rq_set_force(rq_force) 

   SubP_rq_set_speed 

     rq_set_speed(rq_speed) 

   SubP_rq_stop 

     rq_stop() 

   SubP_rq_print_driver_version 

     rq_print_driver_version() 

   SubP_rq_move_21_mm 

     rq_move(167) 

   SubP_rq_move_43_mm 

     rq_move(115) 

   SubP_rq_move_64_mm 

     rq_move(65) 

   SubP_rq_move_21_mm_and_wait 

     rq_move_and_wait(167) 

   SubP_rq_move_43_mm_and_wait 

     rq_move_and_wait(115) 

   SubP_rq_move_64_mm_and_wait 

     rq_move_and_wait(65)
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APPENDIX BB: SPL Senior Design Scope 
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APPENDIX CC: SPL Facility Layout 
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APPENDIX DD: Equipment Recommendation to INL 
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APPENDIX EE: Product Information 
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APPENDIX FF: Equipment Quotes 
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APPENDIX GG: Project Correspondence 
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APPENDIX HH: Fall Presentation to INL  

 
  



122 
 

 
  



123 
 

  



124 
 

  



125 
 

  



126 
 

 
  



127 
 

 
  



128 
 

  



129 
 

APPENDIX II: Enclosure Presentation to INL 
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APPENDIX JJ: Project Poster 
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APPENDIX KK: Team Meeting Minutes 
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APPENDIX LL: Project Update Presentations 
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