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1. Executive Summary 

The following text describes the Robotic Flange Assembly project as stated in the document titled: 

“Flanges are often used to attach pipes carrying fluids and gases to various power plant equipment and systems. Flanges are typically round rims welded to the end of pipes with a sequence of holes for threaded fasteners to attach two pipes together. A gasket is usually placed in between two flanged pipe ends to maintain a seal. The assembly of flanges are manually intensive processes requiring careful control so as to maintain a proper seal.

The goal of this project is to develop a scaled prototype robotic flange assembly assistant to demonstrate and better understand the opportunities associated of the system. Benefits of the proposed system include reduced manual effort and improved quality. [1]”

From the project description our interdisciplinary team of two computer engineers, two electrical engineers, three industrial engineers, six mechanical engineers, and three computer science students – a total of 16 students, worked together to gather data in order to define our individual responsibilities. The final product is designed to automate the assembly of flanged pipes with minimal human involvement. The robotic system will be fastened to a platform that is then secured around the pipe by a belt that will provide guidance for stable movement, much like a track. The platform will serve as a carriage for the component that is responsible for driving each bolted screw into place. The process for proper flange assembly requires a strict set of guidelines to adhere to. The most interesting guidelines include requirements for the amount of torque delivered at specific pattern and time intervals. The pattern consists a distinct order that requires thoughtful and repeated movement. The delivery of torque is not all at once for each bolt and the amount delivered depends on time and a percentage of the overall specified torque. To achieve such a system, it was imperative that we recognized how to break down each disciplines role. The mechanical engineers focused on the physical design and the motor(s) that drive the system. The computer and electrical engineers determined the power supply, control units, necessary sensors, and programmable logic that make up the brains of the system. The computer science students will be providing a simulated environment and algorithmic guidance, and finally, the industrial engineers will deliver statistical data on safety and ergonomics that highlight benefits as well as pitfalls in the current and future process that our design depends on. 

In this paper we will focus on the electrical and computer engineering roles. We must deviate from the most typical aspects of our expertise in order to gain a deeper knowledge of the mechanics that make up the system that is to be controlled. 

[bookmark: _30j0zll]

2. Project Description

This section discusses a high-level description of the project goals and a preliminary understanding of what is required and how we plan to meet the requirements. We will talk about our motivations, our budget, our milestones, and some prototypes that will define a baseline for our target system. These prototypes may evolve or be combined in any fashion. The Robotic arm flange assembly project consists of five different Engineering disciplines coming together to make a functional robotic arm flange assembler for our sponsor, Siemens. The robotic arm shall be designed to simultaneously fasten bolts and nuts at a given torque. In order to do so, our team of 16 will divide into four tightly coupled teams as we put our knowledge to the test to deliver the desired outcome for the proposed project. 

[bookmark: _1fob9te]2.1 Project Background

The project, sponsored by Siemens, is interdisciplinary and requires the combined efforts of Mechanical, Electrical, and Computer engineering expertise. The predefined project description shall serve as a baseline as we focus on developing our own unique description of the project. In this early stage as we (the ECE components) integrate ourselves with the Mechanical Engineers (a group of 6), the Computer Science (group of 3) and the Industrial Engineers (group of 3), our primary focus is on discovering the root problem we are tasked to solve. We aim to clearly define our roles and to accurately portray the benefits of the proposed system.

The initial request we interpreted by Siemens based on the project description was to use two hobby shop robotic arms that are prebuilt that will produce a quick turnaround for the prototype. In the beginning the team faced challenges when determining how to fulfill this request when assigning tasks. What role does this leave for the mechanical engineers? Is there a dependency placed on the timeline for ordering a hobby shop robotic arm if we would like to accurately model the mechanical engineer design? If so, does this nullify the quick turnaround? In a meeting with the sponsor, we addressed our concerns and the session resulted in the removal of the previously mentioned suggestion. As the designed progressed the team decided to work in parallel with the mechanical engineers who began targeting a robust final product while the electrical and computer engineers explore a hobby shop design approach. The goal for the ECE team is to optimize control and configure hardware in a customizable way. In addition to discovering limitations and accuracy in terms of expected outputs given a set of inputs, the ECE team will be able to satisfy a vastly different approach that is still able to become integrated in the baseline design of the Mechanical engineer’s design efforts. The ECE approach focus is on a traditional arm design. The mechanical engineers will be designing the base of the system that will carry the main systems component. The base product will be able to accept the main system component and is not described in detail for the majority of the ECE design. 


[bookmark: _3znysh7]2.1.1 Group Members

Displayed below are the group members of the Robotic Flange Assembly. The group consists of four electrical and computer engineering students, six mechanical engineering students, three computer science students, and seven industrial engineering students that were split between two semesters. The (1) label indicates the industrial engineering students from the first semester only and the (2) label indicates the industrial engineering students from the second semester only. 


	Named Member
	Role
	Degree Major

	
Antonio Buda
	
ECE Student Member
	
Electrical Engineering

	Alana Icenroad
	ECE Student Member
	Computer Engineering

	Cassidy Lyons
	ECE Student Member
	Computer Engineering

	Viviana Gonzalez Pascual
	ECE Student Member
	Electrical Engineering

	Rodrigo Duran
	ME Student Member
	Mechanical Engineering

	Fernando Gil
	ME Student Member
	Mechanical Engineering

	Justin Connolly
	ME Student Member
	Mechanical Engineering

	Reed Snowden
	ME Student Member
	Mechanical Engineering

	Juan Meneses
	ME Student Member
	Mechanical Engineering

	Juan Barajas
	ME Student Member
	Mechanical Engineering

	Sopheap Sok
	CS Student Member
	Computer Science

	Deepak Kumar
	CS Student Member
	Computer Science

	Tyler Teixeira
	CS Student Member
	Computer Science

	Kyle Veltre (1)
	IE Student Member
	Industrial Engineering

	Luis Malpica (1)
	IE Student Member
	Industrial Engineering

	Matt Stegall (1)
Sara Alvarado (2)
Allison Randall (2)
Keaton Mann (2)
Yannick Giraud (2)
	IE Student Member
IE Student Member
IE Student Member
IE Student Member
IE Student Member
	Industrial Engineering
Industrial Engineering
Industrial Engineering
Industrial Engineering
Industrial Engineering



[bookmark: _2et92p0]2.1.2 Sponsor and Faculty Information

Displayed in Table 1 below are the names of the project sponsor and faculty advisors that helped guide the group throughout the process of creating and building the Robotic Flange Assembly. As mentioned previously, the (1) label indicates that the advisor was with the group for the first semester only and the (2) label indicates that the advisor was with the group for the second semester only. During the second semester we met with our project advisor, Bonnie Marini, on a weekly basis. 
[bookmark: _tyjcwt]Table 1 - Sponsor and Faculty Advisors

	Contributor
	Role
	Expertise

	
Gerry Feller
	
Siemens Sponsor Liaison
	
Siemens Representative


	Eduardo Lopez del Castillo


Bonnie Marini
	Project Advisor (1)


Project Advisor (2)
	NASA Engineer
Adjunct Faculty Member

Siemens Employee – Mechanical Engineer Advisor


	Mark W. Steiner

	Initial POC, project coordinator

	Professor and Director of Engineering Design
Mechanical and Aerospace Engineering



[bookmark: _3dy6vkm]2.1.3 Budget and Financing

Estimated Project budget and financing is $1200, generously provided by Siemens, our sponsor.  As a group, we have an ideal overhead budget of approximately $400 for the team members as depicted in Table 2.
Table 2 - Estimated Budget

	Description
	Quantity
	Estimate Cost
	Actual Cost

	Power Supply
	1
	$50.00
	$50.00

	Dual Motor Drive
	1
	$15.00
	$15.00

	Microcontroller
	1
	$25.00
	$25.00

	PCB
	2
	$50.00
	$100.00

	Motion Sensors
	5
	$5.00
	$25.00

	Circuit Components
	10
	$15.00
	$150.00

	Programmable Robotic Arm
	2
	$500.00
	$1,000.00

	Miscellaneous
	10
	$20.00
	$200.00

	Total Cost
	-
	$1,200.00
	$1,600.00



[bookmark: _1t3h5sf]
[bookmark: _4d34og8]2.2 Objectives

The crucial part of our role as ECE students for the robotic flange assembly project is loosely being considered independent of the design portion that the mechanical engineers are responsible for. This is because regardless of any sort of carriage or pulley type systems that will be inevitably become part of our overall design, the design must have some sort of appendage and gripper to complete tightening of bolts. More importantly, the device must have an electrical brain programed to execute flange assembly in a specified pattern. While we may only have to slightly adjust any algorithmic data structures for controlling the device after the finalized design, the physical components changing could lead to a catastrophic financial waste. It is our objective to abstractly define the task of robotic flange assembly in the most efficient and correct way. At every opportunity we will choose cost- effective alternatives, readily available resources, and existing mechanical design patterns while keeping quality as our number one goal.

[bookmark: _2s8eyo1]2.2.1 Motivation

Motivation to pursue the Robotic Flange Assembly interdisciplinary project stemmed from a need to satisfy a deep curiosity and longtime fascination with robotics. The chance to manipulate a robotic limb is an incredible opportunity, especially for a group of college students. Before we can imagine what it takes to automate a flange assembly, we must carefully study the mechanics of the manual process.

As engineers, we ask ourselves how the process of flange assembly can improve, and we must identify as many shortcomings as possible to ensure we do not carry over any imperfections. During the initial phase of our data gathering, it appears that human error plays a larger role in the pitfalls of flange assembly than does the design aspect.

Flanges, gaskets, and fasteners are three components we have come to read a lot about while exploring nature of our ambitious task at hand. Fasteners can be at the root of failure if they are insufficiently tightened. A too loose fastener will not provide adequate support while a too tight fastener can impose stress on pipes. This is why fasteners must be tightened to a specified torque. Gaskets help to prevent leakage and serve as a seal. Careful installation and proper use should provide a stable design. When engineers select a material that is designed to fill a certain space, a gasket can provide a margin of error to the fasteners being tightened. Flanges must be handled with care to ensure they are not damaged before installation. It is important that proper installation is initially achieved to avoid damage that may occur with less than perfect attempts. While little can be done about flanges becoming warped over time, there does exist ample opportunity for improvement by simply taking precautionary actions.

The most exciting conclusion to draw is the notion that by minimizing the exposure to human error, many failures can be circumvented. The motivation that began as simple intrigue now presents itself as the chance to make a meaningful difference. We are inspired to challenge our intellectual limits and to work alongside other disciplines to achieve our goals.

[bookmark: _17dp8vu]2.2.2 Prototype A

The first design that came into mind when designing a flange assembly system that could simultaneously fasten two bolts together was one that can wrap around bolts and provide torque. In the figure below, two pieces of this prototype are shown. The very first one is the claw system. This system offers the ability to fasten two bolts simultaneously with the help of two grippers that would wrap around the bolt and torque it to a given value. Both grippers are driven by individual motors that allow them to perform precise tightening. Also, they have sensors in which sense the size of the bolt for proper fitting. The claw is kept together by a hydraulic cylinder at the end which allows the claw to perform proper movement and adapt adequately to the size of the flange without limitations. To have an exact torque on the bolts, a second piece had to be developed. This piece will remain fixed in the flange keeping the bolts from moving indefinitely and allowing the user to reach a given torque.  
[image: ]

[bookmark: _3rdcrjn]Figure 1 - Prototype A

Figure 1 represents the first prototype considered for this project. The first drawing is the “claw” which will tighten the two bolts simultaneously. The last drawing is a fixed piece that will be attached to the back of the flange limiting the nuts from movingly freely while being torqued. 

[bookmark: _26in1rg]2.2.3 Prototype B

This is the second prototype being considered for our project. Shown below is a drawing of what can possibly allow simultaneous torqueing of two bolts at the same time. For this design the team came together and thought of developing a carriage that can easily move freely with in the flange itself. The carriage will consist of grippers that will rotate along the edge of the flange allowing the carriage to more from bolt to bolt. In addition, the carriage will have two separate motors that will torque in the bolts simultaneously. For this design the team is applying the same fixed piece, as on the first prototype, to be placed in the back of the flange to ensure that the nuts do not make sudden movements that will jeopardize the accurate torqueing of the system.


[image: ]

[bookmark: _lnxbz9]Figure 2 - Prototype B

Figure 2 shows the second design considered for this project. In the top view part of the drawing we can see that the carriage lies within the edges of the flange and can rotate 360 degrees around it allowing it to reach every single bolt. The side view gives us the idea on how the carriage will be able to move around the flange to torque all the necessary bolts.

[bookmark: _35nkun2]2.2.4 Prototype C

This is the last prototype being considered for this project. This design is meant to be lightweight and easy to carry allowing the user to take it anywhere without any obstruction. The design is all contained within a box that can be easily taken to the field without any limitations. Inside the box the user will find two retractable arms that can simultaneously work together. One arm will have the ability to torque the bolts while the other makes sure that the nuts at the other side of the flange remain fixed for precise torque.


[image: ]

[bookmark: _1ksv4uv]Figure 3 - Prototype C	

[bookmark: _44sinio]
2.3 Requirement Specifications
[bookmark: _1ci93xb]
The “Cobot” refers to the final robotic prototype designed to automate the flange assembly with all its components and accessories. Tables are provided for readability for each set of design requirements. Table 4 represents the overall requirements that all teams have accomplished thus far when the Cobot was  designed and when the features were added. Table 5 and Table 6 primarily focus on the achieved requirements for the team of electrical and computer engineers and is the focus of the entire document. The computer and electrical engineers have worked together to ensure that all components were accounted for when designing the PCB and where control is concerned. This included motors, motor drivers, sensors, electrical components, and the correct configurations for all as well. It is important that we designed the Cobot for efficiency; we did not want to have more components than needed, focusing only on adding components that allowed for a fluid set of configurations, and we did not want to lack any overall support. Table 7 and Table 8 describe the quality and safety requirements that are also to be referred to by all teams, and the industrial engineering team did a great quality of research on the topics related to safety and quality.

Originally, some of the requirements that were previously listed became refined and changed due to the customer’s request, therefore causing the physical design of the product to undergo plenty of optimizations that allowed for greater efficiency and changes that altered the scope of the design.

[bookmark: _Ref405292771][bookmark: _Toc6699518]Table 4 - Design Topic Requirements

	Requirement Statement

	1. 
	The Cobot can adapt to multiple pipe sizes with the use of a chain attachment

	2. 
	The Cobot is reproducible financially and mechanically

	3. 
	The Cobot is operated by the efforts of two workers

	4. 
	The Cobot can withstand specified load limits

	5. 
	The Cobot performs in a time frame that is equal to or less than the efficiency of human assembly

	6. 
	The Cobot is light weight enough to be considered portable

	7. 
	The Cobot follows standards provided by the ASTM and ASME standards [8]

	8. 
	The Cobot accurately aligns to each bolt on the flange

	9. 
	The Cobot accurately interfaces with each nut

	10.
	The Cobot eliminates manual tightening and loosing of bolts

	11.
	The Cobot is capable of autonomously tightening and loosening bolts on flanges

	12.
	The Cobot can reach torque up to 40 ft-lbs

	13.
	The Cobot meters torque at specified levels such as 30%, 60%, and 100% of specified torque


[bookmark: _Ref405292776][bookmark: _Toc6699519]
Table 5 - Design Electrical Engineering Requirements

	Requirement Statement

	1. 
	The PCB supports an MCU with multiple servos and sensors

	2. 
	The PCB can regulate power given to certain components

	3. 
	The PCB performs with expected error margins as defined by schematic representation

	4. 
	The PCB provides the Cobot with logical control

	5. [bookmark: _Ref405292779]
	The PCB implements main electrical connections to subsystems

	6. 
	The PCB interfaces between the mechanical hardware and electronic components

	7. 
	The PCB is functional with all components that are embedded in it


[bookmark: _Toc6699520]
Table 6 - Design Computer Engineering Requirements

	Requirement Statement

	1. 
	The MCU provides enough I/O PINS to accommodate all necessary components

	2. 
	The MCU can accept the power from the PCB

	3. 
	The MCU is capable of 200 microsecond average response times

	4. 
	The MCU supports the libraries for the motor controllers used

	5. 
	The motors are programmed to execute an ASME prescribed torque sequence

	6. 
	The code allows the Cobot circumnavigate around the surface of a pipe

	7. 
	The overall system code executes all desired tasks of the Cobot

	8. 
	The MCU can communicate with the PCB and accept programmed logic via ICSP pins


[bookmark: _Ref405292808][bookmark: _Toc6699521]
			Table 7 - Quality Topic Requirements

	Requirement Statement

	1. 
	The Cobot follows a uniform sequence of iterations as defined by relevant standards for the flange being operated on according to number of bolts and size

	2. 
	The Cobot was designed and created with high quality material

	3. 
	The Cobot was designed in such a way that portability and installation is equivalent to or greater than current methods of assembly

	4. 
	The Cobot includes programming for flange assembly that meet standards specified by the European Sealing Association guidelines (tightening and fitting)

	5. 
	The Cobot applies torque in stages to prevent damage or uneven pressure seal

	6. 
	The Cobot follows ASME standards for bolt tightening and torque sequencing patterns


[bookmark: _Ref405292809][bookmark: _Toc6699522]
Table 8 - Safety Topic Requirements

	Requirement Statement

	1. 
	The Cobot works in collaboration with human effort

	2. 
	The Cobot provides superior efficiency and consistency than work achieved by the human hand

	3. 
	The Cobot provides better workplace safety

	4. 
	      The Cobot is a safe lifting weight for single worker (<50 lbs – OSHA)






2.3.1 Block Diagram

The block diagram in the figure below represents the electrical components as they are placed on the boards that are fixed to the physical system. The top panel will support the power switch and two DC motor controllers. The outer back panel will support the user interface (LCD screen), the PCB, and the stepper motor controller, and the inner back panel will support two 18-volt batteries that we use to power the entire system. In the diagram please take note of two things: carriage motor controller A and B terminals and the Encoder that was not described to be supported by the panel on which it is pictured. First the carriage motor controller A and B terminals. During testing of the product, the carriage motor underwent vigorous load and we believe the motor pawls were damaged, something that caused the motor to sound distressed while going in the clockwise direction. For this reason, we reversed the standard motor direction to be counter-clockwise. Second, the encoder is not supported by any panel pictured here, instead it is affixed to the carriage motor shaft so that it can collect positional data, it then sends this data to the MCU that is located on the PCB.


[image: ]

[bookmark: _3whwml4]Figure 4 - Block Diagram
[bookmark: _2bn6wsx][bookmark: _Toc399446546][bookmark: _Toc399447711]Figure 4 represents the main components to the Robotic Flange assembly project. The diagram is color coded to illustrate separate panels. Table 8 describes the team members responsible for each component. 
[bookmark: _Ref405293285][bookmark: _Toc6699523]Table 8 - Team Member Responsible for Each Function

	
	Top Panel
	Outer Back Panel
	Inner Back Panel

	Alana
	

	Stepper Motor Controller logic
Encoder Logic
	

	Cassidy
	Carriage & Torque Motor Controller logic
	LCD configuration, logic integration, and PCB pin selection
	

	Tony
	
	Component mounting and wiring 
	

	Viviana
	Switch configuration
	PCB design and build
	Power distribution/ configuration/ wiring 


[bookmark: _Toc6699422]

2.3.2 Project Milestone

Initial milestones as defined by the requirements of Senior Design I is to have a complete design plan for the product system with well-defined roles for each student member, a detailed timeline that serves as a blueprint to be relied upon throughout Senior Design II. In Table 9 we have listed our current milestones and we have added the task list for Senior Design II dates to Table 10.
[bookmark: _Ref405374494][bookmark: _Toc6699524]Table 9 – Senior Design I Milestones

	Senior Design I Task List
	Due Date

	Project Ideas
	08/24/18

	Project Selection
	09/14/18

	Assign Member Roles
	09/28/18

	Initial Divide & Conquer
	09/14/18

	Divide & Conquer Revision
	09/28/18

	60-page Submission
	11/02/18

	100-page Submission
	11/16/18

	Final Document
	12/03/18

	Order & Test Parts
	01/07/19




Table 10 includes tasks and milestones for the ECE team and tasks that either overlapped or tasks that ECE tasks depended on from the Mechanical engineering team. The due dates reflect realistic expectations and were assigned by the industrial engineering team. The industrial engineering team worked hard to help resolve barriers, gather status updates, and assign these tasks to best suit the needs of the entire team.
[bookmark: _Toc6699525]Table 10 - Senior Design II Milestones

	Description
	Responsible Team Member
	Due date
	Actual Completion Date

	Effect weight on pipe (i.e. sagging, misalignment)
	Justin Connolly
	01/13/2019
	01/10/2019

	Focus requirements on a specific pipe size
	Reed Snowden
	01/13/2019
	01/12/2019

	Torque Drive Model and Design
	Reed Snowden
	02/08/2019
	3/15/2019

	Carriage Model and Design
	Justin Connolly
	02/24/2019
	3/20/2019

	Complete Test Rig
	Everybody
	02/02/2019
	02/02/2019

	Test motor
	Cassidy Lyons
	02/22/2019
	02/22/2019

	Static & Dynamic Calculations
	Justin
	02/24/2019
	-

	Decide on encoder
	ME Team
	02/11/2019
	3/15/2019

	Order Encoder
	Viviana Gonzalez
	*Dependent on above
	3/15/2019

	Build and Test PCB
	ECE Team
	3/11/2019
	3/11/2019

	Housing Carriage - design
	Justin
	02/24/2019
	02/26/2019

	Stepper Motor Testing
	Alana
	03/08/2019
	03/08/2019

	Multimeter, Materials for Strain Testing
	ECE Team
	03/21/2019
	03/21/2019

	Strain Testing
	ECE & ME Team
	03/21/2019
	03/21/2019

	Torque Drive Current Testing
	ECE Team
	03/21/2019
	03/02/2019

	Carriage system testing with encoder
	Cassidy Lyons
	03/29/2019
	3/29/2019

	Articulation system testing
	Alana, Cassidy
	03/29/2019
	3/29/2019

	Finish Carriage Assembly
	Justin
	03/22/2019
	3/29/2019

	Solder wiring of carriage motor
	ECE
	04/05/2019
	04/05/2019

	Chain link removal
	Justin
	03/25/2019
	03/27/2019

	Carriage brackets
	Justin
	03/26/2019
	03/27/2019

	Carriage wiring and connections
	ECE
	03/29/2019
	03/29/2019

	Wiring for encoder
	ECE
	03/29/2019
	03/29/2019

	Record motor working
	ECE
	03/31/2019
	03/31/2019



[bookmark: _147n2zr]2.4 House of Quality

For this section, the software “EdrawMax2” [2] was referenced to format and populate the House of Quality diagrams. The next few figures also relate more closely to our final design. Figures 5a and 5b illustrate the correlation of the client needs versus the engineering requirements. The goal is to be able to look at this chart and determine what is feasible and how to make the best decisions. If we are unable to meet a client’s needs, we can refer to these charts to reevaluate our design process 

[image: ]
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[bookmark: _23ckvvd]
Figure 5a - House of Quality - Engineering Parameters

[image: ]
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[bookmark: _ihv636]Figure 5b - House of Quality - Engineering Requirements
[bookmark: _32hioqz]
3. Research Related to Project

In this section we will be covering many topics that we feel necessary to research in order to gain knowledge of our constraints and to understand our project. Many topics, like the type(s) of pipe and flange patterns that are utilized when assembling a pipe flange in the industry, are discussed in detail because we will be relying on this type of information to program the machine. It is highly important that we understand the process on a deep level so that we can break the method into the smallest instructions possible. 
 
[bookmark: _1hmsyys]3.1 Pipe and Flange Patterns

For this project our focus is the ability to properly attach two flanges together often used in pipes carrying fluids and gases in sites such as a power plant equipment and systems, water reclamation facilities, oil rigs, and many others. Pipe and flange sizing are a crucial aspect when it comes to any system design. The pipes and flanges that we will study are specific to that of the steam system since Siemens is a company that mainly design and build gas and steam turbines.

Pipeline sizing is dependent regarding the distribution system being used to supply gas or fluid at the correct pressure. Steam piping in boiler systems is often classified as high pressure once exceeding 15 pounds per square inch gauge (PSIG). To sustain high pressures, the pipe and its components must be strong enough to perform its task without any room for failure. When designing piping for boiler systems with high pressure it is necessary to select materials and components that are approved standards by the American Society of Mechanical Engineers (ASME) and by the American Petroleum Institute (API). 

There are multiple global piping standards considered. However, the global piping standards are mainly derived by API. Since 1924, the American Petroleum Institute is the largest trade association that establishes and maintains the standards of the oil and natural gas industry. The API categorized pipes by schedule numbers which bear a relation to the pressure rating regarding a specific pipe size. For those pipes that are constantly under pressurized fluids, the wall thickness and pipe strength are very important parameters that need to be addressed. The wall thickness is addressed as the “pipe schedules” or “schedule number”. There are at least eleven pipe schedules that start at a range as low as schedule 5 and as high as schedule 160. 

For steam systems the most common nominal size piping is approximately 150mm or smaller and its ideal pipe schedule would be schedule 40 which in most cases is the “standard weight” for other applications. The pipe schedule is dimensionless considering that it interprets the proper pipe size and wall thickness combination to get a uniform relationship between the design pressure and the allowable stress that can be given to a pipe. For any given piping system, the relationship between the pressure and stress that the pipe can withstand is very important. That is why an expression was derived by an English Mathematician named Peter Barlow. The expression relates the internal pressure that a pipe can hold to its dimensions and material strength.
	
	P = pressure

	
	S = allowable stress

	
	t = wall thickness

	
	D = outside diameter




The formula (expressed in PSI) relates the internal pressure that a pipe can hold to its dimensions and material strength. 

All piping sizes are identified by the nominal pipe size (NPS). The standardized outside diameter (OD) of a pipe remains constant because if there is any variation in the pipe schedule then the only size affected would be the inside diameter (ID). Therefore, as the schedule number increases, the inside diameter (also known as the wall thickening) will increase and the bore diameter is reduced [3]. From ASME and API standards the pipe sizes and wall thicknesses are categorized as Standard, Extra-Strong, and Double Extra-Strong by pipe material used from API Specification 5L. Table 11 shown below illustrates the nominal piping sizes between 3 different inches that are being considered for this project.
[bookmark: _41mghml]Table 11 - Nominal Pipe Sizes

	Nom. Pipe Sizes 
	OD
	OD
	Schedule Designations ANSI/ASME
	Wall Thickn. inches
	Wall Thickn. mm
	Lbs./Ft
	Kg/m

	Inches
	mm DN
	inches
	mm
	
	
	
	
	

	2”
	50
	2.375
	60.33
	5/5S
	0.065
	1.65
	1.604
	2.39

	2”
	50
	2.375
	60.33
	10/10S
	0.109
	2.77
	2.638
	3.93

	2”
	50
	2.375
	60.33
	STD/40/40S
	0.154
	3.91
	3.653
	5.44

	2”
	50
	2.375
	60.33
	XS/80/80S
	0.218
	5.54
	5.022
	7.47

	2”
	50
	2.375
	60.33
	160
	0.344
	8.74
	7.462
	1.11

	2”
	50
	2.375
	60.33
	XX
	0.436
	11/07
	9.029
	13.44

	4”
	100
	4.500
	114.30
	5/5S
	0.083
	2.11
	3.915
	5.83

	4”
	100
	4.500
	114.30
	10/10S
	0.120
	3.05
	5.613
	8.35

	4”
	100
	4.500
	114.30
	STD/40/40S
	0.237
	6.02
	10.790
	16.06

	4”
	100
	4.500
	114.30
	XS/80/80S
	0.337
	8.56
	14.980
	22.29

	4”
	100
	4.500
	114.30
	120
	0.438
	11.13
	19.000
	28.28

	4”
	100
	4.500
	114.30
	160
	0.531
	13.49
	22.510
	33.50

	4”
	100
	4.500
	114.30
	XX
	0.374
	17.12
	27.540
	40.99

	8”
	200
	8.625
	219.08
	10/10S
	0.148
	3.76
	13.600
	19.94

	8”
	200
	8.625
	219.08
	20
	0.250
	6.35
	22.360
	33.28

	8”
	200
	8.625
	219.08
	30
	0.277
	7.04
	24.700
	36.76

	8”
	200
	8.625
	219.08
	STD/40/40S
	0.322
	8.18
	28.550
	42.49

	8”
	200
	8.625
	219.08
	60
	0.406
	10.31
	36.640
	53.04

	8”
	200
	8.625
	219.08
	XS/80/80S
	0.500
	12.70
	43.390
	64.58

	8”
	200
	8.625
	219.08
	100
	0.594
	15.09
	50.950
	75.83

	8”
	200
	8.625
	219.08
	120
	0.719
	18.26
	60.710
	90.35

	8”
	200
	8.625
	219.08
	140
	0.812
	20.62
	67.760
	100.84

	8”
	200
	8.625
	219.08
	XX
	0.875
	22.23
	72.420
	107.78

	8”
	200
	8.625
	219.08
	160
	0.906
	23.01
	74.690
	111.16



For any given pipe size and schedule the thickness of the pipe will always remain fixed and found applicable on the ASME standards. The American Society of Mechanical Engineers have related standards specific to the oil and gas industries. Those are ASME B 36.10 Welded and Seamless Wrought Steel Pipe and ASME B 36.19 Stainless Steel Pipe. Common pipes for steam systems are manufactured from carbon steel. Furthermore, for steam at very high temperatures elements, such as chromium and molybdenum, are considered to help improve the strength and resist such high temperatures.

In addition to selecting the correct pipe size and materials that gets the system running, flanges are a primordial part of every pipe. Flanges are commonly used to extend the length of a pipe, connect external equipment (i.e. valves), and to make it easy for future removal due to maintenance procedures. There are many common flanges to consider. Shown in Figure 6 are ASME B16.5 approved forged flanges that can come in shapes like blank (flat), slip on weld (raised face), weld neck, and socket weld [4]. Most of the flat flanges are made of cast iron and ductile iron. Those that are raised face are commonly found in cast steel and stainless-steel material.

[image: ]

[bookmark: _2grqrue]Figure 6 - Flange ASME B16.5 Forged Flanges

The flanges considered for this project are those that support maximum temperature and pressure since we can assume that they will be used for steam piping systems. When considering a flange, it is essential to make sure that proper dimensions and fittings are being chosen. Following dimensions and material standards for carbon steel flanges, commonly used in steam systems, can be narrowed down by the ASME/ANSI B16.5 Pipe Flanges and Flange Fittings and ASTM 105 M Standard Specification for Carbon Steel Forgings for Piping Applications are considered for proper flange set up.

The ASME B16.5 standard targets inputs within a pipe such as pressure and temperature ratings, dimensions, tolerances, marking (flange specifications), and testing. According to the ASME specification flanges have seven pressure class ratings. They are all considered when flanges are foreseeing operational pressure, temperature, and designated environments. Flanges with high class ratings withstand higher pressures compared to those with lower class ratings since the larger the rating the more robust the flange becomes shown in Figure 7 [5].

[image: ]

[bookmark: _vx1227]Figure 7 - Flange Dimension and Weight Comparison

The difference between the class flange ratings is mainly the outer diameter, number of bolts and the bold circle. Table 12 shows a few of the flange classes and their specifications in which are included in the ASME B16.5 Forged Flanges standards [6].
[bookmark: _3fwokq0]Table 12 - Forge Flange Classes and their Specifications

	Nominal Pipe Size NPS (inches)
	Class 300

	
	Diameter of Flange (inches)
	No. of Bolts
	Diameter of Bolts (inches)
	Bolt Circle (inches)

	2
	6-1/2
	8
	5/8
	5

	4
	10
	8
	¾
	7-7/8

	6
	12-1/2
	12
	¾
	10-5/8

	8
	15
	12
	7/8
	13

	
	Class 400

	2
	6-1/2
	8
	5/8
	5

	4
	10
	8
	7/8
	7-7/8

	6
	12-1/2
	12
	7/8
	10-5/8

	8
	15
	12
	1
	13

	
	Class 600

	2
	6-1/2
	8
	5/8
	5

	4
	10-3/4
	8
	7/8
	8-1/2

	6
	14
	12
	1
	11-1/2

	8
	16-1/2
	12
	1-1/8
	13-3/4

	
	Class 900

	2
	8-1/2
	8
	7/8
	6-1/2

	4
	11-1/2
	8
	1-1/8
	9-1/4

	6
	15
	12
	1-1/8
	12-1/2

	8
	18-1/2
	12
	1-3/8
	15-1/2




The flange class rating indicates the maximum pressure in PSIG that a flange can withstand when temperatures are very high. While temperatures rise, maximum pressure that a flange can tolerate depends on the type of material it is made of.
[bookmark: _1v1yuxt]Table 13 - Flange Classes and Gauge Pressures

	Gage Pressure (psi)

	Temperature
(oF)

	Flange Class

	
	150
	300
	400
	600
	900
	1500
	2500

	
	Hydrostatic Test Pressure (PSIG)

	< 100
	285
	740
	985
	1480
	2220
	3705
	6170

	200
	260
	680
	905
	1360
	2035
	3395
	5655

	300
	230
	655
	870
	1310
	1965
	3270
	5450

	400
	200
	635
	845
	1265
	1900
	3170
	5280

	500
	170
	605
	805
	1205
	1810
	3015
	5025

	600
	140
	570
	755
	1135
	1705
	2840
	4730

	650
	125
	550
	730
	1100
	1650
	2745
	4575

	700
	110
	530
	710
	1060
	1590
	2655
	4425

	750
	95
	505
	675
	1015
	1520
	2535
	4230

	800
	80
	410
	550
	825
	1235
	2055
	3430

	850
	65
	320
	425
	640
	955
	1595
	2655


Table 13, shown above, demonstrates the comparison of pressure vs. temperature in a carbon steel flange can endure. When selecting a flange for a new or existing pipeline system it’s important to find the material under the ASME B16.5 and the proper flange rating based on pressure temperature [6].

[bookmark: _4f1mdlm]3.1.1 Torque Tightening

Flanges within a pipe system require proper tightening to avoid any possible leaks of fluids or gas. When installing pipes and flanges in site plants it is important to have a planned bolt tightening sequence or torque sequence procedure prior to installation. Torque tightening is the application of a preload to a fastener or bolt while its nut is being turned illustrated in Figure 8 [7].


[image: ]

[bookmark: _2u6wntf]Figure 8 - Torque Tightening Movement

The torque tightening process exerts an axial pre-load tension in the bolt justified in Figure 9 [7]. The tension load exerted in the flange is equal and opposite to the compressed forced applied on the other assembled components. After suitable tension load is applied to the flange its bolts will behave relative to that of a spring providing the flange with thoroughgoing elasticity properties.

[image: ]

[bookmark: _19c6y18]Figure 9 - Pre-load Acting Upon a Bolt

Typically, flanges are torqued with a manual torque wrench. The clamp load provided by the wrench produces a load higher that 75% of the bolts proof load. The flange alignment is highly stressed to ensure that a practical fit has been attained and no residual stress rests in the joints.
[bookmark: _3tbugp1]3.1.2 Torque Sequencing

The importance of the torque sequence procedure is to avoid point loading and load scattering since the total bolt strength is divided equally among the whole flange. Therefore, it is important to fasten bolts one at a time and at a specific sequence, shown in Figure 10, to realize a correct bolt tension [8].

[image: ]

[bookmark: _28h4qwu]Figure 10 - Torque Sequence Patterns

The figure above shows how to torque bolts and nuts in a “crisscross” sequence. This type sequence practices a minimum of three torque passes with one final pass for conclusive torque. Given that there are many types of flange class ratings in the industry each one of them has a torqueing standard provided by the ASTM and ASME standards [8], shown in Table 14.
[bookmark: _nmf14n]Table 14 - Torque Table for Flange Class Ratings

	Flange Class 300

	Size in inch
	Size in mm
	No. of Bolts
	Bolt Diameter
	Thread Type
	Bolt Stress lb/
	Torque lbs-ft

	2
	50
	4
	
	UNC
	37,000
	64

	4
	100
	8
	
	UNC
	45,000
	137

	6
	150
	8
	
	UNC
	45,000
	137

	8
	200
	8
	
	UNC
	45,000
	218

	Flange Class 600

	2
	50
	4
	
	UNC
	50,000
	86

	4
	100
	8
	
	UNC
	45,000
	218

	6
	150
	8
	
	UNC
	45,000
	325

	8
	200
	8
	
	UNC
	50,000
	526

	Flange Class 900

	2
	50
	4
	
	UNC
	40,000
	194

	4
	100
	8
	
	UNC
	45,000
	474

	6
	150
	8
	
	UNC
	50,000
	526

	8
	200
	8
	
	UNC
	45,000
	894


[bookmark: _37m2jsg]
[bookmark: _1mrcu09]3.1.3 Torque Sensing Technology

Torque is a measure of force that can cause an object to rotate about an axis. Force is what causes and object to accelerate in linear kinematics, while torque causes an object to acquire angular acceleration [9]. The direction of torque highly depends on the direction of the force action on an axis since torque is a vector quantity. Torque can be classified as either static or dynamic [10]. Static torque does not produce an angular acceleration while dynamic creates angular acceleration. Torque can be calculated by the expression shown below and in relation to Figure 11.


	
	 magnitude of torque vector

	
	r = length of the momentum

	
	 angle between the for vector and momentum arm

	
	



[image: ]

[bookmark: _46r0co2]Figure 11 - Torque Analogy
In addition, the direction of torque can be found by using the famous right-hand convention rule. The convention works by curling your hand around the axis of rotation with the fingers pointing in the direction of the force leaving the thumb pointing the direction of the torque vector.
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[bookmark: _2lwamvv]Figure 12 - Right Hand Rule

In this project we will be considering the torque sensing technology. The torque sensor is a sensor that converts torsional mechanical inputs into electrical output signals [11]. This technology is used to measure the either the static or dynamic torque on a rotating system. Therefore, there are two different types of torque sensors used to measure multiple type of forces. Dynamic torque sensors measure the rotary or angular force. On the other hand, force through a set distance is measured using static torque sensors. The dynamic torque sensors can either be rotary or non-contacting. Rotary torque sensors are generally used on rotating shaft applications. The rotary sensor mounts on the equipment’s shaft and uses an integral slip ring assembly to transfer electrical signal from rotating electronics to stationary electronics. The slip ring uses rotating brushes on the rotating ring in that results in conveying an electrical pathway for incoming excitation and the outgoing signal voltage the system emits. The non-contacting sensors use either magnetic or inductive technology to provide precise measurements at elevated rotational speeds as well as offering long maintenance that is free operation. The static torque sensors offer a lengthier term of reliability since they have non-moving parts. These sensors are suited for industrial applications where angular motion is restricted and in line torque measurements are vital [12]. 

[bookmark: _111kx3o]3.2 Torque Verification

In order to achieve a sequence of concise torque increments from the Cobot, it would require various devices that could measure torque being immediately applied on a bolt. In this section we discuss various devices and strategies that were considered or implemented in our machine to verify torque in our machine. These technologies provided the reactive data that would feed into our control system and allow the Cobot to make precise torque applications on a flange and provide an even seal.
[bookmark: _3l18frh]
3.2.1 Torque Sensor

The initial device considered for torque verification in or system was a reaction torque sensor. These sensors are transducers that convert a torsional mechanical input from a motor or rotating shaft into an electrical output signal. There are two types of torque sensors: a reaction that measures static torque, and rotary that measures dynamic torque. These sensors involve an internal circuitry containing strain gauges which deform when a torsional force is applied to a shaft and a Wheatstone bridge configuration which measures the voltage across the strain gauges and converts that data into an accurate measurement of torque. These devices are consistent and accurate, making them popular in large scale mechanical applications. However, the price range for these devices ranges from hundreds of dollars to over 1000 dollars. Because of this, we couldn’t consider them for our prototype.

[image: ]

Figure 13 – Reaction Torque Sensor
[bookmark: _206ipza]
3.2.2 Wheat Stone Bridge
[bookmark: _4k668n3]
After realizing the reaction torque sensor was outside of our budget, we decided to use a strain gauge configured as a Wheatstone bridge for our design since it is in the internal circuitry of a torque sensor already. In a Wheatstone bridge, four resistors are assembled with several of them being variable resistors, and the voltage across them is measured so the change in resistance and voltage can be related to a change in strain. In our case, the strain gauge would act as the 4 variable resistors and a change in voltage would be due to a change in torque placed on the motor. In addition, a 9V excitation voltage is required for the base voltage in the bridge, and an operational amplifier would be used to amplify the voltage across the bridge. The amplification is necessary because the ATMEGA micro controller has a minimum voltage it can read as an analog input.

[image: ]

Figure 14 - Example of an Amplified Wheatstone Bridge Circuit
[bookmark: _2zbgiuw]

3.2.3 Strain Gauge

As mentioned previously, the strain gauge we used is configured as a Wheatstone bridge to measure the reaction torque from our motor. The strain gauge is an OMEGA torsional strain gauge consisting of four variable resistors with a base unstrained resistance of 350 ohms. The strain gauge has four leads on it, designated for: ground, excitation voltage, and +/- signal voltage for the voltage across the bridge. The signal leads then give a differential output voltage to be fed into our amplifier. This strain specimen will be placed on the back shaft of the torque motor to measure our reaction force.

[image: ]

Figure 15 - Full Bridge Strain Gauge
3.2.4 Current Sensor
[bookmark: _1egqt2p]
To add protective redundancy to our design will also chose to employ a current sensor to our torque circuit. As the torque is increased in our motor, the current draw on our motor is increased as well. As such, we can attach the current sensor to our motor and make torque adjustments based on the current draw in the motor. This extra unit adds robustness to the torque control we already have with our strain gauge. When running the two systems together, we can measure current as the torque is changed and the data from our strain gauge will allow us to directly relate measured torque to measured current. This is necessary because we haven’t been able to find data that quantifies current draw in our motor with varying torque.

[image: C:\Users\T1228\Downloads\IMG_4654.JPG]

Figure 17 - ACS712 Current Sensor Modules

3.3 Programming and Simulation

In this section we will first discuss our research that was in place before the final design began to unfold. After that we will provide research related to computer simulation. 
[bookmark: _3ygebqi]
3.3.1 Project Planning Discussion

As an interdisciplinary team of 16 students, our biggest challenge has been aligning our milestone deliverables. One compromise we have made is to allow the final design decision to be made late in November. As illustrated in earlier sections, our team has come up with several promising designs. Our prototype will largely depend on a mechanical design, but for each design we envision an arm appended in some way. Testing in a simulated environment allows us to test our many different designs without the financial burden, but the virtual design efforts proved to be tedious and involved a steep learning curve for simulating the flange assembly. Being able to test basic inputs and outputs against our expected values will be crucial to final component selection for our chosen design. As we are interested in focusing on the electrical components and programming of these components, we have decided to use an existing robotic arm design to gain baseline knowledge of how the physical design will affect the overall quality. 

[bookmark: _2dlolyb]3.3.2 Initial Proposal Effort

During the first semester of senior design the mechanical team cycled through many design ideas. Rather than wait for their final design to begin our component testing, we decided our time would be best spent on giving the initial design proposal our full attention. The initial proposal for the project was a robotic arm design and we will be using 3D printed parts. Since Siemens original suggestion was to use a prebuilt robotic arm, we thought it best to save design time by using an existing model [5]. This arm is not expected to produce the torque values required for steel flanges. Instead, we will obtain relative torque values. In the figure below [6] is a picture of the arm before assembly. 

[image: ]

[bookmark: _sqyw64]Figure 16 - 3D Printed Robotic Arm Parts 
Our first goal, after assembling the 3D printed parts, is to learn how everything should be connected.  Additional 3D printed parts we will use for testing are the nuts and bolts. We are currently in possession of the STL files required to print the nuts and bolts shown in Figure 16. Our hope is that if we use 3D printed nuts and bolts for testing, we can have scalable values. Assuming we have correct connections, we can begin our next testing phase. We will place the screw between the gripper of the arm and apply power to the motor that controls the opening and closing mechanism. We will then hold the fastener of the screw in place with some pliers while we use the gripper motor control to close onto the screw and apply a 180-degree angle of rotation. Next, we will release the screw, turn 180 degrees in the opposite direction, and repeat the process. The servo motor is believed to have more control over specifying a torque value. For this reason, we will begin by testing with a servo motor and pay close attention to our output to determine is it meets our expectations. Next, we will repeat the process of learning exactly how to control the key movements, but we will replace each servo motor with a stepper motor. We will do this until we have the most efficient configuration of servo and stepper motors. We will arrange the motors on our 3D printed robot that we decided was the best path for our build material, based on findings listed from. We will also be able to begin to write generic functions that we will be able to apply to the overall robotic flange assembly process. 
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[bookmark: _3cqmetx]Figure 17 - 3D Printed Nuts and Bolt 
[image: ]

[bookmark: _1rvwp1q]Figure 18 - Tester Arm Full View

Figure 18 is the 3D printed robot arm fully assembled. Up until the gripper was attached the arm appeared to be better than we expected out of plastic parts. However, once the gripper was attached it became unstable. Possible solutions include replacing the metal screws in the gripper with some other light weight screw (possibly 3D printed), adding support material, or rebuilding the arm using other parts like PVC piping or miscellaneous parts found at any home improvement store. The electrical components will still be used in our next iteration and we can still begin testing control with the current tester arm.  

In addition to being able to test motor control with moving parts, it was anticipated that we would learn about any unexpected pitfalls. Assembling the robot arm was a learning experience because we learned how and where we should be connecting any motors to our physical design. We learned that the design should be heaviest towards the bottom and to use the most lightweight motor possible if any part of the design must support it. The 3D printed robot arm had 5 degrees of freedom. This was great for mobility, but it makes the control more difficult. It also requires more power to support more moving parts. The affect is that the torque that is produced is less than what the motor is capable of. The 3D printed robot arm has more opportunities for failure than we would like to have in our design. It is however a suitable test bench because we can learn a lot about motor control. Being able to test each motor while it is connected to the breadboard has produced predictable responses but having the motors control a physical device is quite a different challenge.  

[bookmark: _4bvk7pj]3.3.3 Simulation Software 

This section provides a comparison of different software tools that can be used to simulate our robot. We’ve chosen to do a comparison between three open-source simulation packages: Gazebo, ARGoS, and V-REP. The Computer Science team will do the work on the simulation software, and as such, most information on these tools has been gathered from them and their resources. However, since it is expected that the Computer Engineering team members will be working alongside the CS team to optimize our design with the results of the simulations, we have included their findings in this report. The following sections describe these findings.  

[bookmark: _2r0uhxc]3.3.4 Gazebo

Gazebo is a 3-D dynamic robot simulator that provides a fair number of features while also having a relatively simple interface. It is available for MacOS, Linux and Windows, but only has a binary package for Linux Debian [29]. This makes it difficult to install and use on MacOS and Windows. It is installed via the command line using third-party package managers on other systems [30]. Only the ODE physics engine is available by default, but it’s possible to build Gazebo from source with a different physics engine. Gazebo has a code and scene editor, but lacks mesh manipulation, making modeling more difficult. Objects in the simulation environment can be moved and added, but the world won’t reset to its original state after the simulation is completed or reset. Gazebo can also output simulation log files, text files, and video frames as pictures. Gazebo does not offer particle systems [29].

Gazebo possesses a less diverse library of default robots than V-REP, that mostly includes wheeled and flying robots, but more than that of ARGoS. Third-party robot models are available to be uploaded, but their documentation is often not enough for good simulation in the tool. The default models in the Gazebo library are simple and are therefore more appropriate for computationally complex simulations. Model meshes for Gazebo are imported as single objects, and models that contain multiple sub-components must be assembled in Gazebo from multiple DAE files, each corresponding to one sub-component. These imported meshes cannot be changed and therefore must be optimized in another third-party 3D modeling software. This leads to increased difficulty in model development [29].

Both Gazebo and ARGoS save their scenes as XML files, which allows for the use of bash script to change and run simulations. Functionality of robots is done by either compiled C++ plugins or as ROS programs, but the lack of scripts makes it difficult to run quick tests. If third party robot models are used, difficulties in recognizing what is occurring in the simulation and what plug-ins are being used can often arise. One major issue with Gazebo programming is that many plug-ins provided with the default robot models can malfunction or are faulty. One positive note about Gazebo is that it contains comprehensive documentation, step-by-step tutorials, and a large user community to aid in user projects [29]. Of all three simulation packages, Gazebo has the worst user interface usability. It is notorious for having the interface freeze when editing the model or running the simulation and often requires a reboot of the program. As well, tool bars are difficult to locate, multiple objects can’t be copied and pasted, and a scene can’t be overwritten once changes have been made. As well, there are issues with connecting to the library and finding specific models in the library [29].

[image: ]

[bookmark: _1664s55]	Figure 19 - Simplified Gazebo Framework	

[bookmark: _3q5sasy]3.3.5 V-REP

V-REP is a robot simulation tool with an integrated development environment based on a distributed control architecture. In the development environment each object or model can be individually controlled via an embedded script, a plugin, a ROS or BlueZero node, a remote API client, or a custom solution [27]. It’s available for MacOS, Linux and Windows and has binary packages available for all platforms. V-REP is available under a commercial license or for free for educational institutions [29].

V-REP comes with several default physics engines, including Bullet 2.78, Bullet 2.83, ODE, Vortex and Newton. It also includes a code and scene editor. Unlike the other two simulation packages, V-REP has meshes that can be manipulated by robots in real time. Scene objects can be fully interacted with in V-REP by the user during simulation. The world returns to its original state when the simulation is reset. Outputs include video, custom data plots and text files. Unlike the other two simulators, V-REP also includes particle systems, creating a more complex and realistic modeling environment [29].

The V-REP library provides a large variety of robots, including bi-pedal, hexapod, wheeled, flying and snake-like robots. It also provides many robot actuators and sensors. This aspect far exceeds the default libraries of the other two simulators. The default models in V-REP are very detailed and therefore appropriate for high-precision simulations. It is possible to simplify the models in V-REP as well. Meshes in V-REP are imported as collections of sub-components, making it possible to manipulate individual parts of an imported model and to change their textures, materials and other properties. Because of this manner of creating meshes, it is possible to simplify, split and combine meshes. This makes it possible to optimize the triangle count of imported models and to manipulate meshes with robot actuators [29].

V-REP saves its scene in a special V-REP format, which forces all scene editing to be done using V-REP interface. For program functionality, there are many options including scripts attached to robots, plug-ins, ROS nodes or separate programs that connect to V-REP via the RemoteAPI. These scripts can be included in robot models and are often used to describe the models and their capabilities. Custom interfaces can be created using V-REP’s CustomUI API that is based on QT. Also, Custom UI controllers can be placed on individual robots in the simulation so that individual devices and functions can be interfaced. All scripts and plug-ins provided with the default robot models are simple to implement, good API documentation is provided, and a large library of tutorials and code examples and a large user community are available [29]. V-REP is known for being user friendly. It has few issues with freezing, intuitive functionality, and an organized model library distributed within V-REP.


[image: ]

[bookmark: _25b2l0r]Figure 20 - V-REP Interfaces

[image: ]
[bookmark: _kgcv8k]
Figure 21 - V-REP Framework 
[bookmark: _34g0dwd]Table 15 - Advantages and Disadvantages of V-REP Coding Methods 
[image: http://www.coppeliarobotics.com/helpFiles/en/images/controlEntities.jpg]




[bookmark: _1jlao46]3.3.6 ARGoS

ARGoS is a multi-physics robot simulator used mostly to simulate large-scale swarms of robots of any kind efficiently [26]. It’s available for MacOS and Linux with binary packages available for Linux. On MacOS, ARGoS is installed via the command line using a third-party package manager [29].

ARGoS has a 2D and a 3D custom-built physics engine with very limited capabilities which are available by default. It also has a Lua script editor but no scene editor, no particle systems, and no mesh manipulation. On the other hand, scene objects can be moved by the user during simulation.  Outputs include video frames as pictures and text files [29].

ARGoS has a small library of robots, only including the e-puck, eye-bot, Kilobot, marXbot, and Spiri robots. These defaults are simple and are therefore more appropriate for computationally complex simulations. Mesh importing is not available in ARGoS and object representations are coded using OpenGL. Because of these limited features, ARGoS models tend to be very simplistic in representation [29].

In ARGoS, a scene is saved as an XML file. This makes is possible to create a bash script that changes the scene and then runs a simulation. Programming occurs Robots either through Lua scripts or in C++. Some documentation of the robots is provided in ARGoS, but most of how a robot works needs to be deducted from code examples, which is easy enough because the robots are so simplistic. Custom interfaces can be created in C++ by subclassing an ARGoS API class, and these interfaces can be attached to the whole scene or to invididual robots. While there’s a good amount of documentation on ARGoS, a small user community is available for information outside of the tool [29].

Because of the simplicity in ARGoS modeling, there are few issues with freezing or slow simulations. As well, the interface is user friendly and the robot models are distributed within ARGoS and it is thus always available regardless of Internet connectivity [29].

[image: ]

[bookmark: _43ky6rz]Figure 22 - Common Architecture of ARGoS Robot Swarm
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[bookmark: _2iq8gzs]Figure 23 - Pseudo-Code for ARGoS Simulation



[bookmark: _xvir7l]Table 16 - Simulator Comparison

	
	V-REP
	Gazebo
	ARGoS

	Build-in Capabilities
	· Bullet 2.78, Bullet 2.83, ODE, Vortex and Newton physics engines
· code and a scene editor
· Meshes can be manipulated (e.g., cut) by robots in real time
· Scene objects can be fully interacted with (e.g., moved or added) by the user during simulation
· No particle systems are available

	· Only the ODE physics engine is available by default. Possible to build Gazebo from source with a different physics engine.
· code and a scene editor
· No mesh manipulation
· No particle systems are available

	· 2D and a 3D custom-built physics engines with very limited capabilities
· Lua script editor but no scene editor
· No mesh manipulation
· No particle systems are available


	Robots and models
	· Provides a large variety of robots, robot actuators, and sensors.
· Very detailed default models
· Meshes are imported as collections of sub-components making it possible to manipulate individual parts of an imported model
· It is possible to simplify, split and combine meshes
	· A less diverse library of default robots
· Default models are fairly simple and therefore more appropriate for computationally complex simulations
· Meshes are imported as single objects
· Imported meshes cannot be changed
	· A fairly small library of robots
· Default models are fairly simple and therefore more appropriate for computationally complex simulations
· Mesh importing is not available

	Programming methods
	· A scene is saved in a special V-REP format. 
· All scene editing has to be done using the V-REP interface
· Scripts can be included in robot models
· "CustomUI" API, based on QT, is used to create custom interfaces
· All scripts and plug-ins provided with the default robot models
· Good API documentation, a large library of tutorials and code examples and a large user community are available
	· A scene is saved as an XML file
· Functionality can be programmed either as compiled C++ plug-ins or via ROS programs
· Custom interfaces can be created as plug-ins by using the default QT API
· The interfaces can only be attached to the whole scene and not to individual robots.
· A fairly comprehensive documentation, step-by-step tutorials and a large user community are available
	· A scene is saved as an XML file
· Robots can be programmed either through Lua scripts or in C++
· limited documentation on robots
· Custom interfaces can be created in C++ by subclassing an ARGoS API class
· examples are provided on the ARGoS website
· Good documentation, small user community

	User Interface
	· No freezing issues
· functionality is fairly intuitive
· Model library is distributed within V-REP
	· Freezing issues
· UI usability is relatively low
· The model library is not distributed within Gazebo
	· No freezing issues
· functionality is fairly intuitive
· The robot models are distributed within ARGoS



Table 16 above meant to quickly display the areas that are commonly of interest when deciding what simulation software fits your needs as a user or developer. 

[bookmark: _3hv69ve]3.3.7 Simulator Selection

The team has chosen V-REP for its robot simulation tool. V-REP’s ease of installation and superior built-in capabilities allows for use of many physics engines, easy mesh manipulation, superior output options, and inclusion of particle systems. As well, V-REP allows users to add scripts to robot models to describe and enhance their capabilities. V-REP provides the most diverse library of robots, actuators and sensors of the three tools.

[bookmark: _1x0gk37]3.4 Power Delivery

This section discusses the power requirements of our future design. It considers the possible components of the system and how they fit into the total power scheme of the design. Many components are used as examples not because the components are specifically what will be used in the design, but because they represent the power requirements of the system well. Some factors taken into consideration are size, cost, performance, and compatibility with other component power supply in the design.

[bookmark: _4h042r0]3.4.1 Power Requirements According to Flange Size and Associated Torque

The power supply necessary to tighten each bolt is the flange assembly is related to the amount of torque required to meet the bolt tightening specifications of the flange as well as the angular velocity of the device tightening the bolt. We can see this relationship in the equation

P = τ∙ω

With Power (P) in Watts equaling the product of torque (τ) in Nm and angular velocity (ω) in rad/s [31]. Each bolt will have a specified torque based on the flange class and size. More information of these torque requirements can be found in section 3.1.2 of this report. In our prototype we plan on tightening a flange assembly with a diameter between 2 and 8 inches, so our power supply must be enough to attain the highest torque required by this size range. As well, the different classes of flange require different torques. If we assumed the 8-inch diameter of flange and a class 300 flange, according to Table 12 - Torque Table for Flange Class Ratings in section 3.1.2, it would require 218 ft-lbs of torque to meet the tightening specification. Converting this to Nm yields a torque of 295.5683 Nm. If we choose an angular velocity of 2000 RPM like that found in a Dewalt cordless drill (Table 16 - Dewalt 20 V Lithium Ion Battery Specifications), our angular velocity in rad/s would be 209.4395 rad/s [32]. Then, if we plug our specified torque and angular velocity into our power equation, it yields a required power of 61.904 KW. These values may change based on varying flange sizes, power supply methods becoming the determining factor in the torqueing device and changing torque requirements based on prototype decisions. More on torque requirements can be found in section 3.1.1 of this report.

[bookmark: _2w5ecyt]Table 17 - Example Specifications for a Powerdrill

	Model
	DEWALT® XR® Brushless Compact Hammerdrill

	Battery type
	Lithium Ion

	Battery Size
	20V

	Max RPM
	0-2000RPM

	Max Power
	460 UWO



[bookmark: _1baon6m]3.4.2 Power Delivery Methods to Achieve Each Torque

The delivery of power to the tightening motors to achieve each torque will be determined by how the flange bolts are tightened. Specifically, whether the device will tighten all bolts at once or tighten bolts individually. This decision will determine the power delivery methods. If the bolts are all tightened at once, it would require a larger power supply to be spread out over motors for each built. The power delivery would be shorter and cut down on execution time for the robot but would also increase the total power load for the design and increase costs, weight, and mounting difficulty. Multiple power supplies, perhaps one for each motor, is also a consideration. The latter implementation of tightening all bolts at once could decrease the difficulty level of a mounting solution but, may offer little else in terms of cost and weight benefits.  

As explained in Figure 10 - Torque Sequence Patterns, a torque sequence procedure is used to avoid point loading and load scattering since the total bolt strength is divided equally among the whole flange. The robot will thus move around the flange in a pre-determined tightening sequence as shown in Figure 5 to provide a more equal seal across the flange. During this procedure, a certain power supply will be delivered to the torqueing device to tighten the bolt to a percentage of the max torque for this flange. Because it is an incremental method, power may be supplied in smaller load and will thus require a smaller power supply for the tightening device. This allows the design team to use a smaller, cheaper, device for power supply
[bookmark: _3vac5uf]
3.4.3 Feasibility of Utilizing Tools Based on Cost, Size, or Other Factors

The power supply to the torqueing device as well as the controlling device will have to agree with the budget of the project as well as the size and bulk constraints. One of the main purposes of this project is to decrease human labor intensity by removing the manual struggle of bolting a flange by hand or pneumatic device. If the power supply is so large or heavy that mounting it becomes an issue, then the point of the device is moot. As well, the power supply can’t be so bulky that it negatively affects mobility in a tightening sequence.

Most likely our power supply would be no greater than 20V, as this is enough to power a top-quality cordless drill with a rechargeable lithium ion battery [33]. Furthermore, a battery power supply of this size is less than a pound and can be mounted on our assembly in a way that won’t cause strain on the user when mounting the assembly and won’t get in the way of the carousel’s movement around the flange. Most power supplies and batteries of this size can be purchased for under 50 dollars as well [34]. This would fall within our budgeted allotment and would allow for a spare to be purchased if necessary, though it wouldn’t likely be needed.

[image: ]

[bookmark: _2afmg28]Figure 24 - Dewalt 20V Lithium Ion battery

Another factor in our choice of power supply will be whether it’s more cost effective to buy a battery fit specifically to our own purposes or buy a battery designed for something else and modify it to fit our design. For example, if we took the battery pack of a cordless power tool, we could remove some of the outer casing, rewire it, and mount it in a way that is more suitable to our needs. All these factors will come into consideration when we move on to our purchasing stage and narrow down on our desired components.
[bookmark: _pkwqa1]Table 18 - Dewalt 20 V Lithium Ion Battery Specifications

	Characteristic
	Value

	[bookmark: _39kk8xu]Capacity
	[bookmark: _1opuj5n]3.0 Ah

	[bookmark: _48pi1tg]Length
	[bookmark: _2nusc19]5 in.

	[bookmark: _1302m92]Height
	[bookmark: _3mzq4wv]2.1 in.

	[bookmark: _2250f4o]Watt Hours
	[bookmark: _haapch]60

	[bookmark: _319y80a]Weight
	[bookmark: _1gf8i83]1.1 lbs


[bookmark: _40ew0vw]


3.4.4 Components that Affect Power and Components Affected by Power

The design of our assembly is split between mechanical implements that manually grasp the pipe and flange, and electrical components that power the tightening devices, sensors, and controls. The mechanical implements are manually mounted and as such, don’t require any form of electrical power. The electrical components may require differing forms of power for each component depending on the nature of the component and what we choose to purchase and design with. 

As discussed previously, the predominant load for our power supply will go to the motor driving our tightening device. If our robot provides torque in incremental doses through a specified pattern, it will cut down significantly on the power requirements for the motor itself. The next component of the tightening appendage the requires power is the device that moves the bolt gripping device up and down in order to move away from the bolt or towards it to meet the bolt while tightening. This motor will be a much more delicate and previous tool than the one used to tighten the bolt itself. While it would need the precision to move down and provide minimal pressure to the bolt head being tightened, it wouldn’t need the large amount of torque needed to twist the bolt quickly. As such, it requires a much smaller power supply to achieve its goal. Depending on the type of motor used, it would require a small battery that can most likely either be attached to the carriage the appendage is moving on or be attached to the flange mount in a way that’s minimally invasive. A servo motor is probably of similar scale to what would be used and would need to be powered [35]. 

The final motor present on our device will most likely be that which moves our device around the flange to perform the specific pattern of bolt tightening we assign to the robot. This motor will have to move at a quick speed but nowhere near that of the tightening motor. Most likely it’ll be of a slightly larger scale than that of the lateral motor on the appendage, but not much. This power supply will still be small enough not to restrict the device’s movement or its speed to a certain point. A simplified diagram of how to supply power to a servo-type motor is given in Figure 25. It’s important to note the voltage regulator and capacitor added to provide a stable power load to the servo and not cause damage [35]. These considerations will have to be made in many parts of our design as we aim to provide a stable and reliable device.

[image: ]

[bookmark: _2fk6b3p]Figure 25 - Simplified Servo Power Supply

Another major aspect of the system to be controlled are the sensors. Depending on what type of sensor we use, the power system could differ significantly at this point from the other devices. Different sensors require different power supplies and as such we’d need to accommodate them in our design. It is well understood by our team that if we have at least one sensor it would most likely be a distance sensor. This sensor would determine how close or far we are from the bolt and when the do can move. A common distance sensor is the Passive Infra-Red sensor (Figure 26) which is a pyroelectric device used to sense motion at a distance through changes in surrounding infrared levels [36]. While this device specifically may not be used in our design, I feel that it gives and accurate idea of what we can expect for power requirements of a small distance sensor.


[image: ]

[bookmark: _upglbi]Figure 26 - Parallax PIR Sensor

According to the datasheet of the Parallax PIR sensor, the power requirements of the components are 3-6 V DC, and 3 mA active load, coming out to 18mW for the maximum power requirements [36]. This is a relatively simple device to power with a very small required load. Many distance sensing devices are of a similar scale to this and wouldn’t require much power. In Figure 25 you can through this example circuit with multiple PIR sensors how the power is connected simply though a DC power supply and distributed throughout the circuit [37]. In the top left corner of the breadboard how a voltage regulator and capacitor are connected in series to the power supply for voltage regulation.


[image: ]

[bookmark: _3ep43zb]Figure 27 - Example Circuit Involving PIR Sensors

The last major electrical component to be powered will be the microcontroller. This device is the main controlling mechanism of the board and will determine how the device moves and operates. Until we finalize the design for our device, we can only guess at the type of microcontroller used because we don’t know what we’re controlling or how we’re controlling it. For the time being, we’ll choose at ATmega328P (Figure 28) microcontroller because this is a popular and basic chip commonly used for robotics and hobby boards, including the Arduino Uno. The ATmega328P has an operating voltage of 1.8V to 5.5V with a current usage of 0.2mA in active mode [38]. Again, not a large power consumption, but a variable one as can be seen in Figure 29. Because of this, the power will need to be well regulated as mentioned with the sensor and servos. In Figure 30 we can see how the microcontroller is implemented on an Arduino board with a DC input in the top left corner of the board. We can see the voltage regulator shown with two capacitors to regulate the DC input for the components on the board.




[image: ]
[bookmark: _1tuee74]Figure 28 - ATmega328P



[image: ]

[bookmark: _4du1wux]Figure 29 - Active Supply Current versus Frequency

[bookmark: _2szc72q][image: ]
[bookmark: _184mhaj]Figure 30 - Arduino Uno with ATmega328P

[bookmark: _3s49zyc]3.4.5 Compatibility Requirements

Due to differing requirements for the electrical components of the system, we must design a method to distribute power reliably to all components from a voltage source or varying sources. One issue that may occur is DC to AC conversion if an AC motor is being used. This may be an issue best avoided at all costs because DC to AC converters (or power inverters) are often very bulky, as shown in Figure 31 [39]. A much easier process is AC to DC conversion. An AC/DC converter can either be purchased as a single component or it can be designed using a diode bridge as shown in Figure 32. The diode bridge design doesn’t fully transform the AC into DC but rectifies it into a ripple voltage that performs almost like a DC voltage [40]. However, even with this simplified design, it may be better to try to find components that are all compatible in with DC sources.


[image: Image result for dc to ac converter]

[bookmark: _279ka65]Figure 31 - 12 V Power Inverter
 

[image: ]

[bookmark: _meukdy]Figure 32 - AC/DC Conversion Schematic and Output

If the components can all be narrowed down to DC voltage sources, then all that is needed is a power distribution board. A power distribution board is a printed board which connects a voltage source to several components of a design (Figure 33). There are three main factors when considering the proper PCB [41]. First, the current rating is an important safety factor which explains the amount of current a board can handle. The different components of our design will have varying current values and will have to be checked for compatibility with the board. Next, the number of connectors needs to be considered. There must be enough connectors for all components in the design but shouldn’t be unnecessarily large. Finally, voltage regulation must be considered. Each component will have different operating voltages and must be protected from being damaged by an excessive voltage. The design can either have a voltage regulator soldered to the board, or it can be connected by wire in series directly to the component.


[image: Image result for power distribution board]

[bookmark: _36ei31r]Figure 33 - Power Distribution Board

[bookmark: _1ljsd9k]3.4.6 Finalized Power Implementation

For the finalized power distribution, we used a closed loop circuit, as shown below. The circuit entails two fuses, one double switch single pulse switch, and two LEDs. Firstly, in order to include necessary protection against potential current harm two fuses with ratings of 30 amps were included for unexpected change in current loads and current direction, if any. Two green LEDs were also included in the circuit with the solemn purpose of letting the user know when the power of the system is on or off. This whole circuitry is controlled by a double pulse single throw switch that once is turned on it will close the circuit loop and provide enough power to the whole system in order to complete its task.

[image: https://lh5.googleusercontent.com/yTBPwFu__LeEUsod02fnL6_acjJ2sAtWBIVmzx-1DFqk0yGK8czc45nd7Dq7q9Zize1uGtBmxaQxztHSUDme2LKZwmIm7SJ852uSX2HbccHRXRelRvNioWmLJAndzjH2oLGcnr3q]

[bookmark: _45jfvxd]Figure 34 - Power Schematic
[bookmark: _2koq656]
3.5 Part Selection and Comparisons

In this section we will explain how we determined what components best suit our needs for the system. Some parts will be ideal, and some parts will be a better alternative. We will do our best to demonstrate quality over all else when making our selections.
[bookmark: _zu0gcz]
3.5.1 Motor Options

When selecting a motor, we must consider range of motion, torque capabilities, speed, stability, power, and cost. The two main motor types to consider are stepper motors and servo motors. A table best conveys the comparisons. Below we focus on what will drive our ultimate decision. 
[bookmark: _3jtnz0s]Table 19 - Stepper VS Servo

	Quality
	Stepper Motor
	Servo Motor 
	Advantage

	Torque
	Operate at full torque
	Ability to control torque
	Servo

	Speed
	Generally less than 1200 RPM
	Up to 8000 RPM
	Servo

	Stability
	Complete Standstill stability
	Stable for smooth operations
	Stepper

	Power
	Requires less voltage for comparable torque
	Requires more voltage for comparable torque
	Stepper



As Table 19 suggests, servo motors and stepper motors have different advantages. The ability to control torque is extremely important for the flange assembly because each flange requires a specific numerical torque must be met not exceeded. However, some flanges require very high torque and achieving the requirement at a lower and safer voltage will be cost effective, if not necessary.  Stepper motors have an additional advantage of being slightly more cost effective, but the advantages that servo motors offer may suite our application needs more effectively. In the next few sections we will learn more about the different types of servo motors and then stepper motors. It is likely that we will use both motors for different aspects of our design. 

There are many different types of servo motors for us to consider for our robotic arm prototyped design. There are DC types, AC types, and very small to very large. We will consider small affordable types that are expected to work well with the 3D printed robotic are design that is being used for testing purposes as described in section 3.4.
[bookmark: _1yyy98l]
3.5.2 Standard Servo Motors

A standard Servo Motor is useful for producing high torque values. Standard Servo Motors are specified to operate at 4.8V to 6V, with a recommended voltage of 5VDC [42]. An example of a standard servo motor is model Tower-Pro SG-5010, like the one that is shown in Figure 35.


[image: ]
[bookmark: _4iylrwe]
[bookmark: _2y3w247]Figure 35 - Standard Servo Motor
[bookmark: _1d96cc0]3.5.3 Stepper Motor Types

There are three main types of stepper motors, they are: Permanent magnet stepper Hybrid synchronous stepper Variable reluctance stepper. All three types of stepper motors use magnets to generate movement. Permanent magnet steppers have an equal number of gaps and operate based of some amount of repulsion or attraction. Variable reluctance stepper motors have unevenly spaced gaps where the smaller gaps have the least reluctance, and this determines movement. The Hybrid synchronous stepper motor is a combination of the two and is the most powerful. The hybrid stepper can have different magnets activated to determine movement.  For our role in the design process we (the ECE members) will first consider a common and affordable stepper motor. We will discuss a common stepper motor in detail in the following section
[bookmark: _3x8tuzt][image: ]

[bookmark: _2ce457m]Figure 36 - Permanent Magnet Stepper Motor
[bookmark: _rjefff]
3.5.4 Unipolar Stepper Motor 28-BYJ48

Unipolar Stepper Motors 28-BYJ48 are easy to use, small, and powerful for their size. These stepper motors have permanent magnets in the rotor and attract or repulse to generate movement. This means that control can be clockwise, counterclockwise, or even standstill and maintain a torque value. The motor can make full, half or quarter steps with a full step typically defined as 5.625 degrees. The ability to perform quarter steps allows for precision and high resolution. The Unipolar Stepper Motor 28-BYJ48 has been known to work well for automatic winding machines [43] and for this reason it is being considered for our design. This motor could be used to rotate the wrist of the robotic arm. The constraint for this stepper motor is that is works best at slower speeds. The Unipolar Stepper Motor 28-BYJ48 will be tested before a decision is made whether it will be the best choice for the wrist control of our robotic design. 
[bookmark: _3bj1y38]
3.5.5 Drill Motor

As we began researching different motors, we noticed a sharp spike in price as we neared the power and size requirements to produce torque. A powerful torque can be met if the motor is going at a slower speed. But if the motor is not actually large enough to meet the torque, it will burn out trying to reach the torque power. This is all to say that at some point we thought about the power, size and cost of a drill. Once we started talking about taking a drill apart to obtain the motor and gear box, we decided it was a topic to redirect to the mechanical engineers on our team. The part selection is being considered and if selected will be documented in greater detail before the product is finalized. 

[bookmark: _1qoc8b1]3.5.6 Test Arm Build Material

To test the inputs and outputs we can produce with our motors and control device, we need to build a robot arm, or purchase an already built robotic arm that is ready to control.  
[bookmark: _4anzqyu]Table 20 - Robot Test Material Selection

	Build Material

	Test Arm Solutions
	Advantage
	Disadvantage
	Cost

	PVC
	Easy to find and customize
	Requires many other parts and will be very time consuming to build
	Low 

	Store bought Robot Kit
	Comes with all parts and instructions
	Quality not quite worth the price point. 
	High ($80 - $400)

	Pre-Assembled Robot Arm
	High Quality
	Costly to customize, significant financial loss if the design needs to change
	Extremely high ($500 - $5,000)

	3D Printed Design
	Highly customizable, can redesign as much as we need to, extremely affordable
	Cannot use a heavy load or expect very high torque production
	Free as long as STL files are open source



Based on Table 20 above, we will test our input and output criteria with 3D printed parts we will use for our Robot arm. This is the best option because the disadvantage can be overcome by scaling our torque requirements. In addition to using 3D printed parts for the arm itself, we will 3D print nuts, bolts, and a wrench for the arm to use. The 3D printed parts will be free if we are able to find open source STL files, or if we create our own. This is the biggest advantage due to the many different design possibilities. It is critical that we can accommodate for failure in our design if we want a truly successful product. If we begin testing with a high-quality robot arm whether it is an $80 kit, or a $1,000 prebuilt pretested arm we will be constrained to the preexisting design. If we start with 3D printed parts, we can redesign as often as we need to. If it turns out that the 3D printed arm is not stable enough or is not powerful enough to produce torque at a scalable value, we will at least be able to determine a physical design advantage and we will be able to discover unforeseen downfalls.

[bookmark: _2pta16n]3.6 Device for Electronic Integrated Circuits

For this project a compact integrated circuit design system is essential since it typically governs a specific operation using embedded systems. This section will discuss the integrated circuits that are being considered for our design. We will talk about the basics as well as use specific product examples. Our goal is to choose the device that will be versatile enough to meet our needs as we see them now as well as any changes that are likely to be made as our project progresses. 

[bookmark: _14ykbeg]3.6.1 Controlling System

Typically, a controller is used to control some given process. Years ago, controllers were built exclusively from logic components, and were large and heavy boxes. However, as technology keeps on evolving day by day a microcontroller to this date is a simple small circuit board, shown in Figure 37. Although simple, there is plenty of room for growth, modification and the ability to customize for our needs exists. A component like this can handle many of our inputs and outputs that we expect and is a strong candidate for reasons like reducing overhead as mentioned below. 
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[bookmark: _3oy7u29]Figure 37 - Intel Microcontroller

A microcontroller is a highly integrated circuit chip, on one chip, that contains all or most of the parts needed for a controller [44]. Most of these controllers include processors (CPU), memory (RAM, EPROM/PROM/ROM), and input/output peripherals (I/O), and timers all on a single chip. These controllers are commonly found in vehicles, robots, medical devices, home appliances, etc. Therefore, they can vary on its built-in features. A typical microcontroller has bit manipulation instructions. The Intel Microcontroller is easy and direct when accessing I/O pins and it is quick and efficient in responding to interrupts. Given the definition and features that the microcontroller offers it is a one-chip solution [45], in which drastically reduces the part count, design standards, and overall cost. 
[bookmark: _243i4a2]
3.6.2 Microcontrollers Considered for Project

The three microcontrollers that we are considering for this robotic flange projects are Raspberry Pi 3 BCM2847, Texas Instruments’ MSP430FR6989 and Arduino’s UNO Rev 3 – Atmega328P.

[bookmark: _j8sehv]3.6.3 Raspberry Pi 3 - BCM2837

Raspberry Pi offers a variety of boards, but for our project we are considering their BCM2837. This board is dependent of the Broadcom BCM2837 MCU with a 64bit ARMv8 quad core Cortex A53 processor at a speed of 1.2GHz with dual core. In addition, it has 512KB cache memory plus micro SD slot for additional storage, ethernet, wi-fi, and Bluetooth connectivity, and built in ports that offer HDMI, 3.5mm analogue audio-video jack, 4 x USB 2.0, Ethernet, Camera Serial Interface (CSI), and Display Serial Interface (DSI). All these features can be seen in Figure 36. This board acts like a “mini” computer. Therefore, it might be more than what we want in a board, but we will keep it under consideration since we can be adding more enhancements later in the design [46].

[bookmark: _338fx5o][image: A circuit board
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[bookmark: _1idq7dh]Figure 38 – Raspberry Pi 3 BCM2837

[bookmark: _42ddq1a]3.6.4 Texas Instruments - MSP430FR6989

The MSP430FR6989 is manufactured by Texas Instruments and it is the best new thing in TI’s technology platform. This microcontroller is well known for its use in required laboratories for engineering degree required classes. This device features a 16-bit MCU that can run on a 16MHz clock with 128 KB nonvolatile FRAM. In addition, it operates between 1.8V to 3.6V, has five 16-bit timers, and is supported by both, Mac and Windows, environments. This board is highly recommended for its familiar coding language, ultra-low power achievement, and low cost. Additional features can be easily seen by the given block diagram [47].
[bookmark: _2hio093]
3.6.5 Arduino UNO Rev 3 – Atmega328P

The ATmega328P is part of the Arduino UNO family and it is one of the easiest boards to get started when working with coding electronics. This type of microcontroller is very popular because of it does not rely on heavy coding and it is considered very simple in terms of programming compared to other boards available in the market. This apparatus has an operating voltage of 5V, 32KB of flash memory, and a clock speed of 16MHz. Even though this type of board is not fully integrated in our degree courses many students choose to use it for side projects as it offers great performance and user friendliness. In addition, the system is supported in Mac and PC software. Shown below, on Figure 39, we can see the basic design of the Arduino board [48].
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[bookmark: _wnyagw]Figure 39 - Arduino ATmega328P

For ease of comparison between the three microcontrollers that we are closely considering for this project we have created Table 21 shown below. This table lists the main features that we are observing on each board. All the boards mentioned throughout this section comply with our requirements. However, there are some that offer more than what we need. As we continue further with the design of our project, we will make an ultimate decision in what microcontroller to use.
[bookmark: _3gnlt4p]Table 21 - Microcontroller Comparison

	Feature(s):
	MSP430FR6989
	Atmega328P
	BCM2837

	Operating Voltage
	1.8V to 3.6V
	5V
	5V

	Temperature Range
	-40°C to 85°C
	-40°C to 85°C
	-25°C to 85°C

	Maximum Clock Frequency
	16-MHz
	16-MHz
	1.2-GHz

	RAM
	12KB
	12KB SRAM
	1GB

	Memory
	128KB of Nonvolatile Memory
	32KB
	512 KB L2 Cache 

	Analog I/O
	Both
	Input Only
	Both

	Digital I/O
	Both
	Both
	Both

	GPIO Pin Count
	83
	20
	40

	Bit Count
	16-bit
	8-bit
	64-bit

	Lower Power
	Yes
	Yes
	Yes

	Power Consumption
	Active Mode: 100 µA/MHz
Stand By: 0.4 µA
Shutdown: 0.02 µA
	Active Mode: 200μA/1MHz
Shutdown: 0.1μA 
	Active Mode: 3500mW 

	Board Price
	$17.99
	$22.00
	$34.99




[bookmark: _1vsw3ci]3.7 Control Devices

This section provides descriptions and comparisons of three different control technologies and gives our choice of which technology to use. From there, we include a few possible examples to use from that technology and narrow down which model we’ll use for our design. Included will be figures representing the hardware and functions of these components as well as tables to give side by side comparisons of the technology and specified components. 

[bookmark: _4fsjm0b]3.7.1 FPGA

Field Programmable Gate Arrays (FPGAs) are programmable semiconductor devices designed with an array of logic blocks, gates, and flip-flops [49]. They are usually based around a two-dimensional array with global interconnect corridors between the array cells [50]. Each cell in the FPGA is a logic block containing both logic devices and RAM and can be used to perform a specific function. These devices can be programmed and reprogrammed to fit the desired application by the user. The programming of this device is specified by a hardware description language such as VHDL or Verilog depending on the hardware used [51].
Because of the programmable nature of the FPGA, it has applications across many markets and can made to fit several tasks if the user is capable of programming the task into a specific hardware language. One issue with this flexibility though is that it requires a much larger power drain than certain devices [49]. Another issue with FPGAs is the relative difficulty of programming the device due to the complexity of Hardware Description Language (HDL). However, FPGA is a good device to use if the application requires quick action and multiple inputs and outputs.
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[bookmark: _2uxtw84]Figure 40 - Typical FPGA Architecture

[bookmark: _1a346fx]3.7.2 Microcontroller

A microcontroller is a computer placed on an integrated circuit designed to perform a single task or application [52].  The microcontroller is built around a central processing unit (CPU) which controls the peripheral functions of the microcontroller. The CPU contains the Arithmetic Logic Unit (ALU), basic operating registers, and various logic devices to control resets, interrupts, etc. The microcontroller also contains nonvolatile memory for the program, RAM memory for data, input/output ports, busses, and the clock. Some other peripherals include analog-to-digital converters, digital-to-analog converters, and communication interfaces [50]. 
Because of the loaded-up nature of a microcontroller, it is often used as an embedded device for specific applications in machines [49]. The single-application aspect of a microcontroller makes it more difficult for use by hobbyists and designers. However, this also makes it a tool with low power requirements. It also decreases overall costs. If you need a device that interfaces with the real world but requires few computations from sensors, microcontrollers are often a good choice [53].
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[bookmark: _3u2rp3q]Figure 41 - Typical Microcontroller Anatomy

[bookmark: _2981zbj]3.7.3 Single Board Computer

A single-board computer (SBC) is a computer which is a complete computer in which a single circuit board comprises memory, input/output, a microprocessor and all other necessary features [54]. While an SBC doesn’t have a lot of raw computing ability or memory, it comes fully equipped with all necessary peripherals found in a desktop and an operating system for programming [55]. 
The SBC has the flexibility of the FPGA, but with a lot more computing power and a workable operating system. Because of this, the SBC is open to many applications if it can be worked through the operating system. However, more applications can often make input and output integration difficult with the board. As well, peripheral inputs can often fry the board or require separate power supplies depending on the application. If the user application requires heavy computing or a preferred programming language, an SBC is probably the best choice for control.
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[bookmark: _odc9jc]Figure 42 - Block Diagram for an Example of SBD
[bookmark: _38czs75]Table 22 - Control Devices Comparison

	
	Pros
	Cons

	SBC
	1. Fully equipped with peripherals
2. More computing ability than FPGA
3. Workable OS
4. Flexible
	1. Input and output integration more difficult
2. Needs separate power supply for large peripherals

	PGA
	1. Flexible
2. Fast
3. Can handle multiple parallel I/Os
	1. Larger power drain
2. VHDL more difficult to program than other languages

	MC
	1. Low power requirements
2. Equipped with many peripherals
3. Low cost
4. Easy applicable to a PCB
	1. Singularly focused
2. Not for heavy computation
3. Hard to apply to multiple applications



[bookmark: _1nia2ey]3.7.4 Sensors 

It is important for our project to detect the flange’s bolt locations and how much torque is being applied to each bolt. Therefore, for out project we plan on adding sensors that have the capability of detecting the bolt’s location and applied force torque. These are necessary since we do not want to miss a bolt being torque or have the wrong torque applied that could lead us having a non-symmetrical flange that can potentially cause damage to people and the environment [56].

[bookmark: _47hxl2r]3.7.5 Types of Sensors

For our design we will be looking at a sensor encoder. An encoder is a sensor of a mechanical motion that produces digital signals in response to something in motion. An encoder device can provide users with information regarding position, velocity, and direction. In order to get an idea of where the sensor is located, Figure 41 illustrates the block diagrams of an encoders on a dual shaft motor. There are two different types of sensor encoders that the user can choose from. Linear and rotary are the basic types of encoders that can be broken further down into two main types. Before we discuss the difference between linear and rotary encoders, we will evaluate their two basic types.

[image: A screenshot of a social media post

Description automatically generated]

[bookmark: _2mn7vak]Figure 43 - Encoder on Dual Shaft Motor

[bookmark: _11si5id]3.7.6 Basic Types of Encoders

For the rotary and linear encoders there are two types. Even though they are very similar to one another they differ in their physical properties and their interpretation of movement. The first type is the incremental encoder, also known as the quadrature encoder. This encoder uses sensors with optical and mechanical/magnetic index counting in order to seize angular measurements. These sensors work by utilizing a transparent disk containing opaque sections in which are spaced out with the purpose of measuring movement. A light emitting diode is used to pass through the glass disk that is detected by a photo detector which causes the encoder to generate a train of equal spaced pulses as it rotates, as shown on Figure 44. The output of this encoder is measure per revolution in order to keep track of position and measurement of speed.
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[bookmark: _3ls5o66]Figure 44 - Pulse Train Produced by Incremental Encoder

The following basic type of an encoder is the absolute encoder. This encoder contains component already found on the incremental encoder. However, instead of using a disk that measures equally spaced lines on a given disc, like in the incremental encoder, this sensor is implemented with a photodetector and an LED light source with a disk containing concentric circular patterns instead. Shown in Figure 45, we can see that the absolute encoder utilized mask in between the photodetector and the disk. This causes the output signal to be in digital bits giving a unique position. Therefore, it uses a unique bit configuration.
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[bookmark: _20xfydz]Figure 45 - Components of Absolute Encoder
[bookmark: _4kx3h1s]3.7.7 Linear Encoder

A linear encoder is a sensor, transducer that encodes position. The sensor interprets the reading scale and converts it into position either in analog or digital signal that is later transferred into a digital readout. This is measured by the simple movement that occurs from changes in position and time. This method can be found in optic and magnetic linear encoders, which they can differ in physical properties. These first method of linear encoders that will be discussing is the Optical Linear Encoder. The optical linear encoder works by using a light source and a lens in order to produce a parallel light beam that passes through four different windows, shifted 90 degrees apart, of a scanning reticle. The light then passes through a glass scale, used to transform the detected light beam once the scanning unit moves, and detected by photosensors shown in Figure 46.
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[bookmark: _302dr9l]Figure 46 - Linear Encoder Components

The other method for linear encoders is using a magnetic sensor to produce an analog output for two different channels. While the magnetic sensor is utilized to pass along a magnetic scale, once the sensor detects the change in magnetic field it outputs a signal frequency proportional to the measure of speed and the sensor’s displacement.

[bookmark: _1f7o1he]3.7.8 Rotary Encoder

The second type of encoder that we will be analyzing is the rotary sensor. For this project we are looking at the magnetic rotary encoder which consists of two main parts: a sensor and a rotor, shown in Figure 47. The rotor in the encoder turns with the help of a shaft and with the presence of altering evenly spaced north and south poles around its circumference [57]. 
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[bookmark: _3z7bk57]Figure 47 - Rotor and Sensor Using North and South Poles

When discussing the methods of detecting the changes in magnetic field, the rotary encoder considers the Hall Effect and the Magneto Resistive sensors. The Hall Effect, commonly seen in optical encoders, work by the detection of change in voltage by magnetic deflection of electrons. The magneto resistive sensor works by detecting the change in resistance caused by magnetic fields. 
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[bookmark: _2eclud0]Figure 48 - Magnetic Encoder
[bookmark: _thw4kt]3.7.9 Communication Encoder

Lastly, we have the communication encoder illustrated in Figure 49. This type of sensor contains the same fundamental components that of the incremental encoder. However, this encoder tracks alongside the outer edge of a disk in order to give U/V/W outputs. These encoders work by utilizing a transparent disk included with opaque sections equally spaced to determine movement. In addition, a light emitting diode is used to pass through the glass disk to be distinguished by a photodetector. During this ongoing light emission transmission, the encoder will generate equally spaced pulses at it moves. The output is then measured in pulses per revolution so that one can keep track of position and the determination of speed. The outer part of the encoder disk consists of commutation tracks that communicate with a controller allowing it to know the position of the motor poles so that the proper input can me supplied to the motor. These tracks are used to provide efficiency and proper current to the motor and its rotation.
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[bookmark: _3dhjn8m]Figure 49 - Communication Encoder

In conclusion, these sensor encoders have become a vital source for many applications that require feedback when measuring are concerned with speed, direction, and distance. Due to its reliability low cost, and compact size we can find many of these sensors in the automotive, medical, industrial, and military industries. 

[bookmark: _1smtxgf]3.7.10 Part Selection Summary

Our team has ultimately decided to target available resources that possess the quality required to create a baseline for the robotic flange assembly. As previously mentioned, our team (team here meaning all 16 interdisciplinary students) has not finalized our design. This significantly contributed to our part selection. Below in Figure 50 is a photo of all parts we are currently in possession of. We will be using the electrical components on our final design, but we may be adding additional devices such as sensors mentioned in section 3.6.3. 
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[bookmark: _4cmhg48]
Figure 50 - Parts in Hand

The crucial part of our role for the robotic flange assembly project is independent of the design portion that the mechanical engineers are responsible for. This is because regardless of any sort of carriage or pulley type system that will be inevitably become part of our overall design, the design must have some sort of appendage and gripper to complete tightening of bolts. While we may only have to adjust any algorithmic data structures for controlling the device after the finalized design, the physical components changing could lead to a catastrophic financial waste. It is our objective to abstractly define the task of robotic flange assembly in the most efficient and correct way. 

[bookmark: _2rrrqc1]3.8 Software for Hardware Design

A big part of this project involves electrical connections and components that will be required for the robot to input and output given data accordingly. When designing this project, we will need to use software that will enable us to design and test a complete breadboard model alongside with its components, interconnections, and output signals. 

In the marketplace there are multiple computer design software’s that allow us to design, test, and implement a created circuit. This can be achieved without the use of a computer and using a breadboard instead. However, for most students it is easier to create a virtual schematic first to later build it on a breadboard with more ease. Therefore, firstly, in this project we will be developing a schematic for the circuit and making sure that all the components and connections are placed and connected properly. Once the schematic is created and outputs the desired outcome, we will assemble a breadboard with such components in order to acquire the same or equivalent results from the computer schematic and look for additional information such as oscilloscope graphs and voltages in real time.

[bookmark: _16x20ju]3.8.1 Fritzing

The first software that we are considering for the electrical hardware portion of this project is Fritzing. The software, Fritzing, is an open source hardware initiative that makes electronics accessible as a creative material for anyone [58]. The software tool allows users to better understand electronic circuits, document and share data while working on your project, and prepare your project for future production. Since we will be developing a PCB for our project, I believe this is a worthy software to start developing our schematic since it comes equipped with multiple “viewing” options. The first step to our hardware design will be creating the breadboard that will be later manufactured in a PCB. The software has a “Breadboard” tab that allows us to test our connections between components and the programed microcontroller, shown in Figure 51.
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[bookmark: _3qwpj7n]Figure 51 - Fritzing Breadboard View

This window shows a clean picture of the user’s wired breadboard. Most of the library parts, those being capacitor, transistors, resistors, LEDs, and others, already come with the software. These standardized library parts can be modified as needed by changing their values to those needed for the project. As for the microcontroller, the software offers brands like Intel, Arduino, and Texas Instruments, among others. The microcontroller can be pre-programmed in the “Code” tab for ease of testing. Once the breadboard’s connections have been carefully inspected the user can procced to view the overall schematic of the breadboard, shown in Figure 52.
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[bookmark: _261ztfg]Figure 52 - Fritzing Schematic View

In the “Schematic” tab the user can effortlessly see the diagram in symbolic and simplified form of the breadboard’s technical context rather than realistic as shown in the “Breadboard” tab. Lastly, once the breadboard and schematic are complete then comes the PCB design. The PCB will bring the electronic circuit to life in the physical form once sent to be manufactured. The software on the “PCB” tab let us show the design schematic in a PCB design standpoint, down in Figure 53.
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[bookmark: _l7a3n9]Figure 53 - Fritzing PCB View

Once we have acquired the proper specifications of the mechanical’s team design, we will be including the accurate schematics illustrating our design in this section.

[bookmark: _356xmb2]3.8.2 Autodesk Eagle

The Autodesk Eagle is our second software consideration for this project. This software is farther more suitable for the business industries, and possibly the one that we will be using for our PCB design when sending it to manufacture. The Autodesk brand has been known for its advance optimized computer software. Autodesk’s Eagle software offers users the ability to design a schematic with already included library parts [59]. Once the schematic design is complete you can view the PCB board and make edits to it. This software is not as user friendly compared to Fritzing. This software does not offer the “Breadboard View”, unlike Fritzing, for the user to set up their board in the computer. However, Eagle supports more assortments when looking at library parts and it can hold a bigger schematic capacity than Fritzing.

In Figure 54, we show the layout of the schematic design in the Eagle software. Since our design can get complex, we are more likely to choose Eagle as our number one schematic layout and the one be sent out to manufacturing. As our design evolves, we will be updating these schematics to include the latest ones that will be accounted for our project.

[image: A screenshot of a computer

Description automatically generated]

[bookmark: _1kc7wiv]Figure 54 - Eagle Schematic View

[bookmark: _44bvf6o]3.8.3 EasyEDA

For the last software we will be considering is EasyEDA. This software offers many of the capabilities discussed in the previous ones. However, EasyEDA has the ability of working in the hard drive of your computer or based of the cloud giving its users the ability to work remotely. In addition to the software being based of the cloud, people can collaborate when designing the schematic(s). The collaboration will allow the team to perform better and more efficiently as they make their way through the project. When the team’s prototype PCB is ready for manufacture the software has two unique features to make it easy and quick when sending the PCB design to next step, manufacturing. One of the features is giving the user a breakdown of specific branded controllers, amplifiers, motors, sensors, and other components that they can choose from. This information is provided by one of the fastest developing online stores of electronic known as LSCS based out of China. In addition, they provide their approved manufacturer for PCBs, known as JLCPCB. Figure 55, shown below, will show the layout of the software based of the web cloud [60].
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[bookmark: _2jh5peh]Figure 55 - EasyEDA Schematic View
[bookmark: _ymfzma]

4. Related Standards and Realistic Design Constraints

This section of the paper discusses related robotic standards and the design constraints that the robotic flange assembly will face throughout the design process.

[bookmark: _3im3ia3]4.1 Standards

“Engineering standards are documents that specify characteristics and technical details that must be met by the products, systems, and processes that the standards cover [61].” The reason why engineering standards were even developed and created in the first place were to ensure products meet safety requirements, to make sure systems, products, and processes are persistent and repeatable, and to ensure the products minimum overall performance. As technology keeps evolving, standards become extremely important. “Standards promote safety, reliability, productivity, and efficiency in almost every industry that relies on engineering components or equipment [62].” When technologies start becoming more advanced such as working with collaborative robots, it is important that these designs be tested constantly and made sure they are kept up with engineering standards. 

Standards are voluntary, not mandatory. Standards provide communication between producers and users. They serve as a common language that defines quality and establishes safety criteria. If procedures are standardized, costs are lowered, training becomes simplified, and interchangeability and interoperability is allowed. Standards and codes are documents that are constantly revised to show changes in development and technical advances such as new designs, new materials, or new applications. 

Engineering standards are summaries of the best practices for industrial and manufacturing use. The specifications for the standards include functional, electrical, and mechanical terms and aspects that allow proper usage of available components to build a system. They can also define how tests should be performed and how products should be designed. Engineering standards help with the growth of new technologies, protect public health and safety, enhance the quality of products, and allow for international and global trade. 

Standards can be grouped together based on three different categories. The first one is by process standards, the second one is by standard test methodologies, and the third one is by performance standards. Process standards are standards that talk about the overall general system or a basic way of doing things. Standard test methodologies are standards that discuss a specific test being performed and the testing protocol used to evaluate any properties or performance levels of the product. Performance standards are standards that describe the performance qualities and attributes [63].

There are many different types of engineering standards that correspond with different types of engineering. Some of these include the ANSI Standards, ASME Standards, ASTM Standards, and IEEE Standards. As computer and electrical engineers, our primary focus will be the standards that fall under the ANSI Standards, the IEC Standards, the ISO Standards, and the IEEE Standards. Our overall project will focus on the four previously mentioned standards as well as the ASME Standards. 
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[bookmark: _1xrdshw]Figure 56 – Standards

[bookmark: _4hr1b5p]4.1.1 Standards Related to Project

The ANSI has created a new version of the NSSN search engine for national, foreign, regional, and international standards and regulatory documents. "First launched in 1997, the NSSN: A National Resource for Global Standards is a cooperative partnership between ANSI, U.S. private-sector standards organizations, government agencies, and international standards organizations. The site has become the leading provider of technical data and information about developments in the global standardization arena [64].” The redesign of this website allowed users to find standards and related documents easier. ANSI is a private non-profit organization whose goal is to promote, facilitate, and safeguard the integrity of the voluntary standardization and conformity assessment system. With the launch of this new design, the search for standards is simplified.

One of the standards obtained from the ANSI search engine was the IEEE Standard of Ontologies for Robotics and Automation (IEEE P1872). As it relates to robotics and automation, ontology is defined as the branch of metaphysics dealing with the nature of being. It describes the study of things that exist and how they are grouped and related to each other. For robotics, it is important to know how robots exist and how they are grouped and related to each other as well as with humans. “The IEEE Standard of Ontologies for Robotics and Automation is designed to simplify programming, extend the information-processing and reasoning capabilities of robots, and enable clear robot-to-robot and human-to-robot communication [65].” This standard is mostly related to working on ontology specific to industrial robots, focusing mainly on assembly tasks. Because technology is progressing, and robots are becoming more and more advanced, such as working collaboratively with humans, there is a need for robots to have clear, concise communication. 

“The working group's core ontology for robotics and automation, or CORA, is an important step toward achieving this shared understanding. It establishes a formal way of representing knowledge that robots possess to perform tasks in their area of activity such as manufacturing plants or hospitals. This "common ground" enables efficient and reliable exchanges of information and integration of new data [65].” With this structured base of knowledge for the standard, an industrial, manufacturing robot, for example, will know what its required tasks are, how much weight it can lift, if it can collaboratively work with humans, how to detect objects nearby, and other performance-defining features. When new tasks arrive, the robot will know how to analyze the given work and if it’s capable of performing the desired task or not.

This standard is new to IEEE Standards and a starting point for robotics and automation standards. To summarize, this standard is designed to simplify programming, extend the information-processing and reasoning capabilities of robots, and enable clear robot-to-robot and human-to-robot communication. Its main goal is to define what a robot is and how it works with humans as far as the standard goes. It also defines common robotic concepts and provides an organized framework for succeeding efforts to develop for specific classes of robots [65]. These specific classes of robots include industrial robots working on assembly tasks. It will be proposed as a standard for groups working on industrial robots. Displayed in Figure 57 below shows a flowchart that explores the IEEE Ontology for Robotics and Automation for agent interaction. The blue boxes show the concepts from Suggested Upper Merged Ontology (SUMO), while the black boxes show the concepts from point of sale (POS) or CORA.
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[bookmark: _2wwbldi]Figure 57 - IEEE Ontology for Robotics for Agent Interaction

RIA stands for the Robotic Industries Association. The RIA TR R15.606-2016 is a specific standard report for robots and robotic devices, primarily focusing on collaborative robots. “Published on December 25, 2016, the RIA TR R15.606-2016, like its ISO predecessor ISO/TS 15066:2016, provides safety guidance for collaborative industrial robot systems where a robot system and people share the same workspace [66].” Effective use of TR 606 assumes that the robot system is compliant with ANSI/RIA R15.06-2012 – industrial robots and robot systems safety requirements. The RIA TR R15.606-2016 standard primarily focuses on how the collaborative industrial robot system must be designed, including risk assessments and hazard identifications. It also talks about the requirements for collaborative robot system applications, including workspace, control system, robot operation, how to transition between collaborative and non-collaborative modes, and collaborative operations. Additionally, it discusses how to establish threshold limit values on the system for the collaborative robot, focusing particularly on power and force limiting applications. It includes verification, validation, and information for use. 

Under the International Organization for Standardization (ISO), robots or robotic devices are also covered. ISO standards are constructed in levels. “A-level standards are the highest-level standard. They apply to fundamental safety knowledge, basic design features and general machine aspects. The B-Level standards are more specific to devices that can be found on different types of machines. It is still a general standard, but it goes into specific safety features. C-Level standards are specific safety requirements for a specific kind of machine, a robot for example [67].” ISO 12100 – safety of machinery – defines different basic concepts such as risk assessments and risk reductions for all various types of machinery; this would be classified as an A-level standard. However, the ISO 10218 – robots and robotic devices – are written specifically in terms of robotics, using robotic examples for illustrating safety requirements for industrial robots; this would be classified as a B-level standard. To add, ISO 13482 – personal care robots – allows for close human-robot interaction and contact; this would be classified as a C-level standard. Displayed in Figure 58 below, the standards under the ISO progressively become more and more specialized to a specific kind of machine, which in this case is a robot. 

[image: collaborative-robot-iso-standard]
[bookmark: _1c1lvlb]Figure 58 - ISO Standard Levels

Another relevant standard is Electronic Component Standards. “U.S. and international standards for electronic components, capacitors, transducers, surge protectors, LEDs, and resistors find wind application in consumer products, vehicles, medical devices, sensors and controls for industrial use and more [68].” There are nearly 100 standards published under the Electronic Component Standards. The IEC and the IEEE are two standard developing organizations focused on electronics and their design, manufacture, testing, use, safeness, and end-of-life procedures.

Relating to Electronic Component Standards, The Occupational Safety and Health Administration (OSHA) standards primarily focus on the minimization of electrical hazards. OSHA standards focus on the design and the use of electrical equipment and systems. “The standards cover only the exposed or operating elements of an electrical installation such as lighting, equipment, motors, machines, appliances, switches, controls, and enclosures, requiring that they be constructed and installed to minimize workplace electrical dangers [69].” These standards also require that approved testing organizations test and verify any electrical equipment before it is used in the workplace to ensure that it is safe for all workers. This standard is extremely important because electrical shocks and hazards on humans, whether it is direct or indirect contact, can lead to permanent disabilities or death. 

Another standard to look at is the Human System Interaction Ergonomics Standards (ISO 9241). These standards for Human System Interaction Ergonomics applies to user interface designers, developers, evaluators, and buyers. These standards also provide design principles and an overall framework for applying those principles to product analysis, design, and evaluation [70]. These standards correspond with human-centered design of software user interfaces and how both software and hardware components of interactive systems can enhance human-system interaction. In addition, it increases usability, issues that are associated with the design of the services, and it augments the equipment people use with a wide range of sensory, physical, and cognitive abilities. Displayed below in Figure 59 is a flowchart that shows ergonomic indicators and parameters, a human-oriented design of collaborative robots. 


[image: Flow chart of the method for identifying informative ergonomic indicators and influential parameters. Â ]


[bookmark: _3w19e94]Figure 59 - Ergonomic Indicators for Co-Bot

Software Engineering Standards also play an important role for required standards. “Software, both throughout various industries and as an industry itself, relies on standardization. From the foundation of standardized hardware specifications and interfaces, up through programming languages and interoperability, and using software for the purpose and use case that it was intended for, software development is heavily driven by standardization [71].” Software engineering standards (ISO/IEC TR 19759:2015) approach the process from many different directions, handles documentation, management of the life cycle, assessment, and testing [72]. Standardization is extremely important for software engineering because software engineering is a collaborative effort. Standardization assures that all components are in sync with each other during the process and ensures the quality of the output. Displayed in Figure 60 below are all the software engineering standards categorized into different sections. 


[image: Image result for engineering standards]

[bookmark: _2b6jogx]Figure 60 - Software Engineering Standards

[bookmark: _qbtyoq]4.1.2 Design Impact of Relevant Standards

Design impact is the belief that design can be used to create positive, environmental, and/or economic change. When it comes to standards, standards ensure that engineering designs are created in a way such that the designs create positive, environmental, and/or economic change. The design impact of engineering standards ensures that products meet safety requirements which allows for environmental safety and for humans to be safe in the workplace. It also ensures efficiency, production of standardized products, improve trade, and most importantly, provide safety and quality requirements. Manufacturing to a certain standard implies a certain level of quality to the customer. In many cases, standards provide uniformity, which allows worldwide acceptance and application of a product or material. The goal of design impacts for standards is to facilitate trade, exchange, and technology transfer. Standards help remove technical barriers to trade, leading to new markets and economic growth for the industry [73].

Standards are significantly expanding since the creation of the Internet and the World Trade Organization (WTO). They are increasing impact on society and businesses and they are creating many more stakeholders such as corporate and business leaders. National and international standards affect our industry. Because technology is advancing, and we are moving towards a more global economy, standards are starting to become more and more complex. "Standards are recognized as being essential to helping companies be innovative, reduce costs, improve quality, and maintain competitiveness in an international marketplace [73]." Standards allow processes to run faster, run efficiently, run predictably, and be more cost effective. This is achieved by providing uniformly detailed procedures which help the user produce quality products, allowing users to communicate with one another easily, enhancing product quality and reliability at a reasonable price, improving health, environmental, and safety protection, and allows for a reduction of waste [73]. Standards give huge design impacts, ensuring that all products meet the design requirements as far as reliability, safeness, and quality. Additionally, the design impacts of engineering standards ensure that products developed by other companies are compatible with other products, thus allowing for interchangeability. 

For IEEE Standards in the robotics and automation space, “the IEEE strives to ensure that everything involved in the design and development of autonomous and intelligent systems is educated, trained, and empowered to prioritize ethical considerations, so that these technologies are advanced for the benefit of humanity [74].” They shall also promote common measures and definitions in robotics and automation, promote measurability and comparability of robotics and automation technology, and promote integrity, portability, and reusability of robotics and automation technology [74]. When taking into consideration a robotic arm, it can be implemented in many ways.
[bookmark: _3abhhcj]
4.2 Realistic Design Constraints

Design constraints are limitations on a design. These can either be limitations that one can control, or they can be self-imposed limitations to improve a design. There are many different design constraints such as economic and time constraints, environmental constraints, compliance constraints, style constraints, or health and safety constraints. Constraints vary across the board for different projects. For example, a car engine cannot exceed the size the space in which it fits, yet it cannot produce less than the specified power, or if a robotic arm is to be portable, it must be small enough to do the required task while still maintaining portability. Constraints are typically seen as being negative, however, they are conditions that are necessary to happen or would like to have happen with a design.

When it comes to robotics, “a design constraint refers to a limitation on the requirements and/or operation conditions under which a robot is expected to operate. A design constraint can, for example, affect the robot shape, the robot operation features, and the robot functionality. A design constraint can be also related to other aspects such as the manufacturing technology or the available budget for the construction of a robot [75].” For the robotic flange assembly, some of the design constraints would include the reduction of time for the task, size range of flange constraints, motion constraints, price and cost constraints, safety constraints, size constraints, torque constraints, and many more. While there are many constraints to take into consideration, the meeting of these constraints will allow the project to perform to the best of its ability at the highest of quality.

There are many different aspects of a project that must be considered to determine the feasibility of the system; these aspects are constraints. The constraints this project will focus on are economic and time constraints, environmental, social, and political constraints, ethical, health, and safety constraints, and manufacturability and sustainability constraints. It is important that each of these constraints be looked at individually to determine the practicality of attempting to design this robotic flange assembly.

[bookmark: _1pgrrkc]4.2.1 Economic and Time Constraints

Generally, one of the largest limiting factors of any design project is the economic constraint. Economic constraints determine whether a project should be carried out from a financial perspective or not.  Primary considerations for economic constraints are the cost of making a product (including fixed and variable costs), the pricing of a product such as if it can compete in the market place, and the cost of ownership for both the producer and consumer.
 
Economic constraints are a type of external constraint. These constraints involve economic factors that affect a company and are usually out of the company’s control. A major economic constraint for this project is the budget. With a given sponsored budget of $1200, finances are going to be tight. One of the reasons why this budget is a concern is because there is a total of sixteen group members for this project, meaning that each person would get $75 evenly to use. Simple robotic arms alone can cost anywhere from $50-$1000. Large industrial robotic arms can cost anywhere from $5000-$25000. Having a budget of $1200 for the entire team places a limit on the versatility, reliability, and sophistication of the desired completed project.
 
Displayed in Table 23 below shows some of the required general components for the project and their average corresponding prices. These prices will account for having only one robotic arm rather than the ideal two. This table depicts the possible economic constraints of having a $1200 budget.
[bookmark: _49gfa85]Table 23 - Component Cost

	Robotic Component
	Quantity
	Average Cost

	Basic Robotic Arm
	1
	$350.00

	Controller
	1
	$100.00

	End-Effector (3-finger)
	1
	$80.00

	Sensors
	5
	$75.00

	Servo Motors
	2
	$30.00

	Microcontrollers
	1
	$30.00

	PCB
	3
	$150.00



As displayed in Table 23 above, the total cost for these general components is $1,015.00 and these are only electrical and computer engineering component requirements. This leaves the sponsors donation amount of $185.00 left. This does not consider the mechanical engineers, the computer science programmers, or the industrial engineers. Evidently, this budget will cause an economic constraint within the robotic flange assembly project.

Time constraints are one of the most overlooked constraints in any design project. Time constraints refer to the limitations on the start and end times of each task in a project's critical path, which is the sequence of tasks that cannot be delayed without delaying the entire project. There are many factors that created time constraints for this project. Some of these factors include the project being only a year long, having to complete a prototype design in time for peer evaluation, having to build and design everything from scratch, having parts ordered and tested on time, and much more. Delays in the critical steps of a time-constrained project are typically unacceptable because they can and will affect the project's completion time. The longer a project is behind schedule, the more resources it will need, thus possibly increasing the cost of the project [76]. To mitigate this constraint as much as possible, a very serious and concrete stance was taken on the scheduling of milestones for the project. Having these milestones allows for any unforeseen events and obstacles to be given the proper amount of time and attention to get handled.

[bookmark: _2olpkfy]4.2.2 Environmental, Social, and Political Constraints

“Environmental constraints are any limitations on strategy options due to political, external, competition, social requirements and expectations, cultural or economic factors, and technological or legal requirements [77].” Environmental constraints consider the ways that a product can impact the environment, from its manufacturer to its use to its disposal. Environmental constraints can also be defined as the surroundings and conditions that influence the performance of a design. These constraints include variations in temperature and weather. Temperature constraints on the robot will be defined by the components that make up the robot; the robotic flange assembly will have the assumption that primary functions and operations will be done indoors at room temperature. In addition, the device shall not break down when being transported to different locations or to areas that have an opposite climate such as from going cooled down indoors to hot weather outdoors back to indoors. 

Features of the environment may also constrain the motions of the hand or object. This is most evident for surfaces which objects rest on, such as tables, counters, and floors. These environmental constraints – when properly used – can aid the grasping functionality of the robotic arm. Since the robotic flange assembly shall be a portable device, these constraints can be preset, such as placing the device on a flat surface to ensure proper grasping functionality.

It is important to understand the basis of human interaction with the environment in order to have the collaborative robotic arm act in a similar manner to what humans do while moving and interacting across their given space. There are many ways the robotic arm interacts with the environment. Some of these interactions include acquiring data from the robot’s surroundings through its sensors to provide the necessary input signals to the controller and perform its actions in order to achieve desired tasks. The interaction between the robotic flange assembly and its environment will focus on noncontact tasks. Noncontact tasks allow for unconstrained motion in a free space without any environmental influences on the robot. Some of the noncontact tasks include industrial applications such as pick-and-place, packaging, assembling, or machining. In the case of the robotic flange assembly, some of the noncontact tasks will include holding two flanged pipes together securely and evenly while the bolts are being tightened, tighten two bolts on the flanges simultaneously, and detect and adapt to bolts on the flanges.

“Social constraints are defined as patterns of behavior that provide opportunities for and constraints on implementation of engineering projects. Social constraints can include formal practices such as government regulations or informal norms including cultural preferences [78].” Social constraints are also developing projects that are designed to meet human needs and/or to address social issues. With any design, the impact of social constraints must be considered. Regarding the robotic flange assembly, a positive social impact is desired within Siemens, as they are the sponsors of this proposed project. The scaled prototype design for this project can be used to solve Siemens’ current problem with flange assembly and decrease the time it takes to tighten flanged pipes together. Moreover, this project will also give a presentation to all mentioned standards and explain in detail all engineering and design decisions made for the project.

Just as the social constraints of a design are considered, a design’s political constraints must also be considered. Social constraints and political constraints are generally like one another; however, they can differ across projects. One needs to understand how engineering and political activities interact, and how to work effectively in this environment. Some key points to examine are how the government acts as a regulator and how the government acts as a customer. The main political constraint of this project is the robotic arms ability to work collaboratively with humans. The characteristics of this robotic flange assembly are desired objectives, needs, and wants for industrial workplaces. Since these characteristics can be expanded on to create large scaled industrial robots, it will be of great political importance. Considering this project is being sponsored by Siemens and created for potential industrial workplace purposes, political impact is augmented. It is also important that all standard regulations be followed in the creation of this device.

[bookmark: _13qzunr]4.2.3 Ethical, Safety, and Health Constraints

“Engineering design ethics concerns issues that arise during the design of technological products, processes, systems, and services. This includes issues such as safety, sustainability, user autonomy, and privacy. Ethical concern with respect to technology has often focused on the user phase. Technologies, however, take their shape during the design phase. The engineering design process thus underlies many ethical issues in technology, even when the ethical challenge occurs in operation and use [79].” Engineers need to be made fully aware of any codes of conduct that provide standards of proper behavior in our interactions with others and devices, both inside and outside of the profession. This should not be confused with what we feel is right, what our religious beliefs are, what the law states, or what are the socially accepted norms of behavior.
 
Ethical constraints for electrical and computer engineers can be identified by using the IEEE code of ethics. If a product, system, or design violates the IEEE code of ethics, it should not be considered an applicable solution to a design problem. It is important that all team members do not violate the IEEE code of ethics. Common ethics violations include safety violations, poor working conditions, and forgery and theft. When it comes to the construction and programming of a robotic arm or any robot, given, some ethics violations include that the robot shall not injure a human and the robot must obey any orders given to it by humans unless it conflicts with the previously mentioned violation. As robots transition into human social environments, a new range of technical, ethical, and legal challenges arise. 

For a system or design to be ethically possible it must also be safe. Engineering is about the application of knowledge for the betterment of humanity.  Products should be designed such that their everyday use does not cause harm.  Rather than health and safety requirements, many industry and governmental regulations and standards typically concentrate on the specification of safety constraints. Safety constraints are defined as another way of specifying safety-related requirements; it is any constraint that specifies a specific safeguard. “Safety constraints typically include things like requiring interlocks and physical barriers around moving parts, safeguards concerning electricity, and the handling of toxic chemicals, and the mandatory placement of warning signs [80].” System safety continues in the workplace by ensuring that components are designed in such a way as to enforce the safety constraints. Accidents occur when a safety constraint is not strictly enforced by the system's components. Safety constraints are extremely important when it comes to engineering designs and products. If a product is not safe, then it’s no good.

The robotic flange assembly’s main goal is to be safe. Since this robotic arm will be working collaboratively with humans, it is crucial that the arm does not pose any potential threats or injuries to anyone working with the robot. Robot safeguarding is extremely crucial for the robot to have. “The proper selection of an effective robotic safeguarding system should be based upon a hazard analysis of the robot system’s use, programming, and maintenance operations. Among the factors to be considered are the tasks a robot will be programmed to perform, start-up and command or programming procedures, environmental conditions, locations and installation requirements, possible human errors, scheduled and unscheduled maintenance, possible robot and system malfunctions, normal mode of operation, and all personnel functions and duties [81].” An effective safeguarding system protects not only the robot operators but also the engineers, programmers, and any other individuals who work on or with the robot that could be exposed to safety and health hazards associated with a robot's operation. Additionally, in correspondence to the robot safeguarding system, the device should have a safety release mechanism in case it was to become attached to any part of the worker. 

All robots should meet the minimum design requirements and standards to ensure safe operation by the user. “Every robot should be designed, manufactured, remanufactured, or rebuilt with safe design and manufacturing considerations. Improper design and manufacture can result in hazards to personnel if minimum industry standards are not conformed to on mechanical components, controls, methods of operation, and other required information necessary to insure safe and proper operating procedures. To ensure that robots are designed, manufactured, remanufactured, and rebuilt to ensure safe operation, it is recommended that they comply with Section 4 of the ANSI/RIA R15.06-1992 standard for Manufacturing, Remanufacture, and Rebuild of Robots [81].” It is critical that safety and health constraints are mandated throughout all engineering designs. As technology advances, and robots are becoming more and more intelligent, it is imperative that health and safety constraints be placed on these robots as well as all engineering designs.

[bookmark: _3nqndbk]4.2.4 Manufacturability and Sustainability Constraints

Manufacturability refers to the designing of a product in such a way that it can be manufactured efficiently, reliably, and within acceptable costs.  This can include the redesigning of a product to reduce the number of parts it uses, simplify fabrication, or utilize common parts and components. The ability of a system to be produced with as few resources as possible alludes to a system's manufacturability. Design for manufacturability (DFM) describes the process of designing or engineering a product to facilitate the manufacturing process which will reduce its manufacturing costs. DFM allow for potential problems to be fixed in the design phase which is the least expensive place to address them; therefore, manufacturability helps with economic constraints and costs. Some factors that may affect manufacturability include the type of material being used, the form of the material, and secondary processing.
Manufacturability is important for printed circuit boards (PCB). In the PCB design process, DFM leads to a set of design guidelines and steps that try to ensure manufacturability. By doing this, it is likely that production problems may be brought up during the design stage. DFM is constantly evolving. As manufacturing companies evolve and create more and more stages of the processes, the processes tend to become cheaper and more affordable. In the case of the robotic flange assembly, since this design is a machine design, the automatic, repetitive process it does will likely be cheaper than doing so by hand. 

Examining the manufacturability of the robotic flange assembly, the robotic arm will possibly be built off already existing technology. It will consist of soldering and wires connecting to sensors. Additionally, customization of the PCB will also be made to make it compatible with our device. With some simple modifications to the chassis, PCB, components, and source code, this will allow the robotic arm that is manufactured to be capable of holding two flanged pipes together securely and evenly while the bolts are being tightened, tighten two bolts on the flanges simultaneously, and detect and adapt to bolts on the flanges.

Sustainability is defined as the ability to be maintained at a certain rate or level. It refers to the ability of an engineering design to perform under normal operating conditions for a given length of time. While choosing the necessary parts for the project as well as the modifications for them, manufacturing lifetime was considered by trying to choose the most generic components possible with multiple providers to ensure a long manufacturing lifetime. 

Sustainability is a critical feature. Everyone wants the best products made from the best materials and components. “In the United States, many projects funded with government monies are now required by law to incorporate sustainability principles in their design and function.  This is an especially important consideration in the design and construction of large public works such as transportation infrastructure, water and wastewater treatment facilities, and government office buildings [82].” For the robotic flange assembly, the device should be composed of durable and corrosive resistant material; the target material would be steel. Materials like these are extremely robust and ideal for mechanical applications involving strain, stress, and movement. Such materials are easy to obtain, cheap, and sturdy. Additionally, when it comes to motor comparisons, sensor comparisons, software technology comparisons, or other necessary comparisons, it will be determined in a later section what the best materials, components, or programs are necessary to use for this device.

Engineering disciplines are engaged in sustainable design including life cycle analysis, pollution prevention, design for the environment, design for disassembly, and design for recycling. “Training in sustainable practices is valuable for engineering design professionals because it brings these issues to the forefront of design plans and provides engineers and architects with facts that can be used to explain why more expensive options are also be the best options [81].” If this scaled prototype becomes used in an industrial workplace, it is necessary for sustainability constraints to be taken into consideration.
[bookmark: _22vxnjd]5. Project Software Design Details

The software portion of the robotic flange assembly will be developed in the Arduino IDE using C programming and many Arduino libraries. The following sections will describe how the libraries are used. The robotic flange assembly will be referred to as the COBOT in this and in many sections. COBOT stands for collaborative robot and is the system that has been built. We will also refer to three different subsystems: the carriage subsystem, the torque subsystem and the articulation subsystem. These systems help us to better describe the concept. 
[bookmark: _i17xr6]5.1 Software Functionality

The software will have to control three motors to carry out three broad functions: circumnavigate the pipe, interface a socket with a bolt, and tighten a bolt. The carriage subsystem will use an encoder to gather location data and use this data as to drive the COBOT around the pipe to predetermined bolt locations. The articulation subsystem will push and pull the torque subsystem to and from each bolt. Finally, the torque subsystem will tighten the bolt with the socket that is attached to the motor shaft. The rest of this section will discuss each of these functions in greater detail. 
[bookmark: _320vgez]5.1.1 Carriage Subsystem Logic

The carriage subsystem logic is the most important of all of the functions, specifically, the execution of the encoder data handling. To gather positioning data channel A of the encoder is attached to an interrupt enabled pin that samples data every millisecond. The encoder is attached to the carriage motor shaft and sends angular data to two pins through two channels. The encoder contains a disk that has 2,000 partitions that allow light to pass through as pulses to be translated as the data that calculates the angular position. These partitions are known as cycles within the encoder. Two channels are helpful to determine the direction that the motor is traveling based on which is the leading channel. The carriage motor shaft also has a sprocket that supports a chain and is used to pull the COBOT around the pipe as the motor, and sprocket, spins. To determine distance traveled by one revolution of the motor shaft, relative to the pipe, we use the peak diameter of the sprocket to get the circumference and then divide that length by 2,000 to estimate exactly how far the system will move with each cycle. Now we can use this information to decide if the COBOT has traveled the correct distance to the desired location of each bolt that it is supposed to travel to. 
[bookmark: _1h65qms]
5.1.2 Articulation Subsystem Logic

[bookmark: _415t9al]Once the correct distance has been traveled and verified, the articulation subsystem is called to push the socket towards the bolt. The articulation subsystem then waits for the torque system to activate and begin spinning the socket so that the bolt is tightened and then it can pull back the same amount of distance. There must be a small time delay when activating the different poles of the stepper motor, which is the motor for the articulation system, If there is no time delay the motor will not move.

5.1.3 Torque Subsystem Logic

[bookmark: _2gb3jie]Torque subsystem is called for 1 second to spin the socket around the bolt. A current sensor or torque sensor should be used but we did not have the budget for a torque sensor and other methods proved inaccurate. This is something for future generations to improve on. 

5.1.4 Program Execution Flow Chart

Below in Figure 61 is an overview of how the program will operate.

[image: ]

[bookmark: _vgdtq7]Figure 61 – Program Execution Flow Chart
[bookmark: _3fg1ce0]
5.2 Testing

In this section we will describe how we were able to test each subsystem individually and then we will describe how we were able to test our program logic on the floor so that our results are independent from most of the mechanical obstacles we expected to face.  
[bookmark: _1ulbmlt]
5.2.1 Articulation Subsystem

The articulation subsystem will consist of the stepper motor and will have a 3D printed part that will attach to the enclosure for the torque motor by a threaded nut. This will allow the articulation subsystem to push and pull the socket to and from the bolt of the flanged pipe. The distance that needs to be traveled to and from each bolt is 2 inches. Based on the measurements taken by the mechanical engineers of the threaded shaft that passes through the 3D part, 32 revolutions will move the desired 2 inches. During testing we found that the distance of two inches is closer to 30 revolutions. Below is a picture of the articulation subsystem.

[image: https://lh5.googleusercontent.com/5We7x1wDU-KEF7Qc-QrMIWnzIJ9EeXaZv8Na7KrvMjZ_7Hc8qqTm-Y_demHsAs2Dn4wnP4g8fm0yWvJzOaI-XFNxDjBjru8yffTQUPKNwrONO7Kn4_-RXpSVGmLYqPQ9fH3DdPQcysc]

[bookmark: _4ekz59m]Figure 62 - Articulation Subsystem

[bookmark: _2tq9fhf]5.2.2 Encoder Data

To test the encoder data with the logic described in section 5.1.1 we start by connecting the encoder to the carriage motor shaft as shown in Figure 63 below, and read the data using the Arduino IDE. Once we confirmed that logical results were being collected, we tested the logic of searching for a specified location, stopping the motor, and then checking the location again to see if we over or undershoot our target. 
[image: https://lh6.googleusercontent.com/-t7m6cpUN6U800W-fN82QqMzMplkmpOKNPjf97_6A5h8Yz0p0HGzQbJBvxKX-CqGQG_7rYNabNqrxoG7-mClmea4vL3lJX8HV0byE9GIELm12dSZrVdR1AbdU-wXkMwnnH-om8xQgpQ]

[bookmark: _18vjpp8]Figure 63 - Encoder Test Setup
After discovering that we were in fact overshooting our target every time and that the amount we were overshooting varied, we decided to incorporate a proportional integral derivative controller using an Arduino library. This library uses our closed loop feedback to provide stable output by automatically controlling the speed and direction of the motor as we approach or overshoot our target location. We still did not achieve perfect results, but we believe if we have at least one more week of testing we could have made major improvements.
[bookmark: _3sv78d1]
5.2.3 Carriage Subsystem

We discussed the logic in both sections 5.1.1 and 5.2.2 that will be used by the carriage subsystem. Now we will describe how we can easily test our logic in a physical sense as we did the other subsystems. The COBOT will be moving around a large pipe by attaching a chain to a sprocket that is attached to the same motor shaft that the encoder is attached to. Testing our logic for the first time while the COBOT is attached to a pipe would not be useful because we would not easily be able to identify expected behavior versus behavior caused by faulty code because when testing on the pipe we are introducing additional forces (friction, gravity, momentum) that would be more difficult to take into account all at once. For these reasons we decided to use the chain to test the COBOT on the floor by having one person hold one side of the chain and another person holding the other side of the chain. We then rest the chain on top of the sprocket and apply pressure in the downward direction and turn the COBOT on. With the testing method described we were able to measure the actual distance traveled against the expected distance traveled and were pleased to obtain results that were consistent. Figure 64 shows how we set the COBOT up for the floor test with marked locations for testing purposes. The distances we chose were much closer together than we expect them to be on the pipe so that we can simulate the COBOT visiting each bolt without running out of pipe. The table that follows is of our expected values from the encoder location data and the actual results. While these results do not show perfect matches, the error margin was of expected ranges and remained consistent amount several test cases. 
[image: ]
[bookmark: _280hiku]
Figure 64 - Floor Test
[bookmark: _n5rssn]Figure 64 illustrates the test setup we used to measure expected distance traveled while the COBOT is safely moving along the floor as opposed to the more rigorous pipe testing process.

Table 24 - Encoder Data

	Bolt
	Expected Encoder Data
	Distance
In inches
	Actual Encoder Data
	Distance
In inches

	1
	0
	0
	0
	0

	2
	1050
	3.5
	1032
	3.88

	3
	1600
	6
	1552
	5.84

	4
	2800
	9.5
	2858
	9.72

	5
	3950
	11
	3886
	10.76

	6
	4400
	14.5
	4423
	14.63

	7
	5450
	17
	5441
	16.65

	8
	7250
	20.5
	7241
	20.49




Table 24 shows the encoder data that relates to how many cycles have been completed and how far in inches the COBOT is expected to travel after the completion of the expected cycles.  The left values are expected values and the right values are actual results. There are 2000 cycles per revolution. 
[bookmark: _375fbgg]

5.2.4 LCD

We will use an LCD display to allow the system to wait for the user to press start after powering on the COBOT. The original plan was to use the LCD as a more interactive experience for the user that included the user entering data such as pipe size, class, and number of bolts but by the time the final design was delivered, the ECE team had far less time to test the system as expected and the LCD was serving a much larger purpose by displaying system data that aided the team in troubleshooting and verification testing. This did not impact the requirements because the interface that we planned to gather user input was always intended to serve as a placeholder for future generations to implement. Furthermore, the computer science team incorporated a full user interface in the simulation that was produced for the COBOT.

After the user applies power to the system the COBOT begins execution immediately, therefore we need to use the LCD display to wait for a button press from the user before beginning the bolt tightening process. After the user presses start the COBOT will begin tightening the first bolt and as the program continues the LCD will display system information such as what bolt was found, how many cycles have been completed, what subsystem is currently active, and when the COBOT has completed. A sample of this output is shown in the figure below.

[image: ]

[bookmark: _1maplo9]         Figure 65 - Sample Output
[bookmark: _46ad4c2][bookmark: _2lfnejv]6. Final Design 

This section represents the final status of our Robotic Flange Assembly Project. We will first give an overview of the design. Then we will discuss the final hardware components that have been selected. We will then explain in greater detail how these components will be integrated into the overall design. We have included a schematic design and a PCB design that is derived from the schematic design. The PCB design is expected to be the first PCB ordered for senior design II. Final component selection in this section takes precedence over any parts claimed as a final selection that is mentioned before chapter 6.

[bookmark: _10kxoro]6.1 Official Prototype Overview

Being an interdisciplinary group has brought on many advantages. Since we have the pleasure of working with several fields of study, we have been able to come up with several designs that have been vastly different from each other. From the beginning The Mechanical Engineers have been tasked with the most substantial aspect of the final design. The development of the final concept for the design is documented in detail from the Mechanical Engineering standpoint and is not part of this report. The prototype that showed the most promising outcomes to better facilitate users in the workforce is shown in Figure 66.

[image: ]

[bookmark: _3kkl7fh]Figure 66 - SolidWorks Prototype

The figure shown above is what the SolidWorks’ representation made in collaboration with our Mechanical Engineer colleagues. However, since we remain in the early faces of the designing portion for our project this prototype can be altered in next semester’s Senior Design course continuation.
[bookmark: _1zpvhna]6.1.1 Final Design Details

Not featured in the SolidWorks prototype design is how the mechanism is expected to fasten to the pipe. There has been mention of a carriage in previous sections of this paper, but the details have been hidden. The materials relevant to the carriage component are discussed in more detail by the mechanical engineers and are not included in this paper. However, here we will give a description of the general idea and a bit of the motivation behind it. Early on, it was realized that we will need a carriage that will traverse across the surface of the pipe to be able to access each nut and this carriage shall carry the system. To do this, the team envisioned a system in which a belt is placed along the circumference of the pipe. There will be a small amount of the belt being pulled on a shaft within the carriage. This closed system will be able to hold the carriage so that it is normal to the pipe surface, through the tension forces of the belt, as demonstrated in Figure 67.

	
[image: ]

[bookmark: _4jpj0b3]Figure 67 - The Belt Fastener
[bookmark: _2yutaiw]
6.2 Hardware Component Overview

As we undergo on our project’s wants and needs, we have made multiple hardware changes from what we have researched and discussed in previous sections throughout this report. Due to sudden design changes we are now considering the Arduino Mega 2560 controller. This change was due to the promising complexity of the project, the requirement for more I/O ports, and storage space. This Arduino features an operating voltage of 5 Volts, a limit input voltage that ranges from 7 to 20 Volts, 54 digital I/O pins, 256KB of flash memory and a clock speed of 16MHz. Besides the main head unit, we will be adding multiple inputs. Those inputs included will be rotary sensors, a wireless Bluetooth sensor, an ultrasonic distance sensor, and a pushbutton. The outputs will be the three motors and an OLED display.
[bookmark: _1e03kqp]6.2.1 Power Supply

The predominant load for our robot’s power supply comes from the large E-30 motor used to tighten the flange bolts. The motor has a peak voltage usage of 24 Volts at 5600 RPM. However, the motor can also operate at a lower voltage when using a lower RPM. For example, at 12 Volts, the motor will operate at 2800 RPM [91]. This allows the power quantity to be raised or lowered depending on the specifications given by the mechanical engineers. For the sake of our initial design we will be using 12 Volts for our larger motors in order to get a baseline functioning model of the prototype. This 12 Volt supply can be created by putting batteries in series that total 12 Volts. By doing this, it would allow us to buy cheaper batteries and make our power supply less heavy and bulky. For our design we will use 8 AA batteries in series to create our power supply. Each AA battery supplies 1.5 V [92].
[image: Image result for 8 x AA 12V Battery Holder with batteries]

[bookmark: _3xzr3ei]Figure 68 - 12 Volt Power Supply Using 8 AA batteries
[bookmark: _2d51dmb]
6.2.2 Arduino Mega 2560

We’ve selected the Arduino Mega 2560 as our major control device. This model is a microcontroller board based on the ATmega2560. It’s better suited for more complex projects such as robotics because of all the I/O capability and space on the board. The Mega 2560 board has 54 digital input/output pins (of which 15 can be used as PWM outputs), 16 analog inputs, 4 UARTs (hardware serial ports), and a 16 MHz crystal oscillator [93]. As well, it has an optimum input voltage of 7-12 Volts and can be powered by USB connection or battery connected power jack. 


[image: Image result for Arduino Mega 2560]

[bookmark: _sabnu4]Figure 69 - Arduino Mega 2560

[bookmark: _3c9z6hx]6.2.3 AmpFlow E-30 Motor

For our main torqueing motor, we’ve chosen the AmpFlow E30-150. This motor would supply the necessary torque at a modest price that fits our budget. The motor has a peak voltage usage of 24 Volts at 5600 RPM. However, the motor can also operate at a lower RPM when using a lower Voltage. For example, at 12 Volts, the motor will operate at 2800 RPM [91]. This allows for variable torque while using a smaller battery which would lower the overall weight of our design. This model of motor is also lighter than all the other DC motors provided by AmpFlow. The mechanical engineers have justified the selection of this motor in greater detail in technical memos that are required as part of their unique milestones. As a team we have agreed that our main role as the ECE team is to solve the problem of how to power and how to control the motor as selected by the mechanical engineer team. Although we have provided research of our own for motor selection, it was realized that the topic is deeply mechanical and have accepted the final motor selection as presented here. The documentation to reference the mechanical engineer’s justification is a current work in progress but available upon request. The AmpFlow motor is pictured in Figure 70.
[image: http://www.ampflow.com/E30-150_N.JPG]

[bookmark: _1rf9gpq]Figure 70 - AmpFlow E30-150
[bookmark: _4bewzdj]
6.2.4 OLED Display

We will be using an OLED Display Module that can be connected to our Arduino in order to display the status of the board as a torqueing program is being ran. The display only requires 4 pin connections to the Arduino and would provide a useful diagnostic tool while the program is running, all while being relatively cheap [94]. We will be using the Geekcreit 0.96-inch 4 pin white I2C OLED module as our display. This model is basic and would fit well into the budget, while being simple to connect. After proper connection a message can be displayed to the user like, for example in Figure 71, which will verify any settings the user may set. As a bonus, this will be a helpful debugging tool during the development of our design! The pin connections for our board to the display is detailed by Table 25.
[bookmark: _2qk79lc]Table 25 - Arduino to OLED PIN connections

	OLED
	Arduino

	GND 
	GND

	SCL 
	2560 pin 21

	VCC 
	5V

	SDA 
	2560 pin 20



[image: ]

[bookmark: _15phjt5]Figure 71 - Geekcreit 0.96-inch 4 pin white I2C OLED
[bookmark: _3pp52gy]
6.2.5 Ultrasonic Distance Sensor

For our distance sensor we chose the Parallax PING Ultrasonic Sensor as our distance sensor. This sensor is lightweight, easily mountable, and relatively low cost. The sensor uses sonar to send an ultrasonic pulse from the unit and distance-to-target is determined by measuring the time required for the echo return. Output from the Ping sensor is a variable-width pulse that corresponds to the distance to the target [95]. It provides precise, non-contact distance measurements within a 2 cm to 3 m range. It also has a very low power consumption, operating at 5 volts and 20 mA. The three-pin header also makes the sensor good for connecting to the Arduino and breadboard testing. The ultrasonic sensor, pictured in Figure 72, will use predefined measures of expected distance and use this information for decision-making. The ultrasonic sensor will be helpful in detecting certain failures that will mainly be considered as unlikely edge cases. For example, if distance is detected to be out of range, an event that should not occur based on the given design, it could mean that the carriage has come off its track, or that there is some failure in alignment. In those cases, it would be imperative that the user is alerted immediately. In addition to its usefulness, the replacement of this component will low cost. The position of the ultrasonic sensor is expected to be in alignment of where the bolt is positioned. The idea will be to detect the slight rise from the head of the bolt. The difference in distance this creates is expected to be within the threshold of the sensor’s sensitivity. In the case that the sensor fails to work for its use case, it will be repurposed to simply check that the carriage is not disengaged from the torque tightening system. 
[image: ]

[bookmark: _24ufcor]Figure 72 - Parallax PING sensor
[bookmark: _jzpmwk]
6.2.6 Rotary Encoder

We selected the WGCD 8 Pc KY-040 360 Degree Rotary Encoder Module, pictured in Figure 73, as our sensor in order to monitor the data given back from our motors. This will give us torque monitoring by sensing the velocity of the motor and giving feedback to the user. The knob on the module allows for rotor control so the rotary encoder can be counted in the positive direction and the reverse direction during rotation of the output pulse frequency [96]. The sensor is also light weight, reasonably priced, and easily connectable to our Arduino. 
[image: ]

[bookmark: _33zd5kd]Figure 73 - WGCD 8 Pc KY-040 360 Degree Rotary Encoder Module
The rotary encoder module will refer to predefined values for torque when monitoring data and giving feedback about the data. For example, one of the required guidelines in applying torque is that only 30% shall be applied to each bolt in a specified pattern, and then with a second iteration of the same pattern apply 60% and then finally on the final iteration of the specified pattern apply the remaining torque which will result in 100% of the defined torque. The monitoring of data becomes extremely useful here and makes programming this behavior a task that will be well defined and easy to debug.
[bookmark: _1j4nfs6]
6.2.7 Push Button Switch

A push button encoder is being used to engage the components of our prototype. This button uses three wires to connect to the board. The first goes from one leg of the pushbutton through a pull-up resistor to the 5-volt supply. The second goes from the corresponding leg of the pushbutton to ground. The third connects to a digital I/O pin which reads the button's state [97]. 


[image: https://www.arduino.cc/en/uploads/Tutorial/PushButton.jpg]

[bookmark: _434ayfz]Figure 74 - Push Button Connected to Arduino

Above, Figure 74 pictures the push button as it will be connected to our control device. This little button is very powerful as it allows us to define behavior with movement and it provides instructions that are readable by the machine. These instructions are saved and repeatable. Without this button many of lines of code must be written and tested and rewritten until the desired position is properly met. A push button encoder is a way of automating some of the process for the programmers involved. 
[bookmark: _2i9l8ns]6.3 Hardware Design Overview

The control device, in this case our Arduino Mega 2560, is the brains of our project. The Arduino will have many inputs and outputs as mentioned in the section above. In order to have the microcontroller communicate with those inputs and outputs we will have to wire them together. In the next few sections we will be demonstrating how we plan to integrate them to make sure we provide the proper control to the robot.

[bookmark: _xevivl]6.3.1 PCB Schematic

Besides software being the one instance to give the COBOT meaning, energy and control is the one to give it life. This project had a complete turnaround in our second semester which made the electrical side quite challenging. For the project, we had to incorporate a PCB, Printed Circuit Board, that would supply all the controls and connections aspects of the COBOT. The Electrical Engineer’s main task was to design, assemble, and test the PCB. There were two PCB revisions made for this project. The first revision had most of the components needed for the COBOT to function. However, we encountered some issues along the way when communicating with the MCU. In addition, the footprints chosen for the input pins were too small. Nonetheless, going through a second revision was needed since we had to add last-minute components and correct our mistakes made in the first revision. The “heart” of the COBOT lies within the circuit board’s schematic shown in Figure 75.

[image: https://lh4.googleusercontent.com/QH5UyeLGPOCwrY5BEerh-o6R_2QltWEu8HGYZ_fLpAdBIxHTkrDOr_12msR5YxKqbTakDpDkpk087mT0aWeICTE_9digALmXDW11gt5i14WvI4Gn0LOCAuEbBTLw0HlGdzj6KzejFY29NLFCuQ]
[bookmark: _3hej1je]Figure 75 - PCB Schematic
The schematic shows all the main components and connections that will be included in the PCB. For example, the one that drives the software in this system is not only but an Atmega2560 microcontroller. This microcontroller was chosen due to the fact of having more than fifty input and output pins. A microcontroller with these many pins was needed due to all the connections needed to be driven by our software. In addition, the ATmega can support an external 16HZ oscillator crystal which was added to provide optimal performance. To communicate with this microcontroller, we added an Arduino ICSP header, In Circuit Serial Programming, with the purpose to translate our programming software to the microcontroller driving our PCB. Another important feature added into the PCB was a reset button in case of a possible hard reset made to the MCU while troubleshooting. Going into bigger circuits, two voltage regulators were included in order to step down the voltage, supplied by one of the Lithium ion 18V batteries, into something more phase able that can operate with the entire components within the PCB. Therefore, a DC to DC converter was used since it allows us to step down the voltage from 18V to 5V. A second voltage regulator was added for the main purpose of supplying the peak voltage excitation of 9V to the strain gauge. In the beginning of the semester half of the team was inclined to add a separate detachable 9V battery. However, while having the luxury of incorporating a PCB we decided that it was simpler and more reliable to include a DC to DC converter rather than depending on a remote battery that might need changing occasionally. Lastly, due to the probability of noise distortion another circuit was designed. The signal transmitted from the strain gauge alone was too small. Therefore, the circuit’s purpose is to amplify the signal being transmitted from the strain gauge while using an op amp.

[image: A circuit board
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[bookmark: _1wjtbr7]Figure 76 - PCB Layout
[bookmark: _4gjguf0]As for the finalized version of this project’s PCB, we sent out the layout shown in Figure 76, to the manufacturer and solder it as needed.  
[bookmark: _2vor4mt]7. Administrative Content

Engineering and design efforts require careful and concise administrative planning to be successful. Certain administrative tasks must be created and fulfilled to facilitate and distribute the orderly and timely creation of the system. Each group member is expected to serve as an administrator to the project, handling and acquiring full administrative responsibilities such as adhering to milestones, balancing budgets and finances, management, and maintaining organization of the project.

Administrative responsibilities are extremely important when it comes to engineering. Having milestones ensure that specific tasks for a project are getting completed in a timely fashion and having a certain budget set ensures that there is no overspending on a project. For engineering products to be successful, administrative responsibilities are key.

This section of the report discusses the administrative management portion of the project. It discusses the planned schedule and timeline of the project in the Milestones section. Additionally, it will show and discuss the financial and budget plans as well as the overall cost of the Robotic Flange Assembly in the Budget and Finance section. This section of the report will examine and compare the planned completion dates with the actual completion dates as well as the planned budget with the actual spent budget.
[bookmark: _1au1eum]
7.1 Milestones Conclusion

Milestones should represent a clear sequence of events that incrementally build up until the project is complete. Milestones show important achievement in a project; they are a way of knowing how the project is advancing with zero duration. Milestone start and end dates depend on the actual task's start and end dates; task association is a major feature of a milestone.

When the schedule is being planned, having several project milestones at once is beneficial. From there, we can estimate the completion date and compare it with the actual completion date. The milestones dates were set based on corresponding tasks in accordance with each of the team member's responsibilities. For this project, the milestone dates for Senior Design I were set based on the concrete due dates of each corresponding task, solely based on the entire groups research and familiarization with the system’s components. The milestone dates for Senior Design II will be set in the future, solely based on the design and functionality of the system developed by all group members.

Displayed in Table 26 below compares the initial predicted milestone deadlines with the actual milestone completion dates. Additional tasks have been added to the Milestone Deadline Comparisons Table as they displayed high importance and responsibility for being set as a milestone. As illustrated below, the comparisons between the two sets of dates are extremely correlated with one another. Additional changes have been represented with italicized font.
[bookmark: _3utoxif]Table 26 - Milestone Deadline Comparisons

	Senior Design I Task List
	Predicted Due Date
	Actual Completed Date

	Project Ideas
	08/24/18
	08/22/18

	Project Selection
	09/14/18
	09/10/18

	Assign Member Roles
	09/28/18
	09/27/18

	Initial Divide & Conquer
	09/14/18
	09/14/18

	Divide & Conquer Revision
	09/28/18
	09/26/18

	60-page Submission
	11/02/18
	11/02/18

	100-page Submission
	11/16/18
	11/16/18

	Final Document
	12/03/18
	12/02/18

	Order & Test Parts
	01/07/19
	12/03/18

	Component Research
	11/16/18
	11/16/18

	Acquire Components
	11/19/18
	11/16/18

	Circuit Design & Integration
	11/26/18
	11/28/18

	Senior Design II Task List
	Predicted Due Date
	Actual Completed Date

	PCB Layout Design
	12/03/18
	12/02/18

	Build Test Prototype
	01/07/19
	11/20/18

	Testing & Redesign
	02/25/19
	03/15/19

	Finalize Prototype
	03/20/19
	04/08/19

	Peer Presentation
	02/08/19
	02/08/19

	Final Report
	04/22/19
	04/22/19

	Final Presentation
	04/15/19
	04/11/19




As displayed in Table 26 above, almost all the milestone completed dates were done before the predicted due date. Therefore, the milestone achievements for the robotic flange assembly have consistently been done on time most of the time. Component research, acquiring the components, circuit design and integration, and PCB layout design were all additions to the milestones table as well. Each of these milestones discovered throughout the Senior Design I process served as great importance to the completion of the robotic flange assembly and were necessary to be set as a milestone. Each of these milestones are extremely critical and important in helping determine the success or failure of the robotic flange assembly.


[bookmark: _29yz7q8]7.2 Budget and Finance Conclusion

For the robotic flange assembly, Siemens granted us a sponsored donation of $1200. The sponsored donation of $1200 must be distributed across four teams consisting of sixteen people; the electrical and computer engineers (four people), the mechanical engineers (six people), the industrial engineers (three/four people), and the computer science programmers (three people). Having a budget of only $1200 being dispersed amongst sixteen/seventeen people creates a huge design and budget constraint for the creation and implementation of the project. Not having enough finances can result in having to use fewer durable materials, the possibility of not having the system completed in time or having to reduce the number of components for the system so that budgets and finances can be met, therefore possibly affecting the overall design goals of the robotic flange assembly.

To construct, design, program, and wire the robotic flange assembly, many components are needed throughout each discipline. Some of the major necessary components for the electrical and computer engineers include a PCB, power supply, an MCU, and much more. These necessary components will be used to power and program the robotic flange assembly to perform all necessary functionalities.

Displayed below in Table 27 is an updated, more precise version of Table 2. The team realized that $1200 was not going to be enough to complete the project. Therefore, the accountant of the team reached out to the sponsor and was able to get $300 to be allotted to the team for necessary material needed for the remainder of the project. In Table 27, shown below, the budget was divided by supplier. The entire cost of the project was $1,628.15.
[bookmark: _p49hy1]Table 27 - Budget for ECE Components

	Supplier
	Actual Cost

	Adafruit 
	$39.26

	Amazon
	$208.27

	Arduino
	$36.44

	Arrow
	$52.28

	CPO Milwaukee
	$238.00

	US Digital
	$89.77

	McMaster
	$457.77

	Omega
	$72.00

	DigiKey
	$235.31

	JLCPCB
	$23.68

	Mouser
	$9.37

	Skycraft
	$38.00

	PCBWay
	$128.00

	Total Cost
	$1,628.15




[bookmark: _393x0lu]7.3 Division of Labor

Since the robotic flange assembly is an interdisciplinary project that merges four different types of disciplines to work together, having tasks divided up amongst members is crucial. Since this is an interdisciplinary project, it is hard to keep up with which discipline is doing what, especially when the tasks go into further details. In a large scope, there are four main divisions of labor that correspond with the four different disciplines working on the robotic flange assembly. These four divisions include software and simulation, power and control, mechanical and physical design, and ergonomics for safety and measurability. For the electrical engineers, computer engineers, and computer science programmers, software and simulation and power and control are the main divisions of labor for those disciplines. For the mechanical engineers, power and control and mechanical and physical design are the main divisions of labor for those disciplines. For the industrial engineers, ergonomics is the main division of labor for that discipline. 

For the electrical and computer engineering portion of the robotic flange assembly, there are many different divisions of labor to account for. Underneath the power and control and software and simulation divisions lie tasks in much more detail. These tasks include the PCB layout assembly, testing motor controls, power configuration, and control devices. The CpE and EE members Viviana, Cassidy, Tony, and Alana will be responsible for each of the mentioned divisions respectively.
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[bookmark: _1o97atn]8. List of Acronyms

Table 28 is a list of acronyms that have been used throughout this document.
[bookmark: _488uthg]Table 28 - List of Acronyms

	Acronym
	 Full Text

	AC
	 Alternating Current

	AI
	 Artificial Intelligence

	API
	 American Petroleum Institute

	ASME
	 American Society of Mechanical Engineers

	ASTM
	 American Society for Testing and Materials

	CPU
	 Central Processing Unit

	DB
	 Dual Bearing

	DC
	 Direct Current

	DM
	 Direct Mount

	ECE
	 Electrical and Computer Engineering

	EPROM
	 Erasable Programmable Read-Only Memory

	ESA
	 European Sealing Association

	FSA
	 Fluid Sealing Association

	HMI
	 Human Machine Interface

	HRI
	 Human-Robot Interaction

	I/O
	 Input and Output

	ID
	 Inside Diameter

	IEEE
	 Institute of Electrical and Electronic Engineers

	MCU
	 Microcontroller

	ME
	 Mechanical Engineering

	NPS
	 Nominal Pipe Size

	OD
	 Outside Diameter

	OLED
	Organic Light-Emitting Diode

	PCB
	 Printed Circuit Board

	PLC
	 Programmable Logic Controller

	POC
	 Person of Contact

	PROM
	Programmable Read-Only Memory

	PSI
	 Pounds per Square Inch

	PSIG
	 Per Square Inch Gauge

	RAM
	 Random-Access Memory

	ROM
	 Read Only Memory

	ROS
	 Robotic Operating System

	RPM
	 Rotations Per Minute

	SB
	 Seal Bearing

	SDR
	 Software Defined Radio

	SLAM
	 Simultaneous Localization and Mapping

	VREP
	 Virtual Robot Experimentation Platform

	USB
	 Universal Serial Bus
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Figure 6: Components of Absolute Encoder





image53.png




image54.png




image55.png




image56.png




image57.jpg




image58.png
£ Welcome

OOP Design.fzz - Fritzing - [Breadboard View]
B Breadboard A Schematic 5 PCB

<> Code Parts
Q coreParts

CoRE. s5sc

Inspector’

[l

Add anote Rotate

(X547, 2500)in

88%

WX




image59.png
ing - [Schematic View]

=

o
=)

EEETR - e

Power plug)

0
Tha
Inspector

fritzing

0O . &

Add anote Rotate Autoroute




image60.png
®ce OOP Design.fzz - Fritzing - [PCB View]

£ Welcome wv Schematic <> Code Parts x
Q Arduino

BEw=

Pouer plugl 0 ooy I -

E§=18

o

. .
© = i i 0 .
o o

Tnspector P
PCB1
v

peat
locaton 0.696 - -0.259 & in
rotion 0.0 degrees

Locked  Sticky
famiy  plainvanila peb

Rectangle
shape  width(mm) 108.2

height(mm) 3.7

load image file




image61.png
L HS HWw

EEaaaaee -+ 0| @ sm

+ L =09 N

YOOUEBL S

Ao

Layer: | [l 91 Nets

X 7 She...

0.1inch (0.2 9.6)

QA 4% E R

Resources and example files are opened in read-only mode. Choose File->Save As... to save changes to this document.

[SNEISULS

o





image62.png
@D EasyEDA o 9~ ©- @0k K B P B o D v [ p—
B Start {0 *Senior Design ... Selected Objects 0
B [ S B [N B 2N 2N Canvas Attributes
Supply Flag Wiring Tools —  Drawi... —

Background | 4FFFFFF
LENELESD @S vebeoid | ve A

=y E X e B V@ erscaor yecccee
>T | cusye e ¢
3= E 20 cuse s
Design VWV >0
Manager = Snap Yes +
,_L g Q= Snap Size 5
Q or
E e
ol —
@ T 5 Mooy 355
= MouseX 532

scrcs

ous|

i

-

Power Supply

R
L

o]

| *sheet1 |+





image63.png
) s standaras store





image64.jpg
4 subg Other
""" nelations

s
P Greramarrar| 1,
spiem >®

T ¢_raion
s [
Zy
P TR o e
— — ey s





image65.jpg
e

wae

e

IEC 61508 — 15012100~ Risk
| Functional safety

[enisot3ess-1:2008 | o [ iecea0e1:2005 |

150 10218-2 - Robot System/Cell





image66.png
Task Human and robot
escription parameters

Selection

Parameters set #1

Parameters set #N

controller B

Dynamic simulation

Robot
controller

Strength
tion

Indicators set #1

Indicators set #N

Influential

S
o

parameters

Relevant

indicators





image67.jpg
Life Cycle

29151
38500

Governance

26702

90005

| | 24765 T

}  Vocabulary Enginsening

|| 24774

i B 24748

v- BOK and MLlfe Cycle

1 ant f 1 5289 Janagement
EFrMesshnallsmi 15910

|| 19759 | i 18019

| “swesox_ | 26511 || 29148 | | 15026
| 24773 | 1] | 28212 || 42010 | | 16085
| 291 54 i 26514 !Zo:ézg;lm Risk and
| Certffication | o re it

. 3535, 5806
5807, 8631
8790, 11411

12182, 14759

14102, 14471 10746, 13235

Assessment and
Certification Charactenstics
15504 9126
29169
— 14598
90003 Assessment 14756
20000 Setyars
15271 24780
90006 25000
Sofware )
Engineering T Service (3 ¥as)
Management
Software
197701 Qualty
SQuaRE
29110 Asset Mgmt K143
Yo rgrf":’e”s 19761
20926
20968
24570
29119 14764 16326 15939 29881
Testing  Sofware Project | 29155 Software Functional
Maintenance Management M— Size Measurement
leasurement

Process Implementation
and Assessment

8807, 15437

15940, 18018 14750, 14752 19501, 19505
23026, 29118 14753, 14769 15909, 19793

24766

14771, 15414
19500
19770-2.3

24744




image68.png
—> Sensor

|—

| €——Yes = Move to final Check

Tightening

Pre-condition not met; recheck

—Relay data

Pre-condition

Everyting is aligned; process start

Measurement

Check

I Y

Start torquing-

Passing parameters

L.

Storage

No = Move

to next bolt

Movement [-—

Calculation





image69.jpg




image70.jpg




image71.jpg




image1.jpg
 vers0B00B 87PVC TYPE 1 SCH 40 Nsawy ASTM D 2665 1 pyc 1120 PR 1

kP 1 PE A

o WA S W2V AR A3 o A5 MW |0 CHERLOTTERIPE LM CH{ZIY:’—?LO :

e





image72.png
EE}B&TE%%%&
cucles comnple
e

\: 33 —

|

2@
S /%




image73.png




image74.png




image75.jpg




image76.jpg




image77.jpg




image78.png
Hello, world!





image79.png




image80.png




image81.jpg




image2.png
TOP POWN View
mofoy

TOED





image82.png
Robotic Flange Assembly

Aoz

i





image83.png
¥IAINQ ¥3dd3lS

Gauge Mator Cantrotters
= & o
Q00! oo} 000000
s PWAL duohn Pwwz l
35545 o¥a°
i e =
pre o
o o
v 2]+
Leos o) -

o

Rabatic Arm Flange
UCF = Spring 2019

Sanzales Pascual
il 1, 2618

©

ENCODER  EXTRA 1D PINS

BATTERY





