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Executive Summary
Tactile graphics and Braille are an essential component to making education accessible to the visually impaired.  Currently there are several methods of producing tactile graphics, the most commonly utilized method is the embossing of Braille paper by solenoid activated pins. What this actually entails is altering the surface of a particular substrate or paper stock by providing a three dimensional or raised effect on selected areas. The Resource Center for Persons with Disabilities (RCPD) on MSU’s campus currently preserve two tactile graphic embossers that produce pictures, charts and drawings to assist blind students in their studies. The downfall to these embossers however, is that the images that it produces are quite frail and are eventually pressed down after repeated use which in turn makes it difficult for a blind student to identify the image. The team completed the task of designing, building and implementing a specialty printer capable of producing 11x17in tactile maps and additional graphics, which will provide immense assistance in helping blind students at MSU and a school for the blind in India in seeking their education. 

Acknowledgements
Mr. Stephen Blosser: As the team’s sponsor from the RCPD of Michigan State University, Mr. Blosser gave vital assistance and inspiration for the project. He introduced the team to the field of assistive devices and demonstrated how everyday tasks taken for granted can be extraordinarily difficult for persons with disabilities.
Hassan Khalil: As the team’s facilitator, Dr. Khalil helped the team stay on track by holding weekly meetings to ensure the group’s success. We appreciate all of the time that he set aside during semester to listen to our progress and critique our presentations and technical reports. 
Lansing Makers Network: The Lansing Makers Network provided an open and creative space to build and test our project, along with all the tools we needed to build our mechanical kit. The Makers Network also provided us with spare parts which saved the team money.  
Greg Mulder and Brain Wright: Greg and Brian helped us obtain tools to build our mechanical kit; they also supplied us with small components such as wire and screws.  
Table of Contents

Chapter 1: Introduction and Background
1
1.1 Michigan State University - RCPD
1
1.2 Design Project Overview
1
1.3 Current Devices Available
2

1.4 Design Objectives
3
Chapter 2: Exploring the solution space and selecting a specific approach
4
2.1 Function Analysis
4
2.1.1 FAST Diagram
4
2.1.2 House of Quality
5
2.1.3 Gantt Chart
7
2.1.4 Budget
10
2.2 Conceptual Designs
11
2.2.1 Subtractive Manufacturing
12
2.2.2 Additive Manufacturing
12
2.2.3 Final Design
13
Chapter 3: Technical Description of Work Performed 
14
3.1 Hardware Design
14
3.1.1 Frame
14
3.1.2 Extruder
14
3.1.3 Heated Build Platform (HBP)
15
3.1.4 Power Supply, Arduino MEGA 2560, and Stepper Motors Connections
17
3.2 Software Design
19
3.2.1 CAD Tools
19
3.2.2 CAM Tools
20
3.2.3 Firmware
23
Chapter 4: Final Product Evaluation
25
4.1 X and Y-Axes Home Location
25
4.2 Z-Axis Initial Height
25
4.3 Heat Bed Temperature
26
4.4 Final Testing Conclusion
27
Chapter 5:Conclusion
29
5.1 Final Cost
29
5.2 Schedule
30
5.3 Future Enhancements
30
5.4 Conclusion
30
Appendix 1: Design Team Composition and Responsibilities 
32
Caroline Kerbelis: Team Manager
32
Bryan Cotton: Webmaster
33
Martez Steverson: Lab Management
34
Maram Sulimani: Presentation Preparation
35
Eman Aljabr: Lab Management
36
Changging Yang: Documentation Preparetion
37
Appendix 2: References 
38
Appendix 3: Technical Attachments 
40
Chapter 1 - Intro and Background
1.1 MSU Resource Center for Persons with Disabilities (RCPD)

The Resource Center for Persons with Disabilities, also known as the RCPD, is an organization on Michigan State University’s campus whose primary goal is just as its name suggests, help persons with disabilities. Its mission is to lead Michigan State University in maximizing ability and opportunity for full participation by persons with disabilities. The RCPD aspires to accomplish this goal with the following acronym which summarizes its functions:

· Assess and document disability, academic, and workplace needs

· Build and facilitate individual plans for reasonable accommodations

· Link individuals with technology, education, and resources

· Extend independence through auxiliary aids, disability-related information, and self-advocacy

The RCPD adheres to its philosophy that disabilities need not preclude the achievement of goals and dreams, but instead warrant a greater level of creativity, commitment and a repertoire of compensatory techniques. Thus, the team of professionals affiliated with the RCPD is driven by the task of fully integrating persons with disabilities throughout the university mission, programs and services by providing resources to assist both students and visitors with the necessary resources. An objective which reiterates the RCPD’s belief that persons with disabilities at MSU are just as much in control of their educational/work experience as anyone else.  
1.2 Design Project Overview

During the Spring Semester 2014, the ECE 480 Design Team 8 was constructed of six individuals that possessed the desire to make a positive impact on a community of persons or organization using the skills and knowledge obtained throughout their educational experience at Michigan State University. The Resource Center for Persons with Disabilities provided the perfect opportunity with the specialty tactile graphic printer project. The design and successful implementation of this specialty printer capable of producing tactile graphics, maps, charts and drawings will provide visually impaired students on campus with further assistance in their studies and integration into “life on campus.” This printer is designed to accommodate a much bigger printing area to create 11x17in tactile graphics and maps and will utilize a plastic material which will increase durability to prevent the images from eventually being pressed down after repeated use. The overall device will also be much more cost efficient as this printer will cost a fraction of the price when compared to the current embossers being used for these purposes by the RCPD. Overall, the goals of this device are intended to improve the quality of educational resources available to blind students with a more durable and efficient printer at an affordable price.

1.3 Current Devices Available

Current devices available include embossers and 3D printers. The RCPD currently use embossers to create charts, graphs and drawings to help blind students in their studies. However, these embossers are not of high quality as the images they produce are not durable. Since the process of embossing involves creating a raised effect on Braille paper which essentially creates the “bumps” the visually impaired individual can feel, the “bumps” are eventually pressed down after continuous use due to the delicate material and the integrity of the image is compromised. In addition to its durability issues, the embossers are also very expensive in which case they can typically cost anywhere between $20,000 and $50,000 apiece. 3D printers currently available do not provide the necessary printing area size to accommodate the production of large tactile maps and are often used instead to create 3D models as opposed to tactile graphics. Available 3D printers are also quite expensive with prices upwards of $2,500. Displays of both an embosser and 3D printer currently available on the market are found below in figure 1.3a and figure 1.3b, respectively.
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     Figure 1.3a: Juliet Braille Embosser                                    Figure 1.3b: MakerBot Replicator 2X
1.4 Design Objectives                                                                                                     
Stephen Blosser of the RCPD, assigned the team the responsibility of designing a specialty tactile graphic printer that can be used to create tactile graphics and maps for visually impaired students on MSU’s campus. The primary requirements of this device include: 
· Low cost: For this design to be considered a success, the final printer must cost well below current commercially available devices such as embossers and 3D printers. We will aim to keep our design under $1500 USD in an effort to meet this requirement. This requirement is of the utmost importance.


· Durable final product image:  The tactile graphic image that the printer produces must be able to withstand repeated use over a period of time. Paper will not be sufficient for our purposes. The material that the graphic is comprised of must be a type of plastic.
· Large image (11x17in): The end result image created must be large enough for users to distinguish various lines and shapes as well as scale and various object heights. While we do want a large image, we still want it to be portable for ease of use by the end user.
Chapter 2- Exploring the solution space and selecting a specific approach
2.1 Function Analysis 

The purpose of this capstone design project was to construct a specialty printer that is capable of creating tactile graphics and/or maps to be used as resources by blind persons at Michigan State University. The end result will produce a long-lasting tactile graphic image that can withstand repeated physical stress over an extended period of time. The team created a list of objectives that must be satisfied to deem the project successful. Those objectives were low cost, durable final product image, and a large image. All of these objectives were met. The team also had a list of desirable objectives that included voice feedback, easily reproducible printer design, and elastic deposited material. Of the desirable objectives, one was met. 
2.1.1 FAST Diagram

The Function Analysis System Technique (FAST) Diagram (below in figure 2.1.1a) is a way to show all of the functions that the 3D printer can complete.  This diagram moves from left to right dealing with the main function first and transitioning to the primary function and finally the numerous secondary functions following the primary.  The main function of this system is to assist blind students.  The next column shows the different primary functions that are needed for the primary function to work.  The next subsequent columns are secondary functions that describe how the primary or secondary functions will be achieved.  This FAST diagram is an easy way to visualize the basic functions of the system and how they rely on one another.  To achieve the objective of allowing visually impaired users to “feel” images, the FAST diagram outlines paths needed to succeed. The FAST diagram clarified sequence of individual task that Team 8 needed to accomplish to allow visually impaired users to feel an image printed by a tactile graphic printer.
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Figure 2.1.1a: Fast Diagram
2.1.2 House of Quality 

Six Sigma is a systematically driven approach that companies use to strategically prioritize their product and reduce the possibility of error in manufacturing and service. One of the fundamental methods in Six Sigma is a House of Quality diagram. Team 8 utilized this approach, figure 2.1.2a shown below.
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Figure 2.1.2a: House of Quality Chart
Based on the House of Quality chart, the customer desires are printing quality, printing speed, voice feedback, product accuracy, prints cleanly, consistent finish, mass production, product resolution and elastic material. The key issues were that customers wanted the graphics and the maps to be robust and reusable long-term, currently products on the market cannot meet these requirements. The team has explored the new method of using the elastic filament. However, due to the shipping time (from Australia) and in consideration of the budget, the team used ABS as filament. But in the future, the elastic filament can definitely replace the less flexible filament. Another desired component from the customer was to include voice feedback to enable independent use by blind individuals; this technology was too costly to implement. Voice feedback could always be added in the future, because the team felt the requirement to keep the cost down was more important. The advantage of the project is it has a large work space, which makes it possible to print the full size (11in x 17in) map or graphic. 
2.1.3 Gantt Chart

Team 8 illustrated a project schedule using a Gantt chart. The Gantt chart demonstrates the start and finish dates of the key elements of the project. It was important to maintain a critical path when designing the Gantt chart. By identifying the project start and end dates, mandatory milestones, and including report signoffs a successful Gantt chart was developed. The team utilized the Gantt chart extensively throughout the semester to maintain a schedule and ensure all goals and deliverables were met. Table 2.1.3a displayed below shows Team 8’s Gantt chart. The group was falling behind according to the Gantt chart made at the beginning of the semester. To fix this the team manager created an accelerated chart to get the group back on track.  In table 2.1.3b, the team has an updated Gantt chart for the last two weeks of the semester. The new Gantt chart was able to correct the critical path to put the group back on track.
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2.1.4 Budget
The team’s final budget is shown in the table 2.1.4a below. The core part is Shapeoko 2 mechanical kit ($299), which is a simple, low cost, open source CNC milling machine kit. It also allows the team to add its own electronics and the corresponding pulleys, belts, and M3 hardware. The makerslide is an aluminum extrusion with two special V-shaped rails for wheels to roll on. For a price of $32.84, the team ordered a length of 1800mm, which allowed them to extend the print area dimensions. The group originally intended to order flexible elastic filament at a cost of $67.75. 
The ramps 1.4 kit was ordered for a price of $189, which included one Arduino Mega 2560, four Stepper Drivers with heat sinks, a 4-pin pluggable terminal block and a 24 pin header and a loose 2nd diode. The 110V AC to 12V DC 10Amp Power Supply cost the team $42.34. The EZStruder Cold End Kit cost $35, this cold end kit is compatible with any groove mount style hot end in either 1.75 or 3mm sizes. The J-head .35mm Kit for 1.75mm filament includes J-Head hot end, resister, thermistor, liners, and heat sink. The price of this whole kit was purchased for $69.95. 
The stepper motors cost the team $51.96, it is a general motor that useful for smaller and light-load applications. The team decided to use a griddle as heat bed, which approximately cost $30. The price of the end plate was $7.89, the team needed 4 of them, so the price was totaled at $31.56. The price of the Motor Mount was $9.13, the team also needed 4 of them, and the total price was $36.52. These parts allowed the team to easily expand the machine in the Y direction. The GT2 pulley and GT2 belt cost $12.94 and $5.97, respectively. The pulleys were intended to be used in conjunction with GT2 belts. The V wheel, idler, leadscrew nut and eccentric spacer were $3.85, $19.40, $4.75 and $2 respectively. These parts were intended to be used with V-slot extrusion or open rail. For the glass, the Lansing Makers Network had one 11x17 inch sheet prepared for the team, it is 1/8th inch thick, double-strength, which did not cost the team any money. The initial cost of the project was $947.83.
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	Item:
	Cost:

	Shapeoko
	$299.00

	Makerslide
	$32.84

	Flexible Elastic Rubber-like Filament 500g ABS filament(EXPERIMENTAL)
	$67.75

	Smart LCD controller
	$13.00

	Ramps 1.4 kit + drivers + endstops + Arduino Mega
	$189.00

	110 V AC to 12 V DC 10-Amp Power Supply
	$42.34

	Extruder
	$35.00

	J-Head Mk V-BV .35mm Kit for 3mm Filament
	$69.95

	Stepper Motors
	$51.96

	Heatbed
	$30.00

	End Plate
	$31.56

	Motor Mount
	$36.52

	GT2 pulley
	$12.94

	V wheel
	$3.85

	Idler
	$19.40

	GT2 belt
	$5.97

	Leadscrew nut
	$4.75

	Glass
	$0.00

	Eccentric spacer
	$2.00

	Total:
	$947.83


2.2 Conceptual Design 
There are two methods for designing a specialty printer that can be used to create tactile graphics and maps: subtractive and additive manufacturing technology. Subtractive manufacturing can be defined as the process of removing layers of a work piece (e.g. rock or a block of wood) to create a 3D model. In the past 20 years this technology has gone through dramatic changes. It is now smaller, faster and much more reliable. The team considered using two types of subtractive machines: benchtop millers and engravers.
On the other hand, additive-manufacturing technologies can be defined as the process of adding layers of a particular material on top of each other to create a 3D model.  Additive manufacturing is a more recent technology. It was first introduced in the 1980’s and developed throughout 1990’s. The team considered using four types of additive machines: Fused Deposition Modeling (FDM), Electron Beam Freeform Fabrication (EBF), Laminated Object Manufacturing (LOM) and Stereolithography (SLA).
2.2.1 Subtractive Manufacturing

Benchtop Millers 
In this method, high-speed rotary cutters are used to remove layers from the work piece by feeding it towards the blades. Benchtop millers usually contain a worktable that feeds the work piece and a motor-driven spindle that rotates the cutter.    
Engravers
 
This method works by incising a design or an image into a solid surface (usually flat) by cutting grooves into it. Like the benchtop miller, the main components are a worktable and a spindle that holds the blades of the cutter.

2.2.2 Additive Manufacturing

Fused Deposition Modeling

FDM works by extruding material (i.e. the filament), one layer after the other to create the desired prototype This machine usually contains a frame that holds all of the electrical components, an extruder that dissipates the material, a heatbed for the printing surface for the prototype and a microcontroller that handles the software.         
Electron Beam Freeform Fabrication
 EBF was designed by NASA to build complex 3D objects. It uses electron beam energy sources and wire feedstock to complete the work. In this method, the main materials used as filaments are aluminum and titanium.
Laminated Object Manufacturing

In this method, the layers of the filament (paper, plastic or metal) are laminated together by using pressure and heat and then cut to the desired model by a knife or a computer controlled laser cutter. Using a drill or an engraver after the printing is complete can also further develop the model.                                           
Stereolithography

SLA works by curing a vat of liquid photopolymer resin with an ultraviolet laser to solidify the model, one layer at a time. This method has two main advantages: a very high precision and short lead-time.

2.2.3 Final Design  
After considering all the possible design options and comparing the total points, it was clear that FDM (below in figure 2.2.3a) was the most feasible design. The team decided to use a basic mechanical kit to build the frame to support the movement and hold the machine together. With the ShapeOko kit, the team was able to customize the printable area to the specified size (11 x 17in as required). In the final design the team decided to use a separately power supplied griddle as the heat bed of this printer. The reason is that the printer is powered by 110V AC to 12V DC 10-Amp power supply, it cannot provide enough power for the heatbed since the heatbed itself needs to reach a considerable high temperature (110oF).  
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Chapter 3- Technical description of work performed
3.1 Hardware Design

3.1.1 Frame
Having a stable frame is one of the most important components of a 3D printer as it could affect the accuracy greatly. Thus, to build a solid frame, the team used the ShapeOko 2 kit as seen in figure 3.1.1a, which was originally designed as a CNC mill and has a cutting area of 11.7 x 11.8 inches. Thus, few alterations needed to be made to resize the print area to 11 x 17 inches and replace the CNC mill with an extruder. To accomplish the first task, the y-axis length was extended from 11.8 to 40 inches and the wooden base from 11.7 x 11.8 to 11.7 x 39 inches. 
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Figure 3.1.1a: ShapeOko 2
3.1.2 Extruder 

As previously mentioned the ShapeOko 2 kit which is being used as the frame for the 3D printer was originally designed to serve as a CNC mill. Consequently, some alterations needed to be made to accommodate the extruder assembly. The z-axis carriage for the ShapeOko by default is designed for a drill to be attached, however in this particular printer, an extruder would be utilized instead. Therefore, an extruder attachment construction was necessary to attach the extruder assembly to the z-axis of the printer. The first extruder attachment design consisted of using a half-inch thick square piece of plywood cut slightly larger than the area of the z-axis carriage extension. The original screws for the extruder assembly which fastened the extruder to the stepper motor were to be replaced with longer M3-.8 thread screws to compensate for the additional half-inch created by the plywood, which would now connect the stepper motor, extruder and plywood together. Next, with the piece of plywood serving as the base for the extruder, it would be affixed to the z-axis carriage extension using the initial M5 screws, in which case these didn’t need to be replaced because they were already of adequate length. However, upon drilling the appropriately sized holes into the plywood to insert the screws, the team encountered quite a bit of difficulty obtaining the desired metric screws of the required length to complete this attachment. Hence, a simple modification was manufactured to solve this issue, the half-inch thick plywood was replaced with a quarter-inch thick piece of plywood in which case the metric screws of the desired length were easier to obtain. The team was then able to successfully assemble the extruder, as seen in figure 3.1.2a below, and attach it to the z-axis carriage.
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Front View



Side View

Figure 3.1.2a: Fully assembled extruder
3.1.3 Heated Build Platform (HBP)

HBP is used to improve the quality of the 3D Model. This is due to the fact that plastic tends to slightly shrink as its temperature cools down. Thus, as the extruder dissipates the filament into the print surface, the bottom of the 3D model tends to cool down faster than the newly printed parts. This causes the corners of the 3D model to be slightly lifted. However, having an HBP helps keep the model warm throughout the printing process as well as it allows even shrinking. In addition to preventing shrinking, HBP helps the filament stick to the print surface while printing the first layer. Generally, a temperature of 100-110 degrees Fahrenheit is sufficient to achieve the desired results when printing using ABS filament, while a temperature of 50-60 degrees Fahrenheit should be used for PLA filament.    

There are several HBPs available on the market produced by various manufacturers with each having their own advantages. However, the team was not successful in finding an HBP that would have been large enough to support a print area of 11 x 17 inches. Thus, the team decided to build a fairly simple one that will be sufficient for this purpose. One method the team initially considered was buying four MK2 heatbeds and attaching a piece of glass onto it. The total cost for this method was $150. In an attempt to minimize the total cost, the team decided to purchase a griddle instead of the four MK2 heatbeds, which reduced the total cost to $64 (see figure 3.1.3a below).
[image: image21.jpg]



Figure 3.1.3a: Heated Bed
3.1.4 Power Supply, Arduino MEGA2560 and Stepper Motors Connections
Arduino MEGA 2560 as seen in figure 3.1.4a is an open-source physical computing platform predicated on a simple input/output board and a development environment that implements the processing/wiring language. The board is based on the MEGA2560 microcontroller. It contains 54 input/output pins, a 16 MHz crystal oscillator, a USB connection, a power jack, an ICSP header, and a reset button. Thus, it is an essential part of a 3D printer as it controls the movement of the axis and the extruder through stepper motors. The Arduino board is considered to be the link between the power supply and stepper motors. As shown in figure 3.1.4a below, the Arduino board contains a 2.1mm power jack for external 7-12V power source. There is also a USB interface that can power the board by connecting it to the computer. It has a total of 54 input/output pins that can operate at 5V and can provide or receive a maximum of 40mA. They are split to 14 PWM outputs, 16 analog inputs, and 4 UARTs hardware serial ports.
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Figure 3.1.4a: Arduino Mega 2560 
Moreover, a RepRap Arduino MEGA Pololu Shield, also referred to as RAMPS (see figure 3.1.4b), is needed to drive the stepper motors and the extruder. The RAMPS contain 3 PWM controlled MOSFET power outputs, a heatbed control with 11A fuse, three thermistor circuits, five Pololu stepper driver sockets, six sets of digital pins in headers with VCC and GND for endstops, uses pluggable screw terminal block for power connection, fused at 5A for additional safety and component protection, and extra pins broke out: PWM, digital, serial, SPI, I2C and analog.
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Figure 3.1.4b: RAMPS Kit
After the RAMPS and Arduino are plugged together, stepper motors need to be connected to the RAMPS. There are two types of stepper motors each with a different driver circuit board. The first type is the bipolar motor, which is the strongest type of stepper motor. 
The motor moves by energies created by two coils inside and changing the direction of the current within those coils (see figure 3.1.4c). It could have four or eight leads. The second type is the unipolar stepper that has also two coils inside with a center tap in each one (see figure 3.1.4d). This type has less torque than bipolar motors since the center tap is used to energize only half of each coil at a time. For the 3D printer, the team decided to use the bipolar stepper motor that has four leads. 

[image: image22.png]0000 £9/ ‘0000

5060060000

MSTBA4

38 5

X, Y & Z Stepper motor drivers




[image: image23.png]Purchase Frame

Purchase Stepper Motors
| Assemble -
Mechanical Purchase Extruder and Filament
Components
Build
structure — Purchase Power Supplies
Assemble Purchase Step Motor Drivers
Electrical
‘Components

Purchase and program Microcontroller

CAD
Program
Create 3D
Convert 3D cr
digital model digital model

o gCode Google
SketchUp
Program

Slic3r
Software




[image: image24.png]Plastic Filament




[image: image10.png]



Figure 3.1.4e below shows the necessary connections between the ramps and the stepper motors. 
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Figure 3.1.4e: Connections between Ramps and Stepper Motors
Moreover, to get the full potential of the RAMPS, a 12V power supply is used to output 5A or greater. The board may be unstable with low input voltage and could be damaged with high input.
3.2 Software Design
3D printing software allows you to create, view, and alter 3-D images, converts the image into instructions for the printer, and "slices" the file into horizontal pieces that the printer will understand. The printer deposits plastic horizontally. The workflow for turning an idea into a 3D print can be summed up as creating a model, slicing, and printing. At each step, there are multiple software solutions to choose from. In general, for 3D printing software can be broken down into 3 different areas, CAD tools, CAM tools, and firmware for electronics.

3.2.1 CAD Tools 
Computer Aided Design, or CAD, tools are used to design 3D parts for printing. CAD tools allow you to easily change and manipulate parts based on parameters. One of the techniques used in solid modeling CAD tools is called Constructive Solid Geometry, or CSG. Using CSG, parts can be represented as a tree of Boolean Operations performed on basic shapes such as cubes, spheres, cylinders, and pyramids to create complex surfaces. For example, a hollow ball can be modeled by drawing two overlapping spheres, one lightly smaller than the other and subtracting the smaller from the larger. Simply, CSG presents a model or surface to appear visually complex, but it is merely a combination of objects. Open Source Software applications for CAD are OpenSCAD, FreeCAD, SketchUp, and HeeksCAD. Examples of proprietary CAD tools are Solidworks and Autodesk Inventor. 

The next step in converting a model from CAD is generating it into an STL file. Most 3D software applications save their files in an application-specific format, but there are very few interchangeable CAD file formats. The two most widely used interchangeable CSG file formats that should not be used are STEP and IGES, because both strip the geometries from data and create flat solids. The ideal file used to export a 3D model is an STL file. STL files can be generated from CAD.  These STL files can be sliced for printing unlike STEP and IGES files. One of the most common mistakes for beginner users is not using the correct file type, therefore it is a good idea to design it using a CSG CAD application and save the original parametric file along with generated STL files.
3.2.2 CAM Tools 
The next step in the software process is using Computer Aided Manufacturing, or CAM, tools to translate CAD files into a machine-friendly format used by the 3D printer’s electronics. In order to turn a 3D part into a machine friendly format, CAM software needs an STL file. The machine friendly format that is used for printing is called G-code. G-code tells the printer where to move the print head and when to extrude plastic, by creating a list of commands that will adjust the acceleration of the motors. This is one of the most critical phases because of its careful balance between quality, speed, and amount of filament used. In order to convert STL files to G-code, one must use a slicing program. Some examples of slicing programs include Slic3r, Kisslicer, RepSnapper, and RepRap Host Software. The process of converting STL to G-code consists of slicing the model, examining the cross section of each slice and figuring out the path that the print head must travel in order to extrude out plastic as it calculates the amount of filament to feed through the extruder for the distance covered. Another program the team used was Repetier. The team used this program to upload an STL file, slice it, and print it. In figure 3.2.2a below, the group uploaded an STL file and sliced it. The light blue lines on the blue object show where the extruder will be moving to print the object.
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Figure 3.2.2a: Repetier Software
After the G-code file is obtained, the next step in the software process is running the file through a G-code interpreter. This reads each line of the file and sends the actual electronic signals to the motors to tell the 3D printer how to move. To send the G-code files to an integrated hardware interpreter, an additional program is necessary to feed the G-codes over a USB connection. For example, RepSnapper, RepRap Host Software, Send.py, and Printrun can be used. Most programs that slice the STL files and convert them into G-code can also send G-code files to the hardware.
The group tested multiple G-code interpreters to find the best one to suit the printer. In figure 3.2.2b below, the team used Cura to upload an STL file and in figure 3.2.2c the group sliced the object.
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Figure 3.2.2b: 3D Object uploaded to Cure
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Figure 3.2.2c: 3D object sliced
3.2.3 Firmware 
The firmware process can be described in the following four steps.
1. Downloading Arduino IDE- This software is available for Windows, Linux and Mac. The IDE contains only the officially supported board driver so it is essential for the user to understand Arduino and RAMPS electronic hardware before proceeding. 

2. Download firmware source code- Firmware and source code needs to be downloaded in a ZIP file. Popular firmware includes Marlin, Teacup, and Sprinter. Once downloaded the contents of the ZIP should be unpacked and then the “.pde” file should be selected and opened, but before compiling and uploading the firmware, the user needs to select the board and port. This was done by using the Tools menu, plugging the board into the computer, and selecting the port it is connected to. 

3. Modify code- Once the .pde file is opened in Arduino changes needed to be made in the code to customize it to the printer. First, “Configuration.h” is opened, and then the motherboard and baud rate needs to be defined as seen in figure 3.2.3a below. 
[image: image12.emf]
Figure 3.2.3a: Arduino Configuration 
4. Compile and upload the firmware to the controller- Once Configuration.h’s code is customized to the printer it can then be compiled and uploaded to the Arduino. After the LED on the board stops flickering, the upload is verified and then the message “Upload done” in the IDE is displayed. 
Finally after the microcontroller has its firmware loaded, it is ready to accept G-codes via the COM port. The four steps above are the minimum steps to take to ensure the printer is working. There are numerous modifications to the code to control accuracy. Some of these modifications include steps per distance, temperature measurement, jerk control, path planning, and display etc.

Of these extra modifications, temperature measurement is crucial for accuracy of filament extruded. Before the user can control the temperature of the filament, it must be measured. In this case a NTC thermistor was installed. Below in figure 3.2.3b is the schematic for the team’s thermistor. Resistance is changed by the NTC, this means with increased temperature the resistance drops. This causes the measured voltage to change, then the voltage is converted into 0V (ground) and up to 5V. With this knowledge of temperature, the heated bed can also be controlled.
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Figure 3.2.3b: Thermistor Schematic
Chapter 4- Final Product Evaluation
4.1 X and Y-Axes Home Location
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During initial testing the x and y axis were placed in the middle of the printing work area, approximately (6.5,9.5), however once the team uploaded an STL file containing a 3D model and converted it to G-code using the slicer program to begin the printing process, the team discovered that this was not adequate positioning for the two axes. While attempting to create the desired model, the x and y axes movement exceeded the boundaries of the printing area dimensions which required termination of the printing process. In order to address this issue, the x and y axes were repositioned to (0,0) and the print process was reinitiated. However, the simulation was not as anticipated as the two axes once again exceeded the printing boundaries. Finally, the team discovered the solution to this problem involved a combination of both the positioning of the x and y axes along with reducing the maximum length configurations of the two axes from 200 cm to 50 cm within the Sprinter firmware. Figure 4.1a depicts the x and y axes home location.
Figure 4.1a. X and Y-Axes Home Location
4.2 Z-Axis Initial Height

The height of the z-axis was essential to the successful completion of the 3D model. Therefore the team had to find the appropriate z-axis height to prevent the compromise of the final product. This axis was initially placed at 0 cm making direct contact with the printer area. However, once the print task was initiated, the firmware reset the z-axis to a lower position which caused the extruder to be pressed into the surface and scratch the glass. Therefore, the team had to reposition the starting point of the axis to 10 cm above the surface, but again found that this placement was inadequate producing the same result. After numerous readjustments, the team discovered that the precise height of the z-axis was 32 cm above the surface. This allowed the tip of the extruder to be placed just above the glass surface as required during the print job. Figure 4.2a depicts the z-axis initial height.
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Figure 4.2a. Z-Axis Initial Height
4.3 Heat Bed Temperature 
Initially the temperature of the heat bed was set at 110° F as recommended for the ABS filament which is the plastic material being utilized. Despite obtaining this temperature, during testing the team observed that the filament was not consistently affixing to the print area. Upon further evaluation the team attributed the lack of sufficient heat throughout the glass surface to the construction of the heatbed.  Since the team used a griddle instead of a traditional PCB heatbed, the raised outer rim of the griddle prevented the glass from making direct contact with the heated surface and receiving the full application of heat. Hence, the team increased the temperature of the griddle to 250° F to compensate for the amount of heat being dissipated due to the space between the glass and the griddle. However, this supplied an excessive amount of heat which did not allow the successive layers of filament to properly settle upon the first layer.  Afterwards, the team decided to decrease the temperature to 200° F, which provided the appropriate amount of heat for the model to be successively created. Figure 4.3a depicts the space between the glass surface and the griddle surface.
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Figure 4.3a. Griddle with space between glass
4.4 Final Testing Conclusion


After each of the previous test trials were performed and issues corrected, the final simulation commenced. In order to determine if the device would successfully print a tactile graphic, the final simulation involved uploading and printing the Spartan logo with braille characters. Following the successful upload and slicing of the STL file to convert into the printer’s G-code language using the CURA software program, the printing process began. The printer proceeded to output the filament onto the print surface creating the first layer of the object as depicted below in figure 4.4a.  However after several minutes into the print job, all printing activity ceased to operate as each stepper motor abruptly terminated all movement. Subsequently, the team sought out to investigate what caused the discontinuation, upon which it was discovered that the stepper drivers that drive the motors had burned out. This burn out was the result of too much current being supplied to the stepper drivers while in operation. Therefore, the team had to devise a plan to quickly replace the stepper drivers and resolve this issue. Nonetheless, this encounter had an immensely negative effect on the design process as it forced the team off of its initial schedule.  Overall, the team considers the design, build and implementation of the specialty tactile graphic printer a “successful failure” as the team was able to increase the printing area of the printer to the required dimensions, keep the cost significantly lower than that of currently available embossers and 3D printers, as well as produce a more durable image. The failure of this success, on the other hand, revolves around not being able to completely create the full tactile graphic because of the issue sustained during final testing with the stepper drivers. 

[image: image32.emf]
Figure 4.4a. Printing Spartan Logo
Chapter 5- Conclusion
5.1 Final Cost 

After evaluating all options the team came to the conclusion that a budget of just $500 would not be sufficient. Therefore the team came up with numerous designs and with each design compared budgets. The finalized conceptual design has a budget of $1156.55 which includes the cost of shipping. Throughout the semester, the team explored every avenue possible in an attempt to trim the budget. However, these attempts proved futile as it was not feasible to build a 3D printer with the essential functions outlined by our sponsor with a budget of $500. About 40% of the cost was used to purchase the ShapeOko kit which provided the mechanical components and to extend its length. Another 40% of the cost was used for the electrical components such as the microcontroller and the ramps electronics kit. The remaining cost was used to buy the filament, ABS sheets and designing a heatbed. Table 5.1a shows a detailed budget break down of the cost of each part. For future production, the cost per unit would be $973.41 excluding the ABS sheet and extra pulley.                    
   Table 5.1a: Final Budget
	Item
	Cost

	ShapeOko kit
	$299.00

	Microcontroller and RAMPS 
	$236.30

	Stepper motor
	$38.97

	Extruder
	$59.00

	Hot-end
	$69.95

	Extrusion
	$43.68

	Power supply
	$42.34

	Heatbed
	$30.00

	Glass
	$34.00

	LCD
	$15.49

	Filament
	$32.00

	Pulley
	$28.18

	Belt
	$11.94

	Screws
	$6.74

	ABS sheet
	$37.33

	Stepper driver
	$54.00

	Shipping
	$117.63

	Total:
	$1156.55


5.2 Schedule

At the beginning of the semester, the team met with the team sponsor, Mr. Blossor and discussed the project and the final deliverables. Afterwards, the team met with the Lansing Makers Network and discussed the team’s initial design and ways it could be improved. Then, the team developed the final design concept and started ordering the different components needed. Next, the team started building the hardware. Afterwards, the software development stage began which enabled the team to start testing the prototype.  

5.3 Future Enhancements

· Voice feedback: It is desirable for a blind person to be able to use the printer without assistance from others. For this purpose, voice feedback should be integrated into the design to enable the user to hear the various instruction options as they are selected. This addition would highly improve the desirability of the final project design.

· Elastic deposited material: The material that is deposited should be elastic to enable use of Michigan State University’s IVEO touchpad and to provide more flexibility than current tactile graphics allow.

 
5.4 Conclusion

Design Team 8 was presented with the challenge of designing, building and implementing a specialty tactile graphic printer with the main purpose of producing tactile graphics and maps for visually impaired students at MSU. The primary objectives that were considered in designing this device included a large printing area, durable final product image and low cost. The team was successful in accomplishing each of these objectives. The team was able to increase the printing area substantially by using the ShapeOko basic mechanical kit and extending its length to achieve the desired printing area of 11x17in. By purchasing the basic mechanical kit, the team was able to increase the customizability of the overall printer, as it allowed the option of adding all of the electrical components independently.  Durability of the final image was improved by using the plastic material ABS as its integrity would not be compromised after repeated use by the consumer as opposed to the solenoid embossed Braille paper currently used by the RCPD. In order to attain a relatively affordable product, the team considered various possible designs intended to keep the overall production cost of the printer at a fraction of the price of current commercially available embossers and 3D printers. In this effort, the team was able to produce the final design within the budget of less than $1000 excluding shipping costs. Needless to say, there remain future enhancements that can be implemented to further improve the overall functionality of the printer. Future enhancements include the integration of a voice feedback feature on the interface which will enable independent use by blind persons as well as the use of an elastic deposited material which would provide more flexibility than current tactile graphics allow.      
Appendix 1 – Technical roles, responsibilities, and work accomplished
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Caroline Kerbelis – Management
The technical role that Caroline played on the project was developing and assembling the microcontroller system for the project. Parts of the microcontroller section that she assembled was the physical microcontroller, RAMPS, stepper motor, stepper drivers, power supply, thermistor, end stops, and software.
For the microcontrollers, it was her job to decide which controller would be ideal for the team’s needs. After comparing features that were available and in our price range and features that the team needed, she selected the Arduino Mega 2560 with an add-on board. For the add-on board Caroline choose the RepRap Arduino Mega 2560 Polou Shield.  
The software took extensive research. She broke down the software into three different areas, CAD tools, CAM tools, and firmware. She had to run the software from her Windows operating system. This posed a huge challenge because most 3D printers use software on a Linux operating system. For the CAD tools Caroline used Solidworks to make tactile models and generated an STL file. At the beginning of the semester she also experimented with AutoCAD to design a small 3D solid image with braille with the Division of engineering Computing Services.   
The next step in the software process Caroline used was Computer Aided Manufacturing, or CAM, tools to translate CAD files into a machine-friendly format used by the 3D printer’s electronics. She downloaded Repetier, this program turns an STL file into G-code. For the firmware She originally used Marlin. Once downloaded she uploaded the pde file in to the Arduino software to modify the code. She had to set up the entire configuration in the code including motherboard, baud rate, steps per distance, temperature measurement, jerk control, and path planning. After running into Windows operating system compatibility issues Caroline switched firmware, choosing to go with Sprinter.
The smaller technical role she played on the team was support on other projects. Caroline built parts the ShapeOko 2 kit and installed the belts. She also was heavily involved with testing and running print jobs with the printer.
Bryan Cotton – Web Design
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Bryan’s technical role involved construction of the mechanical frame for the group’s printer as well as software testing and construction of the extruder which is attached to the z-axis of our printer. For construction of the mechanical frame of our printer, there were several components that he had a hand building. The first of these was the assembly of the metal extrusions that compose the x-axis as well as attaching this to the wooden baseboard. Another portion of the mechanical frame that Bryan contributed to was the building of the z-axis and helping to attach the motor and extruder to the z-axis.
Bryan also assisted in the construction of the extruder for our 3D printer, which was probably the most important single component. Bryan aided Martez in the manufacturing and design of the device used to attach the extruder to the z-axis. Several iterations of the aforementioned device were needed with each one better than the last. A major design change that occurred between versions of the extruder attachment platform was the thickness of the platform as well as the size of the opening for the extruder motor to protrude through.
Lastly, Bryan had a hand in some of the software testing and configuration of our printer. This involved making various changes in the firmware source code for the Arduino as well as debugging any errors that occurred. This was probably the most difficult part of the design process as the errors and problems that occur may vary greatly from machine to machine. Some of these changes involved tweaking the motor speeds and maximum range of movement for each motor. However, most of the focus in the software testing phase was the z-axis configuration settings. The z-axis is our most important axis as it contains the extruder and needs to be perfectly configured to be as close to the printing area as possible without the production quality suffering.
Martez Steverson - Lab Coordinator
[image: image35.png]Arduinc” MEGA 2560

[e]ejele)]




Mr. Steverson ultimately participated in every aspect of the creation of the specialty tactile graphic printer throughout the design process. With Mr. Steverson’s frequent presence in the lab, he held a supporting role in the design aspects of many of the major components necessary in the printer, including the building of the frame, the insertion of the stepper motors, assembly of the extruder, testing of the microcontroller and assisted in performing the testing/simulation of the overall printer. After the team decided upon its final conceptual design, Mr. Steverson was actively involved in the implementation of the extruder. Mr. Steverson’s technical contributions were primarily focused on the building of the printer frame in which case the ShapeOko 2 basic mechanical kit was selected. The frame was a very important aspect of the printer as it was designated to house all of the electrical components required for printing functionality. In the construction of the frame, Mr. Steverson was required to assemble various components including the extrusions along with the aluminum maker slides which served as the x, y, and z axis, in addition to the carriages created for the purpose of housing the stepper motor for each axis. The frame construction also included the spindle upon which the extruder assembly would be attached and obtaining a larger piece of plywood to accommodate the desired larger printing work area. Upon completion of the frame and attaching the motors to their appropriate carriages, Mr. Steverson assembled the extruder.  There was not any specific manual on how to build the extruder therefore he used the previously obtained information on how it functions in order to figure this out. Also, since the ShapeOko mechanical kit the team decided to use as the frame was designed for a drill instead of an extruder, Mr. Steverson designed a way in which to attach the extruder assembly to the z-axis carriage of the printer. Finally, Mr. Steverson actively participated in the testing/simulation of the printing process performed by the printer. 
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Maram Sulimani – Presentation Prep
Maram was responsible for the connection between all the electronic components in the 3D printer to guarantee they work as expected. She went over the specifications and datasheets of the parts to assure safety and avoid damaging. Maram collaborated with Caroline in developing and assembling the Arduino mega 2560 microcontroller, RepRap Arduino mega 2560 pololu shield, stepper motor, stepper drivers, power supply, thermistor, hotend, heatbed, and end stops. She went over the RAMPS schematic to learn the input and the output pins.
Maram searched for the different types of stepper motors and their driver circuit board. For the project, the team decided to use bipolar stepper motors. She tested and measured the resistance of the coils for each stepper motor to figure the right sequence of color that should be connected to the RAMPS for efficient work. She also tested the resistance of the end stops.
Moreover, Maram collaborated with Eman and searched for the wires connection between the liquid-crystal display and the RAMPS. The LCD should display the printing process.  For the software part, it needed Marlin firmware. However, the team used Sprinter firmware since Marlin had problems with the stepper motors, which was not suitable for the LCD.
However, Maram also assisted in building the ShapeOko mechanical kit. She built the carriages and involved in assembling the X, Y, and Z axes. She also collaborated with Eman in assembling the work area and the frame.     
Finally, Maram participated in testing the printer process. This involved testing different temperatures of the heatbed. This part was difficult since the team decided to use griddle, which would have a constant heat during the printing process. The testing also included the height of the z-axis. The z-axis should be close to the printing area to assure the quality of the product.
Eman Aljabr – Lab Coordinator
Ms. Al Jabr was actively involved in both, hardware and software development process. On the hardware side, she did an extensive research on a number of different potential designs to build a specialty tactile graphic printer that will be able to produce relatively large, cost-efficient and long-lasting images. After the team concluded that the best way to create a specialty printer would be to build a 3D printer, Ms. Al Jabr examined the different 3D printer kits available and helped make the decision of purchasing the ShapeOko 2 kit as a mechanical frame that will host all the electrical components. She also proposed the idea of printing the base of the map instead of using an ABS sheet. This allowed additional flexibility of the dimension of the map as well as it extended its lifespan, as there is no longer the concern of the map detaching from the base with repeated use. Ms. Al Jabr has also help built the ShapeOko 2 kit, focusing on y and x axes assembly and collaborated with Ms. Sulimani on putting together the base for the frame. Along with Mr. Yang, she also designed and built a low-cost heated build platform by connecting a heat-resistant glass onto a griddle and attaching it to the base of the 3D printer. In addition to that, Ms. Al Jabr worked with Ms. Sulimani on connecting the Liquid Crystal Display (LCD) to the microcontroller.  

On the software side, Ms. Al Jabr explored different Arduino firmware including Marlin, Sprinter and Sailfish and researched the advantages and disadvantages each one of these firmware have, which has led to the decision of using Sprinter. Moreover, she tested various slicing firmware including Repetier, Cura and Skeinforge and concluded that Cura was the most compatible and reliable firmware for our printer. Ms. Al Jabr has also worked extensively on debugging the various software issues the team came across while testing the printer. 
Changging Yang – Document Prep
Alex’s technical role was to design and develop the hardware assembling for this project, including the building of the Z axis and the frame of the printer, attaching the heat bed to the working bed and fixing the glass to the griddle. Alex designed a way to remove the outer case of the griddle, and attach directly to the working bed to avoid the over-height of the heat bed. For the glass assembly, Alex and Eman decided to use the Gorilla Glue since as researched, this glue can adhere metal and glass as well as enduring the high temperatures. However, it turned out that the Gorilla Glue did not work. Alex decided to use 2 special clamps with the rubber tip removed in case the hot surface melted the rubber material. 
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Appendix 3 – Detailed technical attachments
3D Printer Structure


Arduino MEGA 2560 Schematic


Arduino Mega 2560 PIN mapping table

	Pin Number
	Pin Name
	Mapped Pin Name

	1
	PG5 ( OC0B )
	Digital pin 4 (PWM)

	2
	PE0 ( RXD0/PCINT8 )
	Digital pin 0 (RX0)

	3
	PE1 ( TXD0 )
	Digital pin 1 (TX0)

	4
	PE2 ( XCK0/AIN0 )
	

	5
	PE3 ( OC3A/AIN1 )
	Digital pin 5 (PWM)

	6
	PE4 ( OC3B/INT4 )
	Digital pin 2 (PWM)

	7
	PE5 ( OC3C/INT5 )
	Digital pin 3 (PWM)

	8
	PE6 ( T3/INT6 )
	

	9
	PE7 ( CLKO/ICP3/INT7 )
	

	10
	VCC
	VCC

	11
	GND
	GND

	12
	PH0 ( RXD2 )
	Digital pin 17 (RX2)

	13
	PH1 ( TXD2 )
	Digital pin 16 (TX2)

	14
	PH2 ( XCK2 )
	

	15
	PH3 ( OC4A )
	Digital pin 6 (PWM)

	16
	PH4 ( OC4B )
	Digital pin 7 (PWM)

	17
	PH5 ( OC4C )
	Digital pin 8 (PWM)

	18
	PH6 ( OC2B )
	Digital pin 9 (PWM)

	19
	PB0 ( SS/PCINT0 )
	Digital pin 53 (SS)

	20
	PB1 ( SCK/PCINT1 )
	Digital pin 52 (SCK)

	21
	PB2 ( MOSI/PCINT2 )
	Digital pin 51 (MOSI)

	22
	PB3 ( MISO/PCINT3 )
	Digital pin 50 (MISO)

	23
	PB4 ( OC2A/PCINT4 )
	Digital pin 10 (PWM)

	24
	PB5 ( OC1A/PCINT5 )
	Digital pin 11 (PWM)

	25
	PB6 ( OC1B/PCINT6 )
	Digital pin 12 (PWM)

	26
	PB7 ( OC0A/OC1C/PCINT7 )
	Digital pin 13 (PWM)

	27
	PH7 ( T4 )
	

	28
	PG3 ( TOSC2 )
	

	29
	PG4 ( TOSC1 )
	

	30
	RESET
	RESET

	31
	VCC
	VCC

	32
	GND
	GND

	33
	XTAL2
	XTAL2

	34
	XTAL1
	XTAL1

	35
	PL0 ( ICP4 )
	Digital pin 49

	36
	PL1 ( ICP5 )
	Digital pin 48

	37
	PL2 ( T5 )
	Digital pin 47

	38
	PL3 ( OC5A )
	Digital pin 46 (PWM)

	39
	PL4 ( OC5B )
	Digital pin 45 (PWM)

	40
	PL5 ( OC5C )
	Digital pin 44 (PWM)

	41
	PL6
	Digital pin 43

	42
	PL7
	Digital pin 42

	43
	PD0 ( SCL/INT0 )
	Digital pin 21 (SCL)

	44
	PD1 ( SDA/INT1 )
	Digital pin 20 (SDA)

	45
	PD2 ( RXDI/INT2 )
	Digital pin 19 (RX1)

	46
	PD3 ( TXD1/INT3 )
	Digital pin 18 (TX1)

	47
	PD4 ( ICP1 )
	

	48
	PD5 ( XCK1 )
	

	49
	PD6 ( T1 )
	

	50
	PD7 ( T0 )
	Digital pin 38

	51
	PG0 ( WR )
	Digital pin 41

	52
	PG1 ( RD )
	Digital pin 40

	53
	PC0 ( A8 )
	Digital pin 37

	54
	PC1 ( A9 )
	Digital pin 36

	55
	PC2 ( A10 )
	Digital pin 35

	56
	PC3 ( A11 )
	Digital pin 34

	57
	PC4 ( A12 )
	Digital pin 33

	58
	PC5 ( A13 )
	Digital pin 32

	59
	PC6 ( A14 )
	Digital pin 31

	60
	PC7 ( A15 )
	Digital pin 30

	61
	VCC
	VCC

	62
	GND
	GND

	63
	PJ0 ( RXD3/PCINT9 )
	Digital pin 15 (RX3)

	64
	PJ1 ( TXD3/PCINT10 )
	Digital pin 14 (TX3)

	65
	PJ2 ( XCK3/PCINT11 )
	

	66
	PJ3 ( PCINT12 )
	

	67
	PJ4 ( PCINT13 )
	

	68
	PJ5 ( PCINT14 )
	

	69
	PJ6 ( PCINT 15 )
	

	70
	PG2 ( ALE )
	Digital pin 39

	71
	PA7 ( AD7 )
	Digital pin 29

	72
	PA6 ( AD6 )
	Digital pin 28

	73
	PA5 ( AD5 )
	Digital pin 27

	74
	PA4 ( AD4 )
	Digital pin 26

	75
	PA3 ( AD3 )
	Digital pin 25

	76
	PA2 ( AD2 )
	Digital pin 24

	77
	PA1 ( AD1 )
	Digital pin 23

	78
	PA0 ( AD0 )
	Digital pin 22

	79
	PJ7
	

	80
	VCC
	VCC

	81
	GND
	GND

	82
	PK7 ( ADC15/PCINT23 )
	Analog pin 15

	83
	PK6 ( ADC14/PCINT22 )
	Analog pin 14

	84
	PK5 ( ADC13/PCINT21 )
	Analog pin 13

	85
	PK4 ( ADC12/PCINT20 )
	Analog pin 12

	86
	PK3 ( ADC11/PCINT19 )
	Analog pin 11

	87
	PK2 ( ADC10/PCINT18 )
	Analog pin 10

	88
	PK1 ( ADC9/PCINT17 )
	Analog pin 9

	89
	PK0 ( ADC8/PCINT16 )
	Analog pin 8

	90
	PF7 ( ADC7 )
	Analog pin 7

	91
	PF6 ( ADC6 )
	Analog pin 6

	92
	PF5 ( ADC5/TMS )
	Analog pin 5

	93
	PF4 ( ADC4/TMK )
	Analog pin 4

	94
	PF3 ( ADC3 )
	Analog pin 3

	95
	PF2 ( ADC2 )
	Analog pin 2

	96
	PF1 ( ADC1 )
	Analog pin 1

	97
	PF0 ( ADC0 )
	Analog pin 0

	98
	AREF
	Analog Reference

	99
	GND
	GND

	100
	AVCC
	VCC


RAMPS Schematic


Extruder Attachment 


Arduino Configuration
#ifndef CONFIGURATION_H

#define CONFIGURATION_H

// BASIC SETTINGS: select your board type, thermistor type, axis scaling, and endstop configuration

//// The following define selects which electronics board you have. Please choose the one that matches your setup

// MEGA/RAMPS up to 1.2  = 3,

// RAMPS 1.3/1.4 = 33

// Gen6 = 5, 

// Gen6 deluxe = 51

// Sanguinololu up to 1.1 = 6

// Sanguinololu 1.2 and above = 62

// Gen 7 @ 16MHZ only= 7

// Gen 7 @ 20MHZ only= 71

// Teensylu (at90usb) = 8

// Printrboard Rev. B (ATMEGA90USB1286) = 9

// Gen 3 Plus = 21

// gen 3  Monolithic Electronics = 22

// Gen3 PLUS for TechZone Gen3 Remix Motherboard = 23

#define MOTHERBOARD 33

//// Thermistor settings:

// 1 is 100k thermistor

// 2 is 200k thermistor

// 3 is mendel-parts thermistor

// 4 is 10k thermistor

// 5 is ParCan supplied 104GT-2 100K

// 6 is EPCOS 100k

// 7 is 100k Honeywell thermistor 135-104LAG-J01

#define THERMISTORHEATER 6

#define THERMISTORBED 6

//// Calibration variables

// X, Y, Z, E steps per unit - Metric Prusa Mendel with Wade extruder:

#define _AXIS_STEP_PER_UNIT {80, 80, 3200/1.25,700}

// Metric Prusa Mendel with Makergear geared stepper extruder:

//#define _AXIS_STEP_PER_UNIT {80,80,3200/1.25,1380}

// MakerGear Hybrid Prusa Mendel:

// Z axis value is for .9 stepper(if you have 1.8 steppers for Z, you need to use 2272.7272)

//#define _AXIS_STEP_PER_UNIT {104.987, 104.987, 4545.4544, 1487}

//// Endstop Settings

#define ENDSTOPPULLUPS // Comment this out (using // at the start of the line) to disable the endstop pullup resistors

// The pullups are needed if you directly connect a mechanical endswitch between the signal and ground pins.

//If your axes are only moving in one direction, make sure the endstops are connected properly.

//If your axes move in one direction ONLY when the endstops are triggered, set [XYZ]_ENDSTOP_INVERT to true here:

const bool X_ENDSTOP_INVERT = true;

const bool Y_ENDSTOP_INVERT = true;

const bool Z_ENDSTOP_INVERT = true;

// This determines the communication speed of the printer

#define BAUDRATE 115200

//#define BAUDRATE 250000

// Comment out (using // at the start of the line) to disable SD support:

#define SDSUPPORT

// Uncomment to make run init.g from SD on boot

//#define SDINITFILE

//Only work with Atmega1284 you need +1 kb ram

//#define SD_FAST_XFER_AKTIV

//-----------------------------------------------------------------------

//// STORE SETTINGS TO EEPROM

//-----------------------------------------------------------------------

// the microcontroller can store settings in the EEPROM

// M500 - stores paramters in EEPROM

// M501 - reads parameters from EEPROM (if you need reset them after you changed them temporarily).

// M502 - reverts to the default "factory settings". You still need to store them in EEPROM afterwards if you want to.

// M503 - Print settings

// define this to enable eeprom support

//#define USE_EEPROM_SETTINGS

// to disable EEPROM Serial responses and decrease program space by ~1000 byte: comment this out:

// please keep turned on if you can.

//#define PRINT_EEPROM_SETTING

//-----------------------------------------------------------------------

//// ARC Function (G2/G3 Command)

//-----------------------------------------------------------------------

//Uncomment to aktivate the arc (circle) function (G2/G3 Command)

//Without SD function an ARC function the used Flash is smaller 31 kb

#define USE_ARC_FUNCTION

//-----------------------------------------------------------------------

//// ADVANCED SETTINGS - to tweak parameters

//-----------------------------------------------------------------------

#ifdef SDSUPPORT


#ifdef SD_FAST_XFER_AKTIV



//Fast transfer chunk size (> 1024 is unstable, change at your own risk).



#define SD_FAST_XFER_CHUNK_SIZE 1024


#endif

#endif

//-----------------------------------------------------------------------

// For Inverting Stepper Enable Pins (Active Low) use 0, Non Inverting (Active High) use 1

//-----------------------------------------------------------------------

#define X_ENABLE_ON 0

#define Y_ENABLE_ON 0

#define Z_ENABLE_ON 0

#define E_ENABLE_ON 0

//Uncomment if you have problems with a stepper driver enabeling too late, this will also set how many microseconds delay there will be after enabeling the driver

//#define DELAY_ENABLE 15

//-----------------------------------------------------------------------

// Disables axis when it's not being used.

//-----------------------------------------------------------------------

const bool DISABLE_X = false;

const bool DISABLE_Y = false;

const bool DISABLE_Z = true;

const bool DISABLE_E = false;

//-----------------------------------------------------------------------

// Inverting axis direction

//-----------------------------------------------------------------------

const bool INVERT_X_DIR = false;

const bool INVERT_Y_DIR = false;

const bool INVERT_Z_DIR = true;

const bool INVERT_E_DIR = false;

//-----------------------------------------------------------------------

//// ENDSTOP SETTINGS:

//-----------------------------------------------------------------------

// Sets direction of endstops when homing; 1=MAX, -1=MIN

#define X_HOME_DIR -1

#define Y_HOME_DIR -1

#define Z_HOME_DIR -1

//#define ENDSTOPS_ONLY_FOR_HOMING // If defined the endstops will only be used for homing

const bool min_software_endstops = false; //If true, axis won't move to coordinates less than zero.

const bool max_software_endstops = true; //If true, axis won't move to coordinates greater than the defined lengths below.

//-----------------------------------------------------------------------

//Max Length for Prusa Mendel, check the ways of your axis and set this Values

//-----------------------------------------------------------------------

const int X_MAX_LENGTH = 500;

const int Y_MAX_LENGTH = 500;

const int Z_MAX_LENGTH = 400;

//-----------------------------------------------------------------------

//// MOVEMENT SETTINGS

//-----------------------------------------------------------------------

const int NUM_AXIS = 4; // The axis order in all axis related arrays is X, Y, Z, E

#define _MAX_FEEDRATE {400, 400, 2, 45}       // (mm/sec)    

#define _HOMING_FEEDRATE {1500,1500,120}      // (mm/min) !!

#define _AXIS_RELATIVE_MODES {false, false, false, false}

#define MAX_STEP_FREQUENCY 30000 // Max step frequency

//For the retract (negative Extruder) move this maxiumum Limit of Feedrate is used

//The next positive Extruder move use also this Limit, 

//then for the next (second after retract) move the original Maximum (_MAX_FEEDRATE) Limit is used

#define MAX_RETRACT_FEEDRATE 100    //mm/sec

//-----------------------------------------------------------------------

//// Not used at the Moment

//-----------------------------------------------------------------------

// Min step delay in microseconds. If you are experiencing missing steps, try to raise the delay microseconds, but be aware this

// If you enable this, make sure STEP_DELAY_RATIO is disabled.

//#define STEP_DELAY_MICROS 1

// Step delay over interval ratio. If you are still experiencing missing steps, try to uncomment the following line, but be aware this

// If you enable this, make sure STEP_DELAY_MICROS is disabled. (except for Gen6: both need to be enabled.)

//#define STEP_DELAY_RATIO 0.25

///Oscillation reduction.  Forces x,y,or z axis to be stationary for ## ms before allowing axis to switch direcitons.  Alternative method to prevent skipping steps.  Uncomment the line below to activate.

// At this Version with Planner this Function ist not used

//#define RAPID_OSCILLATION_REDUCTION

#ifdef RAPID_OSCILLATION_REDUCTION

const long min_time_before_dir_change = 30; //milliseconds

#endif

//-----------------------------------------------------------------------

//// Acceleration settings

//-----------------------------------------------------------------------

// X, Y, Z, E maximum start speed for accelerated moves. E default values are good for skeinforge 40+, for older versions raise them a lot.

#define _ACCELERATION 1000         // Axis Normal acceleration mm/s^2

#define _RETRACT_ACCELERATION 2000 // Extruder Normal acceleration mm/s^2

#define _MAX_XY_JERK 20.0

#define _MAX_Z_JERK 0.4

#define _MAX_E_JERK 5.0    // (mm/sec)

//#define _MAX_START_SPEED_UNITS_PER_SECOND {25.0,25.0,0.2,10.0}

#define _MAX_ACCELERATION_UNITS_PER_SQ_SECOND {5000,5000,50,5000}    // X, Y, Z and E max acceleration in mm/s^2 for printing moves or retracts

// Minimum planner junction speed. Sets the default minimum speed the planner plans for at the end

// of the buffer and all stops. This should not be much greater than zero and should only be changed

// if unwanted behavior is observed on a user's machine when running at very slow speeds.

#define MINIMUM_PLANNER_SPEED 0.05 // (mm/sec)

#define DEFAULT_MINIMUMFEEDRATE       0.0     // minimum feedrate

#define DEFAULT_MINTRAVELFEEDRATE     0.0

#define _MIN_SEG_TIME 20000

// If defined the movements slow down when the look ahead buffer is only half full

#define SLOWDOWN

const int dropsegments=5; //everything with less than this number of steps will be ignored as move and joined with the next movement

//-----------------------------------------------------------------------

// Machine UUID

//-----------------------------------------------------------------------

// This may be useful if you have multiple machines and wish to identify them by using the M115 command. 

// By default we set it to zeros.

#define _DEF_CHAR_UUID "00000000-0000-0000-0000-000000000000"

//-----------------------------------------------------------------------

//// Planner buffer Size

//-----------------------------------------------------------------------

// The number of linear motions that can be in the plan at any give time

// if the SD Card need to much memory reduce the Values for Plannerpuffer (base of 2)

#ifdef SDSUPPORT

  #define BLOCK_BUFFER_SIZE 16

  #define BLOCK_BUFFER_MASK 0x0f

#else

  #define BLOCK_BUFFER_SIZE 16  

  #define BLOCK_BUFFER_MASK 0x0f

#endif 

//-----------------------------------------------------------------------

//// SETTINGS FOR ARC FUNCTION (Command G2/G2)

//-----------------------------------------------------------------------

// Arc interpretation settings:

//Step to split a cirrcle in small Lines 

#define MM_PER_ARC_SEGMENT 1

//After this count of steps a new SIN / COS caluclation is startet to correct the circle interpolation

#define N_ARC_CORRECTION 25

//-----------------------------------------------------------------------

//// FANCONTROL WITH SOFT PWM

//-----------------------------------------------------------------------

//With this option its possible to drive the fan with SOFT PWM (500hz) and use

//every Digital output for it, main usage for Sanguinololu

#define FAN_SOFT_PWM

//-----------------------------------------------------------------------

//// MINIMUM START SPEED FOR FAN

//-----------------------------------------------------------------------

//Minimum start speed for FAN when the last speed was zero

//Set to 0 to deaktivate

//If value is set the fan will drive with this minimum speed for MINIMUM_FAN_START_TIME

#define MINIMUM_FAN_START_SPEED  0

//This is the time how long the minimum FAN speed is set

#define MINIMUM_FAN_START_TIME  6000    //6sec

//-----------------------------------------------------------------------

//// HEATERCONTROL AND PID PARAMETERS

//-----------------------------------------------------------------------

//Testfunction to adjust the Hotend temperatur in case of Printingspeed

//If the Printer print slow the Temp is going to AUTO_TEMP_MIN

//At the moment this Value dont change the targettemp from the Hotend

//The result of this function is only send with the Temperaturerequest to the host

//#define AUTOTEMP 

#ifdef AUTOTEMP

    #define AUTO_TEMP_MAX 240

    #define AUTO_TEMP_MIN 205

    #define AUTO_TEMP_FACTOR 0.025

    #define AUTOTEMP_OLDWEIGHT 0.98

#endif

//// AD595 THERMOCOUPLE SUPPORT UNTESTED... USE WITH CAUTION!!!!

//// PID settings:

// Uncomment the following line to enable PID support. This is untested and could be disastrous. Be careful.

#define PIDTEMP 1

#ifdef PIDTEMP

//Sanguinololu 1.2 and above, the PWM Output Hotend Timer 1 is used for the Hardware PWM

//but in this Software use Timer1 for the Stepperfunction so it is not possible to use the "analogWrite" function.

//This Soft PWM use Timer 2 with 400 Hz to drive the PWM for the hotend

#define PID_SOFT_PWM

//Measure the MIN/MAX Value of the Hotend Temp and show it with

//Command M601 / Command M602 Reset the MIN/MAX Value

//#define DEBUG_HEATER_TEMP

// M303 - PID relay autotune S<temperature> sets the target temperature. 

// (default target temperature = 150C)

#define PID_AUTOTUNE

//PID Controler Settings

#define PID_INTEGRAL_DRIVE_MAX 80 // too big, and heater will lag after changing temperature, too small and it might not compensate enough for long-term errors

#define PID_PGAIN 2560 //256 is 1.0  // value of X means that error of 1 degree is changing PWM duty by X, probably no need to go over 25

#define PID_IGAIN 64 //256 is 1.0  // value of X (e.g 0.25) means that each degree error over 1 sec (2 measurements) changes duty cycle by 2X (=0.5) units (verify?)

#define PID_DGAIN 4096 //256 is 1.0  // value of X means that around reached setpoint, each degree change over one measurement (half second) adjusts PWM by X units to compensate

// magic formula 1, to get approximate "zero error" PWM duty. Take few measurements with low PWM duty and make linear fit to get the formula

// for my makergear hot-end: linear fit {50,10},{60,20},{80,30},{105,50},{176,100},{128,64},{208,128}

#define HEATER_DUTY_FOR_SETPOINT(setpoint) ((int)((187L*(long)setpoint)>>8)-27)  

// magic formula 2, to make led brightness approximately linear

#define LED_PWM_FOR_BRIGHTNESS(brightness) ((64*brightness-1384)/(300-brightness))

#endif

// Change this value (range 30-255) to limit the current to the nozzle

#define HEATER_CURRENT 255

// How often should the heater check for new temp readings, in milliseconds

#define HEATER_CHECK_INTERVAL 500

#define BED_CHECK_INTERVAL 5000

// Comment the following line to enable heat management during acceleration

#define DISABLE_CHECK_DURING_ACC

#ifndef DISABLE_CHECK_DURING_ACC

  // Uncomment the following line to disable heat management during moves

  //#define DISABLE_CHECK_DURING_MOVE

#endif

// Uncomment the following line to disable heat management during travel moves (and extruder-only moves, eg: retracts), strongly recommended if you are missing steps mid print.

// Probably this should remain commented if are using PID.

// It also defines the max milliseconds interval after which a travel move is not considered so for the sake of this feature.

#define DISABLE_CHECK_DURING_TRAVEL 1000

//// Temperature smoothing - only uncomment this if your temp readings are noisy (Gen6 without EvdZ's 5V hack)

//#define SMOOTHING

//#define SMOOTHFACTOR 16 //best to use a power of two here - determines how many values are averaged together by the smoothing algorithm

//// Experimental watchdog and minimal temp

// The watchdog waits for the watchperiod in milliseconds whenever an M104 or M109 increases the target temperature

// If the temperature has not increased at the end of that period, the target temperature is set to zero. It can be reset with another M104/M109

//#define WATCHPERIOD 5000 //5 seconds

// Actual temperature must be close to target for this long before M109 returns success

//#define TEMP_RESIDENCY_TIME 20  // (seconds)

//#define TEMP_HYSTERESIS 5       // (C°) range of +/- temperatures considered "close" to the target one

//// The minimal temperature defines the temperature below which the heater will not be enabled

#define MINTEMP 5

//// Experimental max temp

// When temperature exceeds max temp, your heater will be switched off.

// This feature exists to protect your hotend from overheating accidentally, but *NOT* from thermistor short/failure!

// You should use MINTEMP for thermistor short/failure protection.

#define MAXTEMP 275

// Select one of these only to define how the nozzle temp is read.

#define HEATER_USES_THERMISTOR

//#define HEATER_USES_AD595

//#define HEATER_USES_MAX6675

// Select one of these only to define how the bed temp is read.

#define BED_USES_THERMISTOR

//#define BED_USES_AD595

//This is for controlling a fan to cool down the stepper drivers

//it will turn on when any driver is enabled

//and turn off after the set amount of seconds from last driver being disabled again

//#define CONTROLLERFAN_PIN 23 //Pin used for the fan to cool controller, comment out to disable this function

#define CONTROLLERFAN_SEC 60 //How many seconds, after all motors were disabled, the fan should run

//This is for controlling a fan that will keep the extruder cool.

//#define EXTRUDERFAN_PIN 66 //Pin used to control the fan, comment out to disable this function

#define EXTRUDERFAN_DEC 50 //Hotend temperature from where the fan will be turned on

//#define CHAIN_OF_COMMAND 1 //Finish buffered moves before executing M42, fan speed, heater target, and so...

//-----------------------------------------------------------------------

// DEBUGING

//-----------------------------------------------------------------------

//Uncomment this to see on the host if a wrong or unknown Command is recived

//Only for Testing !!!

//#define SEND_WRONG_CMD_INFO

// Uncomment the following line to enable debugging. You can better control debugging below the following line

//#define DEBUG

#ifdef DEBUG

  //#define DEBUG_PREPARE_MOVE //Enable this to debug prepare_move() function

  //#define DEBUG_MOVE_TIME //Enable this to time each move and print the result   

  //#define DEBUG_HEAT_MGMT //Enable this to debug heat management. WARNING, this will cause axes to jitter!

  //#define DEBUG_DISABLE_CHECK_DURING_TRAVEL //Debug the namesake feature, see above in this file

#endif

#endif

Table 2.1.3a: Gantt Chart








Table 2.1.3b: Updated Gantt Chart








Table 2.1.4a: Budget








Figure 2.2.3a: Final Design





Figure 3.1.4d: Two coils of a Bipolar Motor








Figure 3.1.4c: Two coils of a Unipolar Motor each with a center tap                                     








