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Toward a 3D Printer with Submicron Precision
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Nanopositioning plays an important part in both understanding and engineering at a small scale. Scanning tunneling microscopes (STM’s), atomic force microscopes (AFM’s), and bioprinters are all examples where precision of position is necessary. STM’s currently have an x-y precision of 0.1 nm and a slightly better resolution in the z-direction; however, they are unable to move further than 1 µm. AFM’s have a broader range in the x-y (50 x 50 µm), and are precise down to about 5 nm in the z-direction.

On the other hand, 3D printers typically have a 20 x 20 cm printing area and use NEMA stepper motors to position the extruder with an accuracy of about 20-50 µm. These are currently used by researchers in additive manufacturing to print scaffolds for tissue engineering, but are positioning at a length that is bigger than the length of each cell. Tissue engineers would like to be able to print at a 1 µm resolution to have a higher control over the positioning of growth and differentiation factors critical to proper tissue development.

Both the AFM, STM, and additive manufacturing communities desire a positioning system with a macroscopic range similar to current 3D printers while still maintaining as high an accuracy as possible. Existing Technology is limited by a computer’s ability to subdivide a control voltage of 0-5 VDC into 216 subdivisions, or bits, which is translated into length on a screw in fractions of a turn.

The purpose of this project is to show a proof of concept for a 3-dimensional positioning system with an accuracy in each direction of 1 µm or better. This can be done by creating a linear system with said accuracy.  Possible solutions include having telescoping motors (a combination of motors) to solve the macro and micro scale issues caused by each motor. The use of a servo motor instead of a stepper motor to make the large scale movement will dramatically increase speed and is the approach used by STM and AFM manufacturers for their coarse adjustment when positioning the STM tip or AFM cantilever. An issue with the servo is its inability to return to home, or in x-y-z coordinates (0,0,0). This is not critical for AFM’s and STM’s, but will cause misalignment of layers for a 3D printed boject. To solve this issue, a laser to optically determine the error between where the servo thinks is home position, and where home position actually is.  After this error is found, a piezoelectric motor can then apply the correction.

The project will be initially constructed using a servo motor, a linear encoder, and a lead screw to generate the long-range motion and add an inchworm piezo for the nanometer correction and motion. This has been done by others in high-precision positioning stages. The stages of development including reading the laser measurement board, the encoder, and the motion control platform to be used. An existing Up Box 3D printer will be retrofitted to allow for servo motor coarse positioning control, laser-based optical zero measurement, and piezoelectric “inchworm” motor zero correction in addition to the usual stepper motor-based positioning in the z-direction and printing.  
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[bookmark: Section_1_1][bookmark: _Toc12563262]1.1 - Inspiration and FIT History Leading to This Project

Tissue engineering is approaching a renaissance era as 3D printing and bioprinting becomes more commonplace.  Currently, such printers and bioprinters use stepper motors with x-y resolutions in the 20-50 m range.  However, this positioning precision exceeds the dimensions of cells. Tissue engineers would like to be able to print at a 1 µm resolution to direct the positioning of cells toward fibers inside the body, particularly muscle fibers and extracellular matrix (ECM).  One of the reasons why bioprinting has not yet replaced electrospinning for generation of scaffolding on which cells can grow is that the fibers generated through electrospinning are at the 1 µm diameter range.

In addition to building an electrospinning setup for Dr. Bashur and me in MAE’16 alumnus Carlos Gross-Jones helped establish our 3D printing makerspace, started a project with Professor Kunal Mitra (BME/ME) and me on 3D printing of metals, and started a project with me on construction of a home-built atomic force microscope, or AFM. Dr. Brenner was inspired partly by his desire to have more AFM’s for teaching my Materials Characterization Lab and by my goal to drive down the cost of nanotech education. At the same time, a partnership of three Chinese universities and the University College of London held a competition for groups of students to build AFM’s costing less than $500 using Legos and off the shelf optics and electronics. Carlos started working on the servo motor control system for a homebuilt AFM before I had him focus on another project. That Newport x-y-z motor control system is now part of our new more precise 3D printing system. STM’s and AFM’s use multiple motors for coarse and fine positioning with piezoelectric motors for the finer positioning. Most 3D printers use stepper motors for positioning. Such stepper motors divide the maximum travel or print distance into steps. For example, let us presume a printable area of 20 cm x 20 cm (8 in x 8 in), using metallic lead screws for each axis. A NEMA 23 stepper motor with 200 steps per 360 degrees turn over a distance based on the pitch on the lead screw. The distance is broken down into 216 subdivisions using a 16-bit computer card, yielding an optimal resolution of 0.00012207in increments (8 in bed divided by 65,536 integers), presuming that no other function of the printer, such as the extruder head, limits the resolution. 	Comment by Tanner Johnson: Needs a reference

To get finer resolution for 3D printing, one could use a second motor, just like is done for STM’s and AFM’s, with lower speed, of course. Our system uses a very precise 32-bit servo motor-controlled stage, meaning that its travel distance is divided into 10 nm intervals. However, servo motors have some problems. Most noteworthy among these problems is a lack of repeatability of positioning over time. Servo motors require braking, like a car, when they approach their set point. When one is parking your car in your garage, one approach is the final spot very slowly. The proportional, integral, and derivative (or PID) control setting for atomic force microscopy are consistently too high. Just like when turning a steering wheel or parking, very gradual motions lead to the best control. We are going to use slow, steady servo motions during printing within a given print layer error in finding x and y equal to zero when the servo motor is moving to a new z height for printing a new layer. Despite the fact that we will choose a slower speed for more precise control in starting a new layer, there would be a small systematic error in the homing of the (x,y) position. But how big will that error be? We will put two calibrated transmission electron microscope (TEM) grids on both ends of the centerlines of all three axes. Thus, the beginning of each new layer, if the servo motors get within 3 mm of properly aligned, piezoelectric motors will move the position to the nearest four corners where copper strips on the TEM grids cross as measured by lasers in each direction, so that the servo motor-controlled stage's position is exactly known. 

That error will be reported to the control computer, the piezoelectric motors will return to their home positions, the servo motor will correctly position the stage, and finally the next layer will be printed. Because the servo motors are 32-bit, if the positioning precision was dictated purely by the servo a printing system could be theoretically as good as 0.8µm with a report accuracy of 10 nm. However, if one attempts to print < 100 nm precision, almost surely there will be other issues that will limit precision. 

A)	The printer’s extruder head will become precision-limiting.
B)	The extruded liquid/gel will spread out over too wide an area.
C)	Replacing the extruder head with a fine syringe needle tip will result in increased printer head clogging. We have several ideas to deal with these anticipated problems. 

1)	Case C) above is the best way to deal with problem A), 
2)	Applying an electrical bias (i.e. a charge) to the extruded liquid will make the resulting polymer fibers narrower, as is commonly seen in electrospinning and even cotton candy making.
3)	Printing each layer with alternating charges, using either alternating electrically biases or by printing polymer suspensions of alternating charges should confine the spreading of the liquid/ gel from case b).
4)	Adding viscosity measurement and control to the existing temperature measurements and control for 3D printer will permit printing of cell-containing suspensions and other fluids common to bioprinting, but not common conventional 3D printing.

+ Replacing the existing stepper motor on an UpBox 3D printer with a combo of the
	following:  servo motors for large scale movements and Newport/New Focus
	Picomotor piezoelectric motors for corrections to laser-measured repeatability
	errors in finding the correct origin with the servo motor controls
+ By attaching multichannel syringe pumps that we will have to develop Arduino controls
 	for an existing GBotz printer, we will learn how to develop a bioprinter with 
	~ 30 mm resolution capable of printing collagen/Bioglass composites in short term
	for < $ 3 K with viscosity control.
+ Future Work:  Wed these projects together to make a bioprinter capable of printing 
	1 mm diameter fibers with embedded growth and differentiation factors for 
	< $ 20 K and combine this with our tissue engineering test bed project to allow FIT
	to be a world leader in tissue engineering

- 3D print scaffolding fibers of 1-3 m diameter with embedded	growth and tissue differentiation factors; now only > 30 m	diameter fibers are possible
[bookmark: Figure_1_1_1]	Comment by James Brenner: 
[bookmark: _Toc12563263][bookmark: Section_1_3]
1.2 – Literature Review
[bookmark: Section_1_4]Current technology in the positioning field relies on analog in data acquisition cards to process data. This technology is limited by the type of motor that it is used with, as well as by heating and space requirements for electronics. Different motor types, applications, and alternate data processing are being investigated to improve the quality of positioners both in overall distance and tolerance. Piezo and Lorentz Force types of quality control remove the overall positioning and rely on chemical and physical properties, while other sacrifice distance for precision. To be able to accurately design a system to overcome positioning impression, understanding the current technology and the limitations it has is imperative.
Linear and rotational thermal micro-steppers rely on a mixture of friction and heating to move objects with an accuracy of less than 50 microns. The friction principle-based actuation is slow and limited choices. As the material size is changed, so does the accuracy of the positioning; adding rotation can increase the accuracy of these systems, but are also limited in material choices. The linear version is only limited by tracks; however, the system is very slow (even slower than the other two types) and is not suitable for time-sensitive applications over long distances. Other similar motor types are entropy walking motors, ultrasonic actuators, and electrostatic rotary stepper motors. Each of these use a different governing principle to achieve a similar performance. Each has its pros and cons with regard to power consumption, interference, and vibrations, but all fall short of achieving a long distance, highly accurate motor.
[image: ]Stepper motors have advanced into many groups including air bearing, flexure based parallel kinematics, Lorentz force, and magnetically levitated. Each stepper motor works similarly to the others, but allows for different possibilities. Air bearing does not change how the motion of the traditional stepper motor work but adds compressed air in between the sliding surfaces to remove friction. This allows for accuracy to be improved to sub-nanometer positioning. The coverage distance is not satisfactory, however, and is not applicable in most fields. Alternate approaches are linear motors by Aerotech that use expensive data acquisition cards to allow for sub-100 nm positioning over 100 to 200 mm ranges; however, these are not affordable, with used motors costing $2,000. A typical air bearing interface can be seen in figure _. The compressed air can be seen in between the surfaces, causing a  dramatic reduction in friction.[bookmark: _Toc12562284][bookmark: _Toc12563270]Figure 1: Air Bearing

[image: ]Flexure based parallel kinematics are motors based on beams and piezoelectric materials. Cantilevers are good for repetition with the same input and is needed to be made for each purpose and are only useful at that one job. Piezoelectric motors are much more versatile as stepper motors and can perform the same jobs as stepper motors but following different mechanics. Motion is based on the material characteristics including geometry, electrical conductivity, rigidity, and reliability. This type of motor can be used to overcome size constraints on coils for traditional steppers. These motors are often slower than other stepper motors but can have accuracies like the air bearing style motors. Their geometries can be seen in figure 5. The motion pattern varies from “walking” to “caterpillar” where the motion is like how a caterpillar crawls.
Other types of high accuracy stepper motors are linear and rotational thermal and friction-based actuators. These are like flexure based parallel kinematic motors in that the material selected and its geometry cause motion patterns. Rotational and linear motion can be achieved, but the motion of these is still slow. Just as piezoelectric motors are inefficient, so are these motors.[bookmark: _Toc12562285][bookmark: _Toc12563271]Figure 2: Magnetic Levitation Schema


[image: ]The Lorentz motor and the magnetically levitated motor are the least useful of the two main advances in stepper motors. The Lorentz motor works using the Lorentz force and moves an atom at a time. This is useful for observing atoms, but is currently not useful for long distance, high accuracy systems. Magnetically levitated motors have made Lorentz motors obsolete for transportation because of their low friction. Magnetically levitated motors and Lorentz motors are also used in medical applications and other places where vibration isolation and friction reduction are important. Figure 2 shows how an interface for a mag-lev system can look. These types of motors are like air bearings, but do not require air. In exchange, the highly charged magnets cause a repelling motion between the surfaces. Although this can achieve the same motion as the air bearing motor, the amount of heat and electromagnetic interference causes this motor type to also be insufficient in overcoming the general issue of high accuracy and long motion unlike the air bearing.[bookmark: _Toc12562286][bookmark: _Toc12563272]Figure 3: Example of Pattern Interferometry

An alternative motor that is based on advanced magnetics is a spherical actuator. These are suspended using magnets in a sphere, with ferrofluids being the original choice due to their flexibility in use; however, ferrofluids have non-linear magnetic equations causing it to be ineffective as a choice. An alternate approach uses a mixture of electromagnets and stationary magnets to achieve a more linear relationship while retaining the 3DOF. The system worked on a normal motor size but reducing the size to achieve higher accuracy saw the same issue as the mag-lev motors. Too much heat and interference caused the motor to be inadequate as a solution to a simple, 3DOF high accuracy motor.
Sub-100nm positioning and proving this position is very important for advanced printing techniques. In 1999, a literature review interferometry system talked about improvements in laser-based techniques. Homo and heterodyne laser systems were and are still the main formats for checking distance, placement, and patterns. Cheaper systems use a single laser beam and split it, then compare one beam that is kept pure to one beam that is reflected. The difference gives the distance. More expensive systems use two beams where one is used as reference and the other as the distance reference. Earlier in 1999, holographic phase shift was introduced as a new form of error check for grid patterns in highly accurate productions. This used a general light source through a confocal lens and a grid with a magnification lens. The lens magnification matched the period of which the same pattern was followed by the substrate. These methods improved the ability for nanoimprint lithography (NIL), 3D printing, and other forms of printing by increasing the reliability of positioners.
  
[image: ]NIL is useful in a way that 3D printers are not: normal pressure and normal temperature. This printing technique can make highly accurate molds and frameworks. The only limiting factor was the inability to properly control material insertion. A 3DOF flexure ring was used in a single step single layer NIL that allowed any excess material to be moved outside the print area using the pressure from inserting the material. Unfortunately, the single step, single layer NIL is not ideal for manufacturing. Changes to the 3DOF ring and the process machine for NIL would need to be modified to allow for any high throughput system. Long range, highly accurate motors would allow for simple checks of large materials to verify production quality. Use of a holographic phase shift with these highly accurate motors would allow the change to be size of production rather than speeding up the production process. Instead of creating a sample smaller than a penny, a sample the size of a table could be produced and checked in the nearly the same it would take to check with the original process.[bookmark: _Toc12563273]Figure 4: Typical FDM Printer in Action

Solid freeform fabrication, also known as 3D printing, is convenient as it can create useful objects based on 3D models on a computer. It takes enough pressure to move material and enough temperature to cause the material to begin melting. All printers use the same method of a base material and a cross linking agent. Dust size, nozzle diameter, and laser width are only a few of the parts of different printers that are limiting factors in widely used nanoprinting. Figure 4 shows how a typical fused deposition modeling (FDM) nozzle deposits material onto a substrate. The nozzle is the main place where most FDM printers have limitations on printing. One good example of a printing method close to molecule by molecule printing is electrostatic atomization. This type of fused deposition modeling relies on water’s interaction with electricity and magnetic fields. Molecules are dissolved in the water and are electro spun over a surface. An electric current is driven through the liquid and into a magnetic field. This causes the water vapor deposit the material into the designated position. Although it solves the motor and nozzle issue, it only works with materials that cause water to be conductive and is difficult to control the position of the deposited material because of the non linear relationship between magnetic fields and electrics currents. Other limitations of this technique are the aggregation time of the molecules, types of dissolvable materials, and suspension characteristics of nanoparticles.
To accurately get measurements in this range, different techniques have been employed mainly via light properties and microscopy techniques. For example, a piezo stepper motor was tested using a scanning tunneling microscope (STM). The STM followed the object being pushed by the piezo motor and recorded the movement. This allowed for an external source to prove the motion of the motor and its accuracy. The main form to check accuracy is via interferometry. The use of lasers with mirrors and detectors allows for accurate data analysis of both positioning and pattern analysis. There are different methods and forms to check distance, but overall each has its own purpose for analysis.
The current market has motors with some range that can complete some of the requirements, however they are extremely expensive. Patents range in the motor field from acoustic-magnetic motors that rely on a mixture of vibration control and magnetic suspension to achieve short motion to electromagnetic linear actuator that is based in oscillation of a magnet with coils that produces motion in a flexure-based manner. Nanomotors are even discussed as a step-in sensing biomolecular interactions. Each of these overcame a certain problem but did not overcome the issue in long distance and high accuracy while becoming affordable. High accuracy positioning is difficult to be stable as there are different motor types and each has its own issues. Vibration based motion causes sinusoidal motion in the motor and its interface during motion where Figure 5 shows how a protein based motor can be moved using photon excitation.
Similarly, other patents talk about motion using servo motors with high rigidity to achieve high accuracy positioning. This is an idea that is solving a similar problem that nanomotors are encountering with stable motion. Because it is difficult to achieve such high accuracy, most motors are very flexible in motion. This causes some error in placement that occurs at every junction or change in motion pattern. The rigid servo overcomes that issue based on traditional motors and the idea of expandable shaft. Alternatively, higher accuracy was found in nanomotors that had this non-rigid system. The servo option was a good [image: ]improvement as a more stable framework and an improvement in distance control; however, it distance was only relative to the expanding shaft and would be the limiting factor.[bookmark: _Toc12563274]Figure 5: Moving Nanometers Due to Grating Platform


Similar projects have been done to this project like the high-precision rapid displacement platform based on a stepping motor. This project used a grating scale and a stepper motor to control a platform. The project used the encoder of the stepper motor to check initial error and used the grating scale and controller as a secondary feedback loop to stop any accumulative or backlash error. The main issue with the motor is its maximum motion is 60 mm. Although it was able to overcome the speed limitation if stepper motors, it did not achieve the minimum of 100 mm distance for a decent print bed.

[bookmark: _Toc12563295]Table 1: List of Investigated Patents
	Patent #
	Title
	Important Factors
	Relation to Project

	CN105549638A
	High-precision rapid displacement platform realized based on stepping motor
	High accuracy, stepper motor, fast motion, good distance, stable
	High

	WO201017673A2
	Single-dna molecule nanomotor regulated by photons
	High accuracy, stepper motor, non-stable, slow
	Low

	US20100144556A1
	Motor proteins propelling nano-scale devices and systems
	High accuracy, stepper motor, very slow, slightly stable
	low

	US8476807B2
	Rigid dual-servo nano stage
	High accuracy, servo motor, average motion, bad distance, stable
	High

	WO2011120048A2
	Nanomotors and motion-based detection of biomolecular interactions
	Extreme accuracy, stepper motor, non-stable, extremely slow
	Low

	WO2007055656A1
	Nano-positioning electromagnetic linear actuator
	High accuracy, stepper motor, non-stable, slow
	low

	CN105577025A
	Acoustic-magnetic dual-power driving device for magnetic nano motor
	High accuracy, mixed stepper, non-stable, medium speed
	low




[bookmark: _Toc12563264]1.3 – Problem Identification
1. Telescoping motors have issues with compatibility. The design will need to overcome the situation of different motors with different interfaces.
2. The interferometry systems work best when the equipment for measurement are fixed. Moving equipment will cause additional errors.
3. The interface between the measurement equipment and the 6602 card will need to be designed for proper data acquisition.
4. Vibration isolation and reduction will need to be considered for printing and development.
5. Placement of equipment will need to be considered with space specifications.
6. Motor control commands will need to be integrated with LabVIEW for both motor types.
[bookmark: _Toc12563265][bookmark: Section_1_5]1.4 – Big Picture Task Plan
1. Purchase ribbon cables to connect valve controllers to DIO cards, purchase DIO cards +
multiplexer

Purchased 5 DIO-96 cards, 20 26-pin ribbon cables, 6 SC-2054 cards to connect DIO-96
cards to 26 pin ribbon cables, 100 pin to 50/50 ribbon connectors from DIO-96’s to SC-
2054’s, PCI-IMAQ-1408 image acquisition board, downloaded NI IMAQ 2.6.1 (the highest
version compatible with IMAQ-1408 and LabView 6 – but must be installed on XP or
lower), purchased breakout cable for multiple image inputs to 1408, purchased 2 AMUX-
64T’s to connect to 6024E DAQ cards, purchased ten 50 to 50-pin ribbon connectors, also
twenty 24 VDC adapters for valve controllers; purchased Aalborg 4-channel mass flow
controller power supply/readout to be converted into position controller for analog
outputs to syringe pumps for solutions of collagen, Bioglass, crosslinker, and cells.

4)   Connect all from 3) and install National Instruments (NI) hardware card to computer

5) Write code

Project tasks and deadlines:
1. Complete CAD drawing of commercial 3D printer to be retrofitted
2. Re-assemble 3D printer 
3. Design initial outline for piezo, servo, and laser 
a. Define acceptance criteria for evaluation of the system 
b. Layout connections of each part and corresponding ports 
4. Build layout and begin testing of linear motor 
a. Connect motors for xy axis
b. Check motion can be given for both motors from LabVIEW
c. Setup laser and check data can be received in LabVIEW
d. Add corrective alignment signal for secondary motors 
5. Collect test data on system to show overall performance
a. Change servo motor speed to highest possible and see positioning effectiveness of piezo 
b. Change servo motor speed to where its error generation speed is the same as the piezo’s correction speed and analyze effectiveness 
c. Change servo speed to where its error generation speed is significantly less than the piezo’s correction speed and analyze effectiveness 
6. Test 3D printer without incorporation of new components in tasks 3-5 
7. Review design and improve on based on data from tasks 3-5 
8. Merge system from Tasks 3-5 with re-assembled printer from Task 6 
9. Write report on findings of the study and prepare PowerPoint for presentation 
10. Make/buy cables to control laser
Purchased 44 pin DSUB breakout boards for parallel cable
Purchased 9 pin male and female DSUB breakout boards for serial powering of laser and laser controller; got two 5.2 VDC adapters; purchased 15 VDC adapters
11. Verify laser and laser controller functioning
12. Get operating manual for UpBox - DONE
13. Find, & if necessary, CAD out all UpBox parts
14. Learn how to print with an UpBox
15. Validate Kirill Martusevich thesis with an UpBox
16. Write assembly/disassembly manual for UpBox in same level of detail as GBotz


[bookmark: _Toc12563266][bookmark: Chapter_2]Chapter 2 – Servor/Piezo Motor Design	Comment by Tanner Johnson [2]: What do you want this labeled as?

[bookmark: _Toc12563267][bookmark: Section_2_1]2.1 – Questions and Issues Sheet Summary
A questions and issues sheet for the project is in Appendix 2.1.  The key issues and how they are addressed are listed below:	Comment by James Brenner: 	Comment by Tanner Johnson: I added what was for my project and future, but I’m not sure for test bed.
· How expensive are servo motors with micron accuracy?
· How expensive are stepper motors with nanometer accuracy?
· What orientation of x-y-z axis is best for interferometry system?
· Effect of heat on the motor performance?
· Effect of heat on laser performance?
· What forms of vibration are the biggest causes of error?
· How quickly can error accumulate and can the corrective speed overcome error accumulation?
· Does the VI cause additional error generation?
· Can both motor signal commands be sent from LabVIEW simultaneously?
· Can test of bed level and heat be ready with LabVIEW using current 3D mother boards?




[bookmark: Section_2_2][bookmark: _Toc12563268][bookmark: Figure_2_2_1]2.2 – Nanopositioner Design Considerations

The first issue investigated was what was the best method to achieve high resolution positioning. After looking through current research in the field of motion and the current market for motors, it was found that even though telescoping motors would work, this would be a very slow process. Even though it seemed like a worse idea, it turned out that using linear stages (based on servo motors) that have submicron accuracy would be best for this positioner. Using these, a single axis and then double axis setup could be made that would prove the concept of the positioner with higher accuracy.
The reason for this was that the speed at which the linear servos can move compared to the stepper motors. Stepper motors can be piezoelectric driven or DC driven. Both kinds of motors work and control the speed and position very accurately, but have a very slow speed with which to work with. The whole point of this project is to raise the accuracy while keeping as much of the other factors in the motion constant. The linear servos were then narrowed with the help of Dr. Gutierrez to be either Parker and Daedal’s ViX drive with a MXL80 linear stage or an Aerotech air-bearing stage. The ViX drive was selected based on cost and availability.
One issue comes into play with these motors and that is that they are servo motors. The reason why most who are looking into submicron positioning are looking away from servos is their ability to lose home. As they move, speed up, and slow down, servos have a backlash of voltage that can cause them to see home at a different spot. This adds up over time to cause a complete shift in their absolute positioning. To counteract this, two solutions have been devised.
The first solution is to use a secondary set of lasers to re-home the motors. When the initial laser system sees our error in positioning get too high, it stops the printing process momentarily on the next Z axis change. The secondary system then moves with the help of the piezoelectric steppers. This movement is done over small strips of transmission electron microscope (TEM) alignment pads that will be modified with a sensor to find the error in the system by moving in a grid like pattern. This sends a signal to the stages to go back to absolute zero and then reset the motors home. The printing process then continues.Error > Max
Halt Printing
At Z change
Home motors
Continue Print

The second solution proposed is to use the absolute position given by the initial laser system to see how far off the motor is. Once it reaches a certain threshold, the next Z step stops the printing process momentarily, and the stages are re-zeroed to an accuracy we define using an absolute positioning and sending the instructions to the linear stages. The home on the motors is then reset and the printing resumes.[bookmark: _Toc12562287][bookmark: _Toc12563275]Figure 6: 2nd Solution

From this, it may not be necessary to have a linear motor in the Z direction. In fact, since the Z motion will only move after the entire x-y plane finishes at that height, a stepper motor can be used in the Z axis since the speed necessary in the Z direction may be negligible in error; however, another issue comes from this: how will signals for steppers generated by the current splicer software work with linear motors?
The drive for the linear motor has been investigated and can be programmed to be downloaded onto the drive. This software can be made to take inputs for position from a computer source, like a 3D printer. However, the amount of variables is different between a stepper and a servo. It will be necessary to account for the extra variables and make sure that the input coming from our 3D printer motherboard is sending the correct signals, or modify it to have the necessary signals. There are currently adaptations made for 3D printer boards to be used with servos.
[bookmark: Section_2_5]Since most of the software is desired to be used in conjunction with LabVIEW as requested by Dr. Brenner for easy integration with the bioprinting team, it was checked to see if a G-code can be uploaded into LabVIEW. Although LabVIEW cannot read a G-code, it can read it via a text file and then push it as a G-code file to a port. This means we can read the G-code for position over time and verify that position with what is being sent by the interferometer system to find out the absolute error in positioning. Once that reaches our threshold, it is once again time to home the motors. A full list of requirements and acceptance criteria can be found in Appendix 2.2.
[bookmark: _Toc12563269]2.3 – Instrumentation Specifications
Below is a set of tables that show the list of parts for what was purchased for this project. The important specifications are talked about with each subassembly. More in depth analysis of each piece can be found in chapter 3 and the specification sheets can be found in appendix 3. 
[bookmark: _Toc12563296]Table 2: Laser Component Used on Project
	Laser Component BOM

	#
	Product
	SN
	PN
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes

	1
	ZMI parallel output enclosure
	need
	8020-0426-01
	Zygo
	2
	$375.00
	eBay
	$750.00
	

	2
	ZMI laser head
	need
	8070-0902-03
	Zygo
	1
	$1,100.00
	eBay
	$1,100.00
	

	3
	Fiber optic pickup, Mirror, and HSPMI mount, and HSPMI
	need
	need
	Zygo
	3
	$250.00
	eBay
	$750.00
	

	4
	Fiber optic cables
	need
	need
	Zygo
	4
	
	eBay
	$0.00
	

	5
	Alignment card
	need
	need
	
	2
	
	eBay
	$0.00
	

	6
	Beamsplitter (set 1)
	need
	need
	Zygo
	3
	$50.00
	eBay
	$150.00
	

	7
	Beamsplitter (set 2)
	need
	need
	Zygo
	3
	$75.00
	eBay
	$225.00
	

	8
	Beam Splitter
	need
	need
	Zygo
	2
	$150.00
	eBay
	$300.00
	

	9
	ZMI parallel output enclosure
	need
	8020-0426-01
	Zygo
	2
	$325.00
	eBay
	$650.00
	

	10
	ZMI Laser Head
	need
	8070-0902-03
	Zygo
	1
	$1,200.00
	eBay
	$1,200.00
	

	11
	ZMI parallel output enclosure
	need
	8020-0426-01
	Zygo
	2
	$325.00
	eBay
	$650.00
	

	12
	
	
	
	
	
	
	
	$0.00
	

	13
	
	
	
	
	
	
	
	$0.00
	

	14
	
	
	
	
	
	
	
	$0.00
	

	15
	
	
	
	
	
	
	
	$0.00
	

	16
	
	
	
	
	
	
	
	$0.00
	

	17
	
	
	
	
	
	
	
	$0.00
	

	18
	
	
	
	
	
	
	
	$0.00
	

	
	
	
	
	
	
	
	Total
	$5,775.00
	



	Laser Component BOM

	#
	Product
	SN
	PN
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes

	1
	ZMI parallel output enclosure
	need
	8020-0426-01
	Zygo
	2
	$375.00
	eBay
	$750.00
	

	2
	ZMI laser head
	need
	8070-0902-03
	Zygo
	1
	$1,100.00
	eBay
	$1,100.00
	

	3
	Fiber optic pickup, Mirror, and HSPMI mount, and HSPMI
	need
	need
	Zygo
	3
	$250.00
	eBay
	$750.00
	

	4
	Fiber optic cables
	need
	need
	Zygo
	4
	
	eBay
	$0.00
	

	5
	Alignment card
	need
	need
	
	2
	
	eBay
	$0.00
	

	6
	Beamsplitter (set 1)
	need
	need
	Zygo
	3
	$50.00
	eBay
	$150.00
	

	7
	Beamsplitter (set 2)
	need
	need
	Zygo
	3
	$75.00
	eBay
	$225.00
	

	8
	Beam Splitter
	need
	need
	Zygo
	2
	$150.00
	eBay
	$300.00
	

	9
	ZMI parallel output enclosure
	need
	8020-0426-01
	Zygo
	2
	$325.00
	eBay
	$650.00
	

	10
	ZMI Laser Head
	need
	8070-0902-03
	Zygo
	1
	$1,200.00
	eBay
	$1,200.00
	

	11
	ZMI parallel output enclosure
	need
	8020-0426-01
	Zygo
	2
	$325.00
	eBay
	$650.00
	

	12
	
	
	
	
	
	
	
	$0.00
	

	13
	
	
	
	
	
	
	
	$0.00
	

	14
	
	
	
	
	
	
	
	$0.00
	

	15
	
	
	
	
	
	
	
	$0.00
	

	16
	
	
	
	
	
	
	
	$0.00
	

	17
	
	
	
	
	
	
	
	$0.00
	

	18
	
	
	
	
	
	
	
	$0.00
	

	
	
	
	
	
	
	
	Total
	$5,775.00
	



The laser system was chosen for the high accuracy readings it can give. Its range is also higher than the maximum distance that will be travelled by the laser. Finally, the laser measurement board can read two different signals and compare them to the same reference signal at the same time. This allows the computer to read two different distance or velocity signals by simply requesting a different output based on the address map.
[bookmark: _Toc12563297]Table 3: Motors and Drivers Used on Project

	Motor and Driver BOM

	#
	Product
	SN
	PN
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes

	1
	MX80L
	need
	need
	Parker
	2
	$547.50
	eBay
	$1,095.00
	motor came with all required cables except for serial connection between motor and driver (this included a ViX as well)

	2
	ViX 500IE
	need
	need
	Parker
	2
	$132.05
	ebay
	$264.10
	

	3
	ViX 250AH
	need
	need
	Parker
	1
	$260.00
	eBay
	$260.00
	

	4
	Picomotor 3-axis claw mount
	need
	need
	Newport/New Focus
	1
	$595.00
	eBay
	$595.00
	

	5
	Picomotor Driver
	need
	need
	Newport/New Focus
	1
	$145.00
	eBay
	$145.00
	

	6
	picomotor piezo
	need
	need
	Newport/New Focus
	3
	$150.00
	eBay
	$450.00
	

	7
	
	
	
	
	
	
	
	$0.00
	

	8
	
	
	
	
	
	
	
	$0.00
	

	9
	
	
	
	
	
	
	
	$0.00
	

	
	
	
	
	
	
	
	Total
	$2,809.10
	



The motor system was chosen because it can give its position readout at a 10nm resolution. The error in the motor escalates at under 1 micron for point-by-point motion. The stage’s linear motion allows for easy integration with both a print bed and an axis control system.
[bookmark: _Toc12563298]Table 4: PSU's and Adapters, Cables, and Connectors Used on Project

	Power, Cables, and Connectors BOM

	#
	Product
	SN
	PN
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes

	1
	DB9 serial cables
	need
	need
	varies
	7
	$3.00
	mRam
	$21.00
	

	2
	DB9 to DB25
	need
	need
	varies
	3
	$5.00
	mRam
	$15.00
	consists of both mm, mf, fm, and ff

	3
	AC Power Cables
	need
	need
	varies
	3
	$5.00
	mRam
	$15.00
	

	4
	5.2VDC PSU
	need
	need
	Sony
	1
	$7.20
	eBay
	$7.20
	

	5
	15VDC PSU
	need
	need
	need
	1
	
	eBay
	$0.00
	not listed in BOM.txt

	6
	1000W 0-80V 12.5A
	need
	need
	need
	1
	$199.00
	eBay
	$199.00
	

	7
	F RJ9/10/12/22
	need
	need
	need
	4
	$12.95
	eBay
	$51.80
	

	8
	100 Pin connector Block
	need
	SCB100
	National Instruments
	1
	$26.95
	eBay
	$26.95
	

	9
	NI 50 Ribbon Cable
	182762B-01
	R1005050
	National Instruments
	1
	$39.77
	eBay
	$39.77
	

	10
	Slim Right Angle D'SUB Header Breakout
	need
	need
	need
	2
	$16.99
	eBay
	$33.98
	

	11
	Shielded 6868 cable
	182419B-01
	SH6868
	National Instruments
	2
	$25.00
	eBay
	$50.00
	

	12
	Breakout Cable
	184005A-01
	need
	National Instruments
	1
	$49.94
	eBay
	$49.94
	

	13
	Adapter Cord
	Z250USBPCM
	need
	IOMEGA
	1
	$15.96
	eBay
	$15.96
	

	14
	D-Sub DB9 Male (Black)
	need
	need
	need
	6
	$1.99
	eBay
	$11.94
	

	15
	D-Sub DB9 Female (Black)
	need
	need
	need
	6
	$1.99
	eBay
	$11.94
	

	16
	68 pin cable
	need
	need
	need
	3
	$10.00
	eBay
	$30.00
	

	17
	68 pin board
	need
	need
	National Instruments
	3
	$49.99
	eBay
	$149.97
	

	
	
	
	
	
	
	
	Total
	$729.45
	



The cables above were custom made using the connector blocks to connect the DAQ board to the laser measurement board. Other cables connect the ViX systems to the computer. The power supplies and adapters were used to make custom wiring to other PSU’s, laser equipment, and sometime to troubleshoot motors and drivers.
[bookmark: _Toc12563299]Table 5: Stages, DAQ, and Other Equipment Used on Project

	Stages, DAQ, and Other

	#
	Product
	SN
	PN
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes

	1
	XYZ Flexure Stage
	need
	need
	Thorlabs
	1
	$250.00
	eBay
	$250.00
	

	2
	Terminal Block
	need
	IMAQ-A6822
	National Instruments
	1
	$14.25
	eBay
	$14.25
	

	3
	Acquisition Board
	need
	PCI-IMAQ-1408
	National Instruments
	1
	$59.99
	eBay
	$59.99
	

	4
	Crimp Tool
	need
	need
	SCSI
	1
	$19.95
	eBay
	$19.95
	

	5
	Dell Optiplex 270 w/ Windows XP Pro
	need
	need
	Dell/Microsoft
	1
	$114.99
	eBay
	$114.99
	

	6
	MS Windows XP Pro
	need
	need
	Microsoft
	1
	$29.98
	eBay
	$29.98
	

	7
	Motion Controller Card
	need
	PCI-7324
	National Instruments
	1
	$295.00
	eBay
	$295.00
	

	8
	Acquisition Board
	need
	PCI-IMAQ-1408
	National Instruments
	1
	$58.46
	eBay
	$58.46
	

	9
	DAQ card
	need
	PCI-6024E
	National Instruments
	1
	$86.24
	eBay
	$86.24
	

	10
	
	
	
	
	
	
	
	$0.00
	

	11
	
	
	
	
	
	
	
	$0.00
	

	12
	
	
	
	
	
	
	
	$0.00
	

	13
	
	
	
	
	
	
	
	$0.00
	

	14
	
	
	
	
	
	
	
	$0.00
	

	15
	
	
	
	
	
	
	
	$0.00
	

	16
	
	
	
	
	
	
	
	$0.00
	

	17
	
	
	
	
	
	
	
	$0.00
	

	
	
	
	
	
	
	
	Total
	$928.86
	



The stages were purchased to allow us to be able to mount pico motors, learn how to use and interact with stages, and to understand how multi-stage systems cause stacking uncertainty. The DAQ card was the primary data card for the laser to interface with the computer using a parallel connection via the connectors and cables.
[bookmark: _Toc12563300]Table 6: 3D Printer Equipment Used on Project
	3D Printer Equipment BOM

	#
	Product
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes

	1
	UpBox
	Tiertime
	2
	$0.00
	MakerSpace
	$0.00
	Donated by Mr. David Beavers

	2
	
	
	
	
	
	$0.00
	

	3
	
	
	
	
	
	$0.00
	

	4
	
	
	
	
	
	$0.00
	

	5
	
	
	
	
	
	$0.00
	

	6
	
	
	
	
	
	$0.00
	

	7
	
	
	
	
	
	$0.00
	

	8
	
	
	
	
	
	$0.00
	

	9
	
	
	
	
	
	$0.00
	



	3D Printer Equipment BOM
	
	

	#
	Product
	Manufacturer
	Unit(s)
	Cost Per Unit
	Purchased From
	Total Cost
	Notes
	
	

	1
	UpBox
	Tiertime
	2
	$0.00
	MakerSpace
	$0.00
	Donated by Mr. David Beavers

	2
	
	
	
	
	
	$0.00
	
	
	

	3
	
	
	
	
	
	$0.00
	
	
	

	4
	
	
	
	
	
	$0.00
	
	
	

	5
	
	
	
	
	
	$0.00
	
	
	

	6
	
	
	
	
	
	$0.00
	
	
	

	7
	
	
	
	
	
	$0.00
	
	
	

	8
	
	
	
	
	
	$0.00
	
	
	

	9
	
	
	
	
	
	$0.00
	
	
	



The UpBox printer is a commercial printer [reference to UpBox Printer]. This allows integration to show that the 3D parts can be manufactured on a large scale. Since it was donated by Mr. David Beavers, the cost for the 3D printer was $0.00.
[bookmark: Section_2_6]

2.4 – Process Flowsheet
[image: ]
Figure 7: General Connection and Layout of 2-axis Printer Stage
[image: ]It should be noted that Figure 7 shows the motors as if they are working on a system that is working independently in both axes. This is untrue as the motors are mounted together for the servo motors. The PicomotorsTM are mounted through a 3-axis system that allows for separated axis manipulation; however, the 3-axis stage by Thorlabs that was purchased has a different diameter than the PicomotorsTM. Either an adapter, or a different stage needs to be purchased for the system. The figure to the right shows the layout from a 2D perspective of the system where the big black square underneath the mirror mount and insulation is the 3-axis stage controlled by the PicomotorsTM.Figure 8: Side View of 3D Printer


	
[bookmark: Section_2_7]

2.5 – Detailed Wiring Diagram

[image: ]
Figure 9: Interconnection Diagram
 
Figure 9 shows the overall system servo subsystem. The PicomotorTM diagram can be seen below in figure 10. The overall system can be seen in figure 7 above with the subsystems coming into play down below in Chapter 3. The actual layout of the laser system is nearly identical to figure 7 and 9, except that figure 9 does not have a plane mirror.

[bookmark: Section_2_8]2.6 - HAZardous OPerability (HAZOP) Analysis


[bookmark: Section_2_9]2.7 – National Instruments LabView Code
(simplify, remove, and change the following to fit our code and include VI pic)

1. List all subroutines that must be executed
		[image: ]
[image: ]


Skeleton of Subsytems
1. Image Acquisition-Called by 1
a. IMAQ Card:: IMAQ-A6822:: Camera
b. Acquire Image via camera
i. LED camera
ii. Digital Microscope Camera
c. Timed/Manually controlled
d. Stored into a file that is yet to be named
2. Emergency VI
a. All of the alarms-based off of old VI design
b. Actions based on each alarm
3. Master Data Acquisition (right underneath main program level)
a. File writer
i. Input data arrays
b. Metronome timer
i. Time delay. Timer for things like feeding, waste control. Want the sequence of events to run every certain time. 
c. A sequencer
i. What events take place in what order
1. Image Acquisition
2. Sensor Data Input (Continuous)
4. Curve fitting VI
a. Last N data points and fit them should be a polynomial function
b. Calculate the derivatives, dmass/dt or dE/dt, and fit to a polynomial function over a set of data points
c. Ideal a flat line, but will not always be this
5. 2-axis Positioning VI
a. Servo motor macro position command
b. Laser system read command
c. Comparison system for laser data and supposed position
d. Pico motor correction command

2-axis positioning vi paste here


Control Volumes
Program.vi
Inputs: 	
[bookmark: Section_2_10]Outputs:	

2.8 – National Instruments Data Acquisition System 
(add CB design block here, for pin to pin)
· Describe what wires from what sensors go where on what DAQ (Data Acquisition) board
· AMUX- 64T  positions 0-63 [64 total] (spreadsheet)
Which wires from which sensors go to which positions on the AMUX- 64T
The CB from the 44 pin to the 64 pin allows the computer to read data from the laser output box. This comes as an integer that can be converted to a decimal. The 6602 board can read the digital signals from the laser output box in parallel allowing for immediate acquisition from the dual output box.

[bookmark: Section_2_13]2.9 - Budget
· Excel Sheets	Comment by James Brenner: Bass, Kercher, Broslav,	Comment by Tanner Johnson: I have section 2.3 with a full BOM, I’m guessing you want it moved such that this budget is all the pieces and the 2.3 is just specifically what is used on the project?
I’ll leave this for my bois to finish when they get further on :D
[bookmark: Chapter_3]


Chapter 3 – Subsystems Fabrication and Validation 

[bookmark: Section_3_3]3.1 - Laser Subsystem Assembly 

brennerlaserelectronics.docx
Two power supplies for the ZMI Dual Output enclosure were made for testing. Below shows the two power supplies and the two Dual Output enclosures. The two power supplies gave different results although they are supposed to be the same output. This is most likely an issue with the power supply either being faulty or not being wired correctly.	Comment by Tanner Johnson: I did not test the non working PSU and just used the working one.
[image: ][image: ]
Figure 10: PSU for Dual Output Enclosure and Dual Output Enclosure
The following list is what is needed for a 1-axis system
1. Laser Head x1
a. SN: need
b. Tested and works
2. Dual Electronics Enclosure x1
a. SN: need
b. Tested and works
3. Fiber Optic Pickup and HSPMI x1 (both were tested and worked)
a. SN: need
b. Works and tested
4. Mounts (for mirrors and interferometers) x2
a. SN: need
b. Tested and Works
c. Adjustable is best
5. Fiber Optic cables x2
a. SN: need
b. Tested and works
6. +15VDC PSU x1
a. SN: need
b. Tested and works
c. Uses DB9 Connection x1
7. Plane Mirror x1
a. SN: needed
b. Tested and works
8. Alignment card x1
a. SN: needed
b. Tested and works
The instructions for installation are in the second half of the zygolaermanual.pdf. it also mentions another document on installation called OMP-0326 ZMI Optics Guide but the guide needs a username and password to get; however, the instruction in the manual we have should suffice. It does not state what the alignment target is or how to use it. That and the plane mirrors are the only parts I don’t have information on. The plug for the laser needs a different fitting (maybe use electric tape) to fully close it off. Currently being used unshielded (danger to shock those who use it).
Figure 11: Zygo Laser and Power Adapter with Working Light (green)


(Unshielded plug due to small plugin area) Green light shows successful beam stabilization.


3.2 - Picomotor Subsystem Assembly 

Pico Motor (single and Triple) (4 pin connectors)

Figure 12: Picomotor and Picomotor with Claw Grip
Confirmed motion for both. These are currently unable to be use with the Thorlabs system as the size of the Picomotor is larger than the Thorlabs stage. An adapter, different motor, different stage, or to use the current Thorlabs setup is necessary for integration with our system. It was noted that signals from the computer were generated and were confirmed to be received by the Picomotors.
Thor Labs 2 (X,Y,Z) Stage
[image: ]
Figure 13: Thorlabs 3-axis Stage
Confirmed motion in motors and Thorlabs stage motion.
Figure 14 shows the Picomotor Driver that was initially used to test the motors. An adapter has been purchased that integrates the Picomotor Driver such that 3 motors can be driven at once instead of 1. A second driver was purchased to use if this Picomotor Driver fails to be able to control 3 drivers at once. Input to the systems is 120V at 60Hz with 27W with an Output of 12VDC @ 1500mA.
[image: ]
Figure 14: Picomotor Driver

Figure 15: PIcomotor Driver with Connections
 Connections between the motor controller and the motor is the 6 pin out to 4 pin in. The 6 pin is on the Picomotor Driver side where the 4 pin is on the Picomotor side. The adapter in the middle allows the 2 to communicate with each other and send signals properly.



3.3 - Newport U drive Controllers


Figure 16: Newport Drive Controller and Connector
The Newport Drive Controller can send signals both from a manual condition and from computer commands. This makes it ideal as an interface for controlling motors because it allows testing to make sure the motors can receive a signal. Then the computer can be checked to make sure it is sending the signals properly. It is only useful with the original motors from Thorlabs as the Picomotors run off of a different connector.

3.4 - Motorized Servo Stages
Input for the linear motors with their drivers 24V-80V +HV -HV except for the 500 series drivers which require at least 48V for the high and low voltage. The DC Supply Current must have a current of 2.5A R.M.S. Using XL-PSU to power both driver and MX80L allowed for the stage to be powered and tested. The first 2 motor systems were found to have bad stages: 1 dead on arrival, the other fried due to a mistake in wiring.

[image: ]
Figure 17: MX80L with ViX250IH


Figure 18: DB9 Connector from Driver to Computer

[bookmark: Section_3_4]The instructions for installation are started on page 52 of the zygolasermanual.pdf[ref zygo]. The instructions also mentions another document upon installation called OMP-0326 ZMI Optics Guide but the guide needs a username and password to get; however, the instruction in the manual were sufficient with support of Dr. Gutierrez and his past experience. The manual does not state what the alignment target is or how to use it. That and the plane mirrors are the only parts I don’t have information on. Check Appendix 3 of power supply cable specifications. Additional motor testing documentation can be found in the same appendix.	Comment by Tanner Johnson: Need to get info on what plane mirrors Brenner purchased that are small and how to get a larger plane mirror or use alternate plan to correct every/every so many z-changes.
[bookmark: Section_3_5]3.5 – Imaging

Blah (ask brenner)


[bookmark: Section_3_9]3.6 – Validation of Safety Responses to Emergency Situations

PUT TOGETHER A HAZOP study of all possible operation + failure scenarios

3.7 – Full Assembly of 2-Axis System
The assembly is a mount and alignment system for the laser and 2-axis positioning system. The brackets designed for the HSPMI and beamsplitter should be redesigned. They were designed here as a last minute effort based on availability of parts. A simpler and more effective solution can be designed and fabricated later. The system was designed following the height of the plane mirrors after mounting the MX80L and the Thor Lab’s 3-axis stage. The overall alignment height is at 7in for the center of the plane mirrors and each laser piece. The only exception is the silver plate alignments since it is an 1/8th of an inch shorter than our black aluminum plate. The laser is mounted externally to a labjack so that it can be aligned based on changing systems. The full drawing specifications can be found in appendix 3.4.
[image: ]
Figure 19: Full Assembly of 2-axis Positioing with Laser Feedback at Home Position

[bookmark: Chapter_4]Chapter 4 – Evaluation of More Precise Positioning System	Comment by Tanner Johnson: Should I leave this? Since I don’t have any testing yet?
(make sure to separate each part and talk about added issues from different examples)


[bookmark: Chapter_5]Chapter 5 – Conclusions and Future Work

(talk about addition of z-axis and how to get full 3D printer functionality)

5.1 - Improvement of the 2-Axis System
The work done so far is the creation of a 2-axis system with a feedback system. Currently the Pico motors still need to be connected and the feedback system needs to be further tested. The reason for the need for further testing is the lack of long plane mirrors allowing for real-time correction. Addition of the Pico motors only requires dropping the proper port in the Pico VI and adding this VI to the master VI. Real time correction may not be required in printing yet but will allow for better results in material formation for high reliability systems like tissue.

5.2 - Updating to a 3D Printer
To get a fully functional 3D printer, a z-axis needs to be added above the center of the stages. This height will need to be calculated such that a lead screw can be properly selected for the NEMA motor. Additionally, the height used will need to fit with the printing bed so that the 2 are properly aligned. After designing this off of other printers, it can then use other printers basic software’s as long as the board being used can be read via LabVIEW. Most boards for 3D printers can be seen in LabVIEW and have also been designed using an Arduino Mega.
Following other printer functionality is important because then the project can use basic print settings to check things like printer leveling and temperature readouts. Printers now use feedback settings to check both settings. A capacitor test is run to check the levelling of the print bed. If the bed is too off, this is reported as an error. A thermocouple is used to check the temperature of the print bed and the nozzle that once it reaches the appropriate temperature, can give a go signal to the rest of the print requirements. This results in high quality and high reliability prints that will be necessary for our high precision printer.
Another option that would remove the second motor system would be adding an update to the g-code in real time. This would remove the need for a second motor system and allowing the motor positioning to be at the maximum precision of the main motor, in our case 0.8 microns. A second axis system could then be added to correct for this error if it is desired to get down to near 1 nm resolution. This would become more of a code update and indexing process rather than a correction signal.

5.3 - Taking Advantage of High Precision Motion
To fully take advantage of our printer’s high precision, the nozzle will need to be redesigned to no longer be the main limiting factor. Adding charge is the main solution talked about in this paper as it would keep the print stable while removing clogging issues. The stable print is less important with plastic and metal prints as the temperature is designed to cause quick formation. This is like SLA prints where the stability is extremely high. SLA prints may be the easiest way to integrate this system while reducing issues with nozzles; however, the SLA laser system uses a moving 3-axis system for the laser over a resin. This is different from our base 2-axis system with a z-axis nozzle but would make the limiter on the laser solidification (photo-polymerization) width.
Vibration will be an issue in any high precision situation. The best solution will come from using data collected from the system to find its most active vibration nodes. Then a vibration dampener can be designed or purchased to remove this vibration motion from that part. Removing vibration is just as important as the nozzle but is a simpler and already has solutions that can be found and do not need to be redesigned or developed.
[bookmark: _GoBack]Finally, the main purpose is to use this type of printer to form biological tissues like collagen and bioglass. The heated bed may no longer be needed as well as a heated nozzle (or may require vastly different temperature and control parameters for the bed surface and printer environment. This would mean an HVAC system designed for system if it is not submerged or a piping system if it is. A mixture system would also be necessary or a way to choose which fluid was entering the nozzle and verifying it won’t cause issues before it reaches the print bed (no extra reactions or development in the nozzle). A simple solution would be similar to an inkjet printer where the inks are mixed to develop colors and pictures. This would allow for high quality, slightly mixed bio inks deposited on a bed; however, this would not necessarily solve problems with extra reactions and development in the nozzle. A solution for this would be a removeable nozzle that can be cleaned or a cheap, easily removed and replaced nozzle that can be disposed of after each print or at each failure. This could be due to a sensor warning checking the nozzle clearance or a pressure sensor in the nozzle. 



[bookmark: Appendixes]Appendixes

[bookmark: Appendix_2_1]Appendix 2.1 -  Questions and Issues Sheet
Technical and Engineering
· Will the piezo material inside the stepper motor break down due to fatigue?	Comment by James Brenner: Or the interferometer, or any stepper or servo motors?
· Will we be able to use a sensor to ensure authenticity of command execution?	Comment by James Brenner: Laser + calibration reflectors at premeasured distances
· Will the motors be able to work in conjunction with each other?
· Will the wires be able to move with the motors without fracture of the cable connections? 
· Can the interferometer be set up so that it does not interfere with the 3D printing while still maintaining a good reading?
· Is there a necessity to reduce vibrations caused by the 3D printer and its motors to keep/get the desired accuracy?	Comment by James Brenner: Almost certainly.  And we ought it to do it anyway, just because we do not want issues that can be minimized to limit our design improvements
· Do the motors need to be braked to reduce/remove back voltage?	Comment by James Brenner: Yes, the servos will need braking, presuming that we use them.  How do we accomplish this braking?  When the servo reaches x% (x = 75? 90?) of its expected change in travel, does the braking take effect?  PID control?
· Is there any error induced by the wire or wire connections, and is there a way to remove this error?	Comment by James Brenner: We should check each wire connection and make sure that the connections themselves add < 0.5 Ohm to the resistance.
· Do belt driven motors work or will we need to retrofit for a different type of motor?	Comment by James Brenner: Yes, in the short term	Comment by James Brenner: Almost certainly in the long term
· Does the beamsplitter have a split of exactly 90 degrees?	Comment by James Brenner: Yes, within your ability to measure angles
· Is the error in the piezo going to cause an issue with our desired overall error?	Comment by James Brenner: The error in the piezo will set a lower limit of 30 nm for the ultimate precision.  I expect that will not be the precision-determining factor, and if it is, 
· Are there better motors and/or materials to use that will allow a longer life time of the system?	Comment by Daniel Hocheimy: “See Gutirrez’s email (18/01/18)

· How easy would it be to fix/update the system?
Safety
· Will we have a built in automated failsafe on each individual motor?	Comment by Daniel Hocheimy: “We will; Labview software based laser, moving parts”

· Will we have a manual failsafe in case of failure that the sensors cannot detect?
· Does the printer have any dangerous parts that need to be enclosed before operation?
· Are there any delicate parts of the printer that need to be enclosed to prevent damage to the positioning system?	Comment by Daniel Hocheimy: “Mirrors, laser, any glass”
· Is there any danger to eyes due to the lasers?	Comment by Daniel Hocheimy: “Yes”

· Will overuse cause the system to be more dangerous?	Comment by Daniel Hocheimy: “Yes: Write code to analyze performance to predict failure.”
Quality
· Will the error of the piezo cause an issue with increasing the precision of the system?	Comment by Daniel Hocheimy: “Yes: Write code to analyze performance to predict failure.”
· If the system is out of alignment, will the system identify this alignment error and return to the original state?	Comment by Daniel Hocheimy: “Labview correction based on laser measurement”
· To prevent misalignment, is there a way to check the positions of the motors, mirrors, and nozzle?	Comment by Daniel Hocheimy: “Must have position calibration scheme”	Comment by Daniel Hocheimy: “Fixed”
· Does Kirill’s Thesis show a marked improvement in the model generation?
· Is the positioning systems error low enough to work with a AFM or STM?	Comment by Daniel Hocheimy: “I expect it will be”
· Do the lenses cause any additional error due to not being perfectly in alignment/manufacturing error?
Legal
· Are some of the constituent materials FDA approved?	Comment by Daniel Hocheimy: “Don’t worry about this yet”
· Will there be a material safety data sheet drafted for the use of the entire system?	Comment by Daniel Hocheimy: “Yes”
· Will there be sufficient warning labels for various hazardous parts?
· Are there any companies/people who need to be listed as references on the design?
· Can we prove this system is original work and is different from any other design?
· Will there be limitations on replacement parts/use of the system?
· Are we going to implement warranties on the system?	Comment by Daniel Hocheimy: “Ok”
· Is a patent obtainable for this work?
· How liable will a company be to maintenance on the system?	Comment by Daniel Hocheimy: “Disclaimer” Put from economic into Legal section  
Regulatory
· Will our research and development process meet the established regulations and rules set by the government and Dr. Brenner?	Comment by Daniel Hocheimy: “We will need to write some & design computer fail safes”
· Will our system maintain a certain power consumption without breaking any laws?
· How will we implement instructions on using the system?
· How will we perform maintenance on the system?
· How often will parts need to be replaced?
Social Impact
· Will this improve construction methods for current industries?
· Will the improved outputs of the production method improve standard of living for consumers and other industries?
· Will this disrupt current businesses and industry and displace people from their jobs?	Comment by Daniel Hocheimy: “I hope so. Perhaps, but more likely printing”
· How will our system affect viewing of materials using AFM/STM?
· Can our system cause a shift in teaching in the Biomedical Engineering field?
· Can our system influence current research and development techniques?	Comment by Daniel Hocheimy: “I think so”
· Can the concepts developed in this project be applied to other fields of study?
Health
· Will specialized training be required for the use and operation of the system?	Comment by Daniel Hocheimy: “Yes”
· Will the magnetic fields interfere with users of the system (Pacemaker, metallic implants)?
· Will there be specified gear for while operating the printer?
· How long will the expected life of the printer be?
· Will there be a procedure for taking the printer apart?	Comment by Daniel Hocheimy: “Yes, you have started writing it”
· Will the combined motors cause an issue with the medium of movement?
Environmental
· Will the mass production methods and desire for raw materials in production increase damage to the environment?
· Will the constituents of this product be harmful to the environment/will they be EPA compliant?
· Will the combination of stacked motors improve energy efficiency?
· Will the assembly of the system include renewable resources and/or composite materials?
· Can our system be used to artificially help repopulate the environment?
· Will we have an environmental printer setting that has the highest energy efficient print?
· If harmful materials are needed, how often will they need to be replaced?
Economic
· Will we be able to make an economic gain on this project?	Comment by Daniel Hocheimy: “I want to”
· Will the system be able to be mass produced?	Comment by Daniel Hocheimy: “Probably, but market size will need to be estimated first”
· Will the project be funded by a private company/Brenner/school? 	Comment by Daniel Hocheimy: “Private company, Dr. Brenner”
· Can a company survive off of the money generated by this product?

Appendix 2.2 – Requirements and Acceptance

	Requirements
	Improvements
	Acceptance

	Lasers need to be mountable to a certain location.
	A mounting location and design will be decided for the laser to ensure that the beam reaches the target mirrors and splitters.	Comment by Daniel Hocheimy: “The entire 3D printer setup will be mounted to an optics bench. An automatable xyz has just been purchased that should be able to be interfaced with laser mount & Newport x-y-z micro positions controller.”

	Through physical testing the intensity of the beam at different locations of the setup will be measured to ensure that the laser is aligned correctly.

	Locations for Laser beam reflectors and splitters need to be determined.	Comment by Daniel Hocheimy: “Also need to put calibrated reference distances reflectors” 
	Mounting location, orientation and design of the reflectors and splitters will be determined to ensure the beam is correctly directed at the interferometer and the reflector plates on the motors.
	Through physical testing and signal response, it will be ensured that correct and reliable information is being recorded by the Arduino system.

	Construct the Mounting interface between the interferometer and the linear motors.
	Mounting location, orientation and design of the interferometer to ensure that the beam can correctly measure the difference between the current location of the linear motor and the reference.
	Through physical testing and signal response it will be ensured that correct and reliable differences will be calculated between the reference and actual positions of the linear motors.

	Determine mathematical model to outline the movement and accuracy of the system.
	A mathematical model needs to be generated to minimize random and systematic error in the movements and reduce noise in the system.
	Through testing and simulations signal response and printer movement will be analyzed to ensure that printer movement is precise and to the predetermined tolerances. 

	Determine the mounting interface between the piezo and servo motor.	Comment by Daniel Hocheimy: Refer to first comment 
	An interface needs to be determined between the linear servo and piezo as they work in conjunction to achieve the required precision. 	Comment by Daniel Hocheimy: “Labview-based”
	Thorough testing of the movement of the motors will be checked to ensure that the desired result and location is being reached.	Comment by Daniel Hocheimy: “Preliminary testing will done without LabView with a Newport motor controller and a Picometer control pad”.

	Design a new enclosure around the UPBOX printer.
	An enclosure will be constructed to allow the control of temperature and atmosphere as certain printable materials are sensitive to these conditions.
	Through testing, the temperature, pressure and humidity will be measured inside the enclosure to ensure the correct conditions for printing.	Comment by Daniel Hocheimy: “Mention cooling + vibration isolation plans”

	Design a way to remove outside interference (Wind, Vibration, etc.).
	Alongside the enclosure, dampeners will need to be installed to reduce both noise and vibrations that will adversely affect the performance and accuracy of the printer.	Comment by Daniel Hocheimy: “How isolated? Weight or design or air or bellows?”
	Through testing, installation of dampeners on the motors, and around the enclosure will be used to minimize any vibrations that may lead to errors due to jerk during printing, drift or any other accidental movement.	Comment by Daniel Hocheimy: “Mention cooling +Vibration isolation plans”

	Maintain a constant data rate while performing operation.
	A constant data rate needs to be maintained to ensure that data being transferred between the control board and the computer and between the interferometer and the control board do not cause delays/create more errors in the positioning of the nozzle.	Comment by Daniel Hocheimy: “LabView – based delay (metronome).”	Comment by Daniel Hocheimy: “Is motion control speed and DAQ speed and IMAQ speed matched, or adequate?
	Data will be obtained to ensure the rate is being sent/acquired at a constant speed and causes very little issue with respect to the error generation, or sudden termination of printing execution.

	Determine the lens type and refraction angles to direct the beam to the hot end nozzle.
	Determining the lens type and their refraction angles is going to be fundamental to decide if lens are going to be used at all, and if so, what kind.	Comment by Daniel Hocheimy: “This is a part I will not be much help with”
	Through design and analysis, different kind of lenses will be taken in consideration and will be possibly added to the final design.

	Ensure the error generation of the servo is less than the correction speed of the piezo.
	The piezo must be able to correct the error of the servo to allow for our error to be at a very small number.	Comment by Daniel Hocheimy: “Use LabView software to learn/ predict servo errors”
	Data analysis of the servo’s error generation over a time/distance will be collected and compared with the piezo’s speed to choose the best speed for the servo.

	Determine if back voltage from servo is an issue and correct if needed.	Comment by Daniel Hocheimy: “How do we minimize this if it does turn out to be a problem?”
	Back voltage from the servo could generate a considerable error and invalidate the precision to the whole system.
	Through physical testing and analysis, the team will determine if back voltage in the system considerably affects the final product.

	Determine orientation of various instruments to design layout of wiring around the main mechanisms.	Comment by Daniel Hocheimy: “Ask David Beavers + Martin Gallagher  for recommendations here”
	The wiring must be designed so that it does not interfere with the 3D printer and be able to reach all needed equipment.
	By designing where each part will be located and properly placing the parts, wires will be placed in such a way that they work with the system while not interfering (may need to build extra supports/get extra supports for wires).

	Determine the central location of the motors and nozzle for interferometer to create the reference locations.
	The location for the reference locations will need to be made to reference the position of the nozzle and the 0 condition to find the location of the nozzle without/limiting the systematic error.	Comment by Daniel Hocheimy: “?” Do you mean zero?
	By selecting highly accurate measurement techniques, we will find the location where the center of the nozzle is and have the reference locations for the interferometer be as accurate as possible.

	Find optimal data rate to speed ratio.
	Data rate to speed ratio is critical because it will determine the definition the system will be able to analyze and ultimately output.
	Through testing and analysis, the optimal data rate to speed ratio shall be found to obtain the best final product out of the system.	Comment by Daniel Hocheimy: “Precision emphasized over speed”

	Determine error from fiber optic cables.
	Determining the error generated by the fiber optic cables will be fundamental to determine the overall error generated by the system.	Comment by Daniel Hocheimy: “Brenner Should get advice from Julius Chatterjee on this point”
	Through physical testing and analysis the error generated by the fiber optic cables will be determined and appropriate. modifications will be made to the design if needed.

	Determine error from copper cables.
	Determining the error generated by the copper cables will be fundamental to determine the overall error generated by the system.	Comment by Daniel Hocheimy: “This must be manually changed via switches inside the laser controller box.”
	Through physical testing the error generated by the copper cables will be determined and appropriate modifications will be made to the design if needed.	Comment by Daniel Hocheimy: “This must be manually changed via switches inside the laser controller box.”


	Determine wavelength of the interferometer operation for accuracy (78.89 nm – 1.23 nm).
	Determining the wavelength selected will determine the overall accuracy as the size of the beam will change. This will further depend on the data rate.
	Through analysis and testing, the appropriate wavelength of the interferometer will be determined.

	Determine servo maximum speed linked to wavelength accuracy.
	The data rate, wavelength, and speed of the servo will affect accuracy based on response time, error generation and error compensation.
	By collecting data on accuracy based on changes in data rate, wavelength, and speed; we can determine the optimum performance conditions.

	Determine required dampening for extruder mechanism.
	As the extruder mechanism uses a stepper/ servo motor, the vibrations while extruding the filament/material will lead to possible random errors in the positioning	Comment by Daniel Hocheimy: “This is also exponentially temperature –dependent, based on the filament viscosity”
	Through testing, the team will gather required data concerning the vibrations generated while extruding. Afterwards, through analysis, an appropriate damping mechanism will be devised

	Determine the power layout of the printer and laser sections.
	The printer originally already had a form of power, but a new PSU may be needed to supply for the laser and motors	Comment by Daniel Hocheimy: “Also likely need to increase heat removal”
	By checking the voltage needed by the new motor setup and the laser setup, we can see if the current power supply on the printer can support the new system or if an additional power supply will need to be purchased

	Determine if Arduino is necessary and which type Arduino should be used	Comment by Daniel Hocheimy: “I use ArduinoUno”
	Arduino can give an easy interface for control through data ports
	After analyzing the setup, we can see if a simpler model can be made using Arduino models or custom model breadboards (can Arduino be coded through LabVIEW?)	Comment by Daniel Hocheimy: “Yes, but might be easier to code elsewhere + port to LabView.” 

	Determine required digital inputs for LabVIEW
	Determining the required digital inputs for LabVIEW will be essential to successfully develop an efficient and straightforward user interface
	Through analysis and testing, an acceptable and efficient user interface will be developed to be used with the system

	Determine required digital outputs for LabVIEW	Comment by Daniel Hocheimy: “Need to be done after drawing + circuit diagram Layout”

“Also need analog inputs (data acquisition) + analog outputs to control motor positions”
	Determining the required digital outputs for LabVIEW will be essential to successfully develop an efficient and straightforward user interface.
	Through analysis and testing, an acceptable and efficient user interface will be developed to be used with the system

	Design control and interface architecture between the printer and interferometer.
	The control architecture will need to allow for connection between each part either via Arduino or other setup.
	The final product will need to perform properly through LabVIEW, sending and receiving signals to achieve error analysis correction.

	Determine type of feedback loop required for the interferometer and linear motor.
	The code for LabVIEW correction loop will need to be correctly coded to allow the motors to correctly position.
	Our feedback loop must have correct ports and be sending data to the piezo at a fast enough rate to allow our error to be within optimal range through careful analysis of data acquisition and control.

	Determine the required dampening for the servo motor.
	The servo can have a roll after the end of its signal, generating additional error generation and causing feedback voltage that may hinder the overall accuracy of the system.
	Brakes for the servo or additional coding on the control signal for the piezo may be needed if the error caused by this rolling affect are too great to be ignored.	Comment by Daniel Hocheimy: “Predictive controller”

	Determine materials with long cycle lives to ensure longevity of printer.
	Determining the life of each material and/or component used in the final design of the system will be fundamental to provide the user with a maintenance schedule of the system and with appropriate warning labels.
	Through testing or data gathering from the materials/components manufacturers, the team will be able to determine the longevity of the system and when appropriate maintenance will be required. 	Comment by Daniel Hocheimy: “Periodic recalibration”

	Design connectors and general outlines that allow the use of swappable components.
	Swappable components may allow easy change of error generation/upgrades of the system and even repairs.
	By properly planning the layout of the 3D printer, a modular form can be made to allow easy upgrades and repairs.

	Design a replacement for the belt and pulley system in the UPBOX printer to allow for more reliable and accurate movements.	Comment by Daniel Hocheimy: “Lead screw or air bearing”
	The belt system may cause additional errors due to belts stretching, rolling, and slipping possibly needing a different form of positioning.
	A different design can allow for increased accuracy if the belts cause a significant error generation that is unable to be ignored.

	Design various connection and upgrade points to allow for implementation of biology based options, modifications, upgrades, etc.
	Opting for a design that allows for modifications or additions will simplify both modifications to the design during development (if needed) and future upgrades to the design.
	Through analysis, the team will devise a design that will allow for modifications and upgrades to be easily implemented into the system.

	Determine upgrades that will need to be made to the extruder (Multiple sources, Temperature specific, elastic material).
	Depending on the type of structure being printed and the materials being used, multiple extruders may be needed to create dissolvable supports, multi layered structures and more. Some materials require much higher temperatures and so would require upgrades to the boden tube and nozzle.	Comment by Daniel Hocheimy: “?”
	Through analysis and testing, different kinds of upgrades for the extruder will be devised, so that it can be adapted to different situations.

	Determine upgrades that will need to be made to the hot end (Temperature change, multiple nozzles, abrasive material, built in extruder, type of boden tube).	Comment by Daniel Hocheimy: “?”
	Depending on the types of materials we decide to print with, due to material properties, if abrasive, certain reinforced nozzles are needed. In case of elastic material special extruders are needed as well to prevent blockage in the hot end.
	Through analysis and then testing, upgrades that can be applied to the hot end of the printer will be devised. The nature of these upgrades will be determined by the material properties of the material used for printing.

	Determine the type of upgrades/changes that will need to be made to the build plate (Surface texture, type, temperature).
	Depending on the types of material being used the print bed can vary from a simple flat glass sheet to a PEI plastic sheet for increased adhesion or any other specific sterile base in bioprinting applications. 
	Through analysis and then testing, upgrades that can be applied to the build plate of the printer will be devised. The nature of these upgrades will be determined by the material properties of the material used for printing.


	Determine if an auto bed leveling feature is required to ensure that the print sticks to the plate. 	Comment by Daniel Hocheimy: “It will be included whether required or not .”
	Ensuring a parallel and flat surface is necessary for the UPBOX printer to allow the best print possible.
	Data can be found for before and after attempts of modeling with an auto leveler vs a regular table to see the difference in error generation.

	Determine if an auto resume feature is required for the printer in case of power cut off
	Ensuring the auto resume will allow the system to continue where it left off in case something occurs that causes the printer to stop: including emergency shut off and power outages
	By understanding how the error generation is caused, we can allow the printer to check its position and continue printing if our error comes within tolerable range of predicted values

	Determine if a new software has to be flashed on the motherboard of the 3d printer to allow for upgraded functionality	Comment by Daniel Hocheimy: “Good”
	Many new software would allow for added functionality that can be coded in as they will be open source. This would allow us to modify and integrate the laser interferometer system into the 3D-Printer a lot better
	By understanding the needs of what our printer will be doing, the new software would make it easier to integrate the various laser interferometers and other modifications that may need to be added at a later time

	Determine what program will be used for the slicing of the various models that will be printed
	Various slicers have various different capabilities and ways of transforming a 3D .obj/.stl file into printable g-code. Depending on the requirements a slicer should be selected that has the most support and that incorporates features that would assist in the bioprinting side.
	By understanding the needs of what our printer will be doing, the slicer selected will help optimize the g-code for the 3D-printer to produce the best models.

	Determine a way to ensure that the amount of material being extruded remains within a given constraint.
	There needs to be a control on the amount of material being printed so that there is no issue with nozzle backup or lack of enough material causing a failed product.	Comment by Daniel Hocheimy: “Is this pressure-based, temp-based, viscosity-based?”	Comment by Tanner Johnson [2]: Based on stepper motor input. Basically a pressure based system.
	This can be tested using different material placement rates to find the optimal material laying speed.

	Determine a way to ensure that the consistency of the material being extruded is very high to prevent any form of errors in the project.
	If the material formed doesn’t have enough consistency, this can cause a failed/less desirable product and will be unable to be compared properly.
	A consistency test can be done to check where the consistency of our used material begins to fail as well as a point of decreased value where the increase in consistency no longer improves the product at an acceptable rate.

	Determine a mechanism to pause the printing process in case there is a breakage in the filament.	Comment by Daniel Hocheimy: “Absolutely necessary”	Comment by Tanner Johnson [2]: All printers need the ability to pause in case of issues with the printer or the printer’s surroundings.
	Determining a way to pause or alt the printing process will give flexibility to the printer’s usage, and it will allow to prevent possible damages to the system.
	Through analysis and testing a mechanism to pause/alt the printing process will be finalized to prevent eventual damages to the printer or its components.

	Determine optimal settings for quality of the print (Layer height, line width, infill density, support line width, initial layer height).
	Depending on the type of model being printed and its end goal use, the settings will have to be tweaked to get the general properties of the print as they will remain constant throughout the model.
	Through testing and analysis different settings combinations will be made for different types of models.

	Determine the optimal settings for the shell of the print (Wall thickness, wall line count, top surface skin layers, top thickness, top layers, bottom thickness, bottom layers, top/bottom printing pattern, wall overlaps).
	Depending on the use of the model, the shell settings will be tweaked. This will allow for thinner or thicker boundary walls, bottom and top layers and the overall printing pattern the hot end will take when extruding the printed material.
	Through analysis and testing, the optimal settings for the shell of the print will be defined.

	Determine the optimal settings for infill of the print (Infill density, Infill line distance, Infill pattern, Infill overlap, infill layer thickness, skin removal width, skin expand distance, max skin angle).
	Depending on the use of the model the infill settings will determine the density and structural integrity of the model itself. The infill thickness, overlap and pattern will determine the layout of the internal supporting structure of the model.
	Through analysis and testing, the optimal settings for the infill of the print will be defined.

	Determine optimal settings for material properties of the print (Default printing temperature, initial layer temperature, final layer temperature, build plate temperature, flow rate).
	Depending on the properties of the material being used, to get bed adhesion initial layer temperature needs to be determined afterwards for the remaining model. The flow rate will then have to be varied especially in the case of elastic materials to ease in extrusion.
	Through analysis and testing, the optimal settings for the material properties of the print will be defined.

	Determine optimal settings for Retraction during printing (Retraction distance, retraction speed, minimum travel, retraction count, nozzle retraction distance, and nozzle retraction seed).
	Depending on the material and the type of model being printed the retraction settings need to be set up well to ensure that there is no excess oozing and depositing of material in locations of the model where the material is not required.
	Through analysis and testing, the optimal settings for retraction during the print will be defined.

	Determine the optimal settings for the speed of the print (Print speed, infill speed, wall speed, top/bottom speed, support speed, support infill speed, travel speed, initial layer speed, Max Z travel speed).
	Optimum speeds will allow for decreased error generation with the highest product quality formation.
	This can be found via parametric studies on the 3D printer and can analyze by taking each variable and testing each one at a time.

	Determine the optimal settings for the acceleration of the print (Print acceleration, infill acceleration, wall acceleration, top/bottom acceleration, support acceleration, travel acceleration, initial layer acceleration, and skirt/brim acceleration).
	Print acceleration will further help retraction as the acceleration will help break the stream of material after extrusion stops. Optimizing the settings will also allow for the fastest print time without sacrificing the accuracy of the laser interferometer.
	Through analysis and then testing, optimal acceleration settings will be devised.

	Determine the optimal settings for the jerk during the print (Print jerk speed, infill jerk speed, wall jerk speed, top/bottom jerk speed, support jerk speed, travel jerk speed, initial layer jerk, skirt/brim jerk)
	Jerk settings will again help retraction as they deal with instantaneous changes in velocity and direction. Getting these optimized will help prevent oozing of the material into a different section, maximize the print speed and minimize the error of the laser interferometer.
	Through analysis and testing optimal jerk settings minimizing the error and print time will be selected.

	Determine the optimal settings for travel during the print (Retract before outer wall, travel avoid distance, layer start X, Y location, Z-hop).
	Optimizing the travel settings will help minimize the printing time alongside the error in the laser interferometer. 
	The optimal travel-during-print settings will be devised through testing and analysis.

	Determine optimal settings for cooling during the print (Fan speed, initial fan speed, regular fan speed, minimum layer time, minimum speed).
	Cooling speed can cause changes in the print quality and could even cause issues in accuracy as insufficient cooling of the material can lead to stringing and oozing, nullifying the use of the highly accurate laser interferometer with an inaccurate model.
	Through analysis and testing the optimum settings will be selected to maximize bridging capabilities during printing and prevent oozing and stringing.

	Determine optimal settings for support generation during the print (Support placement, support overhang angle, support pattern, support density, support Z distance, support X/Y distance, support interfaces, towers).
	Optimizing the support settings will allow for printing of more complex structures that would not be possible normally. The support distances and overhang angles would further help determine the locations of these supports along with the ease of separation from the model once printing is complete.
	Through analysis and testing the optimum support structures will be selected to ensure the most efficient use of filament and the most structurally sound construction of the model.

	Determine optimal settings for the build plate settings (Type of build plate adhesion, type settings, type width, and type z offset).
	Optimizing settings for the build plate will not only help with adhesion to the surface, but also stability in case of complicated models being printed where a simple brim can be printed to act as a weak support or a whole raft can be printed on top of which the model would be printed to ensure adhesion to the surface.
	Through analysis and testing the optimum settings will be selected to ensure maximum adhesion and stability of any model being printed.





Appendix 3.1 – Additional Equipment Testing

2 ZMI Parallel output enclosure
REQUIRED (+5.2 VDC -0.0/+0.4, MAX 3A)
Based on PSU giving correct power
Working

[image: ]
[bookmark: _Toc12563276]Figure 20: Working Zygo Parallel Output Enclosure

Not working due to a problem after power source. Needs to be checked by opening box and checking where the error occurs internally.
[image: ]
[bookmark: _Toc12563277]Figure 21: Not Working Zygo Parallel Output Enclosure


Appendix 3.2 – Power Specifications for Laser System

Figure  shows the display for cables from a PSU to the enclosure and a PSU to the laser head.
[image: ]
[bookmark: _Toc12563278]Figure 22: Power Supply Cable Specifications

Appendix 3.3 – Work on Original Motor and Drivers
This troubleshooting is from the original motors and drivers purchased by Dr. Brenner. The SN’s are _ and the Model number is _.
Got XL-PSU and connected with AC, got all green for each light	Comment by Tanner Johnson: Add model number and s/n, same for each of the following pieces
Attempted connection with driver/motor. One set of motor/driver gives no lights on the driver and red 24V status on the PSU. Other set gives all green PSU with green HV and red ST, but no FB.
Tested switching the motor/driver with alternate (i.e. motor 1 with driver 2 and motor 2 with driver 1), but got no lights on motor/driver, but also still all green with PSU. Figure 1 shows how I performed this testing.
[image: ]
[bookmark: _Toc12563279]Figure 23: XL-PSU to ViX-250IH
Tested With alternate PSU at 24-25V and 2.5AMPS, same lights, except green HV fluctuated between orange and green.
Tested second PSU with a 10 ohm resistor and a voltmeter in series, found at 2V, 0.2A, and at 10V, 1.1A. This lead me to believe the problem was the motor/driver. Figure _ shows the other PSU. The protected earth was used with the AC ground. Please note the power while testing with the alternate PSU was set to 24V and 2.5A.
[image: ]
[bookmark: _Toc12563280]Figure 24: New PSU to ViX-250IH
Attempted to connect motor/driver with computer using custom made wire. The connections were made as follows
	PC
	Drive

	Pin
	Use
	Use
	Pin

	2
	Rx
	Tx
	5

	3
	Tx
	Rx
	4

	4
	Drive Reset
	Drive Reset
	2

	5
	GND
	GND
	3

	7
	Dloop
	Dloop
	7

	9
	+5V
	+5V
	9



This was made using two modular D9 pin connectors. The cable did not show any connection when using Easi-V software when running basic connection. Tested connecter on computer with other cable, software, and hardware, PC saw device.
The cable was also made using the above plus the connections for 1-1 and 6-6 just to see if it wasn’t said in manual but was needed as well, this also failed. Figure 3 shows where the details for the above table were found.

A continued analysis of the motor found that the phase wires to be giving proper resistance. The phase wires were also checked to be in proper order. Parker said the motor had to be after a certain time of manufacturing or else we would need to use an old version of the driver software. It was found that the motors were made after the date time and can run the new version of Easi-V. The problem with the motor was also checked to be from the motor by pulling out the phase wires and letting the motor run. The error did not occur with this, showing the problem was most likely with the motor. Parker said that this was occurring due to a damaged hault wire and that the motor would have to be replaced or taken in to be fixed.	Comment by Tanner Johnson: Hault is correct term
After acquiring new equipment, the new MX80L motors and the old ViX-250IH were tested and found to be working. The old motors are indeed broken, either via testing mistakes or dead on arrival. The above can be used to show the full testing of these motors and driver systems as well as adding on COM port testing and software testing that were also verified to make sure they were not a problem in the situation either.


Appendix 3.4 – 2-Axis Assembly
[image: ]
[bookmark: _Toc12563281]Figure 25: Full Assembly without Zygo Parts
fullassemblynozygo.drw and .prt
All parts are under the following file location
USB:\Models\CAD Models\Full Assembly\
Only Part in mm and not inches.
[image: ]
[bookmark: _Toc12563282]Figure 26: Aluminum Base Plate, Black Color
Baseplateblack.prt
[image: ]
[bookmark: _Toc12563283]Figure 27: Aluminum Base Plate, Silver Color
Baseplatesilver.prt
[image: ]
[bookmark: _Toc12563284]Figure 28: Attachment Between Base Plates for Additional Stability
Baseplateattachment.prt
[image: ]
[bookmark: _Toc12563285]Figure 29: Mounting Plate for Interferometer
Interferometermount.prt
[image: ]
[bookmark: _Toc12563286]Figure 30: Mount for Beamsplitter
Beamsplittermount.prt
[image: ]
[bookmark: _Toc12563287]Figure 31: 1 of 2 Fold Mirror Mounts
Foldmirrormount1.prt
[image: ]
[bookmark: _Toc12563288]Figure 32: 2 of 2 Fold Mirror Mounts
Foldmirrormount2.prt
[image: ]
[bookmark: _Toc12563289]Figure 33: 1/4" Interferometer Mount
Hspmiquarter.prt
[image: ]
[bookmark: _Toc12563290]Figure 34: Aluminum Channel for Mounting Interferometer
Channelmount.prt
[image: ]
[bookmark: _Toc12563291]Figure 35: 1 of 2 Mirror Mounts
Mirrormount1.prt
[image: ]
[bookmark: _Toc12563292]Figure 36: 2 of 2 Mirror Mounts
Mirrormount2.prt
[image: ]
[bookmark: _Toc12563293]Figure 37: Mount from MX80L to Thor Labs Stage
Aluminumchannel.prt
[image: ]
[bookmark: _Toc12563294]Figure 38: 3/8" HSPMI Mount
Hspmi38ths.prt
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