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ABSTRACT

The Fiber Extrusion Device (FrED an affordable desktop engineering education toalid
teachingoy creating a laboratory experientesimulates the continuous fiber draw progess
which can provide insights intdata acquisition, control systems, smart manufacturing,
computer vision, data processing, product destmDesigned to be highly modular, the
FrED device provides users withwade range of tunable/adjustable paramedeics
expansion capacity to enable users to explore beyond the scopeoitkheé experiment.
While successful classroom activities have been conducted usingtheEZP)22 FrED
device is still too expensive aheavyto shipto learnersvorldwide

This Thesis focuses @roduct design and development-rED, making enhancements to
reducecost and mass while increasing tlagability. Specifically, the diameteneasurement
syst emb6s wasdrdstcallymmaprovedby increasing coolinggnhancing fiber

stability, introducinga modular pulley systerandadjustable tension systeetc.The

processor has also been changed from Teensy 4.1 to Raspberry Pi MouleietBase the
capability to process images during fiber production and to allow users to code using Python
rather than C++. Taccommodate these changes, the other subsystems are also adjusted for
better integrationsuch as a redesigned PCB.

There are lao efforts to improveiser safety by following the hierarchy of control to
implement visual warnirgy physical barriesfrom hot surfaces, arathermal switch as an
engineering control to prevent thermal runaway of the hddser. experience is enhanced
with thevirtual monitorconnectivityand reduced noise.

Parts are also redesigned to be more compact and use less mateli@isng cost and mass

The final FrED design accomplished a 44.6% reduction in cost over the previous generation
of FrED at$149.68and a 19.7% weight reduction (1.81k4h initial prototype of the
packagingveighs 2.85kgincluding the FrED devic& he draft assembly manual has been
done to pavéhe way for ramp up.

Thesis supervisor: Dr. Brian W. Anthony

Title: Principal Reearch Scientist
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1. Introduction

With the advent ofprofessionalonline learning, fueled by COVIEL9 and driven by the
development of Massive Open Online Courses (MOOCSs) such as edX, OpenCourseWare, and
online professional courses from universities around the witidde has beean increasing
amount of resources being putdrthe development of these online courses to recreate the
experience of learning in a physical classroom environrfignf2]. However, laboratory
education will become even more critical as the world increasingly industrializes and
transforms digitally{3]. How would online engineering courses continuentpart essential
laboratory skills rigorously The frameworkinvolved in developingthe Desktop Fiber

Extrusion Device (FrED) seeks to solve thaiblem.

1.1 Background on Fiber Extrusion Education

Optical fiber manufacturing is the foundation of Internet communication technology. Optical
fibers are made using a continuous manufacturing process called fiber extwisoa the

glass preform is melted with a furnace, measured, and d@jlesbme chemical coating

and curing processes can helprease the production speed aeithforce the fibef4]. The

towers are often several stories tall.

@) Phoseon
> +— PREFORM FEED ‘3)
PREFORM
o |
«—— LASER MICROMETER
«— HELIUM COOLING
=7 +—— COATING CUP 1

o @ Phoseon yy LED CURING
7"~ COATING CUP 2
e @ Phoseon UV LED CURMG

Figure 1 Industrial process of optical fiber manufacturing, which can be rstitiy tall[4]

Several parametegay a role in getting the right dimensions, specifically the diameter of the
fiber, temperature of melting, tension, etnd it was first selected to be studied by the MIT

MechanicalEngineeringDevice RealizationLaboratoryto study advanced process controls.
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Kim et al developed the first researgnade Desktop FrED to enable users to change various
process parameters, experiment with different control strategiescquire data for advanced

analytics technique$5], [6], [7], [8]. MIT faculty Brian Anthony, conducte@ Smart
Manufacturing course for managers and directors of manufacturing giant Arconic using
researckgrade FrED aa demonstratiomndreceivedpositive feedback on its capabilitifs.

This led to the developmenttifeon| i ne cour se ASmart Manufact
to Dynamic Manufacturing Processeso with Ml
FrED, and has attracted 400 participants aniyugd]. However, given theourse's online

natue, the problems of hands learning for online coursearise, and an affordable,

educational grade desktop FrED was needed.

It was decided that the assembly facilitpuld be set u@at MIT and also double as a facility

to teach manufacturing to students of the Master of Engineering in Advanced Manufacturing
and Design program at MIT. Collaboration with Tec de Monterrey, a leading technical

university in Mexico, was later established with the aim of being able to replicate similar

courses around FrED in their curriculyb]. In Spring 2023, Tec de Monterrey delivered a

robotics assembly course for producing FrED.

1.2 Aim of the Educational GradBesktop Fiber Extrusion Device (FrED)

The educational gradeesktop Frib as a product alone aims to reduce the cost of traditional
laboratory equipment into an affordable, compact, and reliable desktop device that can be sent
to learners around the world to teach a wide array of topics from computer vision to product
design © controls to data analytics. This harais and evidencbased approach not only
reinforces theories learned in online classes but additionally also aims to tackle various
problems of online educatidnlack of motivation, low quality of teaching, and difilties in
providing handson experience at a distar{®. While some institutions have turned to virtual
laboratories in an attempt to concretize engineering learning, it is insuffioi@novide the

reallife experiencehatis fundamental to engineerifg].

Claudius et al. have derived a theienensional framework for online laboratories, which the
Desktop FrED framework can be based on, as showigure2 [3]. This helps to expanithe

usage of FrED as a product to be a suit of service that caters to a myriad of applications and
ultimately helps to extend the development framework to device applications other than fiber

extrusion.

18



self-directed
experimentation

guided semi-open
experimentation

pre-structured
experimentation

demonstration in a lieaad
lecture-like setting y
v laboratory
é > internationally ~ distribution

b used

pedagogical approach

real augmented ——— simulation
hands-on reality lab based
lab lab lab

degree of virtualization
Figure 2 Threedimensional framework for online laboratory, expanded to Desktop FrED to
adapt to different teaching needs and various needs of the le§Bhers

As a start, the FrED aims to provide a real hasprestructured experimentation that can be
used internationally by sending physical produid learners around the world with a
predefined set of instaions to match a particular learning outcome, but as FrED scales, it is
possible to expand instructional levels to semen or seldirected learnings and to cater to
learners with lower paying power to use remote or simulation lab by having a FrE@vitarm
cameras and data transmitters, or even to have digital twins of FrED which learners can interact
with using their PC. In addition, the factory that produces FifE§u¢e3), which currently sits

int he basement o f MI Tb6s Buil ding 35, can
opportunities for factory design, line design, data analytics, throughput analysis, design of
experimers, etc.
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Figure 3 FrED factory in MIT's Building 35 with laser cutting and 3D printing processes

couldbeconnected to the web for potential learning opporiasin factory management

1.3 Product Overview Research Grade FrED

Theresearckgrade FrED was first developed in 2017 by David Kim and Brian Anthony for
professional educatiofi0] and waslater used by Sangwoon et al. for deep reinforcement
learning controls in 202[11]. In 2021, Cuiffi etal. further used it for manufacturing workforce
training [12]. This version of the FrED foses on simplifying and reducing the size of the
industrial optical fiber towers and magthem compact and lowost[10], distinguishing itself

from the large and expensive industrial training setlipss means removing the coating steps
and usinga hot glue stickas the prefornnstead of glass preform, which is safer to be heated
and easier textrudg5]. Various sensors are also installed to gather sufficient data for analytics

and to enable different process control methods to be impleni&hted
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Figure 4 CAD render of the researeyrade FrED, consisting of the Extrusion, Diameter

Measurement, CoolingndFiber Collection subsystenfs]

As shown irFigure4, the research grade FrED consists obesubsystems: extruder, cooling,
diameter measuremenindcollection[10] [12]. The extruder heats the hot glue stick preform
using heating elements mounted in a manufactured metal block and pushed through using
stepper motor, which controls the extrusielocity, into a smaller exit hold0] [12]. The
extruded preform will be less viscoaier heatingand be able to be pulled by the collection
system at the end of the system, which consists of a DC motor for rotating the collection spool
and a steppeanotorin conjunction with a lead scretw enablehe reciprocating action of the
spool to evenly spread the fiber acrfig3] [12]. Thediameter of the fiber is dependent on the
pulling tension ands fixed by reducing the temperature of the fiber via the cooling system,
which comprises ofa tankwith water as the cooling agefitO] [12]. Then the diameter
measurement system measures r@odrd the diameter, and feeds that data into the process
feedback control algorithm to match the desired dianj&@12].

Three sensors collect data from the manufacturing process: the Resistance Temperature
Detector (RTD) measuremd limitsthe heéing, the laser micrometer precisely measures the
diameter of the fiber to control the diameter using cldeeg feedback control, and a pair of

limit switches limits the translational motion of the spfddl] [12].
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Initially, a simple mass conservatiomodel is used to contrthe diameter of the fiber as the
extrusion speed and spooling speeeknown, butthe measured diameter is not in statistical
control due to temperature inconsistencies and stage motion time mismgidjinglosed
loop controls werentroduced with a Proportional Controller around the DC motor spooling
speed and a Proportiorlattegral Controller around the diameter effddk]. This proved useful

to keep diameter in control. A deep reirdenent learning (DRL) control was proposed
subsequently,rad tests showed improved performance in tracking diameter[&frprt was
also noted that this method can be further improved by introducing dattaiprag to reduce

online training timg11].

The cost of this system is $54481], and since it was developed during the-goeid times
when classes were still predominantly physical, it was considered a success from both a

research and educational perspedibje

1.4Product Overview Desktop FrED 2022

However, moving into the online learning environment, the research grade FrED was too
expensive to make and deploy at a large sddierefore Bradly et al. attempted to further
lightweight FrED

L All costs in this thesis are in United States Dollar (USD)
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Figure 5 Complete assembly of the FrED 2022 device with 6 main subsystems.

The team largely made use of rapid prototyping processes such as acrylic laseramutting
FFF 3D printing, along witkheintegration of offthe-shelf parts to ehieve a drastic reduction

of cost from $5428 to $270.12, representing a 95% reduction in cost. The device weighs 5Ibs
(2.4kg) and comprises 152 parts.

The device runs on Teensy, an Ardulmeised development board, where the usersieed
upload the coderitten in C++ via a micro USB connector on the Teensy. The team proposed

a camerébased diameter measurement system based on a microscopic camera which has an
adjustable zoom of 40000x. This replaced the most expensive component of the research

FrEDT the laser micrometer, which costisleast $3000.

The team also built up the FrED Factory from an old storage room on the MIT campus, and
added 3D printers and other machinér aid the development and subsequent production
rampup of the FrED towards ldding 400 devices a year. Proper tools and inventory space

were also set up.
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1.5FrED 2023 Project Objectives

Building on the works of the Fred 2022 teaime FrED 2023 team aims to further develop
FrED to be a more comprehensive product. Thisraken down into the following 5 main
objectives:

1. Complete the development of the diameter measurement system to close the feedback
loop for diameter control

Further reduce the cost of FrED to under $150

Simplify assembly of FrED

Lightweight for internabnal delivery services

a k~ 0N

Expand the ability and capacity of FrED to teach more topics of interest
To be able to achieve these, the following principles were applied:

1. Design for Manufacturing and Assembly (DFMAR][14]

- Using standard parts whenever possible to reduce inventory management
- Reducingthetotal number of parts by integrating parts as much as possible
- Modular approach for easy deployment, remad/or replacement
- Design for the manufacturing processes intenddx tcsed
- Use of alignment features or symmetry for easy assembly and orientation
- Use of reasonable tolerances
- Mistakeproofing (PokaYoke)
- Select theight material
2. Design for Additive Manufacturing (DfAM) [5] (Particularly Fused Filament
Fabrication FFF method):
- Complexity is freé join more parts together, add filets to stréwgt parts
- Design for part orientation layers create weaknesses
- Design to minimze material usé reduces print time
- Design to minimize support materia reducing overhangsreduces print time
3. Design Failure Mode and Effect Analysis (DFMBAY]:
DFMEA is asystematic set of actismsed to identify potential problems or failures in
the system or product, identithe effects, likelihoogand severity of such failures, and
eliminate or mitigate them through corrective actions.
4. Root Cause Analysis (RCA) fongineering16] [17]:
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RCA is a procedure used to identify the underlying causes of a negative event, to fix its
problem or prevent its occurrence, ib-atepprocess:
Define and understand the problérist out what were the symptorno$ the problem and
classify the faults
Determine the causal factdrdrainstorm for all possible factors leading to failure
Determine the relationship between causal fagt@@me facta are the sole cause, while
others can be lined to form a series of events that led to the failure. Tools such as the
fishbone gometimescalled the Ishikawa Diagram) help to show the caaffect
relationships.
Determine the solution

Implement a solution

Identifying the root cause can also be done using tWéhgs approach proposed by

Taiichi Ohno of Toyota, whothea@ d t hat by asking the ques
the root cause of almost any issue can be determined. This is similar to the fishbone
diagram but going from the problem and exploring deeper into the problems by asking

Awhyo until there could not be any furthe

RCA is sometimes synonymouwegth the First Principle Approach to engineering,
where the assumption is challengedd the building blocks of the assumptiamne
examined. By definition, a first principle is a selfident proposition or assumption

that cannot be deduced from any other proposition or assumption.

5. Safety by Design
Safety by design is practiced whenthe er 6 s saf ety and rights
of the design and development of prod[i&$ This is done by premptingproblems
and harmthat could occur during the use of the product rather tingplementing
remedies after the harm has occurred. Thesdwnd in hand with DFMEA to foresee
what can go wrong, the likelihood of it happening, and the severity of the harm to
prioritize the measures takagainst it.

6. Hierarchyof Control
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Figure 6 Thehierarchyof controls to eliminate or reduce hazaid9]

The Hierarchy of Controls is a systematic approackraaslicate or reduce workplace
hazard. It ranks from the top to bottom accordimnghe decreasing effectiveng49].
The top most feasible option shall be implemented first, then proceed down the

hierarchy.

1.6 Team Contributions
The FrED 2023 team consisted of Wenhao(Xuthor) Gary Sefahand Somesh Jaiswal and
was further split into the controls team consisting of Somésiswalonly and the product

design team consisting of Wenhao Xu and Gary Sefah.

Somesh Jaiswal was primarily in charge of implementing chusmal Proportional Integral
Derivative (PID) controleind subsequently learned controls around motors, heating elements
and diameter control, and integration of a tension sensor into FrED, as documented in his thesis

to be submitted at a later date.

The product design team worked closely and collaboratoreiypost of the work documented,
with some elements done by either of the members. Collaborative tasks include identifying the
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issues of the 2022 FrED, improving stability, coolingnd noise, migrating from

microcontroller to microprocessor, implemento@mnputer vision codetc.

Gary Sefah was additionally in charge of redesigning the extrusion system mount, integrating
thePi cameraandsetting uphelaser micrometer as a benchmaak documented in his thesis
i L c@ust Fiber Extrusion Device for Edational Purposes: Redesign, Manufacture, and

Computer Vision Integration 0

Wenhao Xu (author) was additionallyéhargeof the modular camera mount, redesigrhaf
Printed Circuit Board (PCB), dowselected diameter sensopsirt and area reduction dfet

frame defect detection, user experienete.

Figure 7 FrED 2023 Team, consisting of Gary Se(hdit), Wenhao Xcenter) and Somesh
Jaiswal(right)

1.7 Project Timeline

This project was done over the Spring, Sumraed Fall Semesters of 2023, with the Spring
and Fall semesters being panbe, in conjunction with other MIT classes. In Spring 2023,
the focuswas to familiarizeourselveswith the 2022 FrED by building FrEDs hanrds,

geting trained on the machingneededand identifyng areas of improvement. Summer was
when the team woddfull-time on designing and producing FrED 2023 by systematically
working through each subsystem and ensuring integration with other sy$tesrisll
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semester wasainly focugdon safety, user experien@nd fixing the outstanding issyes

only Wenhao waselft on the team.
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2. FreD 2023 Design
This section will cover the subsystem designs of the affordable, educational grade FrED 2023

version and how they have improved over the FrED 2022 version.

2.1 Systemverview

FrED 2023 consists of the followirsgibsystems, as shown in Figure 6:

Extrusion(FRED-E)
Cooling(FRED-C)

Diameter Measureme(fRED-D)
Gearbox (FREBG)

Electronics& PCB (FREDP)
Frame(FRED-F)

2 T o

‘Oo

Diameter
Measurement

Figure 8 FrED 2023 consisting of Fiber Extrusion, CoolinBjameter Measurement, Fiber

Collection, Electronics, Frame

The following sections take a deeper look at identifying the issues when running the 2022 FrED,

analyzing the root causand going through our attempt at solving the issue.
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The main production miebds are kept the same as FrED 2@2Per laser cutting or FFF 3D
printing. Laser cutting is done on an Epilog 120W large format laser cutter on clear acrylic
sheets. 3D printing is done on the Prusa MK 3+ using 3 materials: Polylactic Acid (PLA) for
aeshetics and ease of print and Polyethylene Terephthalate Glycol (PETG) for stidregé.
methods alsallow for rapid prototyping and iteration&ray and red colorazere chosen to
match the MIT color schem8D printing layer height is changed to 0.3mm instead of 0.2mm

unless specifically required otherwise for functionatitystrength.

Additional materials or material thicknesses have been used this year, such as Polycarbonate
(PC) plastic alloy 3D printindjlament and thinner acrylic sheets, and will be covered in more
detail in subsequent sections.
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2.2 Fiber Extrusion System

The functional requirement of the fiber extrusion system is to be able to push the preform
with a known velocity and to heat it sudiently for the preform to be able to be pulled into a
thin fiber.

2.2.1FrED 2022 Fiber Extrusion Syste@verview

Extrusion
Screw with support
spring

Extrusion

support part Driver

— S
Extruder —» Preform

Lever

Idler pulley

Heat sink

Hot end

Figure 9 FrED 2022 Fiber Extrusion Syste@AD, consisting of an extruder stepper motor,
3D printedsupport, modified 3D printer heat blgand lever systen6]

The FrED 2022 Fiber Extrusion System is showfigure9, consisting of a heat blodkat

heats the hot glue stick preform, made by modifying a standard Creality Ender 3 3D printer hot
end; a 3D printed Extrusion Support Part using PETG for heigtaace; a set of lever system

to press the preform against the extrusion géidwradjustable forces made possible by a screw
adjusted springa stepper motor to provide sufficient holding torque to extrude the melted

preform.This design is overall futional but also presents some issues

2.2.2 Problem 1The gint time of the support is too long

The print time of the 2022 FrED extrusion support3 igs 40 min, weighs 54.65gnd cost
$1.52 A few areas of improvement have been identified modified for faster print time
listed below and highlighted in Figure 9:

1. The gap between the mounting plane and the stepper motor mounting location was
unnecessarily filled and had been removed
2. Some areas of the mounting planethe framewnerenot necesary to provide a good

counter moment to the heavy stepper motor and have been removed
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3. The ®cond guiding hole from the top does not serve its purpose to guide as the preform
is already held in place sufficiently by the hole in the lever, the extrusios ged
pulley, and the heat block hole, and have been removed

4. The heat block mount is too bulky andsheeen changed with the updated heat block

design outlined in section 2.28 use less material

Figure 10 FrED 2022 Extrusion Support Part with highlighted areas of improvenibet

numbers correspond to the list above

The finaldesign of the Extrusion Support Part after multiple iterations is showiguime 10.
The cost has been redudeam $1.52 to $0.56.

Figure 11 FrED 2023 Extrusion Support Part with reduced print time and cost

In addition to solving the problems stated above, some of the design features also come from
improving the accessibilitior ease of assembly tife M5 nut, as further described in section
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2.2.4.Two heat insert statiarhave been set up to help with vertically inserting the heat insert

using a special soldering tip on the soldering iron, as showigurel12.

Figure 12 Heat insert station to assist with assembling the M3 and M5 inserts vertically and
efficiently[20]

2.2.3Problem 2Production of the heat block is dangerdume-consumingand lowquality

Hria.t:r Heat
- i' ge sink
Steel

pipe

Hot end

Figure 13 Heat block modified from ethe-shelf Creality Ender 3 Hot End by manually

drilling and sealing a segment of steel pipe with Marine Wejd
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The FrED 2022 Heat Block is manufactured by modifyiimgoff-the-shelf Creality Ender 3

3D printer Hot End by first using drill press to enlarge the hole in the heat sinkl the hot

end then adding a segment of steel pipe cut vaithand saw to replace the removed M6
threaded pipdheat break}hat originally connects the hot end to the heat sink, and lastly
manually applyMarine Weld to seal the steel pipe to prevent leakage. The original heat block
is shownon the left in Figure 12, and the manufactured heat block is shown on the right in

Figure 12

42mm

‘ Heat Break
|

20mm

Figure 14 Off-the-shelf Creality Ender 3 Hot End (Lefth@ modifiedheat blockfor FrED
2022 (Right)

Due to thesmall size of the heat sink and steel pipe, the manual nature of the modification
process, and a lack bktures for these operations, it is timsensumingat around 1 houand
dangerous to produce this part. The Marine Weld also requid®drs to set and 124 hours

to fully cure[21]. This process takes time andnpower taccomplete, and the setting process
requires another set of fixtures to hold the parts in place. The resulting part is also unaesthetic
as seen irkFigure 14 on the rght and sealing effect is inconsistent across many heat blocks

manufactured, with leakages obseneasishown irFigure15.
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Leakage
el

Figure 15 Hot End sealed with Marine Weld showing leakages

Using Root Cause Analysis, it was identified that the reason why such a manufacturing process
was takenn the FrED 2023s that the 3D printer nozzle was originally designed to take in
1.75mm filament, melt jand extrude through nozzles between 0.1@min, and thé&ot glue
preform that FrED uses has a diameter of 7inerefore, the diameter of the holes in the hot

end and the heat sink need to be enlarged and connected. FurtherBirerinting heater

needs a heat sink because the hot end is furatyarequired to heat up to around 300 degree
Celcius to print certain higtemperature polymers such as ABS. The heat sink will sufficiently

dissipate heat such that it can be safely connected to the main body of the machine.

With our application in FrB, despite a much lower maximum expected operation temperature

of 100110 degregCelcius as determined by testings on the hot glue preform, the heat sink
was stil/l needed because the Extrusion Sup
temperature oéiround 85 degreeCelcius. Thistherefore necessitated the abovementioned
modifications and manufacturing mettsotiowever, his also measthat if the material that

the hot end is in contact with has a higher thermal tolerdiners is an opportunity tmount

the hot end directly to the Extrusion Suppehile providing some margin of safetyn FFF

3D printing, the available material thaieets the thermal requirement are ABS, B@ an

alloy of PC and PETG, as shownTablel:
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Table1l Comparison of heatesistant 3D printer filamenglass transition temperaturgthe
temperature at which the material softens. The PC Alloy is selastad heat insulation

block material for a balance of thermal resistance and [t

Material Glass Transition
Temperature°C)
PLA 60-65
PETG 80-82
ABS 105
PC 147
PC(50%)+ PETG Alloy 110

Based onrablel, the PC alloy is the winner in terms of printability, ¢c@std heat resistance
and is therefore selecteBigure 16 below shows the new heat insulation block printed on the
Prusa MK 3+ using 0.3mm layer heigbsing two M3 screwand M3 Inserts in thExtrusion
Support, the hot end and the heat insulation block is clamped tqgettstrown irFigure 16.

To provide aleakresistant seatven with the print lineslefectsfrom the FFF 3D printing
processarim is addedaround the hole which the hot glue stick will go through, and during the
first use of FrEDthis rim will be softened at the operating temperature, and be spread around
because of the clamping pressure to create@oth s€aThe smoothness of the seahymot

be perfectbut because of the high viscosity of the melted hot glue, it would be sufficient to
prevent leakage. Further repeatability te$tsuld be conducted ensuresealing performance

for higher production quantitie$his sealing feature alsemoved the need for Marine Weld,

and the associated setting and curing time.
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Figure 16 Initial design of thd>C AlloyHeat Insulation Block with raised rim for sealing

when first usedleft) and clampedightly with thehot end using two M3 screwisght)

This new insulation block is then stress tested to higher temperatures by increasing temperature
by 5 degregCelsius every 15 minutesd trying to pull the hot end out lightlgtarting at its

rated glass transitionrtgperature of 110 degre€elsius. It is found that at 150 degs€lsius

that the heat traveled via the M3 screws to dislodge the threaded inserts in the PETG printed

part. This translates to a margin of safety of 1.5. Since the failure modetlee PGmaterial

melting but the heat traveling up the screw, should a higher margin of safety be desired, the

heat end can be mounted only onto the Ireatlationblock, and then the insulation block is

then separately mounted onto the PETG Extrusion Support.

In the process of testing other components of FitB® team reated that the likelihood of a
thermal runaway is high due to te®p button on theimplified interface of the Thonny IDE

on Raspberry Pas shown irrigure17, with more information about the PCB and the python
code will be covered in Sectidh6. The stop buttoywhich isthe most notieable button on

the dashboard for its size and color, is highly likely to be pressed, especisdignizys who

are just starting to use FrED. However, unlike the Ctrl + C command, which stops all the code
and puls all Geneal Purpose Input and Output (GBIpins to their default states (LOW) and
therefore stops anypower supplied to the heater, the stop button onTtiany Integrated
Development EnvironmentRE) only stops the code. This means tte state of the GPIO

pin when the button is pressadll be preservedandthe codehatturns the GPIO pin on and

off based on the thermistor readingstspped When the GPIO is stuck at HIGH, the heater
will heat to he maximum temperature that it is rated for, at around 300 dagedsus, this is
extremely dangerous aheyhly likely. Based on DFMEA, this problem needed to be addressed

immediately.
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Thonny - /home/pi/Documents/tests/test.py @ 3:19 v A X
File Edit View Run Device Tools Help

40 OB o
test.py * Assistant
import time Wamings
i X X May be ignored if you
print(time.time()) are happy with your

program.
test py

= Possibly bad file
name

ac it halnfiidl n

Shell =

>>> import time
>>> print(time.time())

1606380682.0085979
>>>
1606380755.4083514

>>> E

Figure 17 User interface of the Thonny IDE on Raspberry Pi, witlelyy noticeable red stop
button,whichonly terminatethe codebut does noteset all GPIO poud like Ctrl+C does
This leads to thermal runaway issues where the heater continues to heat without any active

control loop around it.

Following theHierarchy of Controls,various methods have been tried and used together to
reduce the hazasdo theuser.Starting from the highesivo levels, eliminationand substitution

while it is possible to have tH&thon codeun on starting the Raspberry Pi astdp when the

user disconnects power from the Pi or to have the user use Secure Shell (SSH) protocol to start
and stop the code, it is decided that usingCE would be easier for learners of any level to

start, and allows fothe development of additiomasensors without running FrED; and
substituting Thonny IDE for any other IDE on the Pi gave the same Ttethdtstop button is

not the same as Ctrl + C termination command.

The next leved would be toimplement engineering contrahd administrative garol. Many

solutions have been tridalit rejected for cost, effectiveness,integrationissuessuch asa

lower wattage heater that can fit into the standard hotSwial State Relawith Zenor Diode

to switch off based on thermistor voltage output,commerciallyavéab | e di odes dono
the voltage needed;oBtitive Temperature Coefficient (PTC) hedfeait increases resistance

with temperature, therefore capping the maximtamperature, but ieejectedbecaus®f the

difficulty to integrate into existing setupanodo mmer ci al |y avai |l e PTC
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around 105110 degree Celcius setting, but at a higher 120 degree Celcius setting that
realistically is tested to cap at 130 degr€elcius thermal fuse which breaks based on the
temperature, but single use, so each time therathermal runaway, the user need to replace
the component.

The other solutions have been tested to be effectimening multiple levels of protection
against thermal runaway and other forms of hazardgreventcalding burns when the user
accidentally touches the heated hot end, the PC alloy insulation block is extended down to
cover the sides of the hot eras shown irFigure 18, preventing direct contact with heated
metal. The front of the insulation blockvhich faces theiser is alsoindentedwith the word

fi H O Todvarn users. However, due to the demkor of the PC alloy material, it is suggested

that a yellow warning sticker be usiadaccordancevith the industry warning label standards.

In an extended 1 hour test at 100 deg¥k@elcius, the surface of thesmlation block reached

60 degresCelcius butbecause of a much lower thermal conductivity o e s n 6t f eel a:
briefly touchedln addition, there is also an alignment lorethe Extrusion Supporas shown

in Figure 18, to help with the assembly process of ith&ulation block by providing a point of

referenceaccording to the DFMA principles.

Figure 18 Improved heat insulation block with a surrounding skirt to covestities of the
hot end to prevent accidental toucluéghe hot endwithi ndent ed word AHOTO
users. On the left sideuyt out to the skit allows for wires to go through, and tpedf the

insulation block is aligned to a raised line feature onExé&usion Support for easier

assembly.

39



The first level of preventing thermal runawayarsadministrative control to remirnke user to
use the Ctrl + C command to stop the cati¢he bp of the code, in the user assembly and

usage manual, argbtentially intheintroductory video and a sticker on the FrED device

Next isa physical switch that is connected to the 12V components shokigure19 as a

form of engineering controThe user will be reminded as a good practice to always turn off
the 12V supplywhenever the code is not running/hen this isdone, weeliminate the
possiblity of thermal runaway by cutting the power supply. This is provided that the user

remembers to turn off the switch each time they stop the code.

Illll'Il|l‘Hl|lll\\\l\\\\\\\\\\\\\\\\\\ \W
Ocm 1 : ‘2\ 3 A

Figure 1912V switchwhich connects to the 12V cooments to swih those off when not in

use.

As a further measure to nagtithe user that the heater is actiseed LED was added to the
PCBin parallel to the heater, such that it will turn on when the heater is aciiveemind the

user that the heater is in effect. When in normal operations, the heater will turn on and off
depending on th&PIO pin state, and would look like its blinkirtgowever, when the code is
stopped without the GPIO pin being reset, the LED will be permanentlhilg.should serve

as a warning indicator to the user that the heater is still on even after stopping the code and

prompt the user to turn off the switchtorestart the code just to stop it using the right method.

The final level of protection is the thermal switch added in series to the heaterjsased

on the bimetallic strip that is set to triggerd bendht a predefined temperature, hebeaking

the heater power suppind limiting the maximum possible temperature that the heater is able
to achieve. The thermal switehll reset and close the circuit once the temperature drops below
the resetting temperaturéhrough further actual tempure tests, it is found that even at the
same temperature setting, the actual trigger temperatuoighisr than the set temperatimea

varying amountThis is likely due to the materi@nd manufacturing variations of physical
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switches.Fortunately, tle tolerable range of triggering temperatigevide enoughand the
thermal switch is available in small enough step intsrebb degree Celcius In addition to

the lowcost nature of the thermal switch, it was decided that the thermal switch cauddde

The ideal lower limit of the triggering temperature is around-106 degres Celcius, which
comes from the testednge of temperatures that allows for smooth spooling of fiber between
75 and 100 degreé€elcius. The upper limit is around 13@0 dgrees Celcius, as tests show
that the heaat around 150 degree€elcius will result in the M3 heat insert in the PETG

Extrusion Support to dislodge, leading to a functional failure of FrED.

To test the suitable thermal switch settithgee svitches each fromB0to 110 degres Celcius

at 5degree Celcius interv@lwere purchased and testédvo tests where conducted and
recorded for each of the thermal switch&gontrolled 106degree Celcius target temperature
10-minutetestandanuncontrolledthermal runaway test. The first is to simulate the predicted
highest sable temperaturthat the users will use for a prolonged period of time, and the
thermal switch should not trigger at any paimtime. The second is ®imulate an uncontrigld
thermal runaway by setting the target temperature to 150 de@reletus, the failure
temperatureAll tests are donesing the samenountingtechnique as described in previous

sections to ensure consistent performaasshown below

Figure 20 Testing setup of the thermal switches, usiogadile clips to enable rapid
changing of the thermal switch instead of crimping. The setup is the same as the actual
deployment, with M3 screws holding the setup togetherndns@t insulation shield made of

PC alloy material tchave a realistic heatansfer environment.
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It is found that the 98egres Celcius setting thermal switdlis the desired range the bemtd
further testsare conductedon ten of the same thermal switches to ensure that the observed
results are repeatable for a larger batcthermal switches.

Figure21 below shows the controlled 100 deg€elcius test foone of thed0 (left) and95
(right) degree Celcius switels The90 degres Celcius thermal switch triggergdhile the 95
degres Celdus thermal switch did not trigger for the entire duration of the test.

90C at 100C, fully covered

95C at 100C full cover no tape with support
120

100
80
60
40
20

0
0 20000 40000 60000 80000 100000 120000 140000 160000

Figure21 The 100 C constant temperature using90C thermal switch (leftiwhich
triggered after some time, and the 95C switaht), which did not turn off

Figure22below shows the uncontrollégdermal runaway test fane ofthe 95 and Q0 degres
Celciusthermal switchesThe95 degresCelcius switchwas triggered at 125 degrees Celcius,
within the allowable range, while the 100 degrees Celcius switchriggered atl45degres
Celcius and is therefore not suitaldbeing higher than theoftening temperature

100C at 150C, full cover
95C at 150C full cover no tape

140
120
100
80
60

40 40
20 20

0 0
0 20000 40000 60000 80000 100000 120000 140000 0 20000 40000 60000 80000 100000 120000 140000 160000 180000

Figure 22 Thermal runaway simulated test on the 95C (left) and the 100C (right) thermal
switches. The 95C switch triggers at 12%@ich fits into the window of temperature that is

desired

Test done on te@5 degres Celcius thermal switads showed that the trigggemperature

ranges fronil11to 137degres Celcius, with a mean df23 degres Celcius. This is within

42



the acceptable range of temperatufideere is also vaation in the recovery temperatutmit

that is less relevant. Bothetrigger and recovery temperature of the ten switches are plotted
below inFigure23:

Thermal Runaway Test of 95C Switches

150
140
130
120
110
100

Temperature (C)
(e}
o

~N @
o O

M

1 2 3 4 5 6 7 8 9 10
Switch Number

—@— Trigger Temp —@—Reset Temp

Figure 23 Thermal Runaway Test of ten 95C thermal switchiee mean triggering
temperature is around 120C, attte range of temperatures fits theguirement for use on
FreD.

The insulation block is modified to accommodate the thermalcemby having a recessed
volume right above the heat@ihe thermal switcls designed tgit loosdy within the volume
when the M3 screws are fully tightened to allow for the sealing rim to be compressed when

heated for the first time btight when the rim is partially melteds shown irrigure24.
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Figure 24 Used heat insulation block. The area overlapping with the heat block is softened
and smoothened out by the screw compression. The rim is no longexrsg@o leak is

observed.

The blue tape above is a thermal conducting tape is often used to helpitiv thermal
conductivity between the heat sink and the hot component, but in ouit fesiyed to be
hindering the heat transfer as both the thermal switch and the hot end are smooth metal surfaces
and their direct contact is much thermally conductiamtfoing through the thermal tape and

is therefore removed frofature iterations.

Lastly, astress tesivas conduted on a new insulation block to test for leakage and determine
the highest temperatuthe insulation blockeached After 1.5 hours ofunning the heat end
at 100 degreeCelsius, the rated operating temperature, the insulation block only reached 60

degres Celsius, and no leakage was observed.
As a result, the cosind time to manufacture is reduced significantly

2.2.4Problem 3¥Vibration in Lever system and difficulig installing

In FrED 2022, the extruder motor does not henrero-steppingenabled, and therefqreach
step is 1.8 degrees (each revolution consists of 200 steps). This causes yibhatioloosens

the nutovertime, whicththen releassthe compression on the spring, leading to slippage of the
hot glue preformNot microsteppingalso resukt in the pulsation effect in the fiber diameter
as observed by the camernad will be discussedhilater sectionsThe solution to the former

problem is to use a lock nut instead of a regular hex nut.
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Figure 25 Comparison of different antiibration strategies, with nylon insert lock nut

performing the best with time in ghgroup[23]

As shown inFigure25, different types of antvibration nuts were tightened to the same clamp

load and subjected to a strong vibration.t&&tsults showed that the nylon insert nut is not

only the best in resisting vibrationduced loosenindyutit also has the least parts, which is in

line with the principles of DFMA. Figure26 presents a superior Netack washer whib is

made up of two pieces of serrated washers with serration angles providing the needed force to
maintain nut tightness, performing much better than all the solutions preseRigdn®25,

however, after testing the nylon insert lock nut on FrED for prolonged periods (approximately
30 hours), theraren 6t si gns ofmalbesieni mgr e whuicthabl e f

given the fewer number of padsdbeing cheapetompared to Nord Lock Washers.
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Figure 26 Nord Lock washers consisting of two serrated washers interlocked and showing
extraordinaryanti-vibration performance, but was not selected as the nylon insert lock nut

wassufficientand hae fewerparts[23]

The need for a singlpart nut is further amplified by the lack of space to assemble the nut in
FrED 20226s Extrusion Support, where a plie
tightening the M5 screwsing arAllen key, as shown ifrigure27. A plier is not the right tool

to turn a nut, and lock nuts need significantly higher torque to tighteo.pliers hae their

tedh stripped, and the operators struggle to assemble, leading to time being wasted.

w

Figure 27 TheOpeator struggles to tighten the nut on the 2022 FrED using pliersAdleth

key given the tight spaceeducingergonomics and incregngassembly time.
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The solution is to redesigfFigure 28 Left) the nutplacement regiono be exposed from
underneath to allow fahehex socket wrench-{gure28 Right) to be used with the Allen key.

Figure 28 New Extrusion Support part with improved access to the nutaméw lock nut
to reduce loosening due to vibration, a longer and stronger spring for higher clamping force
on the preform (Left), an@hex socket wrench to improve the ergonomics and easiness to

assemble the screw and r{Right).

2.2.5 Other Minor Improvaents
The Spring was replaced by a stronger and longer one to provide more clamping force onto the
preform to reduce slippage.

Figure 29 The new and old version of the spring, which has increased spring stiffness and

length,increasingcompressioffiorce of the drive gear on the glue stick, reducing slippage.
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Thelever has also been modifieditaprove user ergonomics by providing supportite
glue stickpreform, and adding space for the usdet@rage onto when depressing the

spring.

Figure 30 The old and new version of the lever, with a wider hafailea more ergonomic
grip and added support to remove the need to hold the glue stick when adding a new stick to

the already running device.

Overall, he extrusion subsystem of FrED has bewdified to remove hardousand time
consumingmanufacturing process, improveassembly ergonomics, reduce print mass and

time, and improve functionality.

Figure 31 New 2023 Extrusion Subassembly
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2.3 Diameter Measurement System
In fiber production, the diametand diameter variatioof the fiber ofterrepresent the quality

(accuracy and precisiomf the drawn fiberDiameter measurement is needed as an input to
control systems to ensure that the actual produced diameter is atxtinatspecified diameter.
Diameter variations, on the other hand, esgint precision, whesie norruniform fiber could

significantly affect signal propagation, resulting in data losssagithl degradation.

The functional requirement of the diameter measurement system is to be able to measure the
fiber with ahigh frame ra@¢ andhigh resolution and be able to detect small diameters of around

0.1mm.The Educational FrERIso has to be affordable.

2.3.1 FrED 2022 Diameter Measurement System Overview
The researclgrade FrED utilizes &eyence 1G028 laser micrometermwhich consists of the

IG-08T transmitter and the K328R reeiver, connected by a plgtas shown below:
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Figure 32 The Keyence 1828 Laser Micrometeis used on the research FrED for diameter
measurement. It is too expensive for deployment on the educational FrED but was used to aid

thedevelopment of the new diameter measurement system.
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Figure 33 The working principle of the &&r micrometer: by shooting a plane of laser and

detecting missing portion on the saer end

The workng principle of the laser micrometer is shown aboveigure33. However, he laser
micrometersetup proved to be impractical for the educational Fd&P to its high cost of
approximately $3000However, it was still usedbr calibration in the initial sages of the
diameter measurement system developmiéot more details abouhe specifications and

setup of the | aser micrometer, refer to

The 2022 team developed a pradfconcept camera image captaneuntcompatible withan
off-the-shelf microscopic camerduson 46100x digital microscopeAs shown inFigure 34
below, the camera is held in plackoking at a fiber positionedetween two pulleys with a

black backgroundThe camera can be adjusted to remain in focus manaaity the black

Gary

backgrounds placed at a distance far away such that the grains of the black paper background

will not show up on the camera and instead will be arétlaark background to have a good
contrast with the transparent fiber.
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Figure 34 FrED 2022 camera mount to hallde camera in place witla black background at
a distance. Fiber is stabilized between pulleys to remain witleéframe of the camera.

Render (left) and actual mount (right)

The team intended fomage processing to be done on the Raspberry Pi while the rest of the
FrED system is controlled via a Teensy microcontroller. Howeler to time constraigtthe

team was not able to implement live image processing from the camera feed using Raspberry
Pi. Insteadpre-captured video footage is processed on Python using a personal computer using

an edge detection algorithias shown irFigure35.

Figure 35 FrED 2022 Edge Detection Algorithm outpatftergrey scaling and detecting for

edges

This camera gives a resolution of 0.014mm and is capable of icgp8 frames per second.
Calibration is done using a known diameter fishing line of 0.37mm. The team has highlighted
the low frame rate, fiber vibratioandlack of diameter readout tbe microcontroller aiiture

work. Having a sensor with high frame rate is important because of lh&uist frequency
criterion of having sensors sensing at least twice the frequency of the conér@fore having

a 30 frame per second sensor means that the control will have to @pdratdertz or below

which may not be ideal.
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The 2022 FreD also has a cooling system madmakialfan angled at 45 degre@sshown
in Figure36. The 2023 team decided to incluithe cooling systemas a part othe diameter
measurement system as it affects the stability of the, fid@ch in turn affects the diameter
measurement.

Figure 36 Axial Fan cooler of FrED2022, angled at 45 degrees

2.3.2FrED 2023 Diameter Measurement System Overview
The development of thdiameter measurement system is the noostplex and involved in
this project, comprising elements of cooling, adjustable tension, processirey, stability,

camera selection, image detection algorithm, environment cpeticol

Theteamdevelopednultiple subsystems to support the measurement of diarsatdr,as the
adjustable cooling fans, tension adjustable metal pullgygrade to Rgberry Pi forhigher
computation capacity and integrated operating sysséep)essadjustablesliding system for
pulleys and camera, and an upgraded PCB to support tpesations. The result isna
integrated solution to cool and stabilize the fiber sufficiently for optical measurement at 25
frames per second, with modularity and adjustability for the purpose of education and self

exploration.
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2.3.3CameraSensor Choice
Due to the low frame rate of the USB microscopic camera, the 2023 team set out to find another

sensor, not just limiting it tanimaging sensoiThe following table summarizes the findings.

Table2 Comparison of types of sensors

Sensor Type Pros Cons

Hall Effect Sensol - Used for filament production - Contactbased

[24] - Open source casing, 3
printable
Line Array Sensol - Used for filament production - Out of production
[25] - Contactless
- Affordable and low]

processing powds needed

IR Line Sensoif26] | - Used for robot line tracing | - It might not work well for
- Contactless curved surfaces
Camera Sens¢27] | - Mature computer visiof - Focal length might prever

libraries and examples compact deployment

available
- Contactless
Ultrasound Sensg - Contactless - Requires additional motor {
[28] swing the sensor

- It might not work well for

curved surfaces

Usingacamera as a sensor is still the superior option as the other alterrsaitoreas the light
image sensohas been phased out of product@oapacitive sensor requires metal to function,
andacontactbased sensor has the potential of introducing more tension to therfithes also
too insensitive for the fiber diameteathFrED is producingThereforg acamerasensomwas

still selected as the suitable sensor.

However this means that Teensy, which was used to control the components of FrED, will not
be suitable asremage processing medium due to its low computational capabilities. The 2022
team has suggested using Raspberry Pi in conjunction with Teensy to aclametedi

measurement using computer vision on the Raspberry Pi and sending the measured diameter
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to Teensy for component controls. Subsequent sectidhslescribe the development of the

computer vision edge detection algorithm andfiter stabilzation ystens.

2.3.4Computer VisiorDiameter Measureme#tigorithm

As thediameter reading is used to control #etual diameter to match the desired diameter
and reduce the viationusing a control method such as the PID continelreforehealgorithm
should beable tooutput diameter in redglme with the fiber productianThis means that the
Computer Vision (CV) code should rungether with the rest of the code controlling the
electronics or have some form of communicating the diameter while taking in live video

footage extracted from the camera.

The team broke down the task into stages, firsetosg the masuremenalgorithmthat works

for singlestoredimagesthen adapt it to work farecorded video, and then for live videos. To
enable collaboration easily, the development process was first done on Googlevhitdab
using Google Drive as the storage repository for the necessary input images andlviideos.
also has the added bendiitexplicitly imporing libraries neededVhen thecode was complete,
it was then adapted to work on the Raspberrywith libraries preinstalled.Details about
migrating from the Teensy Arduino microcontrollewhich lacks the capability for image

processing, to the more powerful Raspberry Pi Model 4Bclsded in Sectior.6.

The code from FrED 2022 does nairk as expected’herefore the team started the algorithm
from scratch. Python was tlselected programming language as it is easy to understand and
learn.In essence, the diameter measurement is done by detecting both edgefbef the
detecting regions of sharp pixintensity changeand calculating the distance between the
detected edge3he pseudaodeand illugrationbelow describéow the algorithm works

54



cap = live video source

while the code is not stopped
Read the next available frame
Convert frame to grayscale
Apply Canny Edge transformation
Apply Hough Line Transform
Store detected lines into an array

if the number of lines in the array is not zero or more than 2 (it is observed that
the most obvious lines will be first)

Continue to the next loop

Obtain the mean distance between the lines based on the line equations, in
pixels Convert pixels to mm using a calibration factor

Print value

Figure 37 Pseudecode of the diameter measurement algorithm

Image showing the fiber First edge of the fiber Second edge of the fiber Width of fiber is printed
being processed detected detected in pixels and millimeters

Figure 38 Stepby-step illustration of the diameter measurement system's measurement

process

The algorithm is based on the OpenCV librdingt converting each frame to greyscaidich
becomes a representationtbé image as pixel intensitie€anny Edgerarsformationthen
identifies areas of significant intensity gradients via a series of steps, including using Gaussian
blurring to reduce noise, calculation of tgedients, no-maximum suppression to thin out
detected edgesnd hystegsis thresholding to separate strong edges from the weaker ones.
Hough Line transformatiorerethen used to identifgtraight linesn the edgedetected images

The distance between edgeshisn computedout it will be in terms opixels which will then

be converted tanillimetersusing a calibration factor obtained using a known @tamwire

such as a fishing lindhe detected edges are also vigagliusing red liness shown irFigure

38. It is worth noting that théocation andmagnificationof the camera neeto be unchanged
after calibratiorand that the frame should contain only the fiber and no other lines which could
interfere with the edge detection algorithm, as shown beldvigure 39.
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Actual fiber

Detected width by the
algorithm

Figure 39 Image rotation and noise in the background (manufacturing lines of the pulley, in

this case) affect the effectiveness of the diameter measurement algorithm

Adet ai l ed devel opment process using Google C

full code after being implemented on the Raspberry Pi is in the App&ndix

2.3.5 Camera Choice
Raspberry Pi has access to a wide range of expandable camera modules to choose from, both
from official sources and thirgarty companies such Aslrucam Table3 shows a comparison

of different camera modules from different suppliers.

Video Resolution indicates the clarity of the video captured and is affected by the quality of
the sensqgrhowever, it isnot the same as the rated MP value. For example, thedirstrei
Raspberry Pi HQ Camera 12.3MP (Mega Pixels) can only take a maximum of 1520p (pixel)
video, which translates to approximately 4MP. This is because of the memory buffer installed
in the camera sensor. While it is capable of taking 12.3MP still isyégean only record 4MP
videos, which is a continuous stream of pictures. For the application on FrED, a video stream
is neededand theefore, the video resolution is used. Minimum Object Distance refers to the
closest distance an object can be fronehs to be in focugndthis affects how far the camera
needs to be mounted away from the subject. In FrED, it is desirable for this value to be smaller
to have a compact device. A rol lelsmogbysdawutt er
which usually measthat the frame rate is lower since more time is needed to scan through the

rows, color cameras usually use this type of shutter. On the other tharglpbal shutter
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records the entire frame at once and is usually monochrome, thereforg leds time per
frame and having higher frame rates. This is seen in a maximum frame rate P 320

rolling shutter cameras amdnaximum of 260 FPS on global shutter cameras.
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Table3 Camera module comparison for RaspberrytRe current USB microscopic camera is better for its field of view, while the Camera

Module 3 is better for its frame rate

Name Video Frames Min. Obj. Shutter Focus Field of Color Liahtin Price
Resolution | Per Second| Distance (cm)| Type Type View (Deg) gnting (USD)
Raspberry Pi High 1520p 30
Quality Camera 56 .
(HQ) 12.3MP[29], 1080p 120 20 Rolling Manual Unk Color No 100
990p
[30]
1080p 30
Arducam OVSB47 | 250 60 8 Rolling | Fixed 54H 44V Color No 9.99
V1 5MP[31]
480p 90
Raspberry Pi
Camera 35C0872 1826946p gg 10 Rolling | Motorized ggg 4lv Color No 25
11.9MP[32] b
Arducam IMX519 1080p 30 . .
16MP[33] 720p 60 10 Rolling | Motorized 80D Color No 24.99
Arducam Auto 1080p 30
Focus OV5647 5SMF  720p 60 8 Rolling | Motorized | 54H 44V Color No 14.9
[34] 480p 920
Arducam OV9281 800p 120
Monochrome Globa| 720p 144 50 Global Fixed 89.5D Mono No 25.99
Shutter Camerf85] 480p 260
CAM- 800p 144
MIPI9281RAWV2 720p 144 Unk Global Manual 90D Mono No 34.9
[36] 480p 253
USB Microscope
Camerab0-1000X 720p 30 1 Rolling Manual 45D Color Yes 15.79
[37]

58



Based on théable the current USB microscopic camédfagure40)is better for its narrower
field of view and better magnificatiomvhich means it is easier tossrve the fiberwhich is
0.1-0.3mm but has the limitation of 30 frames per secditeere is als@n 8-LED light around
the camera, with 4 levels dfumination availableThe Raspberry Pi camera modul@8&jure
41) is better fora higher frame rate while not sacrificing imaging qualifowever it has a

rather wide field of viewwhich could mean that the resolution of the fiber diameter might be

limited.

Figure 40 Microscopic USB Camer&,20p,30fps 45D FOV

Figure 41 Raspberry Pi Camera Module 8hbon connector12MP, 864p, 56fps, 75D FOV
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Both cameras were purchased and connected to the Raspberry Pi.

Tonn

Figure42 shows the images obtained from both of the camé&sashe Raspberry Pi Camera
Module 3 has no lighting that comes with it, a separate lighting board is also installed, as shown
in Figure43. runningthe edge detection algorithm on both cansestaows that camera module

3, indeed has too wide of a field of view such that the fiber appears to be too small on the
screen.The Pi Camera also requires 7 libraries instead of 3 of the USB microscopic camera.
On the other handhe USB microscopic camenaith its 30 frames per send was calculated

to be able to cover the entire length of the fiber at the typical operating speed.

Tenn

Figure 42 picture of the fiber captured witlhhe USB microscopic camera with dark
backgroundand frontal lighting(left) and with Raspberry Pi Camera Module 3 vétiwhite
backlit panel(right). The actualiber diameter in both is comparable.

60



Figure 43 Camera Module 3 Setup with backlight

A possible future work fothe camera could be to use image libraries to furtitegach frame
of the live video feed into a few smaller pictures to arbitrarily increase the frame rate being
captured.

2.36 Choosinghe Right Glue St

A simple search onlinehowed a wide varietgf hot glue sticks available, from the most
common transparent glue stick to various sobtbred glue stickto glitterembedded glue
sticks, as shown irFigure44. Multiple hot glue sticks from different suppliersnging from

transparent glue sticks to translucent to colored glue stiek® orderednd tested

Figure 44 Hot glue sticks (7mm diameter, 250mm length) from different suppliers with

different material properties, such as stickiness, opacity, etc
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Each of these glue stick types was used on the FrED for a period of 10 miihwzs found

that the colored gluetisks, perhaps due to the color additives, were significantly less sticky
than the transparent ones awdre therefore selectetbr further testing Due to the front
lighting of the microscopic cameras selected by the 2022, tghite color is also prefeed as

it has a high contrast with the dark backgrqumat at maximum lighting, any colored glue
stick would work with FrED as the reflection will be whikéowever, there are concerns about
usersnot beingable to obtain the whithot glue stick easily wén they run out of the included
glue sticks that come with the FrED packagi@itter glue sticks interfere with the edge
detection algorithmbreak easily due to the embedded glitter, andoslithe pulley due to the
smoother glitter compared to the lghtie stick material. Fure development should focus on
using the transparent glue stick while being conscious of how it will affect the image processing

algorithm and the amount of vibration as a result of the stickiness.

2.3.7 The Fiber Vibration Problem

Upon running the FrED with theSB camera, it was immediately obvious that vibrations in

the fiber resuédin blurry imageswhich the edge detection algorithm could not work yath

shown inFigure45. The blurry images of the fiber mean that the detected diameterewill b
larger than the actual valugiven the low frame rate of the camera, haviogrusefulframes

means that the actual frame rate of the camera is lower than the specified value of 30 fps.
Thereforestabilizing the fiber is the top priority in ensuring that the camera can funtha.

was not an issue previously when the laser micromeemsed as it is less sensd to fiber

vibrations.

Figure 45 Blurry fiber captured by theamerawhich is not usable by the edge detection

algorithmor produces a largethanactual image of the fiber (Left), V& e-focus,non
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vibrating fiber (Right).Both images are taken in the same run,dhdrefore should havea

comparable actual diameter.

Using principles of RCA, it was found that the cause of instability in the fiber is due to multiple

factors

1. Insufficient cooling lead to the surface of the fiber being stickier than when it's
completely setThis leads to the fiber sticking to the surface of the pulley and moving
along the rotatiorit only gets peeled off when it readitee bottom of the rotation and
thereforeintroducesvibration, as shown ikigure46.

2. The material of the pulleys stickier than it needs to b&his is further broken down
into surface property and material propeftge pulley that is used in the 2022 FrED is
3D printed with PETG filament with a layer height of 0.2mm.

3. The fiberis dangling in the air witlthe freedom to vibrates a result othe puleys
being separated apamiot only doesthe distance between the pulleyeed to be
adjustedbutthere should also be a tension device to help straighten the fiber and reduce
vibration

4. Fiber moving within the graveof the pulley leadto vibraion as a result of the groove

not being deep enough

Figure 46 Insufficient cooling and/or material properties leading to fiber stickinth&o

pulleyand wrapping around until pulled awagausing vibration

63



To solve thes@roblems a threeprong approach is adopteabgrading the pulley with new
material and/or surface propertiesproving the cooling performance of the famand an

adjustable tensioning device

2.38 Position of Camera and Background

Other than the originally proposed method to position the camera to look from the side of the
pulley with a black background, in an attempt to remove vibration fronfilibe for better

video capturean alternative camamounting method was propogetb have the camera look

into the grooves of the pulley. As the fiber is in contact with the pulley, there should only be
some vibratiorof the rotating pulleywhich will be minimal andless than the vibrating fiber.

The isue of the fiber sticking to the pulley will also be less of an issue as that will only happen

after the pulley. A new camera mount was designed, as shdvwgure47

.

Figure 47 Camera mount that enabled the USB microscopic camera to look directly into the
groove of the pulley, ensuring that the fiber always has support to remove vibrations while

not hindering the rotation of the pulley

However the silver metal color provided pocontrast with the white or transparent fiber, and
the edge detection algorithm also mdkip lines thatvere created fronthe machining of the

metal pulley, as shown iRigure48
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Figure 48 Image captured of the camera looking into the groove of the metal pulley. The
shiny metal color provided poor contraahdthe machining lines interfered with the edge

detection algorithm

As aresultthe team decided to swap out the silver metal pétleg black coated metal pulley,

which is also cheaper per unit quantity and lighter due to the lower density metdllt used.

tested to hava similar performance compared to the shiny metal pulyever due to the
relatively narrow width of the gave compared to the camera field of view, the sharp edges of

the groove were capturefi by the camera and detected by the edge detection algorithm, as seen

Figure49. The machining lines were also not concealed by the phetefore this method
was subsequently abandoned.
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Figure 49 Image captured of the camera looking inte tiroove of the black metal pulley.
The edges of the pulleyeve not able to be removed from the field of view of the camera and
therefore interfered with the edge detection algorithm

Therefore, like in FrED 2022, the camavdl be mounted on the side of the pulleys with a
black card as the backgrouriebr pedagogical reasons, thensaa and card mouare made

to be steples$g adjustable so that learners can explore the effect aftimera and background
distance omomputer visionThe effect of background distanegative tothecamera is shown
in Figure50. The background can also be fully removBetails on the stepless adjustable

mount will be described in secti@3.11

Figure 50 The images captured by the USB camera when the black background is near (left)
and far (right) steplesy adjustable for pedagogical purposes.
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Futureimprovements will need to focus on making the algorithm work for the transparent glue
stick, as the lighreflection isnot sufficient to return only the edges of the fiber, unlike any
solid-colored glue sticks. This is important as transparent glue sticks are the most prevalent
around the world, and fahe long-term usability of the FrED, it should be albdework with

transparent glue sticks as well as salidored ones.

(T A T A L R L

Figure 51 The diameter measurement algorithm works well with smlidred glue sticks by
having the light reflect off it to appear white to the canreigardless of the colobutit

doesrt work as well for transparent glue sticks.

2.39 Improving Cooling

The hgher coolingcapacity allows the fiber to be fully solidified before measuremenstake
placeand in addition helps to reduce the height of the tovagrd increaseéhe maximum
production rateGradual cooling also helps in reducing the residual stress within thelfilser.
noted, howeverthat unlike in actual optical fiber productionwvhere the cooling rate is
controlled and has a maximum rate so as to avoid dedeetdo overcooling, in FrED, the

maximum cooling rate is less of a concern.

The 2022 FrED employs a 4010 12V DC axial fan to cool the fiber uséiggdegree mount
delivering a maximum of 68 Cubic Feet per Minute (CFMpr172.2 Liters per MinuteThe
angled mount ensures thait always intersects the fiber, such that the heated air around the
fiber can be replacetw increase heat transfer by convectias compared to a flow parallel to
thefiber.
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Figure 52 40mm axial fan used on the old FrED (left), mounted on-detfee angled fan
mount (right)

Axial fan
Fan hood

Figure 53 Frontal view of the mounted 40mm radial fan on the old FrED.

During testing, theroblems of this desigareapparentit is not strong enougto fully cool

the fiberand for the wind to reach the spooling systdrthe base of the FrEDhis means that

the fiber is still sticky when it reaches the pulley, generating vibragiod that some of the
height of the FrED frame is not useful for cooling since the wind produced by the fan cannot

reach as far.

To validde the identified problem, the team manually held a secondanf tae same model

near the fiber to increase cooling and was able to observe reduced stickiness on the pulleys.
There were also attempts to quantify cooling by using an infrared tempesedinresr Eigure

54), which could detect temperatures in a small dvetit was later fountb be still insufficient

for the small diameter that FrED is producing (0.2mm), anaore precise scanner would be

too costly.
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Figure 54 Infrared Temperature Scannevhich was found to be unable to measure the

temperature of amall area like the fiber

Using RCA, it is found thathe form factor of the fan is the main reason for insufficient cooling.
For fans of this size (40 x 40mm), 6.5 CFM is around the maximum flow rate that can be
achieved. Larger fans at 12¢eavailablewith higher flow &ates, but the team decided against
themdue to lower availability (40mm fans are commonly used in 3D printerstlaedfore,
aremore affordable and availabld)heinherent thinness of the fiber also pea significant
challenge, where tharea of the column of air exiting the fan is much larger than the &bdr
therefore, most of it is not used for cooling and simply flopag the fiber.Given the same

flow rate, a radial fan would do a better jatrooling because of its smaller opening g
conservation of mass, have higiend velocity. This enables a better rate of heat removal due
to higher velocity and the wind camave a further reacto make most of the tower heigh

effectiveor to enablea shorter frame for easier delivery.
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Figure 5512V centrifugal fan with 6.08CFM flow ratdlind speed is increased due to a
reduction in exit area for improved convective cooling and further reach (Left), VSaxial

with similar specifications (Right)

For educational purposes, it is also daslieto have cooling not be at full capacity in the
optimal operation scenario to give learners space tmegbove and below the optimal point
by adjusting the #lse Wave Modulation (PWM) percentagds such, it is decided to add a
secondary radial fato increase the cooling capacifjaving two fans also attempts to remove
the effect of the wints sideway foresby angling both fans towards each otfier mount the
fan, the fan frame is designed to be 3D prthusing PLA,with a hole in thecenter for air
intake, and was made to be symmetrical so bimdlh fans use the same mount to reduce

inventory.
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Directio

Fan frame

Fan
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— » Fan frame

Figure 56 Mounted pair of centrifugal fans to reduce the force of the wind from pulling the

fiber, mounted on stepless adjustable fan frame

In addition, a stepless adjustable turntable is included for users to adjust the angle of both fans
and lock it using a sew to explore the effect of fan angles on coolifigis is made possible

by using the Printn-Place method of FFF 3D printingrhich is toprint two interlocking pag

at the same time to reduce part number and assembly step while allowing relative Tination

fan frame is made of two parts, the fan mount and the base mount, sheigargb7. Both

parts ara@nterlocked using a turntable to realize the stepless rotatiile removing the need

to assemble both togethd@te gap is adjusted so that the printer is able to prinbaeshang

by bridging, and the sgmg material when bridgingwill not interfere with theotation.
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61.5 mm

0.5 mm gap

0.4 mm gap

50.5 mm

4.2 mm
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Figure 57 Centrifugal fan mountwhich is identical for both left and right to reduce inventory
(Left), and utilized printn-place 3D printing methodology to enable lockable rotation (right)

Before arriving at this final design, several other designs or solutions to improve cooling have
been tried and rejecteduch as adding a fan hood to the origitaldegrees angled axial fan
(Figure 58) to concentrate thair from the fan and guide it further down in an attempt to
increase reach. However, the structure is tall and hence unfriendly for print time as printing
time ismore afected by height than cresectional area. It is also challenging to guide the
initial dropping fiber through thgap. The part is also fragile gience unfit for international

shipping. Thereforghe idea was rejected.

/.Bll:l.l.IT;:.:"I.LIL.I.I.I.LM. 1 P ‘vlll I ‘e‘\'l '

Figure 58 Fan hood to capture and concentrate the wind to improve codlimgdeawas
rejected due tehelong time needed to print, increased difficulty ttoe user to guide fiber

into the hood, and the fragility.

There was also antampt to increase reach by adjusting the angle afftihe axial fan from
45 to 75 degreeas shown ifFigure59. This method showedhprovementbut stickiness still
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remainedwhich means that even with the optimal fan orientation, there was still insufficient
cooling.

Figure 59 Axial fan mount with more tilt angle (75 degsg® allow for the wind to avel

further. The deawasrejected due tthe wind being insufficiently strong

A further attempt with the axial fan was the inclusion &edtiermodule Figure60), which

makes use ahethermoelectric effectwhich cools one side of the semiconductor plate when

a current is passed through. The other side of the semiconductor plate will have to be
sufficiently cooled using another axial fan for the cold side to reach temperatures below 0
degrees Celsiug.he Péier module is often used in products such as small refrigerators for
canned products or to cool PCs.

HEAT ABSORBED

(COLD SIDE) TCold

Conductor Tabs

P-Type
Semiconductor
Pellets

N-Type
Semiconductor

Pellets Neagative )

Figure 60 The working principle of a Peltier module, also known as a thermoelectric module.
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A Peltier module, two heat sinksnd one additional axial fanereaddedn a stack as shown
in Figure61 andFigure62. The heat sink and fan on the cold sid# draw the cooled air for
cooling the fiber, and the heat sink and fan on the hot side will help to remove excess heat

produced by the Peltier modukensuring that the other side will always remain cold.
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Figure 61 The additional components needed, the Peltier module (left), heat sink x2 (center),

40mm radial fan (right)

1A L R L R R | 8
Figure 62 The Peltier module iattached to the axial fan for cooler air

However upon connecting the pelter module and the additional fan to the power supaly,
found that the additional axial fan was not able to pull heat away from the Peltier module
quickly enough such that the residual heat is being transferred to the atddnsaking it
ineffective.The Peltier module and the farermealso drawinga 6A current, which increased

the total power consumption of the thread beyond what the power supply was raldusfor.
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resulted in a significantly decreased performance of #pgset motorA larger power supply

is not only more expensive but also heavier for shippihgréfore, this idea was abandoned.

Lastly, the fan holder for the radial fanasalso elongated downwards shown irFigure63,
in an attempt to prevent flow dispersion to the sides. However, given the increased cooling
capacity,the dispersion was not that much of an issaied the elongated fan holder posed

problems for packaging and hence was rejected.

Figure 63 Extended fan hood to concentrate the wind from the fans, but was rejected as it
wasrit effective and yet takes a long time to print

2.310 New Pulleys and Mounts

Many effors were put into stabilizing the fiber by changing the pulleys. The initial thought
was to preserve treETG3D printed plleys (Figure64) because otheir low cost compared

to injectionmolded plastipulleysandoff-the-shelf metapulleys. The angle of the V groove

on the original pulley is limited by the 3D printing overhang angle of 45 degrees
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Figure 64 FrED 2022 3D printed PETG Pulley

These pulleys were mounteding screwsind heated inserts on a fixpdsition pulley mount
as shown irFigure65

Figure 65 FrED 2022 pulley and camera mount with no adjustability

After a few iterations, the team decided on using a black metal pulley with debppéd
grooves thats readily available on the markietr use in 3D printersas shown irFigure 66.
Although more expensive than the 3D printed igrsthe metainaterial is less stickwith hot

glue and also providesn auxiliary cooling effecton the fiberdue to its higher thermal
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conductivity.lts larger sizeenables the grooves to be deepence reducing the likelihood of
the fiber coming out of thgroove due to the traversing motion of the spool. Additionally, it
also has bearings at the centehich replacedhe sliding contact of thelastic pulley on a

smaller screw, enabling the mdua be the same size as the hole
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Figure 66 Large black metal pulley with bearings, selected for use on FrED 2023

In the process of testing different pulleys, it is observednftae screw mounting method, for
rotation of the pulley to occur, the distance between the retaining walls on both sides of the
pulley has to be larger than thedth of the pulley, as showin Figure67. But tightening the

screw will prevent pulley rotation, which is undesiradhe places a stringent requirement on

assembly.
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Figure 67 The screw mounting method of the pulleys leaves a gap between the retaining

walls and the side of the pulley, resulting in the fiber not being able to be centralized.

The screw threads on the M3 screws used as an arlealse the pulley to move in the

direction of the threads as it rotatekavinga gap between the retaining walls and the pulley
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also meant horizontal movement of the pulleys when the spool travensess a problem as

the pulleyis supposed to be até center of the frame tower, and any deviations will reésult

a sideway force on the fibewhich tends to pull the fiber out of the groove.addition, the

inner diameter of the pulleys often exceeds that of the scrieywelxich means that the inner
diameter of the pulleysinot press fit onto the axl&his is not aig problem for the plastic
pulleys which do not have a bearing, but for the metal pulleys that come with bearings, this
not only deactivates the bearings it also introduces additional vibratiene is therefore a

need to clamp down the bearing usigalternative mounting solution Wl maintaining

sufficient space for the pulley to rotate.

The solution is a ball mounting clamp showrFigure68. The retaining wall is designed to

have the same width as the pulley, but thegralirusionshave alarger diameter than the inner
diameter of the pulleywhich means that the badlotrusionswill be pushed away in order to
mount the pulleysThis creates a clamping force because thig 18p-printed plastic will

always want to return to the original width. The curvature of the balls on both sides also ensures
that the inner holes of the pulley securely fit onto the ball mountings despite the slightly bent
retaining walls. This completgkolved the issue of vibrating in any axis of the pulley and also
ensurd that the center of the pulleyas always aligned with another pulley thas mounted

on the tower of the FrEDn addition, not only does this design remove 2 componenéatdr

of the pulley mourg but it also enable easy attachment and removal of the pulley by the

assembler or the user

Ocm 1 [

Figure 68 Ball mounting for the pulley to ensure repeatable mounting position but yet doesn't
restrict rotation. Also reducg2 components on each mount and enables easy attachment or

removal of the pulley.
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The new ball mounting clamp design is tested by 3D printing using PLA and mounted onto the
FrED. The pulleys are aligned and without vibration. There i3 ats shifting of the fiber
within the groove over a wide range of fiber diamet&rss design is also carried over to the
stepless adjustable camera mowritich will be described in detail in secti@r8.11

The following are the pulleys tried and rejected for various reasassly, without changing

the PETG printing material, the team attempted to change the surface roughness properties and
the surface stickiness properties. Surface roughness is changgddpyhe fuzzy skin settings

in the Cura 3D printing slicer, as showrFigure69. The idea is to reduce the contact surface

area with the fiber byntroducing small protrusions in the surfate.total three different

surface finisleswere printedHowever the problem of sticky fiber is still preseand therefore

the idea is rejected
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Figure 69 Cura Fuzzy Skin setting (Left) and printed PETG pulley

The team also explored the possibility of improving surface stickiness by using aerosol sprays.
Two different sprays were tested siliconbased lubricant spray and a Tefloased dry
lubricant sprayas shown irFigure 70. Each of these spraysagused on the original pulley

and a fuzzy skin pulleyHigure71). Howeverthe issue of fiber sticking to the pulleys pessist
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Figure 70 Aerosol sprays used to reduce surface stickiness

Sipe

Figure 71: Original pulleys werdreated with surface coatings using aerosol spyays

stickiness persistgas seen from the hot glue residues

Becaus the pulleys were mounted witin M3 screw as the axel and tighezhusing M3
threaded inserts, it was accidentally discovered that by tightening the M3 screws fully to restrict
the rotation of the pulley, we were able to fully stabilize the fiHemwever, wher presented

the idea to Dr Brian Anthony, there were concerns that aratating pulley vould cause
additional and unwanted tension in the fiber,dahdreforedistort the shape or the diameter of

the fiber.Thereforethis is not a solution

The team then explored injection modelttbfé-shelf plastic pulleys with various groove depth
and pulley widtls, which are more costly than the original-Bbnted pulleysA total ofthree
different sizes of plastic pulleysKigure 72) were testedbut stickiness persistl It is also
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discovered here that having a wider and deepmyvgr helps preverthe fiber from escaping

the groove due to the traversing motion ofgpeol.
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Figure 72 Off-the-shelf plastic pulleys with different groove depths and pulley witititsno

significant improvement ithe stickiness of the fiber to the pulleys

Metal pulleys were then looked int&tarting with lowcost metal pulleys that are small and
narrowbut have deep grooveand moving to wider pulleysStickiness drastically improved

and ball bearings helped guide the fiber smoothlyedpite the mass e pulleys increasing.

The teanalsorealized that a wide pulley is preferred as it is easier for the user to initially guide
the fiber onto the pulley. However, a small pulley hdsnited radius for the depth of the
groove As such, pulleys with a laeg diameter were considere&imilar to the smaldiameter
pulleys, two different widths were considered for the large pulleys. Testing thediargeter
pulley with wide and deep groasgielded the best result in terms of RstickinessThe black
metal pulley is finally selected to be used as it is ligateimore costeffectivethan theshiny

large metal pulleyThe range of metal pulleys testsdhown inFigure73. It should be noted

that all thestickiness test were done at the same fan cooling speed to remove additional

influencing factos.
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Figure 73 Range of different metal pulleys used, with the large diameter, wide and deep

groove pulley having the most significant improvement in stickiness of fiber onto pulleys.

In summary, tb update to the pulley and the mount not aelyuced the stickinessduced
vibrationsand ensuredthe centrality of the pulley with respect to the frame towat also

simplified theassembly processd reducethe number of parts.

2.311 Stepless Adjustable Moust Tensioner

In the process of testing different pulleyswiss realized that the distance between pulleys
reduce the amount of vibration, But the current camera mount is not able to modulate the
position of the camera or the position of the pulléssucha new modular camera and pulley
mount is developed.headjustabilty proved to be valuable in testing the distance and number
of pulleys required.
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Pulleys in proximity to each Pulleys in distant away from
other each other

Figure 74 Temporary pulley mounts used for development, enabling rapid privtgtspd
spacing adjustments

However, recogizing theusefulness in pedagogy, a stepless adjustablant shown inFigure
76, is devisedwhich make use ofa screw to lock the position and a guiding fail stepless

adjustability

Linear Guides

USB Camera Tensioning

Black
Background

Figure 75 The stepless adjustable mount which enables the user to freely adjust and lock the

positions of the camera, background, pullets
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Multiple iterations hae been made tensure smooth adjustabilitit was found that the gap
between the slider and thexdiar guide should be &-D.2mmto accommodate 3D printing
variatiory athickerlinear guide ensuresstronger slide, and wider slides reduce the chance of
having stoppageduring adjustment The screw stopper is alsnoved to the side for easier

adjustment by hand.

Figure 76 Cross section of the linear guidehich is identical for both the vertical and
horizontal guides (left), with sufficient width to reduce the chance folosiihg (right)

As shown inFigure 77, the fiber seesito be stable to the naked eye. Howevteis still not

stable enough for the camera.

Figure 77 The stepless pulley mount in actwhich shows that the distance between the
pulleys affects vibration perceived by the eyes. While the fiber appears stable to the eyes, it is

not to the camera.
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To tackle that, a third pulley is addéihis time the pulley holder islesignedo hold the pulley
from one sideand also to keep the pulley in place with a noidte fiber will be routed from

underneath the pulleynlike the other two pulleys, as showrFigure78

P Fiber

3-Pulley system €¢—

Figure 78 The final 3pulley system, with two longer pulley mounts to have the fiber go over
them and keep it vertical féihecamera to observe, and a third shorter pulley mpwhich
allows the fiber to go underneath the pulley. The third pulley mount can be adjusted

verticdly to vary the tensiom the fiber for better stability when viewed from the camera.

Adjusting the singlesided pulley mounadjusts the amount of tension needed for the fiber to
be stablgFigure79), and the vertical linear rail has multiple sets of holes soittltain be
mounted at different locations to the horizontal rail, ensuring suffilgegth for the tensioner
pulley.
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Figure 79 lllustration of the adjustability of the top pulley mount for tension adjustment.

These solutions sgessfully reduced the sticiess of the fiber by cooling and pulley material
choice,andtogether with antvibration measures of pulley distanoedulation and tensioner,
the fiber is stable enougdfor the computer visiotbaseddiameter measurement system to

function.

Figure80shows a picture taken from one of the frames of the live feed of the cashering
fully stabilized and good fiber that enabtbe edge detection algorithm to function properly

to measure the diameter.
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Figure 80 Fully stabilized fiber after switching to dual centrifugal $ametal pulleysand
stepless adjustable pulley mount with tensioner pulley.

2.4 Frame

The frame of the FED serves the functional purpose of holding different components of the
FrED together into a compact form factehile allowing sufficient height for the fiber to fall
and cool.

2.4.1 FrED 2022 Frame Overview

The FrED 2022 team aimed to replicate the adhibty and modularity of the extruded
aluminum profiles by allowing components to be easily adjusted in pobyitwosening and
tightening a few bolts and nuts. Howevegdbaluminum frames come at a high ¢gaghich

the team solved by using acrylibeets and the laser cutting process to replicate 2 rows of
vertical holes spaced 50mm horizontally and 20mm vertically between holes, as shown in
Figure 81. Using thumb screws, shown kigure 82, fabricated from the FFF 3D printing
processand glue with Hex M5 screwsllow for easy removal anattachment of different
modules along the height of the FrED.
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Figure 81 Hole arrays on the FrED 2022 Frame, spaced 50mm horizontally and 20mm

vertically apart for positional modularity of componefti$

Figure 82 Thumb Screws for securing components along the backing of the[fame

The backing of the frame is supported by a rib to form the tower of the frame, as shown in
Figure83. A waterthin solvent cement, SciGrip Clear, was used; it's an acrylic cementoused
join the rib to the backing. It tak@round 10 to 15 minutes to set initially but can take up to
24 to 48 hours teoure to full strengtk38]. In order to join the tower to the base of the frame
three sets of brackets printed with PLA 3D printing were used. A benefit of this bracket design
is that the tower can be attached when the frame is upaighll the screws are fitted tojpwn,

thus reducing the need for reorienting FrED during assembly
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T-frame rib

T-frame

Brackets

Figure 83 CAD (Left) and manufactured (Right) Tower Support of the FrED 2022 Frame,
consisting of a backing, a riland three sets of brackdty, [6]

The base of the frame has holekich allows for the mounting of the T tower and the gearbox

on the topusing M5 insertsOn the umlerside a drawer used to hold the PCB and electronics
wasattached, and the entire FrEB sn top of thre8D-printedfeet attached with threaded
inserts. The previous team tested that having four legs will result in unevenness and a rocking
motion of the FrED due to imperfections in 3D printing. The full frame is showigure84
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Figure 84 Full frame of the FrED 2022

2.4.2 FrED 2023 Frame

Thereare3 main changes to the FrED 2023 frameiore compact desigaimplified assembly

processesand integratedeet This enabled theostto be reducedrom $19.49to $3.9

(reducing by 80.0%)with drastically lower assembly time.

2.4.3Compact and Lighter Frame

As one of the goals of the 2023 FrE€a further reduce costs to under $E5@ be lighter for
shipping purposeshe frame of the previous FrED was identified to be the componenthaith
potential for reduction in costhe 2022 FrED frame cost2®.15and has room to be further

optimized by changing the orientation of certain components and reducing the width or

thickness of the acrylic panels.

The 3/8 inch raw materiabk reduced to 1/4 inchs the mass of the components acting on the
frame iseffecively countered by the-Shapedyeometry of thdack and the rib, which forms
thetower and the base doesndt b e nlds thickness is thé e

minimum that is compatible with the M5 heated insentsich areused to mount thgearbox

Bracket

PCB drawer location
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and the towerThe thumb screws now use shorgerews in it and hence reducing cddte
raw material sizés increased from 24 x 24 inches to 24 x 36 inches, which iRtbest that
the laser cutter is able to cut. This reducedplecubic inch cost from®$224to $.113
reducing cost by19.3%, as shown imTable4.

Table4 Table of acrylic cost from different suppliers and sizes

Size(in) and Supplier Cost (USD) | CostMolume ($/in)
McMaster 24x24x3/§39] 48.31 0.224
McMaster 24x24x1/440] 32.57 0.226
Amazon 24x24x1/441] 28.15 0.195
Amazon 36x24x1/442] 24.5 0.113

Multiple design changelsavebeen made to reduce the area ofdhgylic usedStarting by
reducing the width of the rib tavoidi mp e d i n g alility & tighterethie dhamb screws
(Figure85). The bottom of the rib still maintains a wider widthmount to the back and the
base using a brackethich will be described latef. h e ralscbasslot added to the rib to hold
the wiresand prevent too much tension in the wires floosening the solders on the fans or

the crimp connectors.

Figure 85Rib of FrED 2022 impeding the rotation of the thumb screws

The original mounting hole design on the back of the fraeparated 50mm horizontallpc
20mm vertically|s kept for its adjustability, but the overall width of the back is reduced to be
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just bigger than the mounting holes. In addititmnks to the more powerful cooling system,
the height of the back and rib can be reduéedseen irFigure 86, the area of the back and
rib is reduced by0% and30% respectively.

Figure 86 New frame with reduced backing height and width (Left) compared to the 2022
frame (Right)

Next, the base of the frameascompletely redesigned in order to have a smaller foot@int,
shown above ifrigure86. The reduction in width of the tower reduced its footprint on the base.
The gearbox was also rotated 180 degrees to fully utilize the space behind the original gearbox
as well as to turn théirection of the stepper motor, which was later changéaetbC motor,

away from the user in order to prevenalging due to high temperature of the stepper motor

92



(Figure87). This requires some of the components to be reversed within the geaubthe

key designs of the gearbaxenot changed.

Figure 87 Flipped gearbox and DC motor upgrade

The rearrangement of the components on the base resuéteproximately35% reduction in
areaAlignment featuressuch as alignment tabs, have been added to all frame components in

order to assist with assembly aoding to DFMA principls.

2.44 Simplified Assembly Processes

As mentioned above, the use of adhesives to join the back to tha timeconsuming process,
which increases the number of WdrkProgress (WIP) inventoryand the team wishes to
replace it with a less timeonsuming proces$he initial idea was to use aslot desigrto join

two perpendialar panelsas shown irFigure88, which uses the compressing force of a screw
against a nut to provide sufficient holding force by putting the screw through a circular cutout
on one panel and the nut through a corresponding T shaped slot on the other panel with
comparable nut width to regit its rotation during tightening of the screvihis T-slot
mechanical joint is used both to join the rib to the backimdta join the tower to the base of

the frame, replacing the need for acrylic cement and the bracket assemblies. As a result, the
assembly process of the frame is now faster, and five pavisbdeen reduced from the entire

FrED assembly.
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Screw Nut

Figure 88 Design of the Tlot to allow for screws and nuts to be tightened.

The compressive force on the acrylic coplatentially cause cracks as acrylichisttle. To
combat that, several slot designs are tetiefdilure to determine the most suitable design.

Figure89 andFigure90 shows the stress test of 4 different T slot designs (Right to Left):

(Rightmost) Norrecessed T slot with no corner filets
Non-recessed, corner fileted T slot

1mm recessed, corner fileted T slot

w0 NP

(Leftmost) 2mm recessed, corner fileted T slot

Figure 89 CAD of the Tslot stresstestwith 4 different designs aimed to reduce corner stress

concentration and cracking
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Figure 90T slot stress test with 4 different designs, including recesses eenessed,
fileted, or nonfileted, with the fileted nerecessed slot being able to withstand 540 degrees

of tightening past the hand tighten point.

Each T slot was tested with a fresh set of ssramd nus, first handtightened and then
tighteredwith an Allen key until cracks were observéthe degree of tightening of the screw
from the initial hanetiightened position was recordehd the stress on the screw was then
released so that itdinot affect the next-Elot. The experiment was then egpedusing another
setup,with the first and second-3lots swapped in position and the third and fourtbldts
swapped in position to eliminate the possibility of being on the matgr side influencing
cracking. As seen frorRigure90, the norrecessed, corner fileted T sloagable to withstand

a 540degree rotation before cracks were observed. Very loud creaking m@se heard in

all slots afer 180 degrees, which should indicate to the user that it is sufficiently tightened.

Therefore, the T slot hassufficient margin of error for overtightening.

95



Figure 91 Compressioanduced cracks weaken the ability of fislot to secure the tower to

the base, leading to easier fractures when moved around.

However, after prolorgdusage, it is observed that thesIbt design causes cracks to propagate
andweakens the mounting area. One of the devices was broken justringaround, as
shown inFigure91, having only been manufactured for 1 monthaddition,compared to the
original bracket mounting design, theslbt design requires users to reorientate the FrED in
order to assemble the tower onto the békereforethedecision is made to replace thesIbt

design entirely.

To secure the tower to the base, which will be doaauallyby the userthe team dedied to
usea new bracket desigras shown irFigure93. The bracketsecurefrom behind the tower
instead of from the front and the side in the old FrEQFigure92), reducing part count, and

because the front of the tower is heavike backing of the tower will always be in contact

with the base, forming a 3 point contact including the two M5 inserts used to secure the brackets

from atop-down direction. Theuseralshoes ndt need to rotate

tower to the base.
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Figure 93 CAD of the latest bracket (left)hich is thicker than the initial design (right) to
improve tower stability. All 3 sides of the bracket are similar so that it can be assembled in

any orientation.

The brackets are symmetrical in design so ey can ke used for either side, and all 3 sides

are the samso that the assembly is orientatizegutral anadtan be assembled in any orientation.

M5 screws are used with M5 inserts to secure the base and back, while a longer M5 screw with

an M5 lock nut is used tsecure both brackets with thid. The bracket can be further
redesigned to be one piece that pressesdown onithb 6 s cur ved protrusi on
for the longer M5 screw and lock nut.
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To secure the rib to the back, the initial idea was to press fit the rib inba¢kebut the usual

laser cutter that was used was out of order, and the only altermasvene that cuts poorly

and thereforerequires a lot of calibration to achieveeps fit. Therefore, the team decided to
have another bracket to hold the rib to the back at the top of the tower using M3 screws and
inserts, as shown irigure94. The bracket is carefully designed to not interfere with the thumb

screw geometries.

Figure 94 Top mounting bracket to replace the acrylic adhesiveduce assembly timand
is designed to not interfere withe thumb screws. This also replaces the press fit design

which was not possible duettee poor cutting quality of the replacement laser cutters.

Using both bracketsliminates the tim&onsuming process of using adhesive to join the rib to
the back Oveall, the number of parts also reduced.

2.45 Integrated Feawith Dampener

The decisionby the 2022 team to use a thilegged design instead of four because of the
inconsistency of 3D printing resulting in height differences in the legsreverted. The
problem of height inconsistency still exists but is mitigated with rubber attachmeimésiiase

of the feet. The elasticity of rubber levels off the height differences to allow all feet to be in
contact with the ground and also provide vibration isolation to some degree, which helps to
reducenoise during operatioand also providea firm grip with the table surface instead of
being easily dragged around which makes screechingeaoMultiple rubber feet were
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experimented with, shown iRigure 95, and thethird optionwas selected as it has the best

balance between vibration isolation, elasticity, aesthetitd cost.

Figure 95 Multiple rubber feet were egpimented with for aesthetics, vibration isolation,

elasticity, and cost. Thiird footwas selectetbr its size and price

The electronics and PCB drawer had to be redesigned to accommodate the new PCB layout
with the Raspberry Pi microprocessor, which will be covered in the subsequent sections.
However, due to the reduced footprint of the base, there is no longer suffpaestfer the
separataslider mechanism to be mounted to the underside of the base using M3 threaded inserts
and screwsike in FrED 2022 figure 96) and cutting holes in the base of the gearbox to
accommodate for protruding M3 screws will result in asymmetric design, and therefore

increasing the time taken for assembly, based on theipes of DFMA.

Figure 96 The 2022 FrED slider mount for the PCB drawer. It is large to print and requires
M3 screws to be used from the top to secure. With the redesigned franwltbeldas a

smaller area, this design is no longer feasible.
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