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ABSTRACT 

The Fiber Extrusion Device (FrED) is an affordable desktop engineering education tool to aid 

teaching by creating a laboratory experience. It simulates the continuous fiber draw process, 

which can provide insights into data acquisition, control systems, smart manufacturing, 

computer vision, data processing, product design, etc. Designed to be highly modular, the 

FrED device provides users with a wide range of tunable/adjustable parameters and 

expansion capacity to enable users to explore beyond the scope of the guided experiment. 

While successful classroom activities have been conducted using FrED, the 2022 FrED 

device is still too expensive and heavy to ship to learners worldwide. 

This Thesis focuses on product design and development of FrED, making enhancements to 

reduce cost and mass while increasing the capability. Specifically, the diameter measurement 

systemôs performance was drastically improved by increasing cooling, enhancing fiber 

stability, introducing a modular pulley system and adjustable tension system, etc. The 

processor has also been changed from Teensy 4.1 to Raspberry Pi Model 4B to increase the 

capability to process images during fiber production and to allow users to code using Python 

rather than C++. To accommodate these changes, the other subsystems are also adjusted for 

better integration, such as a redesigned PCB. 

There are also efforts to improve user safety by following the hierarchy of control to 

implement visual warnings, physical barriers from hot surfaces, and a thermal switch as an 

engineering control to prevent thermal runaway of the heater. User experience is enhanced 

with the virtual monitor connectivity and reduced noise. 

Parts are also redesigned to be more compact and use less materials, reducing cost and mass. 

The final FrED design accomplished a 44.6% reduction in cost over the previous generation 

of FrED at $149.68 and a 19.7% weight reduction (1.81kg). An initial prototype of the 

packaging weighs 2.85kg, including the FrED device. The draft assembly manual has been 

done to pave the way for ramp up.  

Thesis supervisor: Dr. Brian W. Anthony 

Title: Principal Research Scientist 
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1. Introduction 

With the advent of professional online learning, fueled by COVID-19 and driven by the 

development of Massive Open Online Courses (MOOCs) such as edX, OpenCourseWare, and 

online professional courses from universities around the world, there has been an increasing 

amount of resources being put into the development of these online courses to recreate the 

experience of learning in a physical classroom environment [1] [2]. However, laboratory 

education will become even more critical as the world increasingly industrializes and 

transforms digitally [3]. How would online engineering courses continue to impart essential 

laboratory skills rigorously? The framework involved in developing the Desktop Fiber 

Extrusion Device (FrED) seeks to solve that problem.  

1.1 Background on Fiber Extrusion in Education 

Optical fiber manufacturing is the foundation of Internet communication technology. Optical 

fibers are made using a continuous manufacturing process called fiber extrusion, where the 

glass preform is melted with a  furnace, measured, and cooled [4]. Some chemical coating 

and curing processes can help increase the production speed and reinforce the fiber [4]. The 

towers are often several stories tall. 

 

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

Several parameters play a role in getting the right dimensions, specifically the diameter of the 

fiber, temperature of melting, tension, etc., and it was first selected to be studied by the MIT 

Mechanical Engineering Device Realization Laboratory to study advanced process controls.  
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Kim et al. developed the first research-grade Desktop FrED to enable users to change various 

process parameters, experiment with different control strategies, and acquire data for advanced 

analytics techniques [5], [6], [7], [8]. MIT faculty Brian Anthony, conducted a Smart 

Manufacturing course for managers and directors of manufacturing giant Arconic using 

research-grade FrED as a demonstration and received positive feedback on its capabilities [5]. 

This led to the development of the online course ñSmart Manufacturing: Moving from Static 

to Dynamic Manufacturing Processesò with MIT Professional Education, centered around 

FrED, and has attracted 400 participants annually [5]. However, given the course's online 

nature, the problems of hands-on learning for online courses arise, and an affordable, 

educational grade desktop FrED was needed.  

It was decided that the assembly facility would be set up 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 curriculum [5]. In Spring 2023, Tec de Monterrey delivered a 

robotics assembly course for producing FrED. 

1.2 Aim of the Educational Grade Desktop Fiber Extrusion Device (FrED)  

The educational grade Desktop FrED 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 to controls to data analytics. This hands-on and evidence-based approach not only 

reinforces theories learned in online classes but additionally also aims to tackle various 

problems of online education ï lack of motivation, low quality of teaching, and difficulties in 

providing hands-on experience at a distance [9]. While some institutions have turned to virtual 

laboratories in an attempt to concretize engineering learning, it is insufficient to provide the 

real-life experience that is fundamental to engineering [9].  

Claudius et al. have derived a three-dimensional framework for online laboratories, which the 

Desktop FrED framework can be based on, as shown in Figure 2 [3]. This helps to expand the 

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.  
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Figure 2 Three-dimensional framework for online laboratory, expanded to Desktop FrED to 

adapt to different teaching needs and various needs of the learners [3]  

As a start, the FrED aims to provide a real hands-on pre-structured experimentation that can be 

used internationally by sending physical products to learners around the world with a 

predefined set of instructions to match a particular learning outcome, but as FrED scales, it is 

possible to expand instructional levels to semi-open or self-directed learnings and to cater to 

learners with lower paying power to use remote or simulation lab by having a FrED farm with 

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 FrED (Figure 3), which currently sits 

in the basement of MITôs Building 35, can be transformed into additional learning 

opportunities for factory design, line design, data analytics, throughput analysis, design of 

experiments, etc.  
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Figure 3 FrED factory in MIT's Building 35 with laser cutting and 3D printing processes 

could be connected to the web for potential learning opportunities in factory management. 

1.3 Product Overview ï Research Grade FrED 

The research-grade FrED was first developed in 2017 by David Kim and Brian Anthony for 

professional education [10] and was later used by Sangwoon et al. for deep reinforcement 

learning controls in 2020 [11]. In 2021, Cuiffi et al. further used it for manufacturing workforce 

training [12]. This version of the FrED focuses on simplifying and reducing the size of the 

industrial optical fiber towers and making them compact and low-cost [10], distinguishing itself 

from the large and expensive industrial training setups. This means removing the coating steps 

and using a hot glue stick as the preform instead of glass preform, which is safer to be heated 

and easier to extrude [5]. Various sensors are also installed to gather sufficient data for analytics 

and to enable different process control methods to be implemented [5]. 
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Figure 4 CAD render of the research-grade FrED, consisting of the Extrusion, Diameter 

Measurement, Cooling, and Fiber Collection subsystems [5]  

As shown in Figure 4, the research grade FrED consists of 4 core subsystems: extruder, cooling, 

diameter measurement, and collection [10] [12]. The extruder heats the hot glue stick preform 

using heating elements mounted in a manufactured metal block and pushed through using a 

stepper motor, which controls the extrusion velocity, into a smaller exit hole [10] [12]. The 

extruded preform will be less viscous after heating and 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 stepper motor in conjunction with a lead screw to enable the reciprocating action of the 

spool to evenly spread the fiber across [10] [12]. The diameter of the fiber is dependent on the 

pulling tension and is fixed by reducing the temperature of the fiber via the cooling system, 

which comprises of a tank with water as the cooling agent [10] [12]. Then, the diameter 

measurement system measures and records the diameter, and feeds that data into the process 

feedback control algorithm to match the desired diameter [10] [12].  

Three sensors collect data from the manufacturing process: the Resistance Temperature 

Detector (RTD) measures and limits the heating, the laser micrometer precisely measures the 

diameter of the fiber to control the diameter using closed-loop feedback control, and a pair of 

limit switches limits the translational motion of the spool [10] [12].  
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Initially, a simple mass conservation model is used to control the diameter of the fiber as the 

extrusion speed and spooling speed are known, but the measured diameter is not in statistical 

control due to temperature inconsistencies and stage motion time mismatching [11]. Closed 

loop controls were introduced with a Proportional Controller around the DC motor spooling 

speed and a Proportional-Integral Controller around the diameter error [11]. This proved useful 

to keep diameter in control. A deep reinforcement learning (DRL) control was proposed 

subsequently, and tests showed improved performance in tracking diameter error [11]. It was 

also noted that this method can be further improved by introducing data pre-training to reduce 

online training time [11].  

The cost of this system is $54281 [11], and since it was developed during the pre-covid times 

when classes were still predominantly physical, it was considered a success from both a 

research and educational perspective [5].  

1.4 Product Overview ï Desktop FrED 2022 

However, moving into the online learning environment, the research grade FrED was too 

expensive to make and deploy at a large scale. Therefore, Bradly et al. attempted to further 

lightweight FrED. 

 
1 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 laser cutting, and 

FFF 3D printing, along with the integration of off-the-shelf parts to achieve a drastic reduction 

of cost from $5428 to $270.12, representing a 95% reduction in cost. The device weighs 5lbs 

(2.4kg) and comprises 152 parts.  

The device runs on Teensy, an Arduino-based development board, where the user needs to 

upload the code written in C++ via a micro USB connector on the Teensy. The team proposed 

a camera-based diameter measurement system based on a microscopic camera which has an 

adjustable zoom of 40-1000x. This replaced the most expensive component of the research, 

FrED ï the laser micrometer, which costs at least $3000.  

The team also built up the FrED Factory from an old storage room on the MIT campus, and 

added 3D printers and other machinery to aid the development and subsequent production 

ramp-up of the FrED towards building 400 devices a year. Proper tools and inventory space 

were also set up.  
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1.5 FrED 2023 Project Objectives 

Building on the works of the Fred 2022 team, the FrED 2023 team aims to further develop 

FrED to be a more comprehensive product. This is broken down into the following 5 main 

objectives: 

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

loop for diameter control 

2. Further reduce the cost of FrED to under $150 1 

3. Simplify assembly of FrED 

4. Lightweight for international delivery services 

5. 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 (DFMA) [13][14]  

- Using standard parts whenever possible to reduce inventory management 

-  Reducing the total number of parts by integrating parts as much as possible 

- Modular approach for easy deployment, repair, and/or replacement 

- Design for the manufacturing processes intended to be used 

- Use of alignment features or symmetry for easy assembly and orientation 

- Use of reasonable tolerances 

- Mistake-proofing (Poka-Yoke) 

- Select the right material  

2. Design for Additive Manufacturing (DfAM) [5] (Particularly Fused Filament 

Fabrication FFF method): 

- Complexity is free ï join more parts together, add filets to strengthen parts 

- Design for part orientation ï layers create weaknesses 

- Design to minimize material use ï reduces print time 

- Design to minimize support material by reducing overhangs ï reduces print time 

3. Design Failure Mode and Effect Analysis (DFMEA) [15]: 

DFMEA is a systematic set of actions used to identify potential problems or failures in 

the system or product, identify the effects, likelihood, and severity of such failures, and 

eliminate or mitigate them through corrective actions.  

4. Root Cause Analysis (RCA) for engineering [16] [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, in a 5-step process: 

- Define and understand the problem ï list out what were the symptoms of the problem and 

classify the faults 

- Determine the causal factors ï brainstorm for all possible factors leading to failure 

- Determine the relationship between causal factors ï some factors 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 (sometimes called the Ishikawa Diagram) help to show the cause-effect 

relationships. 

- Determine the solution 

- Implement a solution  

Identifying the root cause can also be done using the 5-Whys approach proposed by 

Taiichi Ohno of Toyota, who theorized that by asking the question ñwhyò five times, 

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 

ñwhyò until there could not be any further explanation.  

RCA is sometimes synonymous with the First Principle Approach to engineering, 

where the assumption is challenged, and the building blocks of the assumption are 

examined. By definition, a first principle is a self-evident proposition or assumption 

that cannot be deduced from any other proposition or assumption. 

5. Safety by Design 

Safety by design is practiced when the userôs safety and rights are placed at the center 

of the design and development of products[18]. This is done by pre-empting problems 

and harm that could occur during the use of the product rather than implementing 

remedies after the harm has occurred. This goes hand 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 taken against it.  

6. Hierarchy of Control 
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Figure 6 The hierarchy of controls to eliminate or reduce hazards [19]  

The Hierarchy of Controls is a systematic approach to eradicate or reduce workplace 

hazards. It ranks from the top to bottom according to the decreasing effectiveness [19]. 

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 Xu (author), Gary Sefah, and Somesh Jaiswal and 

was further split into the controls team consisting of Somesh Jaiswal only and the product 

design team consisting of Wenhao Xu and Gary Sefah.  

Somesh Jaiswal was primarily in charge of implementing closed-loop Proportional Integral 

Derivative (PID) controls and 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 collaboratively on most 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, cooling, and noise, migrating from 

microcontroller to microprocessor, implementing computer vision code, etc.  

Gary Sefah was additionally in charge of redesigning the extrusion system mount, integrating 

the Pi camera, and setting up the laser micrometer as a benchmark, as documented in his thesis 

ñLow-Cost Fiber Extrusion Device for Educational Purposes: Redesign, Manufacture, and 

Computer Vision Integration.ò 

Wenhao Xu (author) was additionally in charge of the modular camera mount, redesign of the 

Printed Circuit Board (PCB), down-selected diameter sensors, part and area reduction of the 

frame, defect detection, user experience, etc.  

 

Figure 7 FrED 2023 Team, consisting of Gary Sefah (left), Wenhao Xu (center), and Somesh 

Jaiswal (right) 

1.7 Project Timeline 

This project was done over the Spring, Summer, and Fall Semesters of 2023, with the Spring 

and Fall semesters being part-time, in conjunction with other MIT classes. In Spring 2023, 

the focus was to familiarize ourselves with the 2022 FrED by building FrEDs hands-on, 

getting trained on the machinery needed, and identifying areas of improvement. Summer was 

when the team worked full -time on designing and producing FrED 2023 by systematically 

working through each subsystem and ensuring integration with other systems. The fall 
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semester was mainly focused on safety, user experience, and fixing the outstanding issues, as 

only Wenhao was left 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 Systems Overview  

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

1. Extrusion (FRED-E) 

2. Cooling (FRED-C) 

3. Diameter Measurement (FRED-D) 

4. Gearbox (FRED-G) 

5. Electronics & PCB (FRED-P) 

6. Frame (FRED-F) 

 

Figure 8 FrED 2023, consisting of Fiber Extrusion, Cooling, Diameter Measurement, Fiber 

Collection, Electronics, Frame 

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

analyzing the root cause, and going through our attempt at solving the issue. 
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The main production methods are kept the same as FrED 2022, either 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 

aesthetics and ease of print and Polyethylene Terephthalate Glycol (PETG) for strength. These 

methods also allow for rapid prototyping and iterations. Gray and red colors were chosen to 

match the MIT color scheme. 3D printing layer height is changed to 0.3mm instead of 0.2mm 

unless specifically required otherwise for functionality or strength. 

Additional materials or material thicknesses have been used this year, such as Polycarbonate 

(PC) plastic alloy 3D printing filament 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 sufficiently for the preform to be able to be pulled into a 

thin fiber. 

2.2.1 FrED 2022 Fiber Extrusion System Overview 

  

Figure 9 FrED 2022 Fiber Extrusion System CAD, consisting of an extruder stepper motor, 

3D printed support, modified 3D printer heat block, and lever system [6]  

The FrED 2022 Fiber Extrusion System is shown in Figure 9, consisting of a heat block that 

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 heat resistance; a set of lever system 

to press the preform against the extrusion gear with adjustable forces made possible by a screw 

adjusted spring; a stepper motor to provide sufficient holding torque to extrude the melted 

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

2.2.2 Problem 1: The print time of the support is too long 

The print time of the 2022 FrED extrusion supports is 2 hrs 40 min, weighs 54.65g, and costs 

$1.52. A few areas of improvement have been identified and 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 plane to the frame were not necessary to provide a good 

counter moment to the heavy stepper motor and have been removed 
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3. The second 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 extrusion gears and 

pulley, and the heat block hole, and have been removed 

4. The heat block mount is too bulky and has been changed with the updated heat block 

design outlined in section 2.2.3 to use less material 

 

Figure 10 FrED 2022 Extrusion Support Part with highlighted areas of improvement. The 

numbers correspond to the list above. 

The final design of the Extrusion Support Part after multiple iterations is shown in Figure 10. 

The cost has been reduced from $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 accessibility for ease of assembly of the M5 nut, as further described in section 
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2.2.4. Two heat insert stations have been set up to help with vertically inserting the heat insert 

using a special soldering tip on the soldering iron, as shown in Figure 12. 

 

Figure 12 Heat insert station to assist with assembling the M3 and M5 inserts vertically and 

efficiently [20]  

2.2.3 Problem 2: Production of the heat block is dangerous, time-consuming, and low-quality 

 

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

drilling and sealing a segment of steel pipe with Marine Weld [6]  
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The FrED 2022 Heat Block is manufactured by modifying the off-the-shelf Creality Ender 3 

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

end, then adding a segment of steel pipe cut with a band saw to replace the removed M6 

threaded pipe (heat break) that originally connects the hot end to the heat sink, and lastly 

manually apply Marine Weld to seal the steel pipe to prevent leakage. The original heat block 

is shown on the left in Figure 12, and the manufactured heat block is shown on the right in 

Figure 12. 

   

Figure 14 Off-the-shelf Creality Ender 3 Hot End (Left) and modified heat block for FrED 

2022 (Right) 

Due to the small size of the heat sink and steel pipe, the manual nature of the modification 

process, and a lack of fixtures for these operations, it is time-consuming at around 1 hour and 

dangerous to produce this part. The Marine Weld also requires 4-6 hours to set and 15-24 hours 

to fully cure [21]. This process takes time and manpower to complete, and the setting process 

requires another set of fixtures to hold the parts in place. The resulting part is also unaesthetic, 

as seen in Figure 14 on the right and sealing effect is inconsistent across many heat blocks 

manufactured, with leakages observed, as shown in Figure 15.  
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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 taken in the FrED 2022 is that the 3D printer nozzle was originally designed to take in 

1.75mm filament, melt it, and extrude through nozzles between 0.1 to 1.0mm, and the hot glue 

preform that FrED uses has a diameter of 7mm. Therefore, the diameter of the holes in the hot 

end and the heat sink need to be enlarged and connected. Furthermore, a 3D printing heater 

needs a heat sink because the hot end is functionally required to heat up to around 300 degrees 

Celcius to print certain high-temperature 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 FrED, despite a much lower maximum expected operation temperature 

of 100-110 degrees Celcius as determined by testings on the hot glue preform, the heat sink 

was still needed because the Extrusion Supportôs PETG material has a glass transition 

temperature of around 85 degrees Celcius. This, therefore, necessitated the abovementioned 

modifications and manufacturing methods. However, this also means that if the material that 

the hot end is in contact with has a higher thermal tolerance, there is an opportunity to mount 

the hot end directly to the Extrusion Support while providing some margin of safety. In FFF 

3D printing, the available material that meets the thermal requirement are ABS, PC, and an 

alloy of PC and PETG, as shown in Table 1: 
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Table 1 Comparison of heat-resistant 3D printer filament glass transition temperatures, the 

temperature at which the material softens. The PC Alloy is selected as the heat insulation 

block material for a balance of thermal resistance and cost [22] . 

Material Glass Transition 

Temperature (°C) 

PLA 60-65 

PETG 80-82 

ABS 105 

PC 147 

PC (50%) + PETG Alloy 110 

 

Based on Table 1, the PC alloy is the winner in terms of printability, cost, and heat resistance 

and is therefore selected. Figure 16 below shows the new heat insulation block printed on the 

Prusa MK 3+ using 0.3mm layer height. Using two M3 screws and M3 Inserts in the Extrusion 

Support, the hot end and the heat insulation block is clamped together, as shown in Figure 16. 

To provide a leak-resistant seal even with the print lines defects from the FFF 3D printing 

process, a rim is added around the hole which the hot glue stick will go through, and during the 

first use of FrED, this rim will be softened at the operating temperature, and be spread around 

because of the clamping pressure to create a smooth seal. The smoothness of the seal may not 

be perfect, but because of the high viscosity of the melted hot glue, it would be sufficient to 

prevent leakage. Further repeatability tests should be conducted to ensure sealing performance 

for higher production quantities. This sealing feature also removed the need for Marine Weld, 

and the associated setting and curing time.  
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Figure 16 Initial design of the PC Alloy Heat Insulation Block with raised rim for sealing  

when first used (left) and clamped tightly with the hot end using two M3 screws (right) 

This new insulation block is then stress tested to higher temperatures by increasing temperature 

by 5 degrees Celsius every 15 minutes and trying to pull the hot end out lightly, starting at its 

rated glass transition temperature of 110 degrees Celsius. It is found that at 150 degrees Celsius 

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 mode is not the PC material 

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 heat insulation block, and then the insulation block is 

then separately mounted onto the PETG Extrusion Support.  

In the process of testing other components of FrED, the team realized that the likelihood of a 

thermal runaway is high due to the stop button on the simplified interface of the Thonny IDE 

on Raspberry Pi, as shown in Figure 17, with more information about the PCB and the python 

code will be covered in Section 2.6.  The stop button, which is the most noticeable button on 

the dashboard for its size and color, is highly likely to be pressed, especially by leaners who 

are just starting to use FrED. However, unlike the Ctrl + C command, which stops all the code 

and pulls all General Purpose Input and Output (GPIO) pins to their default states (LOW) and, 

therefore, stops any power supplied to the heater, the stop button on the Thonny Integrated 

Development Environment (IDE) only stops the code. This means that the state of the GPIO 

pin when the button is pressed will be preserved, and the code that turns the GPIO pin on and 

off based on the thermistor reading is stopped. When the GPIO is stuck at HIGH, the heater 

will heat to the maximum temperature that it is rated for, at around 300 degrees Celcius, this is 

extremely dangerous and highly likely. Based on DFMEA, this problem needed to be addressed 

immediately. 
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Figure 17 User interface of the Thonny IDE on Raspberry Pi, with a very noticeable red stop 

button, which only terminates the code but does not reset all GPIO ports like Ctrl+C does. 

This leads to thermal runaway issues where the heater continues to heat without any active 

control loop around it.  

Following the Hierarchy of Controls, various methods have been tried and used together to 

reduce the hazards to the user. Starting from the highest two levels, elimination and substitution: 

while it is possible to have the Python code run on starting the Raspberry Pi and stop 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 using an IDE would be easier for learners of any level to 

start, and allows for the development of additional sensors without running FrED; and 

substituting Thonny IDE for any other IDE on the Pi gave the same result ï the stop button is 

not the same as Ctrl + C termination command.  

The next levels would be to implement engineering control and administrative control. Many 

solutions have been tried but rejected for cost, effectiveness, or integration issues, such as a 

lower wattage heater that can fit into the standard hot end, Solid State Relay with Zenor Diode 

to switch off based on thermistor voltage output, but commercially available diodes donôt have 

the voltage needed; Postitive Temperature Coefficient (PTC) heater that increases resistance 

with temperature, therefore capping the maximum temperature, but is rejected because of the 

difficulty to integrate into existing setup and commercially available PTC heater doesnôt have 
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around 105-110 degree Celcius setting, but at a higher 120 degree Celcius setting that 

realistically is tested to cap at 130 degrees Celcius; thermal fuse which breaks based on the 

temperature, but is single use, so each time there is a thermal runaway, the user need to replace 

the component.  

The other solutions have been tested to be effective, forming multiple levels of protection 

against thermal runaway and other forms of hazards. To prevent scalding 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 end, as shown in Figure 18, preventing direct contact with heated 

metal. The front of the insulation block, which faces the user, is also indented with the word 

ñHOTò to warn users. However, due to the dark color of the PC alloy material, it is suggested 

that a yellow warning sticker be used in accordance with the industry warning label standards. 

In an extended 1 hour test at 100 degrees Celcius, the surface of the insulation block reached 

60 degrees Celcius, but because of a much lower thermal conductivity, it doesnôt feel as hot if 

briefly touched. In addition, there is also an alignment line on the Extrusion Support, as shown 

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

reference according to the DFMA principles. 

 

Figure 18 Improved heat insulation block with a surrounding skirt to cover the sides of the 

hot end to prevent accidental touches of the hot end, with indented word ñHOTò to warn 

users. On the left side, cut out to the skit allows for wires to go through, and the top of the 

insulation block is aligned to a raised line feature on the Extrusion Support for easier 

assembly. 
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The first level of preventing thermal runaway is an administrative control to remind the user to 

use the Ctrl + C command to stop the code at the top of the code, in the user assembly and 

usage manual, and potentially in the introductory video and a sticker on the FrED device.  

Next is a physical switch that is connected to the 12V components shown in Figure 19 as a 

form of engineering control. The user will be reminded as a good practice to always turn off 

the 12V supply whenever the code is not running. When this is done, we eliminate the 

possibility 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. 

 

Figure 19 12V switch, which connects to the 12V components to switch those off when not in 

use. 

As a further measure to notify the user that the heater is active, a red LED was added to the 

PCB in parallel to the heater, such that it will turn on when the heater is active and remind the 

user that the heater is in effect. When in normal operations, the heater will turn on and off 

depending on the GPIO pin state, and would look like its blinking. However, when the code is 

stopped without the GPIO pin being reset, the LED will be permanently lit. This 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 switch or to restart the code just to stop it using the right method.  

The final level of protection is the thermal switch added in series to the heater, which is based 

on the bimetallic strip that is set to trigger and bend at a predefined temperature, hence breaking 

the heater power supply and limiting the maximum possible temperature that the heater is able 

to achieve. The thermal switch will reset and close the circuit once the temperature drops below 

the resetting temperature. Through further actual temperature tests, it is found that even at the 

same temperature setting, the actual trigger temperature is higher than the set temperature by a 

varying amount. This is likely due to the material and manufacturing variations of physical 
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switches. Fortunately, the tolerable range of triggering temperature is wide enough, and the 

thermal switch is available in small enough step intervals of 5 degrees Celcius. In addition to 

the low-cost nature of the thermal switch, it was decided that the thermal switch could be used. 

The ideal lower limit of the triggering temperature is around 105-110 degrees Celcius, which 

comes from the tested range of temperatures that allows for smooth spooling of fiber between 

75 and 100 degrees Celcius. The upper limit is around 130-140 degrees Celcius, as tests show 

that the heat at around 150 degrees Celcius 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 setting, three switches, each from 80 to 110 degrees Celcius 

at 5-degree Celcius intervals, were purchased and tested. Two tests where conducted and 

recorded for each of the thermal switches: A controlled 100-degree Celcius target temperature 

10-minute test and an uncontrolled thermal runaway test. The first is to simulate the predicted 

highest usable temperature that the users will use for a prolonged period of time, and the 

thermal switch should not trigger at any point in time. The second is to simulate an uncontrolled 

thermal runaway by setting the target temperature to 150 degrees Celcius, the failure 

temperature. All tests are done using the same mounting technique as described in previous 

sections to ensure consistent performance, as shown below.  

 

Figure 20 Testing setup of the thermal switches, using crocodile 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 together and a heat insulation shield made of 

PC alloy material to have a realistic heat transfer environment.  
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It is found that the 95 degrees Celcius setting thermal switch fits the desired range the best, and 

further tests are conducted on ten of the same thermal switches to ensure that the observed 

results are repeatable for a larger batch of thermal switches.  

Figure 21 below shows the controlled 100 degrees Celcius test for one of the 90 (left) and 95 

(right) degree Celcius switches. The 90 degrees Celcius thermal switch triggered, while the 95 

degrees Celcius thermal switch did not trigger for the entire duration of the test. 

  

Figure 21 The 100 C constant temperature using the 90C thermal switch (left), which 

triggered after some time, and the 95C switch (right), which did not turn off. 

Figure 22 below shows the uncontrolled thermal runaway test for one of the 95 and 100 degrees 

Celcius thermal switches.  The 95 degrees Celcius switch was triggered at 125 degrees Celcius, 

within the allowable range, while the 100 degrees Celcius switch was triggered at 145 degrees 

Celcius and is therefore not suitable, being higher than the softening temperature.  

   

Figure 22 Thermal runaway simulated test on the 95C (left) and the 100C (right) thermal 

switches. The 95C switch triggers at 125C, which fits into the window of temperature that is 

desired. 

Test done on ten 95 degrees Celcius thermal switches showed that the trigger temperature 

ranges from 111 to 137 degrees Celcius, with a mean of 123 degrees Celcius. This is within 
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the acceptable range of temperatures. There is also variation in the recovery temperature, but 

that is less relevant. Both the trigger and recovery temperature of the ten switches are plotted 

below in Figure 23: 

 

Figure 23 Thermal Runaway Test of ten 95C thermal switches: The mean triggering 

temperature is around 120C, and the range of temperatures fits the requirement for use on 

FrED. 

The insulation block is modified to accommodate the thermal switch by having a recessed 

volume right above the heater. The thermal switch is designed to sit loosely 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 but tight when the rim is partially melted, as shown in Figure 24.  
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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 longer seen, and no leak is 

observed. 

The blue tape above is a thermal conducting tape that is often used to help with thermal 

conductivity between the heat sink and the hot component, but in our test, it proved 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 conductive than going through the thermal tape and 

is therefore removed from future iterations.  

Lastly, a stress test was conducted on a new insulation block to test for leakage and determine 

the highest temperature the insulation block reached. After 1.5 hours of running the heat end 

at 100 degrees Celsius, the rated operating temperature, the insulation block only reached 60 

degrees Celsius, and no leakage was observed.  

As a result, the cost and time to manufacture is reduced significantly.  

2.2.4 Problem 3: Vibration in Lever system and difficulty in installing 

In FrED 2022, the extruder motor does not have micro-stepping enabled, and therefore, each 

step is 1.8 degrees (each revolution consists of 200 steps). This causes vibration, which loosens 

the nut overtime, which then releases the compression on the spring, leading to slippage of the 

hot glue preform. Not micro stepping also results in the pulsation effect in the fiber diameter 

as observed by the camera and will be discussed in later sections. The 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 anti-vibration strategies, with nylon insert lock nut 

performing the best with time in this group [23]  

As shown in Figure 25, different types of anti-vibration nuts were tightened to the same clamp 

load and subjected to a strong vibration test. Results showed that the nylon insert nut is not 

only the best in resisting vibration-induced loosening, but it also has the least parts, which is in 

line with the principles of DFMA.  Figure 26 presents a superior Nord-Lock washer which 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 presented in Figure 25, 

however, after testing the nylon insert lock nut on FrED for prolonged periods (approximately 

30 hours), there arenôt signs of loosening, which make it more suitable for FrEDôs application 

given the fewer number of parts and being cheaper compared to Nord Lock Washers. 
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Figure 26 Nord Lock washers consisting of two serrated washers interlocked and showing 

extraordinary anti-vibration performance, but was not selected as the nylon insert lock nut 

was sufficient and have fewer parts [23]  

The need for a single-part nut is further amplified by the lack of space to assemble the nut in 

FrED 2022ôs Extrusion Support, where a plier is needed to hold the nut in place while 

tightening the M5 screw using an Allen key, as shown in Figure 27. A plier is not the right tool 

to turn a nut, and lock nuts need significantly higher torque to tighten. Two pliers have their 

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

 

Figure 27 The Operator struggles to tighten the nut on the 2022 FrED using pliers and Allen 

key given the tight space, reducing ergonomics and increasing assembly time. 
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The solution is to redesign (Figure 28 Left) the nut placement region to be exposed from 

underneath to allow for the hex socket wrench (Figure 28 Right) to be used with the Allen key.  

    

Figure 28 New Extrusion Support part with improved access to the nut, with a new lock nut 

to reduce loosening due to vibration, a longer and stronger spring for higher clamping force 

on the preform (Left), and a hex socket wrench to improve the ergonomics and easiness to 

assemble the screw and nut (Right). 

2.2.5 Other Minor Improvements 

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, increasing compression force of the drive gear on the glue stick, reducing slippage. 
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The lever has also been modified to improve user ergonomics by providing support to the 

glue stick preform, and adding space for the user to leverage onto when depressing the 

spring. 

 

Figure 30 The old and new version of the lever, with a wider handle for a 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, the extrusion subsystem of FrED has been modified to remove hazardous and time 

consuming manufacturing processes, improve assembly 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 diameter and diameter variation of the fiber often represent the quality 

(accuracy and precision) of the drawn fiber. Diameter measurement is needed as an input to 

control systems to ensure that the actual produced diameter is accurate to the specified diameter. 

Diameter variations, on the other hand, represent precision, where a non-uniform fiber could 

significantly affect signal propagation, resulting in data loss and signal degradation.  

The functional requirement of the diameter measurement system is to be able to measure the 

fiber with a high frame rate and high resolution and be able to detect small diameters of around 

0.1mm. The Educational FrED also has to be affordable. 

 

2.3.1 FrED 2022 Diameter Measurement System Overview 

The research-grade FrED utilizes a Keyence IG-028 laser micrometer, which consists of the 

IG-08T transmitter and the IG-028R receiver, connected by a plate, as shown below: 

 

Figure 32 The Keyence IG-028 Laser Micrometer is used on the research FrED for diameter 

measurement. It is too expensive for deployment on the educational FrED but was used to aid 

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

detecting missing portion on the receiver end 

The working principle of the laser micrometer is shown above in Figure 33. However, the laser 

micrometer setup proved to be impractical for the educational FrED due to its high cost of 

approximately $3000. However, it was still used for calibration in the initial stages of the 

diameter measurement system development. For more details about the specifications and 

setup of the laser micrometer, refer to Gary Sefahôs thesis. 

The 2022 team developed a proof-of-concept camera image capture mount compatible with an 

off-the-shelf microscopic camera Jiuson 40-100x digital microscope. As shown in Figure 34 

below, the camera is held in place, looking at a fiber positioned between two pulleys with a 

black background. The camera can be adjusted to remain in focus manually, and the black 

background is 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 a blurred dark background to have a good 

contrast with the transparent fiber. 
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Figure 34 FrED 2022 camera mount to hold the camera in place with a black background at 

a distance. Fiber is stabilized between pulleys to remain within the frame of the camera. 

Render (left) and actual mount (right) 

The team intended for image processing to be done on the Raspberry Pi while the rest of the 

FrED system is controlled via a Teensy microcontroller. However, due to time constraints, the 

team was not able to implement live image processing from the camera feed using Raspberry 

Pi. Instead, pre-captured video footage is processed on Python using a personal computer using 

an edge detection algorithm, as shown in Figure 35.  

 

Figure 35 FrED 2022 Edge Detection Algorithm output, after grey scaling and detecting for 

edges 

This camera gives a resolution of 0.014mm and is capable of capturing 30 frames per second. 

Calibration is done using a known diameter fishing line of 0.37mm. The team has highlighted 

the low frame rate, fiber vibration, and lack of diameter readout to the microcontroller as future 

work. Having a sensor with a high frame rate is important because of the Nyquist frequency 

criterion of having sensors sensing at least twice the frequency of the control. Therefore, having 

a 30 frame per second sensor means that the control will have to operate at 15 Hertz or below, 

which may not be ideal. 
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The 2022 FrED also has a cooling system made of an axial fan angled at 45 degrees, as shown 

in Figure 36. The 2023 team decided to include the cooling system as a part of the diameter 

measurement system as it affects the stability of the fiber, which in turn affects the diameter 

measurement.  

    

Figure 36 Axial Fan cooler of FrED 2022, angled at 45 degrees 

 

2.3.2 FrED 2023 Diameter Measurement System Overview 

The development of the diameter measurement system is the most complex and involved in 

this project, comprising elements of cooling, adjustable tension, processing power, stability, 

camera selection, image detection algorithm, environment control, etc.  

The team developed multiple subsystems to support the measurement of diameter, such as the 

adjustable cooling fans, tension adjustable metal pulleys, upgrade to Raspberry Pi for higher 

computation capacity and integrated operating system, stepless adjustable sliding system for 

pulleys and camera, and an upgraded PCB to support these operations. The result is an 

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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2.3.3 Camera Sensor 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 to an imaging sensor. The following table summarizes the findings.  

Table 2 Comparison of types of sensors 

Sensor Type Pros Cons 

Hall Effect Sensor 

[24] 

- Used for filament production 

- Open source casing, 3D 

printable 

- Contact-based 

Line Array Sensor 

[25] 

- Used for filament production  

- Contactless 

- Affordable and low 

processing power is needed 

- Out of production 

IR Line Sensor [26] - Used for robot line tracing 

- Contactless 

- It might not work well for 

curved surfaces 

Camera Sensor [27] - Mature computer vision 

libraries and examples 

available 

- Contactless 

- Focal length might prevent 

compact deployment 

Ultrasound Sensor 

[28] 

- Contactless - Requires additional motor to 

swing the sensor 

- It might not work well for 

curved surfaces 

 

Using a camera as a sensor is still the superior option as the other alternatives, such as the light 

image sensor, has been phased out of production, a capacitive sensor requires metal to function, 

and a contact-based sensor has the potential of introducing more tension to the fiber, and is also 

too insensitive for the fiber diameter that FrED is producing. Therefore, a camera sensor was 

still selected as the suitable sensor.  

However, this means that Teensy, which was used to control the components of FrED, will not 

be suitable as an image processing medium due to its low computational capabilities. The 2022 

team has suggested using Raspberry Pi in conjunction with Teensy to achieve diameter 

measurement using computer vision on the Raspberry Pi and sending the measured diameter 



 

54 
 

to Teensy for component controls. Subsequent sections will describe the development of the 

computer vision edge detection algorithm and the fiber stabilization systems.  

 

2.3.4 Computer Vision Diameter Measurement Algorithm 

As the diameter reading is used to control the actual diameter to match the desired diameter 

and reduce the variation using a control method such as the PID control, therefore the algorithm 

should be able to output diameter in real-time with the fiber production. This means that the 

Computer Vision (CV) code should run together 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, first to devise the measurement algorithm that works 

for single stored images, then adapt it to work for recorded video, and then for live videos. To 

enable collaboration easily, the development process was first done on Google Colab while 

using Google Drive as the storage repository for the necessary input images and videos. This 

also has the added benefit of explicitly importing libraries needed. When the code was complete, 

it was then adapted to work on the Raspberry Pi, with libraries pre-installed. Details about 

migrating from the Teensy Arduino microcontroller, which lacks the capability for image 

processing, to the more powerful Raspberry Pi Model 4B is included in Section 2.6. 

The code from FrED 2022 does not work as expected. Therefore the team started the algorithm 

from scratch. Python was the selected programming language as it is easy to understand and 

learn. In essence, the diameter measurement is done by detecting both edges of the fiber by 

detecting regions of sharp pixel intensity change and calculating the distance between the 

detected edges. The pseudo-code and illustration below describe how the algorithm works.  
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Figure 37 Pseudo-code of the diameter measurement algorithm 

 

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

process 

The algorithm is based on the OpenCV library, first converting each frame to greyscale, which 

becomes a representation of the image as pixel intensities. Canny Edge transformation then 

identifies areas of significant intensity gradients via a series of steps, including using Gaussian 

blurring to reduce noise, calculation of the gradients, non-maximum suppression to thin out 

detected edges, and hysteresis thresholding to separate strong edges from the weaker ones. 

Hough Line transformations are then used to identify straight lines in the edge-detected images. 

The distance between edges is then computed, but it will be in terms of pixels, which will then 

be converted to millimeters using a calibration factor obtained using a known diameter wire 

such as a fishing line. The detected edges are also visualized using red lines, as shown in Figure 

38. It is worth noting that the location and magnification of the camera need to be unchanged 

after calibration and that the frame should contain only the fiber and no other lines which could 

interfere with the edge detection algorithm, as shown below in Figure 39. 
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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. 

A detailed development process using Google Colab is described in Gary Sefahôs thesis. The 

full code after being implemented on the Raspberry Pi is in the Appendix A.    

 

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 third-party companies such as Adrucam. Table 3 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 sensor; however, it is not the same as the rated MP value. For example, the first camera ï 

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 images, it can only record 4MP 

videos, which is a continuous stream of pictures. For the application on FrED, a video stream 

is needed, and therefore, the video resolution is used. Minimum Object Distance refers to the 

closest distance an object can be from the lens to be in focus, and this 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 rolling shutter is one that records each frameôs pixels row by row, 

which usually means that 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 hand, the global shutter 
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records the entire frame at once and is usually monochrome, therefore taking less time per 

frame and having higher frame rates. This is seen in a maximum frame rate of 120 FPS in 

rolling shutter cameras and a maximum of 260 FPS on global shutter cameras.   
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Table 3 Camera module comparison for Raspberry Pi: the current USB microscopic camera is better for its field of view, while the Camera 

Module 3 is better for its frame rate 

Name 
Video 

Resolution 

Frames 

Per Second 

Min. Obj. 

Distance (cm) 

Shutter 

Type 

Focus 

Type 

Field of 

View (Deg) 
Color Lighting  

Price 

(USD) 

Raspberry Pi High-

Quality Camera 

(HQ) 12.3MP [29], 

[30] 

1520p 

1080p 

990p 

30 

56 

120 

 

20 Rolling Manual Unk Color No 100 

Arducam OV5647 

V1 5MP [31] 

1080p 

720p 

480p 

30 

60 

90 

8 Rolling Fixed 54H 44V Color No 9.99 

Raspberry Pi 

Camera 3 SC0872 

11.9MP [32] 

1296p 

864p 

30 

56 
10 Rolling Motorized 

66H 41V 

75D 
Color No 25 

Arducam IMX519 

16MP [33] 

1080p 

720p 

30 

60 
10 Rolling  Motorized 80D Color No 24.99 

Arducam Auto 

Focus OV5647 5MP 

[34] 

1080p 

720p 

480p 

30 

60 

90 

8 Rolling Motorized 54H 44V Color No 14.9 

Arducam OV9281 

Monochrome Global 

Shutter Camera [35] 

800p 

720p 

480p 

120 

144 

260 

50 Global Fixed 89.5D Mono No 25.99 

CAM-

MIPI9281RAWV2 

[36] 

800p 

720p 

480p 

144 

144 

253 

Unk Global Manual 90D Mono No 34.9 

USB Microscope 

Camera 50-1000X 

[37] 

720p 30 1 Rolling Manual 45D Color Yes 15.79 
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Based on the table, the current USB microscopic camera (Figure 40)is better for its narrower 

field of view and better magnification, which means it is easier to observe the fiber, which is 

0.1-0.3mm, but has the limitation of 30 frames per second. There is also an 8-LED light around 

the camera, with 4 levels of illumination available. The Raspberry Pi camera module 3 (Figure 

41) is better for a higher frame rate while not sacrificing imaging quality. However, it has a 

rather wide field of view, which could mean that the resolution of the fiber diameter might be 

limited. 

 

Figure 40 Microscopic USB Camera, 720p, 30fps, 45D FOV 

 

Figure 41 Raspberry Pi Camera Module 3, ribbon connector, 12MP, 864p, 56fps, 75D FOV 
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Both cameras were purchased and connected to the Raspberry Pi.  

 

Figure 42 shows the images obtained from both of the cameras. As the Raspberry Pi Camera 

Module 3 has no lighting that comes with it, a separate lighting board is also installed, as shown 

in Figure 43. running the edge detection algorithm on both cameras shows 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 hand, the USB microscopic camera, with its 30 frames per second was calculated 

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

  

Figure 42 picture of the fiber captured with the USB microscopic camera with dark 

background and frontal lighting (left) and with Raspberry Pi Camera Module 3 with a white 

backlit panel (right). The actual fiber diameter in both is comparable. 
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Figure 43 Camera Module 3 Setup with backlight 

A possible future work for the camera could be to use image libraries to further cut each frame 

of the live video feed into a few smaller pictures to arbitrarily increase the frame rate being 

captured. 

2.3.6 Choosing the Right Glue Stick  

A simple search online showed a wide variety of hot glue sticks available, from the most 

common transparent glue stick to various solid-colored glue sticks to glitter-embedded glue 

sticks, as shown in Figure 44. Multiple hot glue sticks from different suppliers, ranging from 

transparent glue sticks to translucent to colored glue sticks, were ordered and 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 minutes. It was found 

that the colored glue sticks, perhaps due to the color additives, were significantly less sticky 

than the transparent ones and were therefore selected for further testing. Due to the front 

lighting of the microscopic cameras selected by the 2022 team, white color is also preferred as 

it has a high contrast with the dark background, but at maximum lighting, any colored glue 

stick would work with FrED as the reflection will be white. However, there are concerns about 

users not being able to obtain the white-hot glue stick easily when they run out of the included 

glue sticks that come with the FrED packaging. Glitter glue sticks interfere with the edge 

detection algorithm, break easily due to the embedded glitter, and slip on the pulley due to the 

smoother glitter compared to the hot glue stick material. Future 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 the USB camera, it was immediately obvious that vibrations in 

the fiber resulted in blurry images, which the edge detection algorithm could not work with, as 

shown in Figure 45. The blurry images of the fiber mean that the detected diameter will be 

larger than the actual value. Given the low frame rate of the camera, having non-useful frames 

means that the actual frame rate of the camera is lower than the specified value of 30 fps. 

Therefore, stabilizing the fiber is the top priority in ensuring that the camera can function. This 

was not an issue previously when the laser micrometer was used as it is less sensitive to fiber 

vibrations.  

    

Figure 45 Blurry fiber captured by the camera, which is not usable by the edge detection 

algorithm or produces a larger-than-actual image of the fiber (Left), VS an in-focus, non-
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vibrating fiber (Right). Both images are taken in the same run and, therefore, should have a 

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 leads to the surface of the fiber being stickier than when it's 

completely set. This leads to the fiber sticking to the surface of the pulley and moving 

along the rotation. It only gets peeled off when it reaches the bottom of the rotation and, 

therefore, introduces vibration, as shown in Figure 46.  

2. The material of the pulley is stickier than it needs to be. This is further broken down 

into surface property and material property. The pulley that is used in the 2022 FrED is 

3D printed with PETG filament with a layer height of 0.2mm.  

3. The fiber is dangling in the air with the freedom to vibrate as a result of the pulleys 

being separated apart. Not only does the distance between the pulleys need to be 

adjusted, but there should also be a tension device to help straighten the fiber and reduce 

vibration. 

4. Fiber moving within the groove of the pulley leads to vibration as a result of the groove 

not being deep enough. 

 

Figure 46 Insufficient cooling and/or material properties leading to fiber sticking to the 

pulley and wrapping around until pulled away, causing vibration. 
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To solve these problems, a three-prong approach is adopted: upgrading the pulley with new 

material and/or surface properties, improving the cooling performance of the fan, and an 

adjustable tensioning device.  

 

2.3.8 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 from the fiber for better 

video capture, an alternative camera mounting method was proposed ï to have the camera look 

into the grooves of the pulley. As the fiber is in contact with the pulley, there should only be 

some vibration of the rotating pulley, which will be minimal and less than the vibrating fiber. 

The issue 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 shown in Figure 47 

 

 

 

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 poor contrast with the white or transparent fiber, and 

the edge detection algorithm also picked up lines that were created from the machining of the 

metal pulley, as shown in Figure 48 
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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 contrast, and the machining lines interfered with the edge 

detection algorithm. 

As a result, the team decided to swap out the silver metal pulley for a black coated metal pulley, 

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

tested to have a similar performance compared to the shiny metal pulley. However, due to the 

relatively narrow width of the groove compared to the camera field of view, the sharp edges of 

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

in  

Figure 49. The machining lines were also not concealed by the paint. Therefore, this method 

was subsequently abandoned. 
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Figure 49 Image captured of the camera looking into the groove of the black metal pulley. 

The edges of the pulley were 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 camera will be mounted on the side of the pulleys with a 

black card as the background. For pedagogical reasons, the camera and card mount are made 

to be steplessly adjustable so that learners can explore the effect of the camera and background 

distance on computer vision. The effect of background distance relative to the camera is shown 

in Figure 50. The background can also be fully removed. Details on the stepless adjustable 

mount will be described in section 2.3.11. 

 

Figure 50 The images captured by the USB camera when the black background is near (left) 

and far (right), steplessly adjustable for pedagogical purposes. 
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Future improvements will need to focus on making the algorithm work for the transparent glue 

stick, as the light reflection is not 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 for the long-term usability of the FrED, it should be able to work with 

transparent glue sticks as well as solid-colored ones. 

 

Figure 51 The diameter measurement algorithm works well with solid-colored glue sticks by 

having the light reflect off it to appear white to the camera regardless of the color, but it 

doesn't work as well for transparent glue sticks. 

2.3.9 Improving Cooling  

The higher cooling capacity allows the fiber to be fully solidified before measurement takes 

place and, in addition, helps to reduce the height of the tower and increase the maximum 

production rate. Gradual cooling also helps in reducing the residual stress within the fiber. It is 

noted, however, that unlike in actual optical fiber production, where the cooling rate is 

controlled and has a maximum rate so as to avoid defects due to 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 using a 45-degree mount, 

delivering a maximum of 6.08 Cubic Feet per Minute (CFM), or 172.2 Liters per Minute. The 

angled mount ensures that air always intersects the fiber, such that the heated air around the 

fiber can be replaced to increase heat transfer by convection, as compared to a flow parallel to 

the fiber. 
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Figure 52 40mm axial fan used on the old FrED (left), mounted on a 45-degree angled fan 

mount (right) 

 

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

During testing, the problems of this design are apparent: it is not strong enough to fully cool 

the fiber and for the wind to reach the spooling system at the base of the FrED. This means that 

the fiber is still sticky when it reaches the pulley, generating vibration, and 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 validate the identified problem, the team manually held a secondary fan of the 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 temperature scanner (Figure 

54), which could detect temperatures in a small area, but it was later found to be still insufficient 

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

too costly. 
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Figure 54 Infrared Temperature Scanner, which was found to be unable to measure the 

temperature of a small area like the fiber 

Using RCA, it is found that the 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 12V are available with higher flow rates, but the team decided against 

them due to lower availability (40mm fans are commonly used in 3D printers and, therefore, 

are more affordable and available). The inherent thinness of the fiber also poses a significant 

challenge, where the area of the column of air exiting the fan is much larger than the fiber, and 

therefore, most of it is not used for cooling and simply flows past the fiber. Given the same 

flow rate, a radial fan would do a better job at cooling because of its smaller opening and, by 

conservation of mass, have higher wind velocity. This enables a better rate of heat removal due 

to higher velocity, and the wind can have a further reach to make most of the tower height 

effective or to enable a shorter frame for easier delivery.  
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Figure 55 12V centrifugal fan with 6.08CFM flow rate. Wind speed is increased due to a 

reduction in exit area for improved convective cooling and further reach (Left), VS axial fan 

with similar specifications (Right) 

For educational purposes, it is also desirable to have cooling not be at full capacity in the 

optimal operation scenario to give learners space to explore above and below the optimal point 

by adjusting the Pulse Wave Modulation (PWM) percentage. As such, it is decided to add a 

secondary radial fan to increase the cooling capacity. Having two fans also attempts to remove 

the effect of the wind's sideway forces by angling both fans towards each other. To mount the 

fan, the fan frame is designed to be 3D printed using PLA, with a hole in the center for air 

intake, and was made to be symmetrical so that both fans use the same mount to reduce 

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

fiber, mounted on stepless adjustable fan frames. 

In addition, a stepless adjustable turntable is included for users to adjust the angle of both fans 

and lock it using a screw to explore the effect of fan angles on cooling. This is made possible 

by using the Print-In-Place method of FFF 3D printing, which is to print two interlocking parts 

at the same time to reduce part number and assembly step while allowing relative motion. The 

fan frame is made of two parts, the fan mount and the base mount, shown in Figure 57. Both 

parts are interlocked using a turntable to realize the stepless rotation while removing the need 

to assemble both together. The gap is adjusted so that the printer is able to print any overhang 

by bridging, and the sagging material, when bridging, will not interfere with the rotation.  
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Figure 57 Centrifugal fan mount, which is identical for both left and right to reduce inventory 

(Left), and utilized print-in-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 rejected, such as adding a fan hood to the original 45 degrees angled axial fan 

(Figure 58) to concentrate the air 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 is more affected by height than cross-sectional area. It is also challenging to guide the 

initial dropping fiber through the gap. The part is also fragile and, hence, unfit for international 

shipping. Therefore, the idea was rejected.  

   

Figure 58 Fan hood to capture and concentrate the wind to improve cooling. The idea was 

rejected due to the long time needed to print, increased difficulty for the user to guide fiber 

into the hood, and the fragility. 

There was also an attempt to increase reach by adjusting the angle of tilt of the axial fan from 

45 to 75 degrees, as shown in Figure 59. This method showed improvement, but stickiness still 
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remained, which means that even with the optimal fan orientation, there was still insufficient 

cooling. 

    

Figure 59 Axial fan mount with more tilt angle (75 degrees) to allow for the wind to travel 

further. The idea was rejected due to the wind being insufficiently strong.  

A further attempt with the axial fan was the inclusion of a Peltier module (Figure 60), which 

makes use of the thermoelectric effect, which 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 Celsius. The Peltier module is often used in products such as small refrigerators for 

canned products or to cool PCs.  

 

Figure 60 The working principle of a Peltier module, also known as a thermoelectric module. 
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A Peltier module, two heat sinks, and one additional axial fan were added in a stack as shown 

in Figure 61 and Figure 62. The heat sink and fan on the cold side will 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 module, ensuring that the other side will always remain cold. 

 

Figure 61 The additional components needed, the Peltier module (left), heat sink x2 (center), 

40mm radial fan (right) 

    

Figure 62: The Peltier module is attached to the axial fan for cooler air. 

However, upon connecting the pelter module and the additional fan to the power supply, it was 

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 cold side, making it 

ineffective. The Peltier module and the fan were also drawing a 6A current, which increased 

the total power consumption of the thread beyond what the power supply was rated for. This 
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resulted in a significantly decreased performance of the stepper motor. A larger power supply 

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

Lastly, the fan holder for the radial fans was also elongated downward, as shown in Figure 63, 

in an attempt to prevent flow dispersion to the sides. However, given the increased cooling 

capacity, the dispersion was not that much of an issue, and 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 

wasn't effective and yet takes a long time to print 

 

2.3.10  New Pulleys and Mounts  

Many efforts were put into stabilizing the fiber by changing the pulleys. The initial thought 

was to preserve the PETG 3D printed pulleys (Figure 64) because of their low cost compared 

to injection-molded plastic pulleys and off-the-shelf metal pulleys. 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 mounted using screws and heated inserts on a fixed-position pulley mount, 

as shown in Figure 65 

 

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 deep V-shaped 

grooves that is readily available on the market for use in 3D printers, as shown in Figure 66. 

Although more expensive than the 3D printed version, the metal material is less sticky with hot 

glue and also provides an auxiliary cooling effect on the fiber due to its higher thermal 
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conductivity. Its larger size enables the grooves to be deeper, hence reducing the likelihood of 

the fiber coming out of the groove due to the traversing motion of the spool. Additionally, it 

also has bearings at the center, which replaced the sliding contact of the plastic pulley on a 

smaller screw, enabling the mount to be the same size as the hole.  

 

Figure 66 Large black metal pulley with bearings, selected for use on FrED 2023 

In the process of testing different pulleys, it is observed that in the 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 the width of the pulley, as shown in Figure 67. But tightening the 

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

assembly. 

 

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 axle also cause the pulley to move in the 

direction of the threads as it rotates. Having a gap between the retaining walls and the pulley 
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also meant horizontal movement of the pulleys when the spool traverses. This is a problem as 

the pulley is supposed to be at the center of the frame tower, and any deviations will result in 

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

inner diameter of the pulleys often exceeds that of the screw axle, which means that the inner 

diameter of the pulley is not press fit onto the axle. This is not a big 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 vibration. There is, therefore, a 

need to clamp down the bearing using an alternative mounting solution while maintaining 

sufficient space for the pulley to rotate. 

The solution is a ball mounting clamp shown in Figure 68. The retaining wall is designed to 

have the same width as the pulley, but the ball protrusions have a larger diameter than the inner 

diameter of the pulley, which means that the ball protrusions will be pushed away in order to 

mount the pulleys. This creates a clamping force because the rigid 3D-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 completely solved the issue of vibrating in any axis of the pulley and also 

ensured that the center of the pulley was always aligned with another pulley that was mounted 

on the tower of the FrED. In addition, not only does this design remove 2 components for each 

of the pulley mounts, but it also enables easy attachment and removal of the pulley by the 

assembler or the user. 

   

Figure 68 Ball mounting for the pulley to ensure repeatable mounting position but yet doesn't 

restrict rotation. Also reduces 2 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 is also no shifting of the fiber 

within the groove over a wide range of fiber diameters. This design is also carried over to the 

stepless adjustable camera mount, which will be described in detail in section 2.3.11. 

The following are the pulleys tried and rejected for various reasons. Firstly, without changing 

the PETG printing material, the team attempted to change the surface roughness properties and 

the surface stickiness properties. Surface roughness is changed by using the fuzzy skin settings 

in the Cura 3D printing slicer, as shown in Figure 69. The idea is to reduce the contact surface 

area with the fiber by introducing small protrusions in the surface. In total, three different 

surface finishes were printed. However, the problem of sticky fiber is still present, and therefore 

the idea is rejected. 

 

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: a silicon-based lubricant spray and a Teflon-based dry 

lubricant spray, as shown in Figure 70. Each of these sprays was used on the original pulley 

and a fuzzy skin pulley (Figure 71). However, the issue of fiber sticking to the pulleys persists. 
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Figure 70 Aerosol sprays used to reduce surface stickiness 

 

Figure 71: Original pulleys were treated with surface coatings using aerosol sprays, but 

stickiness persists, as seen from the hot glue residues. 

Because the pulleys were mounted with an M3 screw as the axel and tightened using 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 fiber. However, when I presented 

the idea to Dr Brian Anthony, there were concerns that a non-rotating pulley would cause 

additional and unwanted tension in the fiber and, therefore, distort the shape or the diameter of 

the fiber. Therefore, this is not a solution. 

The team then explored injection model off-the-shelf plastic pulleys with various groove depths 

and pulley widths, which are more costly than the original 3D-printed pulleys. A total of three 

different sizes of plastic pulleys (Figure 72) were tested, but stickiness persisted. It is also 
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discovered here that having a wider and deeper groove helps prevent the fiber from escaping 

the groove due to the traversing motion of the spool. 

 

Figure 72 Off-the-shelf plastic pulleys with different groove depths and pulley widths, but no 

significant improvement in the stickiness of the fiber to the pulleys. 

Metal pulleys were then looked into. Starting with low-cost metal pulleys that are small and 

narrow but have deep grooves and moving to wider pulleys. Stickiness drastically improved, 

and ball bearings helped to guide the fiber smoothly despite the mass of the pulleys increasing. 

The team also realized 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 has a limited radius for the depth of the 

groove. As such, pulleys with a larger diameter were considered. Similar to the small-diameter 

pulleys, two different widths were considered for the large pulleys. Testing the large-diameter 

pulley with wide and deep grooves yielded the best result in terms of non-stickiness. The black 

metal pulley is finally selected to be used as it is lighter and more cost-effective than the shiny 

large metal pulley. The range of metal pulleys tested is shown in Figure 73. It should be noted 

that all the stickiness tests were done at the same fan cooling speed to remove additional 

influencing factors.  
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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, the update to the pulley and the mount not only reduced the stickiness-induced 

vibrations and ensured the centrality of the pulley with respect to the frame tower but also 

simplified the assembly process and reduced the number of parts. 

 

2.3.11  Stepless Adjustable Mount & Tensioner 

In the process of testing different pulleys, it was realized that the distance between pulleys 

reduces the amount of vibration, But the current camera mount is not able to modulate the 

position of the camera or the position of the pulleys. As such, a new modular camera and pulley 

mount is developed. The adjustability proved to be valuable in testing the distance and number 

of pulleys required.  
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Figure 74 Temporary pulley mounts used for development, enabling rapid prototyping and 

spacing adjustments 

However, recognizing the usefulness in pedagogy, a stepless adjustable mount, shown in Figure 

76, is devised, which makes use of a screw to lock the position and a guiding rail for stepless 

adjustability.  

 

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

positions of the camera, background, pulleys, etc 
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Multiple iterations have been made to ensure smooth adjustability. It was found that the gap 

between the slider and the linear guide should be 0.15-0.2mm to accommodate 3D printing 

variation; a thicker linear guide ensures a stronger slide, and wider slides reduce the chance of 

having stoppages during adjustment.  The screw stopper is also moved to the side for easier 

adjustment by hand.  

   

Figure 76 Cross section of the linear guide, which is identical for both the vertical and 

horizontal guides (left), with sufficient width to reduce the chance for self-locking (right) 

As shown in Figure 77, the fiber seems to be stable to the naked eye. However, it is still not 

stable enough for the camera.  

 

Figure 77 The stepless pulley mount in action which 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 added. This time, the pulley holder is designed to hold the pulley 

from one side and also to keep the pulley in place with a notch. The fiber will be routed from 

underneath the pulley, unlike the other two pulleys, as shown in Figure 78 

 

Figure 78 The final 3-pulley system, with two longer pulley mounts to have the fiber go over 

them and keep it vertical for the camera to observe, and a third shorter pulley mount, which 

allows the fiber to go underneath the pulley. The third pulley mount can be adjusted 

vertically to vary the tension in the fiber for better stability when viewed from the camera. 

Adjusting the single-sided pulley mount adjusts the amount of tension needed for the fiber to 

be stable (Figure 79), and the vertical linear rail has multiple sets of holes so that it can be 

mounted at different locations to the horizontal rail, ensuring sufficient length for the tensioner 

pulley.  
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Figure 79 Illustration of the adjustability of the top pulley mount for tension adjustment. 

These solutions successfully reduced the stickiness of the fiber by cooling and pulley material 

choice, and together with anti-vibration measures of pulley distance modulation and tensioner, 

the fiber is stable enough for the computer vision-based diameter measurement system to 

function.  

Figure 80 shows a picture taken from one of the frames of the live feed of the camera, showing 

fully stabilized and good fiber that enables the edge detection algorithm to function properly 

to measure the diameter. 
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Figure 80 Fully stabilized fiber after switching to dual centrifugal fans, metal pulleys, and 

stepless adjustable pulley mount with tensioner pulley. 

 

2.4 Frame  

The frame of the FrED serves the functional purpose of holding different components of the 

FrED together into a compact form factor while 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 adjustability and modularity of the extruded 

aluminum profiles by allowing components to be easily adjusted in position by loosening and 

tightening a few bolts and nuts. However, these aluminum frames come at a high cost, which 

the team solved by using acrylic sheets 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 in Figure 82, fabricated from the FFF 3D printing 

process and glue with Hex M5 screws, allow for easy removal and attachment 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 components [5]  

 

Figure 82 Thumb Screws for securing components along the backing of the frame [5]  

The backing of the frame is supported by a rib to form the tower of the frame, as shown in 

Figure 83. A water-thin solvent cement, SciGrip Clear, was used; it's an acrylic cement used to 

join the rib to the backing. It takes around 10 to 15 minutes to set initially but can take up to 

24 to 48 hours to cure to full strength [38]. 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 upright, as all the screws are fitted top-down, 

thus reducing the need for reorienting FrED during assembly.  
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Figure 83 CAD (Left) and manufactured (Right) Tower Support of the FrED 2022 Frame, 

consisting of a backing, a rib, and three sets of brackets [5], [6]  

The base of the frame has holes, which allows for the mounting of the T tower and the gearbox 

on the top using M5 inserts. On the underside, a drawer used to hold the PCB and electronics 

was attached, and the entire FrED sat on top of three 3D-printed feet 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 shown in Figure 84 



 

90 
 

 

Figure 84 Full frame of the FrED 2022 

 

2.4.2 FrED 2023 Frame 

There are 3 main changes to the FrED 2023 frame: a more compact design, simplified assembly 

processes, and integrated feet. This enabled the cost to be reduced from $19.49 to $3.9 

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

 

2.4.3 Compact and Lighter Frame 

As one of the goals of the 2023 FrED is to further reduce costs to under $150 and be lighter for 

shipping purposes, the frame of the previous FrED was identified to be the component with the 

potential for reduction in cost. The 2022 FrED frame costs $20.15 and 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 material is reduced to 1/4 inch as the mass of the components acting on the 

frame is effectively countered by the T-shaped geometry of the back and the rib, which forms 

the tower, and the base doesnôt bend with the small mass of the device. This thickness is the 

minimum that is compatible with the M5 heated inserts, which are used to mount the gearbox 
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and the tower. The thumb screws now use shorter screws in it and hence reducing cost. The 

raw material size is increased from 24 x 24 inches to 24 x 36 inches, which is the largest that 

the laser cutter is able to cut. This reduced the per cubic inch cost from $0.224 to $0.113, 

reducing cost by 49.5%, as shown in Table 4.  

Table 4 Table of acrylic cost from different suppliers and sizes 

Size (in) and Supplier Cost (USD) Cost/Volume ($/in3) 

McMaster 24x24x3/8 [39] 48.31 0.224 

McMaster 24x24x1/4 [40] 32.57 0.226 

Amazon 24x24x1/4 [41] 28.15 0.195 

Amazon 36x24x1/4 [42] 24.5 0.113 

 

Multiple design changes have been made to reduce the area of the acrylic used. Starting by 

reducing the width of the rib to avoid impeding the userôs ability to tighten the thumb screws 

(Figure 85). The bottom of the rib still maintains a wider width to mount to the back and the 

base using a bracket, which will be described later. Thereôs also a slot added to the rib to hold 

the wires and prevent too much tension in the wires from loosening the solders on the fans or 

the crimp connectors.  

 

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

The original mounting hole design on the back of the frame separated 50mm horizontally and 

20mm vertically, is 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 addition, thanks to the more powerful cooling system, 

the height of the back and rib can be reduced. As seen in Figure 86, the area of the back and 

rib is reduced by 40% and 30% respectively.  

 

 

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

frame (Right) 

Next, the base of the frame was completely redesigned in order to have a smaller footprint, as 

shown above in Figure 86. 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 the direction of the stepper motor, which was later changed to the DC motor, 

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



 

93 
 

(Figure 87). This requires some of the components to be reversed within the gearbox, but the 

key designs of the gearbox are not changed.  

 

Figure 87 Flipped gearbox and DC motor upgrade. 

The rearrangement of the components on the base resulted in approximately 35% reduction in 

area. Alignment features, such as alignment tabs, have been added to all frame components in 

order to assist with assembly according to DFMA principles. 

 

 

2.4.4  Simplified Assembly Processes 

As mentioned above, the use of adhesives to join the back to the rib is a time-consuming process, 

which increases the number of Work-In-Progress (WIP) inventory, and the team wishes to 

replace it with a less time-consuming process. The initial idea was to use a T-slot design to join 

two perpendicular panels, as shown in Figure 88, 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 restrict its rotation during tightening of the screw. This T-slot 

mechanical joint is used both to join the rib to the backing and to 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 parts have been reduced from the entire 

FrED assembly. 
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Figure 88 Design of the T-slot to allow for screws and nuts to be tightened. 

The compressive force on the acrylic could potentially cause cracks as acrylic is brittle. To 

combat that, several slot designs are tested to failure to determine the most suitable design. 

Figure 89 and Figure 90 shows the stress test of 4 different T slot designs (Right to Left):  

1. (Rightmost) Non-recessed T slot with no corner filets 

2. Non-recessed, corner fileted T slot 

3. 1mm recessed, corner fileted T slot 

4. (Leftmost) 2mm recessed, corner fileted T slot 

 

Figure 89 CAD of the T-slot stress test with 4 different designs aimed to reduce corner stress 

concentration and cracking 
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Figure 90 T slot stress test with 4 different designs, including recesses or non-recessed, 

fileted, or non-fileted, with the fileted non-recesses T slot being able to withstand 540 degrees 

of tightening past the hand tighten point. 

Each T slot was tested with a fresh set of screws and nuts, first hand-tightened and then 

tightened with an Allen key until cracks were observed. The degree of tightening of the screw 

from the initial hand-tightened position was recorded, and the stress on the screw was then 

released so that it did not affect the next T-slot. The experiment was then repeated using another 

setup, with the first and second T-slots swapped in position and the third and fourth T-slots 

swapped in position to eliminate the possibility of being on the outermost side influencing 

cracking. As seen from Figure 90, the non-recessed, corner fileted T slot was able to withstand 

a 540-degree rotation before cracks were observed. Very loud creaking noises were heard in 

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

Therefore, the T slot has a sufficient margin of error for overtightening.  
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Figure 91 Compression-induced cracks weaken the ability of the T-slot to secure the tower to 

the base, leading to easier fractures when moved around. 

However, after prolonged usage, it is observed that the T-slot design causes cracks to propagate 

and weakens the mounting area. One of the devices was broken just by carrying around, as 

shown in Figure 91, having only been manufactured for 1 month. In addition, compared to the 

original bracket mounting design, the T-slot design requires users to reorientate the FrED in 

order to assemble the tower onto the base. Therefore, the decision is made to replace the T-slot 

design entirely.  

To secure the tower to the base, which will be done manually by the user, the team decided to 

use a new bracket design, as shown in Figure 93. The brackets secure from behind the tower 

instead of from the front and the side as in the old FrED (Figure 92), reducing part count, and 

because the front of the tower is heavier, the 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 a top-down direction. The user also doesnôt need to rotate the FrED device to attach the 

tower to the base. 
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Figure 92 Tower mounting brackets of FrED 2022 

   

Figure 93 CAD of the latest bracket (left), which 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 that they can be used for either side, and all 3 sides 

are the same so that the assembly is orientation neutral and can 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 to secure both brackets with the rib. The bracket can be further 

redesigned to be one piece that presses down on the ribôs curved protrusion to replace the need 

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 into the back, but the usual 

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

and, therefore, requires a lot of calibration to achieve press 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 in Figure 94. The bracket is carefully designed to not interfere with the thumb 

screw geometries.  

 

Figure 94 Top mounting bracket to replace the acrylic adhesive to reduce assembly time, and 

is designed to not interfere with the thumb screws. This also replaces the press fit design, 

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

Using both brackets eliminates the time-consuming process of using adhesive to join the rib to 

the back. Overall, the number of parts also reduced. 

 

2.4.5 Integrated Feet with Dampener  

The decision by the 2022 team to use a three-legged design instead of four because of the 

inconsistency of 3D printing resulting in height differences in the legs was reverted. The 

problem of height inconsistency still exists but is mitigated with rubber attachments to the base 

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 

reduce noise during operation and also provides a firm grip with the table surface instead of 

being easily dragged around which makes screeching noises. Multiple rubber feet were 
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experimented with, shown in Figure 95, and the third option was selected as it has the best 

balance between vibration isolation, elasticity, aesthetics, and cost. 

 

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

elasticity, and cost. The third foot was selected for 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 sufficient space for the 

separate slider mechanism to be mounted to the underside of the base using M3 threaded inserts 

and screws like 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 the principles 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 frame base, which has a 

smaller area, this design is no longer feasible. 










































































































































