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Abstract

This thesis presents two novel desktop fiber manufacturing systems and a desktop
fabric manufacturing system. The desktop fiber manufacturing system achieved two
goals. The first goal was the use of the system to teach smart manufacturing fun-
damentals. The second goal was to develop a low-cost platform for prototyping the
fiber for biological and neurological research applications. The educational system
was deployed in multiple classes, which proved to be a useful tool for teaching smart
manufacturing. The advanced fiber manufacturing system was able to produce a vari-
ety of fibers using different preform materials. The preform materials included fibers
with Polycarbonate(PC) core and Polymethyl Methacrylate (PMMA), hollow fibers
with PC and PMMA, and 3 layer fiber with Polystyrene (PS) cladding, Polycapro-
lactone (PCL) layer, and PS core. These fibers were used for neural probing and
cell scaffold. Finally, a generalized approach to designing a desktop fiber prototyping
system is introduced.

For the fabric manufacturing system, a novel knitting process was invented. Niti-
nol (NiTi) wires exhibit either shape memory properties or super-elastic properties.
There has been extensive research progress on using conventional knitting machines
to produced knitted fabric with shape memory Nitinol wires. However, there has
not been any development with knitting the fabric using super-elastic Nitinol wires
without preprocessing. With the new system, the super-elastic Nitinol wires can
be directly knitted without preprocessing the wire to loop shapes. The new system
significantly reduces the processing steps to make knitted super-elastic fabric. The
resulting fabric showed large strain capabilities at low stress. This thesis will describe
in detail the design and fabrication of the fabric knitting system. It will also discuss
the property of the knitted fabric produced from the system. The model was intro-
duced to characterize the stress and strain relationship of the fabric. The model was
also validated with the experimental data. The generalized approach in designing the
super-elastic fabric system is also introduced. The relationship between the resulting
fabric properties and the design parameters are discussed.
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Chapter 1

Introduction

The fiber and fabric manufacturing has been an integral part of human history since
ancient times. From ancient times, weaving clothes and producing fibers from cotton
and animal furs led to the evolution of the economy, maintain health, and eventually,
the industrial revolution. In modern days, the fiber has positioned itself as high-value
material by being used as optical communication transmission material used globally
to connect the entire world. Although both fiber and fabric technology existed for such
a long time, there are still needs for innovation in both areas. This thesis will discuss
the innovations that were made in the fiber drawing process for smart manufacturing

and fabric knitting process for advanced materials.

1.1 Background

1.1.1 Optical Fiber Drawing Process

Optical fiber drawing has been a crucial process that supported significant commu-
nication innovations with the spread of the Internet around the world. The typical
fiber draw tower is shown in Fig. 1-1. The typical optical fiber drawing process fun-
damentally follows from the preform feed into the radiative heater. Then the heated
preform is pulled with the controlled velocity at the capstan assembly. Fig. 1-2 show

the different sub-systems on the industrial optical fiber draw tower. The preform is
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Figure 1-1: The example an industrial optical fiber draw tower [1]

fed into the heater by a linear stage. The preform is fixed with a three-jaw chuck,
such as shown in Fig. 1-2a. As the preform is translated, it enters the heater. The
radiative heater is shown in Fig. 1-2b. The fiber then goes into the capstan system
shown in Fig. 1-2c. The capstan will change the velocity to control the diameter
of the fiber. The system used multiple sensor systems to control the quality of the
fiber. The first sensor system is the temperature sensor. The temperature sensors
and controllers are shown in Fig. 1-2d. It can be noted that three screens and three
yellow wires indicate 3 zones for the heater. The heater zones are separated along

the path of the fiber, and different zones can be seen in the radiative heater as well
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(a) The preform feed mech-
anism

(b) The radiative heater

(d) The temperature con-
troller

(¢) The capstan mechanism

(e) The tension sensor (f) The laser micrometer

Figure 1-2: Industrial fiber tower sub-systems
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with three yellow wires. For industrial optical fiber drawing, the tension of the fiber
is also monitored. Fig. 1-2e shows the tension sensor and how the fiber goes through
the sensor. The fiber will contact 3 pulley wheels. The middle pulley has a load
cell that measures the force applied on the pulley wheel. The last sensor that the
industrial tower has is the laser micrometer—the laser micrometer displayed in Fig.
1-2f has 2 perpendicular measurement capabilities. This can detect the eccentricity
of the fiber. Depending on the different brands and models of the tower, there may

be other sensors and actuators, but the essential components were shown in Fig. 1-2.

The optical fiber drawing process is complex and challenging to control. Consid-
erable research effort has taken place to improve the fiber drawing process. As early
as the 1970s, the efforts were taken to model the optical fiber drawing process. The
initial models focused on the neck-down shape and the temperature distribution, and
the model was verified experimentally [2|. This initial model was further developed
into different solutions for non-isothermal conditions [3]. In addition, the modern
approach using iterative methods to improve the model was introduced by Choud-
hury et al. . [4]. The modeling methods were better improved by identifying the
critical parameters to the process of optical fiber drawing and including the practical
aspects of the drawing process such as gas flow and iris opening sizes [5,6]. From
the developed models, work was done to simplify the model [7], along with work to
enable high-speed production as well [8,9]. The optical fiber drawing process was fur-
ther perfected with research involving the implantation of stochastic characteristics
on the numerical simulation model [10] and investigating which parameters on fiber
drawing stabilizes the fiber diameter [11|. These improvements in the models led to

the development of better control methods with the optical fiber drawing process.

In addition to the numerical modeling, controlling the diameter of the optical fiber
was extensively researched in the past. The conventional optical manufacturing pro-
cess is using the thermal drawing process. The optical fiber draw process heats the
large diameter glass rod (preform), which then is pulled axially out of the furnace to
generate a thin cross-section [2]. From the main principle, multiple control methods

to maintain the steady diameter output of the fiber were developed. In the early
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Figure 1-3: The example of weaved (Left) and knitted (Right) fabric [18]

1990s, Mulpur and Thompson developed a modal diameter control method based on
the simulation approach [12]. They made assumptions on isothermal and utilized the
modal control method. Mulpur and Thompson then expanded their research into
applying nonlinear control on the optical fiber diameter [13]. Afterward, state-space
modeling of the optical fiber drawing process and using the state-space model with
Linear Quadratic Gaussian optimal controllers was investigated [14,15]. The better
modeling of the neck-down profile and controlling the process using draw tension
allowed high-speed production [16]. The research was further developed to produce
a reduced-order model that can be utilized with robust control methods [17]. As a
result, there is clear evidence of an in-depth investigation of controlling the optical
fiber manufacturing process. All the research mentioned above focuses on developing
a better model and control strategies to maintain the diameter at a set point. As
mentioned in [14], as setpoints vary, the new state model has to come from CEFD
in conventional control architecture. If a research effort was to target for the devel-
opment of fiber with varying diameter along the length of the fiber, both hardware
that reduces the cost of prototype and software that can control the varying diameter
are required. This thesis focuses on the hardware development to prototyping such

innovative fiber.

1.1.2 Fabric Manufacturing Process

The fabric production existed for thousands of years around the world. It was also the
main process that led to the first industrial revolution. The process can be generally

classified into two methods: weaving and knitting. The produced fabrics from weaving
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Filling Insertion . Shedding

Figure 1-4: The weaving method to produce fabric [19]

and knitting are shown in Fig. 1-3. The weaving method and knitting methods are

very different in both the production stage and the resulting fabric properties.

The weaving produces a fabric with more rigid properties. The typical weaving
machine is shown in Fig. 1-4. The weaving process is done by shedding the fibers
using the two frames. The two frames slide up and down in Fig. 1-4 separating the
fiber rows in up and down locations indicated as red and white fibers in the figure. For
each shedding motion, a filling is inserted. The filling is another strand of fiber that is
inserted to create a new filled row each time. After the filling, the newly created row
is beat-up into the final fabric and gets collected into take-up roll, as shown in Fig.
1-4. The weaving process existed over thousands of years, and the improvements to
actuators and precision machine design made the system faster, but the fundamental

method stayed the same.

The modern knitting was first introduced in the patent from the 1800s [20]. The
typical knitting machine is shown in Fig. 1-5. The knitting machines use multiple
latch needles. An example of the latch needle is shown in Fig. 1-6. The details
of the knitting machine mechanism and operation are explained in Section 4.1.1.

The knitting machines utilize multiple knitting needles to form many knits with one-
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CARRIAGE

Figure 1-5: The conventional manual knitting machine

directional travel of the carriage quickly. The carriage contains a cam surface that
pushes and pulls the needles in a coordinated manner so each needle will grab the fiber
feed correctly to form the knits. This highly organized mechanism did not change
since the industrial revolution time but improved efficiency with new actuators over

time.

1.1.3 Smart Manufacturing

Smart manufacturing was introduced with the growing applications on Big Data
and the Internet of Things (IoT). Before, the acquisition, storage, and processing of
the large data were too expensive. However, with recent innovations with storage
solutions and the Graphics Processing Unit (GPU), the concept of 'Big Data’ became
popular. The cost reduction of communication modules and sensors led to the wide
applications of ToT. The use of IoT to get the big data for manufacturing purposes
would define what the Smart Manufacturing is.

In recent years, the development and implementation of smart manufacturing and
smart factories have gained momentum. Manufacturing systems must become easier

"in order to follow the customers’ increasing demands

to reconfigure, and "smarter,
for high quality and customizations [21|. The smart manufacturing system will be key

to economic value by enabling more types of product and more product variations [22].
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HANDLE

Figure 1-6: A knitting needle used in knitting machine

Policy

(Controller)

State / Reward Action

(Sensor Reading) (Control Input)

Environment
(Mfg. Process)

Figure 1-7: General schematic of how machine learning interacts with fiber system [26]

In the past, smart manufacturing solutions would have a high cost associated with
the collection and storage of the data. Data-enabled smart manufacturing systems
are made possible through the evolution of capabilities in the Internet of Things
(IoT) and Big Data [23, 24| infrastructure as the demand for smart manufacturing
systems increase, the need for training and education increases as well. Workforce
education on smart manufacturing systems is one of the ten priority actions for smart
manufacturing [25]. This thesis discusses an instrumented, controlled, and a data-
enabled scale version of an optical fiber drawing system. This system is used to teach

the foundational knowledge about the smart manufacturing system.
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1.2 Data Analytics and Process Control Education

With the growing demand for smart manufacturing, educating people with smart
manufacturing has become a paramount need. The system that was developed for this
thesis has been widely used in MIT classes. The classes ranged from on-line [27, 28]
and MIT’s class [29] offered to students. The principles of smart manufacturing come
from data analytics and process control. It costs a lot to acquire big data and test
new process control methods in the manufacturing setting. It is impractical to use
industrial equipment to teach smart manufacturing. In addition to education, the
recent rise of interest in artificial intelligence also needs equipment like the system
developed in this thesis. The foundational research in artificial intelligence (AI), es-
pecially in machine learning technique called Deep Reinforcement Learning (DRL),
has allowed AT to play complex games like Go [30] and Atari [31] better than human.
The recent development in DRL and machine learning, in general, focuses a lot on
simulation environments [32-34] or highly determinant environments [35,36]. There
still is an opportunity to research more about how machine learning techniques can
help improve the real environment and real process control with stochasticity. The
fiber manufacturing system described in this thesis allows the machine learning re-
searchers to acquire data at significantly less cost (financial and time spent). The
researchers can also implement new algorithms and control methods to see if the pro-
cess improves. The added stochasticity of the system allows the researchers to focus
on the robustness of their algorithms. This robustness will allow the researchers to
develop machine learning algorithms that can be applied to solve real-world problems
quicker. The described machine learning algorithm would interact with the developed
fiber system, as shown in Fig. 1-7. An example of the use of the fiber system for the

development and testing of the machine learning algorithm was presented [26].
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1.3 Advanced Fiber in Biological and Neurological
Applications

Despite the fiber manufacturing technology being a stable process, and having a long
history, multiple research topics in biological and neurological studies have relied on
fiber manufacturing technologies. For example, there was a research that looked at
the placement of microstructures inside the optical fiber [37]. The work was further
developed with modeling the hollow fiber drawing process [38]. The condition that
influenced the optical property of these fibers were also investigated |39]. Embedding
the micro-structure into the optical fiber was significant improvement broadening the
sensing and transmission capabilities in the optical fiber, but it was limited to optical
communications purposes.

The use of multi-material inside the optical fiber has revolutionized the capabil-
ities of fiber to be used in different applications. The general use of semiconductor
cores in thermally drawn fiber was summarized before [40]. The semiconductor core
thermally drawn fibers were demonstrated to be used as optical sensors [41], fiber as
a radially emitting laser source [42], and using the fiber as thermal sensor [43]. In
addition to the multi-material fiber, biological application fibers were researched as
well—the use of fiber for optical spinal cord probing [44]. Probing neural activity
and neuromodulation through waveguide [45,46|, and fiber that combines waveguide,
electrodes, and microfluidic channels to interact with brain circuits [47]. In addition
to interacting with brain and neuron activity, the fiber research has also been focused
on connecting the severed nerve using the fiber. The research proved that porous
fiber could be thermally drawn to grow nerve cells in the direction guided by the
fiber [48,49|. These fibers are called neural scaffolds, and it is known to accelerate
the neuron cell connection process.

The examples of the use of multi-material fibers and their biological and neurolog-
ical applications are significant. The industrial optical fiber manufacturing equipment
is not low cost [50]. Most of the above mentioned thermally drawn fiber examples

require long prototype steps and difficult to tune the parameter to create different
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prototypes in short terms. This thesis will introduce a system that is low-cost com-
pared to the industrial optical fiber manufacturing system. The system presented in
this thesis will also allow small volume fabrication of the fiber samples, which will

allow the researchers to try different parameters of the sample fiber in short terms.

1.4 Knitting Advanced Fibers

There has been considerable research progress with advanced knitting fibers. Such
examples come from knitting the shape memory alloy (SMA) Nitinol (NiTi) fibers.
The NiTi was first invented in Naval Ordnance Laboratory [51,52]. NiTi has two
unique properties that distinguish itself from other metals. Depending on the set
austenite temperature, the NiTi can be an SMA or super-elastic. The SMA effect of
NiTi comes from solid-state phase transformation, also called as martensitic transition
[52]. When NiTi is heated, it assumes the austenite phase. At low temperatures,
NiTi changes to martensite. The physical deformation changes the martensite NiTi
to be detwinned. Heating the detwinned NiTi would transform the NiTi to the
austenite phase, which is returning the material to its programed shape [53]. When
the material is cooled, it returns to the martensite phase but the twinned arrangement.
The temperature in which solid phase transition happens can be controlled with the
composition of Nickel and Titanium in NiTi. When the austenite transformation
finish temperature is lower than room temperature, the NiTi will display the super-
elastic properties at room temperature.

The SMA NiTi fiber has been used extensively in fabric research. The foundational
research that allowed the SMA fiber to be knitted as active fabric started in 2013
[54]. The 2013 paper by Abel et al. . [54] introduced how different knit loops can
provide different actuation characteristics. This work was further developed with
more generalization and experimental verification [55]. The article [55] also relates
the knit fabric’s geometric property to the performance of the knitted actuator. After
the classification and modeling effort, the knitted SMA fabrics were made as self-

fitting wearables [56]. The introduction of self-fitting wearable with SMA led to many
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research developments. There more efforts on performance modeling [57|, verifying
the performance experimentally [58] and improvement on self-fitting wearables [59).
The research efforts led to some novel application of using SMA fabric for maintaining
air pocket in clothing for fire-fighter protections [60]. The constant effort in improving
the use of SMA in fabric shows that there is strong demand for producing a fabric
with advanced materials.

Despite considerable research effort in the use of NiTi fiber for knitting fabric,
there is an opportunity for development for knitting fabric with super-elastic NiTi.
The super-elastic NiTi is used widely for medical devices such as guidewires and
cardiovascular stents [53|. The typical manufacturing approach using super-elastic
NiTi is limited to machining, laser cutting, and manual forming. An improvement
of manual forming was presented in an article before [61]. Koon et al. showed that
super-elastic NiTi could be knitted with fixture and baking and conventional knitting
machine. This work had a high impact because it allowed highly dense knitted fabric.
Fabric with higher density allowed better load capabilities. The limitation of this
fabric fabrication method is that it has too many processing steps. For different
loop geometries, new fixtures would have to be made. After that, the wire had to
be formed into a loop shape with the fixture. The formed fiber is then put into
the oven for 15 minutes in 400°C. Finally, the thermal processed NiTi fiber can
be manually knitted with a conventional knitting machine. If there is a need to
continue knitting extended length, this method is impossible to continue as fabric in
the knitting machine cannot be reattached back to the fixture for manual forming.
The new fabric system presented in this thesis will solve this problem by directly

knitting the super-elastic fiber without thermal processing.

1.5 Summary and Overview of the Thesis

This thesis introduces 3 different machines that were developed: a fiber system for
education, a fiber system for advanced fiber prototyping, and a fabric knitting system

for advanced fiber. For the fiber system for education, the mechanical design of
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each component of the system is discussed. After the process of fiber, drawing is
modeled, and open-loop data was acquired to design the closed-loop controller for the
process. Finally, the fiber drawing experiments with a designed closed-loop controller
was performed, and the results were analyzed. For the fiber system for advanced
fiber, more focus on the resulting fiber types were emphasized. The chapter still
starts with a discussion of the mechanical design of the components as the system
was revised significantly. Moreover, the revised controller design is discussed. After
the system development discussion, the experimental section is presented. In the
experimental section, details about different types of fiber preform preparations and
different fiber that were prototyped are presented. In the next chapter, fabric knitting
system development is discussed. The conventional knitting method is investigated in
limitations on knitting super-elastic fiber is identified. With the limitations in mind,
a new knitting process was designed. The mechanical design of the components to
implement the new process is then presented after the presentation of the system.
The resulting super-elastic knit fabric’s stress and strain property is modeled and
compared to the experimental data. This thesis ends with the conclusions which
discussed the future application of the three systems and further research that lies

ahead for the projects.
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Chapter 2

Desktop Fiber Manufacturing System

for Education

This section discusses the desktop fiber manufacturing system that was built for ed-
ucational purposes. The initial hardware that was developed for the educational
purpose was presented in a conference [62]. The hardware was improved for better
performance and reliability since then. Some key functional requirements for the
education fiber system were safety and data-richness of the system. The system in-
troduced in this chapter models the optical fiber manufacturing process. The preform
material (glue stick) is heated and then pulled with controlled velocity to achieve the
desired diameter. Multiple sensors and actuators are used to introduce various sensor
types and applications to the students using this system. This system and its data

were deployed in multiple educational settings to teach smart manufacturing.

2.1 Mechanical Design

The system that was built for educational purposes is shown in Figure 2-1. The
educational fiber system has to be safe to operate in the classroom environment.
Also, the system had to produce enough data to be used for data analytics and process
control classes. For safety, the system was designed to use glue sticks, which are non-

toxic for the fiber drawing process. Various sensors were deployed to produce rich
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Figure 2-1: The Desktop Fiber Manufacturing System for Education

data for educational purposes. On top of the sensor systems, the different mechanical

systems are designed. In this section, details about each system are discussed.

2.1.1 Extruder System

The main function of the extruder system is to feed the preform material into the
heating chamber. The extruder system is shown in Figure 2-2. The design is similar
to the industrial optical fiber tower. This system can be divided into a feeder system
and a heating chamber.

The feeder system was composed of a stepper motor with driven gears and the
idler gears. The gears were used to provide better grip to the preform material, and
the stepper motor drove the preform material into the heating chamber at the desired

velocity. NEMA 17 stepper motor with 38mm length was used as the actuator. The
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Figure 2-2: The Extruder System Composed of Feeder and Heating Chamber

stepper motor driver board DRV8825 actuated the motors. With the design described,
the feeder system was able to feed the preform material to the heating chamber at a
controlled rate.

The heating chamber is composed of a heating chamber, cartridge heater, and
resistance temperature detector (RTD). The educational system had 2 of the 40WW
cartridge heaters. Each heater was 6.35mm in diameter and 20mm in length. Set
screws were used to fix the heater inside the heating chamber. The RTD was used
to detect the temperature of the heating chamber. The 3-wire PT100 RTD was used
with Adafruit’s RTD sensor amplifier - MAX31865 was used. The sensor amplifier
communicates with the microcontroller through serial communication to send the

temperature information to the micro-controller.

2.1.2 Cooling System

The cooling system is shown in Figure 2-3. The cooling system cools down the fiber

that comes out from the extruder system and also guides it to the spool system.
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Figure 2-4: The Fiber Production Process in Educational Fiber System

The coolant thank is filled with room temperature coolant, which was water for the
educational system. The coolant ensured that the glue-fiber is cooled enough, so it
does not adhere to rollers or other surfaces. The fiber that came out from the extruder
system goes through the two rollers in the coolant system, as shown in Figure 2-4.
The roller in the coolant system guided the fiber into the water after going through
the laser micrometer. The fiber then exits the water, and the second roller ensures

that the fiber enters the spool system without touching other elements in the system.

2.1.3 Spooling System

The spooling system is shown in Figure 2-5. The spooling system collects the fiber
and also controls the diameter of the fiber that is being produced. The spooling
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Figure 2-5: The Spooling System

system has two actuators. The DC motor with encoder spins the spool at the desired
velocity. Timing belt was used to couple the DC motor’s output rotation to the
spool’s rotation. The rotational velocity will control the diameter of the fiber that is
being produced. Stepper motor with a lead screw was used to move the spool. The
spool will collect the fiber, and the diameter of the spool will gradually increase. In
order to allow the fiber to accumulate in the entire length of the spool, the stepper
motor with lead screw translated the spool. The limit switches were used to set the
limit of how far the spool will move. The switches ensured that the fiber does not go

off the spool when the collection is happening.

2.1.4 Sensor System

Multiple types of sensors were used for this system. The use of different types of
sensors exposed the students with the experience to interact with different types of
communication methods and converting the sensor signals to the values of interest.
The first sensor that was present in the system is the limit switch. The limit switch is
one of the simplest sensors that can be used. The sensor provides an on or off signal to

the microcontroller based on the switch’s contact. The limit switches were installed,
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as presented in Fig. 2-5. As the stage contacts the limit switch at the stage end,
the limit switch closes and provides a positive voltage to the microcontroller. The
circuit design of how the limit switches are implemented is shown in Fig. 2-6. The 5V
supply from the microcontroller is connected to the one terminal of the limit switch.
The normally open side of the limit switch was connected. The other terminal of the
limit switch was then connected to the desired input port of the microcontroller. It is
important to connect the resister of high value (4.7kQ) on the input side and connect
to the ground of the microcontroller. This resister will protect the microcontroller

from drawing a larger current when the switch is closed.

The other sensor that was used is the resistance temperature detector (RTD). The
model of the RTD that was installed is PT100 from Adafruit. The RTD was selected
because it can measure high temperatures, reaching up to 550°C' [63]. The RTD sen-
sor changes the resistance according to the change in temperature. The Wheatstone
bridge circuit can be used to measure the change in resistance, as presented in liter-
ature before [64]. From the initial trials, the Wheatstone bridge produced significant
noise in the reading. Later in the development of the system, the amplifier circuit

MAX31865 was used to alleviate the noise issues.

Finally, the laser micrometer was used for sensing the diameter of the fiber in real-
time. The Keyence IG-028 sensor head unit paired with the IG-1000 amplifier unit was
installed on the mounting bracket (Keyence IG-TB02). Initially, the amplifier unit’s
output wires were directly connected to the microcontroller’s input channels. The
amplifier was able to send the diameter measurement is translated into linear voltage.

This was later changed to the serial communication method because the signal was

36



N, v <

T, ] SYSTEM [,

4
PREFORM J
N
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noisy, and the limited resolution on the microcontroller’s input channels made the
laser micrometer lose the best resolution it can provide. The laser micrometer can
provide a high-speed sampling rate, but the default setting of averaging 16 data points

with a sampling rate of 18.62ms was used [65].

2.2 Data Analytics and Controller Design

This section discusses moving from a simple model of the process to analyzing the data
for closed-loop controller design. It was discussed in the introduction that modeling
of the optical fiber drawing was investigated deeply. It is challenging to apply the
findings on silica rod drawing to glue stick drawing. The simple mass conservation
model was developed of the desktop fiber drawing system. The desktop fiber system
will then operate with an open-loop controller. The collected diameter and sensor
readings are analyzed to find any patterns. After the patterns are recognized, the
closed-loop feedback controller was designed to control the diameter of the glue fiber.

The acquired data is included in Appendix A.

2.2.1 Modeling the process

A simple conservation model of the desktop fiber system can be proposed [62, 66].

Fig. 2-7 describes the overview of the fiber system. The simple mass conservation
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equation is written as:
Ul'(dl/Q)Q'T:UQ'(d2/2>2'7T (21)

From Equation 2.1, the v; and v, represents the velocity of the preform and output
fiber respectively. The d; and dy represents the diameter of the preform and the
produced fiber. The equation’s left side represents the mass flow into the system
(Preform). In contrast, the right-hand side represents the mass flow out of the system
(produced fiber) The stepper motor’s velocity at the extruder was controlled by setting
the pulse rate. The Pulse Width Modulation (PWM) wave from the microcontroller
was sent to the stepper motor drive DRV8825. The DRV8825 moves the stepper motor
single step with a rising edge of the PWM wave [67]. From the step information, the

vy can be calculated with the following equation:

PD 27 1
vV = — - R—
Y720 20016 ¢,

(2.2)

From Equation 2.2, Pp represents the pitch diameter of the gear that drives the
preform in Fig. 2-2. ¢, represents the period between the pulse waves being sent
to the stepper driver DRV8825. In order to control the diameter of the fiber (ds),
the spool velocity has to change. The spool is represented in the mass conservation
model on the right side of the Fig 2-7. d, is the spool diameter and 0, represents the
rotational velocity of the spool. The following equation can be written to relate the
rotational velocity of the spool to vy in the mass conservation model.

0, - d,
9

(2.3)

Vo =

The Equations 2.1 and 2.3 can be combined as following:

. . 2
dy= | To-di (2.4)
1600 - 6, - d, - 1,
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Parameter | Value
Pp 8.98mm
dy 0.28"
ds 25.4mm

Table 2.1: Desktop fiber machine parameters for model

Measured Diameter of Fiber

1
0.75 rev/s
1.00 rev/s
0.8 1.25 rev/s
0.6

Diameter (mm)

0 200 400 600 800 1000
Time (s)

Figure 2-8: The raw diameter data from open-loop experiments [66|

The Equation 2.4 can estimate the diameter of the produced fiber from the control
inputs to extruder and spool velocity. This model assumes the values in Table 2.1 as

fixed parameters coming from the machine.

2.2.2 Analysis of the Open-loop Data

In order to verify the model, initial experiments took place to acquire open-loop data.
The open-loop experiments used a heating chamber at 80'C. The data were sampled
at 10Hz. The stage was set to translate at 1.25mm/s over approximately 37mm
travel in each direction. The spool velocity varied for the different experiments. The
spool velocities of 0.75rev/s, 1.00rev/s and 1.25rev/s were used. The extruder was
set to step 10Hz with 1/16 step distance per step. The NEMA 17 motor that was
used for extruder has standard 200 steps per step, but with a 1/16 step setting, it

can have finer resolution. The Equation 2.2 already included this 1/16 step division.
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Figure 2-9: The raw diameter data from open-loop experiment with spool velocity of
1.00rev/s

The acquired data from this experiment is shown in Fig. 2-8.

From Fig. 2-8 three main characteristics of the system can be observed. The first
observation was that with the higher spool velocity, the fiber diameter was smaller.
This observation agrees with the Equation 2.4. Faster spool would mean that 0, is
large, so dy would decrease with faster spool velocity. The second observation was
that despite the different spool velocities, all the diameters tend to decrease over time.
The second observation is easier to notice with Fig. 2-9. The mass conservation model
creates a horizontal line in the graph that does not change over time. Nevertheless,
the diameter measurement tends to decrease over time. Fig. 2-9 only shows one
spool velocity, but different velocities show a similar trend. The third observation is
that all the signal looks extremely noisy or oscillatory. The data has to be further
analyzed to identify what is causing these distinct characteristics and whether these
characteristics can be controlled.

Simple statistical analysis and statistical process control charts were used to iden-
tify if there were any distinct variations in the data. For the initial statistical analy-
sis, the histogram was created, as shown in Fig. 2-10. It is observed that the mean

diameter value is not in the center of the histogram’s maximum value. Also, the
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Figure 2-10: The histogram of raw diameter data from open-loop experiment with
spool velocity of 1.00rev/s

histogram has two peaks, which means that the diameter measurement is not nor-
mally distributed. The histogram shows the statistical properties of the system. The
distribution is observed to be right-skewed, which is from the increase in the diame-
ter of the spool overtime. In order to look at the time dependency of the statistical
properties, we create Statistical Process Control (SPC) charts. The Fig. 2-11 shows
the SPC chart from the spool velocity of 1.00rev/s. The SPC chart show common
process problem where data points are outside of the Upper and Lower Control Limit
(UCL and LCL). However, from the raw data, it is hard to identify whether the noise
from the data acquisition is causing the outliers. It can be inferred that polymer
fiber being drawn cannot change the diameter with a large difference over 0.1 sec-
onds; moving average can be used to introduced filtering concepts and to reduce the
influence of noise.

In Fig. 2-12, the SPC chart for diameter data filtered with a moving average of
100 samples is presented. The number of data points outside the LCL or UCL has
decreased significantly. It is observed that there is a significant number of consecutive
data points on one side of the mean line. This is likely to be caused by the spool

continuously collecting the fiber. The collected fiber increases the effective diameter
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Statistical Control Chart for Raw Diameter Data
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Figure 2-11: The SPC of raw diameter data from open-loop experiment with spool
velocity of 1.00rev/s

of the spool (ds), which from the mass conservation model, will decrease the resulting
fiber diameter (dz). The opportunity for further feedback control is introduced to

prevent the diameter drift throughout the spool collection.

Finally, the oscillatory property of the diameter data in Fig. 2-8 was investigated.
The diameter data may be showing the influence of the environmental or data acqui-
sition noise. If the oscillatory signal property is coming from the environment or data
acquisition noise, the moving average will help alleviate the influence. The moving
average would reduce the high-frequency noise in the system [68]|. It was shown in
Fig. 2-12 that even with the moving average, the data still shows strong oscillation.
The spectrum analysis was applied to investigate the sources of the oscillation. The
Fig. 2-13 shows the result of the power spectrum analysis about the diameter minus
the mean of the diameter after moving average was applied. The mean value of the
diameter was subtracted from the original measurement to reduce the influence of the
DC values. Fig. 2-13 was cropped to show only the major peak frequencies. There
is the highest peak near 0H z frequency because of the slow reduction of the fiber’s
diameter due to the spool’s diameter getting large from fiber collection. The fiber

collection and decrease in the diameter itself is a low-frequency component of the
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Figure 2-12: The SPC of filtered diameter data from open-loop experiment with spool
velocity of 1.00rev/s

diameter change. Excluding the near O0H z frequency components, two main frequen-
cies showed high power in the spectrum graph. The first frequency indicated by the
circle on the left side of Fig. 2-13 is located at 0.024Hz. The cause of this frequency
component was coming from the temperature fluctuations in the extruder system.
Fig. 2-14 shows the spectrum analysis result of the temperature measured during
the open-loop testing of spool velocity at 1.00rev/s. From Fig. 2-14, the peak is
observed at 0.019H z. This peak frequency is close to 0.024H z in the diameter spec-
trum analysis result. It can be estimated that the temperature has a strong influence
on the diameter oscillation—also, the second peak frequency in Fig. 2-13, indicated
by a circle on the right side of the figure, is located at 0.037Hz. This frequency is
equivalent to the period of 27.23 seconds. The stage in the open-loop experiments is
moving at the velocity of 1.25mm/s over approximately the 37mm length. It would
take about 29.6 seconds for the stage to travel one way. This time matches the other
significant frequency of the diameter. It can be concluded that the oscillations of the
measured diameter are coming from the combination of the temperature fluctuations

and the stage motion.
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Figure 2-13: The spectrum analysis of filtered diameter data from open-loop experi-
ment with spool velocity of 1.00rev/s

2.2.3 Closed-Loop Controller Design

After the open-loop analysis, Fig. 2-15 presents the block diagram of the new closed-
loop controller to control the process. It was found that the open-loop data is not
in statistical control. The closed-loop system will try to control the system so that
the final result is within the statistical control limits. As shown in Fig. 2-15a, the
proportional controller (P controller), is used to control the spool’s rotational velocity.
The output of the spool motor is the rotational velocity of the spool(és). This output
is sent back as the inner feedback loop to the P controller. Encoder attached to
the spool’s DC motor was used to acquire the rotational velocity. The proportional-
integral controller (PI Controller) was used to generate the command velocity into the
spool’s motor control loop. The output of the PI controller is based on the error of

the diameter measurement to the target diameter. The details of how the closed-loop

block diagram is implemented into the microcontroller are shown in Fig. 2-15b.
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Figure 2-14: The spectrum analysis of temperature data from open-loop experiment
with spool velocity of 1.00rev/s

2.2.4 Closed-loop Experimental Data Analysis and Results

The closed-loop experiment was performed, and the data from the experiment were
analyzed. The acquired data is included in Appendix A. The closed-loop displayed
in Figure 2-15 was implemented into the microcontroller. The experiments ran with
a target diameter set to be 350um. The result of the experiment is shown in Fig.
2-16. The significant improvement that can be observed is that the decay of diam-
eter over time is now missing. To verify that the closed-loop system is statistically
under control, the same approach that was taken for open-loop results analysis were
deployed. Figure 2-17 shows the histogram of the diameter measurement from the
closed-loop experiment. The closed-loop diameter measurement follows a normal dis-
tribution. The standard deviation of the measured diameter was calculated to be
0.0274mm. This standard deviation is significantly small compared to the 0.061mm
standard deviation from the original educational machine introduced in the confer-
ence before [62]. In addition to the histogram, the SPC chart was created. Fig.2-18
presents the unfiltered diameter values. The number of data points outside the UCL

or LCL has decreased significantly compared to the open-loop experimental results.
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(b) The implemented block diagram of the fiber manufacturing system
feedback controller

Figure 2-15: Fiber manufacturing system’s feedback controller

The moving average filtering was applied again to clarify if there is any strong trend.
The result of the moving average filter is shown in Fig. 2-19. The moving average
sampling of 100 points was applied. The data points after filtering are observed to
fluctuate between the upper and lower side of the average value. This pattern indi-
cates that the variations in the data were caused by random error. Finally, it is clear
to observe that the diameter decay from the open-loop experiments is now gone with

closed-loop control implementation.
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Figure 2-16: The diameter data from closed-loop experiment with target diameter of
350um
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Figure 2-17: The histogram of diameter data from closed-loop experiment with target
diameter of 350um
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Figure 2-18: The SPC chart of diameter data from closed-loop experiment with target
diameter of 350um
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Figure 2-19: The filtered SPC chart of diameter data from closed-loop experiment
with target diameter of 350um
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Chapter 3

Desktop Fiber Manufacturing System
for Advanced Fiber

This chapter introduces the improved desktop fiber manufacturing system for ad-
vanced fiber fabrication. For advanced fiber manufacturing, the consistent quality
of the product was considered an essential aspect of the design. Multiple aspects of
the machine from the educational version was improved. Also, the improved heat-
ing chamber implementation achieved a higher temperature. The advanced fiber
manufacturing system produced fibers with different preform materials and different

preform structures.

3.1 Mechanical Design

The mechanical design of the system has improved a lot from the educational version
of the machine discussed in the previous chapter. The revised system for advanced
fiber prototyping is shown in Fig. 3-1. The advanced fiber system consists of less
number of sub-systems. The system removed the spooling mechanism to directly
control and output the resulting fiber instead of collecting the fiber while controlling
the diameter. This simplification reduces the number of variables that would have
to be considered during the closed-loop control of the process. Further details of the

sub-systems are discussed.
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Figure 3-1: The desktop fiber manufacturing system for advanced fiber prototyping

3.1.1 Extruder System

Fig. 3-2 presents the extruder system. The extruder system was re-designed entirely
from the educational fiber system. The new extruder system used a stepper motor
with a gearbox to turn the roller. The roller with idler roller pinches the preform
material. The material was pushed into the heating chamber at a controlled rate.
The stepper motor is a typical NEMA 17 motor. The typical NEMA 17 motor has
a step angle of 1.8°. The diameter of the roller used for this system is 25mm. If the
roller is directly mounted to the stepper motor’s output shaft, each step will result in
the linear displacement of about 0.39mm, which is considerable. The stepper motor
controller can be used to half step, but in order to allow for smooth motion of the
preform, a gearbox attached stepper motor was chosen. The gearbox ratio is 1:100
output speed reduction. The considerable reduction in speed allows preform to move

at a slow rate with smaller step displacement. This speed reduction ensured that
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Figure 3-2: The extruder system for advanced fiber manufacturing system

the preform is fed with smooth linear velocity. In order to better guide the preform
material, the adjustable plate was placed at the exit of the stepper motor assembly.
The adjustable plate has a hole that can match the diameter of the preform. This

plate helps guide the preform into the heating chamber without misalignment.

The extruder system also includes a new heating chamber. The new heating
chamber is shown in Fig. 3-3. The heating chamber was CNC milled from the
aluminum block. The new heating chamber has 4 holes where the cartridge heaters
can be placed. The holes were drilled with a 0.25” drill. Each hole for the heater has
a perpendicular threaded hole for the set screws to be installed. The set screws will
ensure the cartridge heater to maintain contact with the heating chamber body to
make the heater more efficient. The set screws also prevent the heater from sliding
out of the heating chamber body. For this thesis, 2 of Omega’s 150W cartridge
heaters were used (model: HDC00005) [69]. There was a hole with a diameter value
of 0.125”. This hole was used to install the RTD sensor. The RTD sensor was also
fixed to the heating chamber with a set screw. The Teflon shield was placed on the
top of the heating chamber where the preform was fed. This shield helped to prevent

the preform material from overflowing in the reverse direction when the material is
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Figure 3-3: The heating chamber for advanced fiber manufacturing system

LASER MICROMETER
FIBER SHIELD
DC MOTOR
LINEAR —
RAIL N
W Niw LER PULLEY
POSSIBLE
PULLEY [
LOCATION CARRIAGE ACTUATED PULLEY

Figure 3-4: The diameter control system for advanced fiber manufacturing system

fed too fast.

3.1.2 Diameter Control System

The diameter control system assembly is shown in Fig. 3-4. Instead of the spooling
system in the educational fiber system, the diameter control system pulls the fiber in
controlled velocity to control the diameter of the fiber. The diameter control system
pinches the fiber with two pulleys and changes the velocity of the pulley to control
the diameter. Right above the diameter control system’s fiber path, there is a laser
micrometer. The idler pulley was mounted on an aluminum plate that is fixed to

the linear carriage on the linear rail. This plate is spring-loaded to push the idler
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Figure 3-5: The circuit diagram of the heater control for advanced fiber manufacturing
system |70]

pulley on the actuated pulley at all times. This spring loading allows the diameter
control system to always grab the fiber even with a varying diameter of the fiber.
The actuated pulley was rotated with a DC motor. The two fiver shields are attached
to both pulleys. These shields prevented the fiber from moving out of the pulleys.
The benefit of this diameter control system over the educational fiber system is that
the machine does not have to be stopped every time spool is full. Theoretically, as
long as the preform is continuously supplied in the extruder system, the fiber can be
produced infinite length. The lack of a spool system also removes a variable in the

control system design, as discussed in the previous chapter.

3.1.3 Sensors and Electronic Control Systems

The advanced fiber system had a similar sensor and electronic control system as the
educational system. For the extruder, the stepper motor was controlled with the
controller board from Pololu (Model: Tic T249). This controller board has a USB
interface to software on a desktop PC. This controller allowed easily limiting the
current on the stepper motor and has gain control feature to smooth the motion of
the stepper motor even with slow speed [71].

For the heating chamber, both the sensor and electronic control system was in-

stalled to control the temperature. The RTD sensor was used, as discussed in the
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above section. However, with the RTD sensor and cartridge heater, the relay-based
heater controller was used (Omega CN142-R1-DC2-C4). The circuit diagram of the
heating chamber control implementation is shown in Fig. 3-5. The Omega controller
allowed the user to set the desired temperature and used a PID controller to maintain
the set temperature inside the heating chamber.

In the diameter control system, multiple sensors were deployed. The laser mi-
crometer was installed (Keyence 1G-028 and 1G-1000) to measure the diameter of the
fiber. The laser micrometer used the Keyence DL-RS1A unit to allow the laser mi-
crometer data to be transferred to the computer via serial communication. After the
fiber passes the laser micrometer, the diameter control pulleys will rotate at the de-
sired velocity. The desired velocity is monitored with the encoder that is attached to
the DC motor. The encoder is a quadrature encoder measuring the output rotational

velocity of the DC motor.

3.2 System Control Implementation

The advanced fiber system had a similar control method as the educational system.
For the diameter control, the similar block diagram as the one presented in Fig. 2-
15. Instead of the output duty cycle being sent to the spool motor, it was sent to
the diameter control DC motor in 3-4. Although it will be discussed in the next
section, it was found that open-loop control of the system was an effective method
when controlling the diameter for various materials. As a result, using the stepper
motor controller described in 3.1.1 was set to a fixed velocity. While monitoring the
diameter of the fiber being produced, the operator would change the set velocity of

the DC motor in the diameter control system.

3.3 Experiments and Results

This section presents the different experimental results from various types of mate-

rials that this system is capable of drawing. Initially, when the machine was built,
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Figure 3-6: The glue stick fiber diameter measurement from advanced fiber system

mm

Average 1.094
Standard

Deviation 0.0282

Maximum | 1.158
Minimum | 1.014

Table 3.1: Glue stick fiber diameter statistics summary for advanced fiber system

the capability of the machine was verified using the glue stick. The same glue stick
that was used for the educational fiber system was used. After verifying the sys-
tem’s functionalities, different preforms composed of different materials were used. It

was demonstrated that neural probing fibers and the cell scaffolding fibers could be

produced from this system.

3.3.1 Initial Glue Stick Experimental Result

The glue stick fiber drawing used the feedback control system described in the above
section. The result of the experiment is shown in Fig. 3-6. From the data, the
standard statistical values were calculated. The summary of statistics is shown in
Table 3.1. From the result, the standard deviation is similar to the value that was

present in the educational system. It is important to note that the average diameter
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(a) Solid PMMA fiber (b) PC fiber with hole  (¢) PMMA fiber with hole

Figure 3-7: Solid and hollow fiber made from PMMA and PC

for this system was set to be about 3 times the target value for the educational system.
Typically for the fiber drawing system, the smaller diameters show higher standard
deviation due to higher tension in the fiber. It can be inferred that the advanced fiber

system would have similar or better performance with less effort on control.

3.3.2 Single Material Solid and Hollow Polymer Fiber

After verifying that the advanced fiber system can produce a fiber with better stan-
dard deviation, experiments for using the system for different materials took place.
Fig. 3-7 shows the different types of solid and hollow fibers that were made from the
system. For solid fiber experiments, PC and PMMA preform materials were used.
Fig. 3-7a shows the example of PMMA fiber with a diameter of 0.5mm. The PC solid
fiber was observed to be similar to Fig 3-7a. After successful fiber production in solid
PC and PMMA fiber, fiber with a hole in the middle was produced. The preform that
was used for the hollow fiber had a diameter of 0.25” with hole diameter 0.125”. The
resulting fiber was cut in, and the cross-sectional area view was captured. Fig. 3-7b
shows the cross-section of the PC fiber with a hole. Fig. 3-7c shows the cross-section
of the PMMA fiber with a hole. All the experiments discussed verified that the new

system would be capable of producing neural probing fiber and cell scaffolding fiber.
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Figure 3-8: Neural probe fiber produced from advanced fiber system

3.3.3 Neural Probe Fiber Production

The neural probing fiber was one of the main advanced that the system required to
produce. The neural probe requires multiple prototypes to tune the optical parameter
required for specific laser transmission. For this thesis, one example to show the
capability of this system to produce the neural probing fiber is presented. Professor
Seongjun Park of KAIST directed the detailed specification of the neural probing
fiber. According to Professor Park, the neural probe had to have a PC core with
PMMA cladding. The preform was made, as shown in Fig. 3-8a. The stock rod of
PMMA with an outside diameter of 0.25” and hole diameter of 0.125” were purchased.
The stock material was 6’ long, and it was cut to be a 12" each for ease of feeding to
the machine. The PC core material was purchased as a 0.125” diameter rod. The PC
core material was also cut into a foot each. The PC core material was then pushed
into the PMMA material. Some sanding was required on the PC core material to
slide the material into the cladding PMMA. Before drawing, the preform had to be
placed into a vacuum oven for about 24 hours in about 90°C'. The vacuum oven will
degas any microbubbles inside the preform. The neural probing fiber was drawn with
a heater set to a temperature between 220°C' to 250°C'. The laser micrometer was
constantly monitored to meet the diameter specification of 100um to 200um. The
resulting fiber was within specifications. The produced fiber was inspected under a

microscope, as shown in Fig. 3-8b and 3-8c. It was observed that PC core material
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Figure 3-9: The cell scaffold fiber from advanced fiber system

was successfully surrounded by PMMA cladding material. The KAIST team has

inspected the fiber samples and currently moving forward with animal testing.

3.3.4 Cell Scaffold Fiber Production

As discussed in the introduction, the cell scaffold fiber is one of the key fiber that
needs to be prototyped on the fiber system in the lab environment with different
parameters. The fiber preform was prepared similar to prior research article [72]. A
new method to prepare the preform had to be developed to make smaller preform
(0.25” diameter). As shown in Figure 3-9a, the schematic of the preform requires 2
cladding on a core material. The two different polystyrene(PS) rod and tube were
purchased. The PS rod had a diameter of 0.125”. The PS tube had an outside
diameter of 0.25” and an inner diameter of 0.194”. The PCL pallets were melted
in vortex machine with anhydrous 99% chloroform. The PCL pallets were mixed to
chloroform with a weight percent of 3%. For this experiment, 3.77¢ of the PCL pallets
were mixed with 121.90¢g of chloroform. The mixture was covered with parafilm and
mixed in a vortex for about an hour. The resulting solution was poured onto the
aluminum baking pan of size 13”7 X9”. The solution was quickly spread evenly on
a baking pan by continuously tilting and rotating the pan. The PCL would then
form a thin sheet, as shown in Fig. 3-9b. The PCL sheet is then rolled on the PS
rod. After the PS rod is rolled with the PCL sheet, the rolled rod is pushed into
the PS tube. The prepared preform was drawn into the fiber at the heating chamber
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temperature set to 220°C. The resulting fiber was within the diameter requirement
of 200 — 500pum. The resulting fiber is shown in Fig. 3-9c. The finished fiber will
be submerged in cyclohexane overnight to melt away the PS layers [73]. This step is
taking place in KAIST, where they will perform the growth of cells inside the scaffold
fiber to verify that the fiber prototype is meeting the specification they need.

3.4 Generalized Design Approach for Fiber System

In this section, the generalized design approach for the desktop fiber system is pre-
sented. The design methods for fiber system using different sizes of preform material
is shown. Also, this section will discuss multiple aspects of the fiber system that

needs to be considered while designing a new system.

3.4.1 System Level Design

The design of the fiber system starts with the system overview design. In order to
design the system, some of the requirements have to be introduced first. From the
perspective of the biologists and neuroscientists, the fiber system’s preform diameter
is one of the most critical design parameters. The system design has to be changed
based on the required preform and final diameter. For this section, the preform
diameter is defined as D,,.. After deciding which diameter range of preform would
be used for the system, the system structure can be designed.

The frame of the fiber system would be designed based on the sub-systems that
would be attached. The sub-systems include the extruder system, laser micrometer
system, and diameter control system. In order to leave the flexibility for modifying
the design, a rail-based frame (such as 80,/20) is recommended for structure. An
example structure that was used for the advanced fiber system is shown in Fig. 3-10.
The base was designed so that the structure is stable and does not fall sideways.
The base width and length were designed to be around 60% to 70% of the system
height. The designed structure was stable and had no vibration problems. The system

mount had two pillars made of 80/20 framing structure. These rail-frame pillars were
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Figure 3-10: The general structure design

a critical component in the prototyping machine. Depending on the temperature of
the heating chamber, some fiber would take longer to cool down than others. If the
heating temperature is around 200°C' to 300°C, the total height of 50cm was more
than enough to cool the fiber. However, having extra length allows the translation of
the location of the sub-systems, which helps try different preforms in the future. After

the base structure size is set, the other components of the system can be designed.

3.4.2 Extruder Design

The extruder system design will consider the details of the actuator system and heater
system. For the heating chamber, two significant parameters can be changed. First is
the diameter of the preform, as it was shown in Fig. 3-3, the preform is placed in the
middle. The original heater design was intended for a preform diameter of 0.25”. If

larger preform were to be used, the diameter of the hold in the middle would have to
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Figure 3-11: The alternative arrangement for heating elements

increase. As the diameter of the preform path increase, the heater needs to be placed
further from the center. The heating element should be placed as close to the walls of
the preform as possible to minimize the heat loss from the heaters. The arrangement
of the heating elements can be increased by putting multiple heating elements, as
introduced in Fig. 3-3. For the advanced fiber system in the thesis, only 2 heating
elements were installed, although the design allowed for 4. From the experiments, it
is best to keep the heating chamber as short as possible. Inside the heating chamber
is conduction based heating. The longer path that preform has to travel with heat,
the higher chance that disturbance may disturb the preform structure. The tolerance
on the heating chamber’s preform path is an important parameter as well. The
conductive heating works best if the heating surface and the material has no air gap.
However, if the preform path is smaller than the preform’s diameter, the amount of
force required to push the preform increases significantly. This diameter interference
also will cause turbulence in the heating chamber, so the structure of the preform

design cannot be guaranteed to stay in the fiber state.

The second major parameter for the heating chamber is the number of heating
elements. The length of the heating chamber determines how long the preform has
to stay in the heating chamber to reach the temperature for the drawing process. For

the thesis, 300W was sufficient to make a preform diameter of 0.25” to reach around
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Figure 3-12: The general extruder actuation system design

250°C" without a problem. Besides, the heating chamber of length 1”7 was sufficient
to heat the preform. If in the future, the preform needs to be heated to a higher
temperature, additional heating elements can be inserted into the heating chamber.
More holes can be drilled similar to an already existing design, or vertical holes can be
placed surrounding the preform path, as shown in Fig. 3-11. If the heating elements
are placed vertically, it is crucial to place the electrical leads of the heating elements
to the face where the preform is fed. The electrical wiring placed on the exit of the
heating chamber will interfere with the fiber output. This interference may allow
some fiber production but eventually will either have the fiber attached to the heater
wiring or operator failing to start the machine.

For the extruder actuator, compensation of the preform diameter has to be con-
sidered. Fig. 3-12 shows the design schematics of the extruder actuation system. As
discussed in the mechanical design section, the two pulleys pinch the preform and
push the preform into the heating chamber. For designing the actuator system, the
preform diameter would change the system significantly. The two pulleys should leave
at most the diameter of the preform as the spacing between the pulley wheels. The
pulley wheels were chosen to be built from polyurethane. The polyurethane provides
a generally high coefficient of friction with the most polymer material. However, it
is important to note that there has to be a feature where the location of the idler
pulley can be changed. The polyurethane is soft, and it requires to be squeezed on the

preform to provide a strong feeding force. Typically, the design allowing the distance
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between the two pulley range between D,,. — lmm and D,,. +1mm is a good design.
The location plate is another feature to allow the preform diameter to be accepted.
The location plate serves as a location reference, so the preform is not fed to the
heating chamber with offset or tilt. For the thesis, this design provided satisfactory
results. Nevertheless, for the future designs, having another locating plate on the top

of the pulley assembly would constrain the preform better.

3.4.3 Diameter Control Design

For the diameter control design, the velocity of the product should be considered
to choose the actuator. During the development of the advanced fiber system, two
different types of motors were considered. First was the DC brushed motor with
encoder, and the second was the stepper motor with a high gear ratio (for example,
1:100). The DC brushed motor provided the encoder reading and smooth output
velocity. However, the DC brushed motor does not have the reasonable control of the
velocity when the target velocity is extremely slow. In some fiber production, slow
velocity on the diameter control is required. In that case, the use of stepper motor
with high gear ratio output may be desired. The stepper motors have discretized
rotational displacement, which may produce varying fiber diameter. However, with a
sufficiently high gear ratio, the discretized motion is not visible. The stepper motor
provides a slow production option for the fiber that cannot sustain high tension in

the drawing process.

3.4.4 Summary of Parameters and Resulting Properties on

Fiber System

The summary of the different parameters on the fiber system and how it influences
the system is shown in Table 3.2. The heater capacity and its length can impact
the entire system. With high heater capacity, the preform can be fed quicker. If
the heater’s length is short, the chance of turbulence inside the heating chamber is

low. Besides, as the preform is fed quickly, the production speed should be fast to
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Parameters Heater | Heater | Chance of | Production
Capacity | Length | Turbulence Speed
Feed Fast High Short Low Fast
Feed Slow Low Long High Slow
Feed Slow Low Short Low Slow
Feed Fast High Long High Fast

Table 3.2: The parameters for fiber system and its impact

produce fiber. In a case like this, the DC-bushed motor is recommended instead
of the stepper motor for diameter control. If the heater capacity is low, the heater
length has to increase to heat the preform to the target temperature. The longer
the preform contact the walls of the heating chamber, the more likely the turbulence
would occur. The production speed has to be slow to prevent turbulence. The third
case is when the heater capacity is low, and the heater length is short. Then the
preform should be fed at a slow rate to reach the target temperature. The turbulence
is unlikely due to short contact of the preform and the heating chamber and the slow
feeding speed. Nevertheless, this process is limited to a slow production rate as the
feed speed is slow. The last case is when the heater is high-capacity, but the heater’s
length is long. Since the heater can heat the preform well, the feed rate can be fast.
The production rate would be high, too, with a high feed rate. However, the process
would have turbulence in the heating chamber. The long heating chamber and fast

feed rate would contribute to the likeliness of the turbulence in the heating chamber.

In conclusion, the first case would produce the optimal system for fiber.
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Chapter 4

Desktop Fabric Manufacturing
System

In this chapter, a novel fabric knitting manufacturing system is introduced. As dis-
cussed in the introduction, the knitting machine concept existed from the industrial
revolution period. The first recorded patent describing the knitting machine was filed
in 1889 [20]. Since the introduction of mass manufacturable knitted fabric, the con-
cept of the knitting did not change much. The number of actuators and the types
of actuators that were used to operate the machine evolved. There is a lack of inno-
vation when we consider the fact that advanced fibers are being introduced. In this
thesis, a new fabric knitting concept is introduced. The super-elastic Nitinol fiber
that previously was knitted with extreme care and numerous preprocessing [61]. The
new system described in this chapter removes the preprocessing steps required for the
super-elastic Nitinol fiber to be knitted. This chapter will first introduce the conven-
tional knitting machine method and how they are limited to be used for super-elastic
fibers. The new process is then designed. The mechanical design to implement the
process is discussed. The produced knitted fabric is different from any other previ-
ously developed fabric. As a result, the chapter concludes by introducing the new
model derived from the experimental data and how it can predict the performance of

the fabric.
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4.1 The Process Investigation and Design

This section investigates the details on how the conventional knitting works and why
it is limiting the super-elastic materials from being knitted. By investigating how the
knits are formed with a conventional knitting machine, a new process can be designed.

It would be easier to design the mechanical systems that would enable the process.

4.1.1 The Conventional Knitting Method

Conventional knitting provides a good rate of manufacturing and is a generally reliable
process with flexible (such as cotton) fibers. The knitting methods utilize the needles
with a latch, as shown in Fig. 1-6. Fig. 4-1 shows the conventional knitting process.
The knitting machine holds onto an existing knit at the beginning, as shown in Fig.
4-1a. The needle would extend out, as shown in Fig. 4-1b. The latch on the needle
would open as the previous knit tries to stay in position. As the needle reaches the
maximum extension, the new fiber is fed onto the needle, as shown in Fig. 4-1c. The
needle would start to reverse back to the original position, as shown in Fig. 4-1d.
The previous knit would go under the latch and close the latch while the needle is
being pulled in. The knit is complete as the needle returns to the original position, as
shown in Fig. 4-1e. The needle can be empty at the beginning, and the process would
be the same. The cam surface actuates the needles. The needles have pins attached
to the body, which can allow the cam surface to push and pull the needles. The cam
surface moves out the multiple needles in smooth sinusoidal wave motion, as shown
in Fig. 4-1f. The cam would remove the complexity that would exist if the needles
were to move one at the time. The cam also makes an efficient manufacturing process
as multiple needles are moving together. Despite the benefits, the cam mechanism
limits the knitting process from knitting super-elastic fibers.

The cam surface mechanism limits the knitting process to flexible fibers. The cam
surface allows the needles to extend out, as shown in Fig. 4-1f. The peak of the needle
extension will move along with the cam surface. This cam surface allows the multiple

needles to grab the fiber as the knitting process proceeds. The example of fiber
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Figure 4-1: Investigating the conventional knitting process
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Figure 4-2: Investigating the conventional knitting problems

being grabbed by multiple needles is shown in Fig. 4-2a. The cam surface actuation
provides a great rate of manufacturing but provides limitations when forming knits
with rigid fibers. The many knits forming at once produce many points where the
fiber has to be bent. As shown in Fig 4-2b, when multiple needles pull on a single
fiber, the fiber will bend at multiple locations, as indicated in the figure. It was noted
that the first needle to retract in Fig. 4-2b would pull the fiber that is being fed.
This pulling motion would make the fiber to go through the bends shown with yellow
arrows in Fig. 4-2b. It is important to note that the bending point on the fiber
was not fixed. The entire fiber has to go through the bending path indicated with
the yellow arrow. For soft fiber made from cotton or multiple strands of thin nylon,
the cam surface would work well. For super-elastic or rigid fiber, it would require a
significant force to make moving deformation along the entire length of the fiber.

In addition to the limitation on the large area deformation on the fiber, the lack of
constraints prevents the conventional machine from knitting super-elastic fiber. The
latches on the knitting needles are passive. The conventional knitting uses weights to
allow the knit fabric to be pulled to provide tension on the fiber, so the fabric does not
spring back out of the needles’ latch. However, with super-elastic fiber, such tension
is not sufficient with hanging weights. The fabric would spring back and escape the
latches of the needle. This problem can be solved by providing additional constraints

to the knit fabric as the process continues. Constant tension and controlling the
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tension on the fabric during the manufacturing process would remove the limitation.

4.1.2 The New Process Design for Rigid Fiber Knitting

The conventional knitting machine method has limitations with the type of fiber it can
knit. The process is limited to yarns or fiber that has characteristic similar to cotton
or other polymer-based yarns that is flexible. For the fiber that is super-elastic, the
existing knitting mechanism cannot knit to the fabric. In order the knit the fabric with
fiber or yarn displaying extremely elastic properties, multiple new constraints have
to be applied. In order to apply these new constraints, a new process, as described
shown in Fig. 4-3 was invented.

Fig. 4-3 shows an overview of the new knitting process. The process was different
from the conventional knitting method by using one needle at the time to form the
knit. The targeted needle was extended out, as shown in Fig. 4-3a to form a new knit.
After the needle was completely extended out, the latch would clear the existing knit,
as shown in Fig. 4-3b. Also, as shown in Fig. 4-3b, the new fiber was grabbed by the
needle. The needle then started to retract, as shown in Fig. 4-3c. The latch on the
needle would be closed by the existing knit as the needle is further retracted, as shown
in Fig. 4-3d. As the needle reached the original position, the new knit was formed, as
shown in Fig. 4-3e. The knit forming process was similar to conventional methods.
Additional process mechanisms need to be implemented to enable the knitting of the
super-elastic material.

The tension bar mechanism is shown in Fig. 4-4 provides constant tension to the
knitted super-elastic fabric. After the new row of knits was formed as a new process
design described, without proper tensioning, the fiber would spring back and try to
return to a straight fiber. Conventional knitting machines do not have a preventative
measure to prevent the fiber from exiting the needle latches. After a row is finished,
the tension bar would rotate while the entire row of needles moves forward. The
resulting state is presented in Fig. 4-4b. The tension bar rotation and the extension
of the needles had to match to ensure that knits were not stretched nor too loose

to come out of the needle’s latches. The process described above required extensive
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Figure 4-3: The new process for knitting super-elastic rigid fiber

70



TENSION BAR

(b) The new knits transferred to forward ten-
sion bar

(a) The tension bar holding the newly formed

knits

Figure 4-4: The tension bar rolling to transfer the knits to next row

mechanical design components to implement. The following section describes the

mechanical systems to implement the process.

4.2 Mechanical Design

The entirely new knitting system was developed to implement the new knitting
method described above. The designed system is shown in Fig. 4-5. The figure

indicates the major subsystems that will be discussed in this section.

4.2.1 Stage Motion System

The stage motion system moves the stage to different target needles. Fig. 4-6, a
stepper motor mounted to the linear stage, was connected to the main stage of the
system. The linear stage was using a linear rail assembly with a ball screw coupled
to the stepper motor’s output. The main stage plate is colored as blue in the figure.
The direction of travel is indicated with a dashed arrow in the figure. The main stage
contains subsystems that interacted with the needles. The stage motion mechanism

moved the mechanisms to correct target needles to enable single needle actuation.
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Figure 4-5: The super-elastic fabric knitting system

4.2.2 Needle Actuator System

The needle actuator system moved the needle in and out, forming a new knit. The
needles were held on the base plate of the machine with a 3D printed part. The needle
assembly with 3D printed needle holder is shown in Fig. 4-7a. For this machine, 9
needles were used, but for the future, extended numbers of the needles can be installed
the same way. The holder is designed with transition tolerance to allow for the needles
to slide easily. The needles had a handle or extruded piece attached to the top, as
shown in Fig. 1-6. This handle comes out of the slots made on the holder, allowing it
to become the actuator point for the actuators to interact. The Fig.4-7b shows how
the actuator interacted with the needle. The linear stage with needle grab would be
translated to the target needle handle by stage system. Then the needle’s handle was
in the position of the needle grab. The needle grab would move the needle in and out
according to the linear stage’s motion. For the knitting process, three positions are
defined for the needles: forward, neutral, and reverse. The forward position is when
the needle is extended out most to receive the new fiber. The example of the forward
position is shown in Fig. 4-12. The neutral position of the needle is when the needle
is holding the previous knits. The example of a neutral needle position is shown in

Fig. 4-4b. After the needle formed a new knit, the needle pulled the new knit until
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Figure 4-7: The needle actuator system

the reverse position. The reverse position is shown in Fig. 4-4a. The reverse position
would create tension on the new row of knitting. The tension constraint system and

front components worked together to keep this tension.

4.2.3 Tension Constraint System

The tension constraint system worked with the tension bar described in section 4.1.2.
The main function of the tension constraint system was to actuate all the needles
together and hold them together to maintain tension in the fabric when knitting took
place. The simplified schematics of the system is presented in Fig. 4-8. The red and

blue parts are called tension plates. The tension plates allowed the needle handles
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Figure 4-8: The tension constraint system schematics

to slide into the slot in the middle through stage motion. The tension plate kept the
needles in a fixed position, so the tension or elastic spring back force from the fiber
did not shift the needles. The plates were also used to perform the knit row transfer

by moving the entire row of needles together while the tension bar is rolling.

The implementation of the tension plate is shown in Fig. 4-9a. The tension plates
moved in linear motion with the stepper motor actuator shown in Fig. 4-9a. Similar
to Fig. 4-8, The Fig. 4-9 shows the general knitting progressing to the right as
indicated as knit direction. When the knitting was progressing in the right direction,
the left tension plate was in the reverse direction while the right tension plate was in
the forward direction. The targetted needle was allowed to move forward or reverse
but was constrained by the needle actuator. The knitting process proceeded with the
needle moving forward to grab a new fiber and returned to the reverse position of
the tension plate. This motion allowed the knits to be formed with constant tension,
as shown in Fig. 4-4a. The knitting process continued to the next needle. The

transition between reverse position knits on the left and forward position knits on the
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Figure 4-9: The needle actuator system

tension bar is shown in Fig. 4-9b. The components explained until now enables the
super-elastic fiber knitting. However, additional accessories are attached to make the

process more robust.

4.2.4 Front Components

The front components include multiple parts that make up the system that interacted
directly with the fiber. The front components are shown in Fig. 4-10. The front
components include a tension bar, guard, and nozzle. Each of the front components

has distinct functions.

The guard is shown in Fig. 4-11. The main function of the guard was to keep the
knits fixed when the needle was moving to the forward position. The DC motor drove
the guard with an encoder attached, as shown in Fig. 4-11. The limit switch was
attached to the other end of the guard to home the guard during initialization. The
closed state of the guard is shown in Fig. 4-12. Fig. 4-12 is showing the cross-section
of the guard while holding the fiber knit. When the needle is moving to a forward
position to grab a new fiber, the guard came down to prevent the existing knit to
follow the needle out. This ensured that the existing knit would clear out of the latch.

After the needle grabbed the new fiber, the guard would open while the needle was
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Figure 4-10: The front components on knitting system

retracting. The latch on the needle was closed by the previous knit that cleared the
needle. The latch motion is shown as a dashed arrow in Fig. 4-12.

The tension bar enabled the constant tension knitting method. The tension bar,
combined with the needle’s position, allowed the knits to be always tensioned. The
two main states of the tension bar were shown in Fig. 4-4a and 4-4b. The tension
bar had the same actuator and sensor layout as the guard. The DC motor drove the
tension bar, as shown in Fig. 4-11. The limit switch on the right side of the figure
allowed homing of the tension bar. The motor and homing method applied to the
tension bar allowed the tension bar to move exactly 90° every new row of knitting.

Finally, the nozzle fed the new fiber for knitting. The nozzle worked with two sets
of positions for each direction the knitting was progressing. The nozzle system and
the example of the two positions are shown in Fig. 4-13. When the stage was moving,
the nozzle was set in the low position. After the stage reached the next needle, the

nozzle was set to the high position. This position ensured that the fiber was placed on
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Figure 4-11: The guard and tension bar

top of the needle in the hook. The needle would then come to the forward position.
The nozzle moved to the low position to place the new fiber. Finally, the needle
went to reverse position, forming a new knit. It should also be noted that the nozzle
direction led the knitting motion. For example, if the knitting direction was to the
left, the nozzle was set to move high and low position on the left as well. The nozzle
system can be an optional accessory if the operator is manually feeding the fiber. The

manual operation may be helpful during the initial fabric production to test the fiber.

4.3 Modeling and Experimental Verifications of the
Fabric

After implementing the mechanical designs, few sample fabrics were produced for
experiments. The experiments focused on acquiring the stress and strain curve of
the fabric. After the data were acquired, a model was developed to predict the
performance of the fabric. This model was then verified with one additional fabric

that was produced.
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Figure 4-12: The guard and tension bar

4.3.1 Fabrication of Nitinol Fabric

The overall schematic of the Nitinol fabric made for the experiments is shown in Fig.
4-14. The fabric had 9 knits in a row and 9 rows in total. This fabric design utilized
the entire row of the designed system. In addition to the 9 rows, for the beginning
of the knit process, the odd number knitting row was placed. The odd number of
knitting is shown in Fig. 4-15. The odd number knitting skipped a needle for each
knitted needle. This knit method allowed the fully knitted row to hold the shape
as the knit progress. The fixtures were made, as shown in Fig. 4-16. This fixture
helps to maintain the knit fabric shape and ease the machine to release the fabric
successfully. The fixtures had 3D printed frame that was straight to keep the fabric
from curling near the edges. The fixtures also used key rings and key hooks to make
an easy connection to the edge row of the fabric. The same fixture was used to
perform stress and strain experiments. As a result, 3 different fabrics were fabricated
using 3 different diameters of Nitinol Fiber. The diameters of the fibers that were
used: 0.003”, 0.006” and 0.008”.
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Figure 4-13: The nozzle system with different position

4.3.2 Experimental Setup to Measure Stress and Strain

A special setup was required to acquire the stress and length curve of the knitted
Nitinol fabric. The original plan for this thesis was to utilize the Instron machine
to automatically measure the stresses and corresponding strain values of the knitted
fabric. Due to the recent COVID-19 situation, campus access was limited. As a result,
the author had to come up with a more traditional way to perform stress and strain
experiments. The experimental setup is shown in Fig. 4-16. The 3D printed fixture
was used to hold the fabric. The fabric was placed on the grid surface to measure
the distance the fabric stretched. The digital weight scale was placed to pull one side
of the fixture. The other side fixture was held by hand. A plastic chair with a hole
in the middle was placed on top of the entire experimental setup. This hole allowed
the camera to be positioned to record video of the distance that fabric stretched and
the reading on the digital weight scale. The experiments proceeded slowly by hand,
pulling until either the fabric fails or the operator cannot physically produce more
force to pull the fabric. The experiments were designed to perform the pulling test
twice. Unfortunately, the 0.003” fabric broke upon the first trial. The recorded video

was then processed in MATLAB. The recorded video was analyzed frame by frame,
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Figure 4-15: The odd number knit for first row of knitting process

and the image was extracted for every time the digital scale changed the value. The
image processing toolbox in MATLAB was used to find the distance between the two

fixtures in each frame. The measured results are shown in section 4.3.3.

4.3.3 Results and Analysis of Fabric Experiments

The measured length of the fabric and the corresponding load that was applied is
shown in Fig. 4-17. The individual results of the experimental results are included
in Appendix B. The results showed that thinner diameter fabrics tend to stretch to
a longer length. It is also important to note that for 0.003” and 0.006” fabric, the

repeated experiments do not show much difference. A small deviation may be coming
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Figure 4-16: The experimental setup to measure the stress and length curve of the
fabric

from the offset in initial length measurement or measurement error. The measured
load data were converted to stress values. The stress is related to the cross-section
area of the fabric. Since the knitted fabric does not have a constant cross-sectional
area, it was estimated to be a cross-sectional area of the fiber multiplied by 18. The
18 came from 9 knits in a row, and each knits having 2 vertical strands of fiber. The
resulting stress and length plot is shown in Fig. 4-18. The stress of 0.003” fabric was
too high compared to the other fiber data—the graph in Fig. 4-18 was cropped to
50M Pa to make the trends more visible.

The important trend that was observed from the length and stress data was that
all the different diameter fabric showed the same but shifted curve. The data were
shifted in length (x-axis) to make all the data to start at length approximately 0. The
resulting plot is shown in Fig. 4-19. The optimal shifting distance was determined
using the MATLAB’s curve fit function. Firstly, the reference was set with the original
unloaded length of the 0.003” fabric. All the fabric length was offset with the initial
length of the 0.003” fabric, which was 47.69mm. The other diameter fabric was
shifted in length until the best r? value was achieved with the exponential model

with 2 terms. The shift resolution was set to be 1mm to ease the computational
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Measured Data of Length and Load Applied on Fabric
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Figure 4-17: The experimental result of different fabric showing length and load
applied

time. The 5 experiments yield a curve equation:
o = 0.004355 - ™44 16,412 - 107 - 05819 (4.1)

Where the o represents the stress applied to the fabric, and [ represents the length
of the fabric. The r? value for this model was 0.965. The equation 4.1 could be used

to predict the performance of the fabric with different diameters.

Analysis of how the knits were formed revealed the relationship between the fabric
fabrication parameter and the performance parameter. The fabric can be modeled as
series and parallel springs, as shown in Fig. 4-21. There are 9 rows of spring and 9
columns of the spring. If we assume that each of the springs was the same, we can
estimate that each of the spring would get é - Fyppliea- The series spring assumption
also suggests that all the springs in the column would move the same displacement
under tension. In order to estimate how much displacement each knit can move,
the knit forming geometry was investigated. The tension bar and needle’s reverse
position geometry details are shown in Fig. 4-22. The initial loop height was around

10mm. The tension bar allowed the spacing of each knit to be 9.35mm. The length
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%107 Measured Data of Length and Stress Applied on Fabric
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Figure 4-18: The fabric experimental results showing length and the stress applied

of fiber that occupies between the knits was approximately 9.35mm. As a result, the
initial tensile motion of the fabric, each knit, would convert half of the 9.35mm to
its height. The 9 rows of knits would allow the fabric to actuate around 42.075mm
in total. The SolidWorks simulation was used, as shown in Fig. 4-23 to validate the
fabric actuation limit. The initial set up of the simulation is shown in Fig. 4-23a. The
fiber was simulated to be half the length of 20mm + 9.35mm because the symmetry
boundary condition was used. The simulation diameter was set to be 0.006”. The
roller boundary condition was applied on the other end of the fiber. The example of
the simulation results is shown in Fig. 4-23b. The maximum displacement occurred
at the location the force was applied. The summarized maximum displacement values
for different load conditions are shown in Table 4.1. The results showed that each loop
converges to a maximum displacement value of around 13.25mm. The displacement
at 0.1N was measured to be 8.699mm. The difference in displacement multiplied by
9 equals 40.959mm. The value is similar to the geometrical estimate of the fabric
displacement. As a result, we can estimate that the fabric would perform as weak
spring until it reaches displacement value around 40mm, and afterward, the fabric

would behave as stronger spring with tensile elongation being dominant.
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%107 Shifted Length and Load Applied on Fabric
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Figure 4-19: The fabric experimental results showing offset length and the stress
applied

The two different phases in fabric performance were present in Fig. 4-20. Fig.
4-20 is zoomed in to remove data points with extremely high stress. As the experi-
ments were done manually, some experimental data had a larger range of load applied
compared to others. In the offset length figure, it was clearly observed that up until
length of 40mm, the stress increases linearly with a small slope, while after about
50mm, the stress increases linearly with a new higher slope. This slope change corre-
sponds with the above paragraph’s derivation of geometrical limit around 40mm. In
order to acquire a smooth transitioning model, the exponential curve with two terms
was selected for the base model. It can be estimated that as long as the tension bar
geometry and needle’s negative positions do not change, the produced fabric would

follow the model. A new fabric would be fabricated to validate the model.

4.3.4 Verification of Performance Model of the Super-elastic

Nitinol Fabric

The model developed in the previous section was verified with a new validation fabric.

New fabric was made from the fiber with a diameter of 0.008”. The number of knits
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5 %107  Shifted Length and Load Applied on Fabric
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Figure 4-20: The fabric experimental results showing offset length and the limited
values of stress applied

in a row and the number of rows were kept the same as other experimental fabric.
The initial length of the fabric was measured to be approximately 39.5mm. The
model’s length can be added to this initial value to get the relationship between the
length and the load applied value. The model predicted the relationship, and the
experimental measurement is shown in Fig. 4-24. It was observed that the model did
not fit well with the measured values. However, it was also observed that by offsetting
the length, the results would match better to the model. The error can be calculated
by calculating the corresponding load value for the measured length using the model

equation. The error can be calculated using the equation:

L, —L
%Error = |———

21.100 4.2

o (12)

The L,, represents the load measured during the experiments. The L, represents the
load predicted using the model. Using the Equation 4.2, the average error with the
model was 90.21%. Since the percent error was not satisfactory, the length offset was
applied again to the measured value. The offset to set the initial length of the fabric

to be 35mm is shown in Fig. 4-25. The results match very well with the model.
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Figure 4-21: The spring model of the fabric

The percent error calculated with Equation 4.2 was 20.09%. The majority of the
error comes near the length (. Since there two points from the measured data that
had 0 as the length, the percent error value would be 100%. However, by offsetting
the length, the improvement was significant. This model mismatch was likely to be
caused by the inaccurate measurement in the experiment. The digital scale may not
be high resolution enough to sense the initial tension, which set the initial length of
the fabric at slightly longer than it was. Further testing with precision equipment is

recommended.

4.4 General Design Approach for Super-Elastic Knit-
ting System
From the fabrication of the prototype knitting system in this thesis, multiple aspects of

the machine can be improved for future versions. This section presents the generalized

approach in designing the super-elastic fiber knitting system. Based on the fabric’s
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Figure 4-22: The knit fabrication geometry

Force Applied (N) | Maximum Displacement (mm)

1 13.23
0.9 13.15
0.8 13.03
0.7 12.90
0.6 12.75
0.5 12.54
0.4 12.23
0.3 11.75
0.2 10.90
0.1 8.70
0 0

Table 4.1: The summary of load and maximum displacement of fiber bending simu-
lation from SolidWorks Simulations

performance needs, the design parameters can be derived to meet the performance
requirements. Each subsection discusses the component that influences the fabric’s

performance or property. The subsections discuss how the design parameter influences

the fabric property and estimate the relationship.

4.4.1 Needle System Design

The needle system design influences the knit shape. As discussed in the previous
sections, the needle has 3 main positions. The knitting needle’s geometry defines

the forward and neutral position. As shown in Fig. 4-26, the length [. defines the
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Figure 4-23: The needle actuator system

extension length. The extension length is equal to the distance from the tip of the
hook to the latch opening. The extension length is also the distance between the
needle’s positive position to the neutral position. As a result, when designing the
needle holder, as shown in Fig. 4-7a, the possible travel forward has to allow at least
l. of motion. The designer can determine the negative travel limit. The negative
pull distance decides the loop’s height for each knit. As defined in Fig. 4-22, the [,
is reverse length. The [, is equivalent to the distance of travel between the neutral
position to the reverse position of the needle. The change in [, would mainly change
the resting length of the fabric. However, the definition of /. combined with the

spacing of the needles would influence the fabric as well.

The spacing of the needle also influences the fabric’s property significantly. From
Fig. 4-22, the [, was defined. The [, is the spacing between the needles. The tension
bar is placed in the middle of the two needles, so the tension bar teeth are placed
with the same spacing as the needle spacing. As discussed in Section 4.3.3, the I
determined the extension limit of the fabric before the slope of the length and load
curve transition to a different mode. The approximate mode transition of the fabric

is estimated as:

o~

ltrcmsition - 58 ‘R (43)
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3.5 The Validation Fabric and Model Predicted Value of Length and Load Relationship
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Figure 4-24: The comparison between model predicted performance and measured
performance

Where liransition 1S the length that fabric can extend until the mode changes. R is
defined as the number of rows of the knits in the fabric. The needle spacing is likely
to be fixed once a machine is designed. The needle holder fixes the needle spacing
throughout the entire process. It can be summarized that simple modifications of the

fabric performance parameter would depend on the change in the [, value.

4.4.2 Tension Bar Design

The tension bar design is dependent on the needle’s travel limits. The first design
aspect of the tension bar is the cross-sectional geometry. The cross-section of the
tension bar and the needle’s neutral and reverse location is shown in Fig. 4-27. The
key design constraint is that the tension bar geometry has to match the [, when the
needle is at neutral and reverse. If the two lengths do not match at the corresponding
needle position, the knit will either escape the needle due to low tension or tension
bar will not rotate because the tension is too high. The location of the tension bar is

also dependent on the needle limits and the defined I,.
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Figure 4-25: The comparison between model predicted performance and offset of
measured performance
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Figure 4-26: The geometry of needle

4.4.3 Summary of Parameters and Resulting Properties of the

Fabric System

The fabric system has two main parameters that can be controlled, and they influence
the resulting fabric property. The parameters and their influences on the fabric are
shown in Table 4.2. The needle spacing (I) does not influence the resting length of
the fabric. The needle spacing does change the maximum displacement that fabric
can extend to before the mode changes. As discussed in the 4.4.1, the further apart
the needles are the maximum displacement of the fabric before the mode change

increases. The needle pulls length (I,.) is the second parameter that impacts the fabric
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Figure 4-27: The tension bar cross-section showing design example

Fabric Fabric
Parameters Rest Maximum
Length Displacement
Close Needle Spacing (I;) | Not effected Short
Far Needle Spacing (I;) | Not effected Long
Short Pull Length (/,) Short Not Effected/Short
Long Pull Length (I,) Long Not Effected/Long

Table 4.2: The parameters for fabric system and its impact

performance. The longer [, provides taller knit. This taller knit makes the initial
fabric length to be longer. This parameter may influence the maximum displacement
of the fabric. If the fabric made from long [, is pulled in the width direction, the same
effect as having large [ occurs. The loop height () decreases and (I,) is increases.
This conversion may not be easily done when the fiber’s diameter is large, or the fiber
has high stiffness. Generally, the pull length would not influence the maximum fabric

displacement.
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Chapter 5

Conclusion

5.1 Contributions

This thesis contributed to three major sectors of the scientific community. The first
is the education community. As mentioned in the introduction, the educational fiber
system was deployed to multiple classes and successfully provided rich data to allow
the students to learn data analytics and process control. The second is the biological
and neuroscience community. The advanced fiber manufacturing system successfully
produced different types of fibers that are commonly produced for the biological
and neuroscience community. The system would allow the researchers to develop
new prototypes with lower costs quickly. The third is the advanced fabric research
community. The new fabric fabrication method introduced in this thesis can be
used to produce new types of fabric for new applications. The Nitinol knitted fabric
with a unique 2 phase performance can be used for many applications that require
considerable strain and large spring back. Further research in all three communities

would allow this research to carry more impact.

5.2 Conclusion

This thesis introduced three new mechatronics system related to fiber and fabric

manufacturing in desktop scale. The educational fiber manufacturing system showed
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Figure 5-1: The coupled system example

that the system could achieve a fiber diameter standard deviation of 0.0274mm. The
system was also able to demonstrate an educational aspect of identifying the problems
on the system with data and implementing controllers to fix the data. The advanced
fiber manufacturing system showed that the fiber manufacturing system’s desktop
version could be used to produce fiber for biological and neuroscience applications.
The fiber system demonstrated that it could produce a solid fiber with different
polymer material, fiber with a hole, neural probing fiber, and cell scaffold fiber. The
fabric system demonstrated the knitting of super-elastic Nitinol fiber without pre-
processing. The new knitting method was invented, and the mechanical system was
designed to implement the method. In addition, the new fabric’s stress and length
relationship were derived from data. The relationship was also validated with a

validation sample.

5.3 Future Work

There are multiple future works to continue from this thesis. Mainly there would be
improvements and combining the work of fiber and fabric systems. There would be
projects to continue the educational effort using the fiber machine and to convert the
fabric machine as a combined educational system as well. This section will discuss
future projects that would be of interest to continue from this thesis.

For the fiber system, a wider range of educational and control design content can
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be developed. Especially with the coupled system of fiber and fabric manufacturing
system, an exciting inventory and scheduling topics would rise. Shirley Lu (MIT SM
2020) wrote a Master’s thesis on the development of the necessary inventory buffer
system that is installed between the fiber system and the fabric manufacturing sys-
tem. Her system would solve the mismatch problem between the continuous rate
of production on the fiber machine and the discretized fabric production rate. The
example of implementation of the buffer system is shown in Fig. 5-1. As shown in the
figure, the fiber system can vary the fiber property along with the fiber. The property
variation can be the diameter or different material. The effort would be taken by both
the buffer system and the knitting system to place the fiber with specific property to
the correct location of the fabric. The resulting fiber would have added complexity,
which would yield more properties than the input property just from the fiber. For
example, with the varying fiber diameter in fiber level, the fiber’s property is only
influenced by bending and axial loading. However, placing the fiber in fabric, more
properties are influenced. The fabric can be designed to be different in pulling and
bending in both width and length direction. This research topic would require reli-
able modeling and control for each individual component and an extensive predictive
modeling approach to estimate each input’s result. This research would also require
extensive simulation as troubleshooting 3 coupled systems without simulation would
be a time-consuming job. This project is expected to yield novel control methods,

novel fabric material, and the development of efficient simulations.

The KAIST team led by Professor Seongjun Park will work on animal testing of
the fibers for the advanced fiber manufacturing system. Professor Park has received a
sample of fibers from the advanced fiber manufacturing system. The samples include
the neural probe and the cell scaffolding. Professor Park’s team would post-process
the fiber for use in animals and growing cells. He plans to use the neural probe
for implementing and testing laser transmission in the mouse’s brain. He also plans
to test the quality of the cell scaffolding fiber from the advanced fiber machine by
growing cells inside the fiber. Eventually, Professor Park’s team will build the fiber
system at KAIST. By utilizing the thesis’s generalized design approach methods, his
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team can design and tune the system as they need.

The super-elastic fabric knitting system will require additional effort in charac-
terizing and modeling the fabric and applying the system on various applications.
For modeling effort, more collaboration with theoretical and applied structural me-
chanics research team is planned. Attempt to derive an analytical model on the
super-elastic fiber would be taken in the future, and more data acquisition to validate
the model would be necessary. In the thesis, the fabric stress and strain properties
were measured in the direction of the knit. For future research, characterizing the
fabric performance in the perpendicular direction to the knit direction would be in-
vestigated as well. In order for the modeling research to continue, the fixture would
have to be improved. The fixture should be designed to add minimum variation to the
fabric itself yet hold the fabric in the correct way. The new fixture would be used to
hold the fabric perpendicular to the knit direction as well. With the proper modeling

of the fabric performance, further applications of the fabric can be investigated.

As a result, exploring the possible application space with the combination of the
super-elastic fabric with different materials would be investigated. The conventional
knitting machine and developed knitting system can change the fiber in the middle of
the fabric operation to create a fabric with different fiber. For conventional knitting,
this technique is commonly used to change the color of the fabric. For the new
fabric system, there may be a challenge in joining the different materials of fiber
when the transition of material occurs. This method is different, then the system in
Fig. 5-1 because some fabric material cannot be drawn. The knits can be created
by changing the feeding fiber. However, the method to join the two ends when the
transition of fiber happens has to be investigated. The free ends of fiber in the fabric
poses a possible knit loss and complete failure of the knit before loading happens.
After the joining process, the property of the fabric with super-elastic material can
be investigated. The fabric with super-elastic fiber and commonly used fiber such as
nylon can generate a functional cover to the robotic joints. These functional cover can
be used to initially act as bearing until the fabric mode changes to act as a brake or

limiter. The fabric would have exciting property as it can allow for multiple degrees of
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motion instead of a bearing with only 1 degree of freedom. The fabric’s applications

in robotic actuation space are promising.
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Appendix A

Fiber Experimental Results
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Figure A-1: Open-Loop fiber diameter measurement for spool velocity of 0.75rev /s

Measured Fiber Diameter Open-Loop Spool at 1.00rev/s
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Figure A-2: Open-Loop fiber diameter measurement for spool velocity of 1.00rev /s
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Measured Fiber Diameter Open-Loop Spool at 1.25rev/s
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Figure A-3: Open-Loop fiber diameter measurement for spool velocity of 1.25rev /s
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Appendix B

Fabric Experimental Results
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Figure B-1: Measured length and load result of the fabric made from 0.003" diameter
Nitinol fiber
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Figure B-2: Measured length and load result of the fabric made from 0.006" diameter
Nitinol fiber
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Figure B-3: Second trial of measured length and load result of the fabric made from
0.006" diameter Nitinol fiber
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Figure B-4: Measured length and load result of the fabric made from 0.008" diameter
Nitinol fiber
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Figure B-5: Second trial of measured length and load result of the fabric made from
0.008" diameter Nitinol fiber
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