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Abstract

There has been a growing interest in integrating melt-electrospinning (MES) with

three-dimensional (3D) fabrication methods to produce constructs with controlled

internal micro-architectures. One application area that could benefit from this in-

tegration is bone tissue engineering (TE). Due to the close functional and micro-

architectural similarities between the melt-electrospun fiber depositions and the ex-

tracellular matrix (ECM) of the natural bone, melt-electrospun constructs have the

potential to serve as ideal artificial environments for initial cell attachment and dif-

ferentiation. The internal micro-structure of the construct, including the spatial dis-

tribution of accumulation densities and average fiber diameters, could be customized

by controlling the processing parameters.

There are, however, significant technological gaps hindering the realization

of this approach. Among them is the need for reliable methods for predicting the

behavior of the process under a set of material and processing conditions. Available

predictive models lack the necessary features to describe the process in its entirety,

and their scope is usually limited to describing only a subset of the process. For

example, while some models describe the jet initiation mechanism and Tailor’s cone

formations, others focus only on characterizing the stable jet region. There are also

existing models that describe the unstable region but are either based on oversimpli-

fied assumptions or do not consider some critical dynamical behaviors of the system

affecting the fiber morphology.
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A theoretical predictive model is proposed in the present study to address

these shortcomings. The proposed model aims to simulate the MES process under

different material and processing conditions, including its potential use in simulating

direct-writing and 3D printing scenarios. By treating the fiber as a serially connected

multi-body system, the fiber dynamics are formulated using Kane’s and Udwadia-

Kalaba’s methods to take advantage of their suitability for multi-body systems with

large numbers of components and complex constraints. The model formulation in-

cludes several advanced features, including Maxwell’s generalized standard linear solid

(SLS) for improved viscoelastic behavior representation. The anchoring effects of the

collector plate and independent motions of the spinneret and the collector plate are

also included in the problem formulation to enable the simulation of direct-writing

and 3D printing scenarios.

An experimental study is carried out to validate the model. The simulated

results and the experimental observations are compared to assess the model’s predic-

tive accuracy. The comparison revealed good agreement between the two, indicating

the model’s reliability. In addition, as a byproduct of the investigation, two regres-

sion models are extracted from the observation data for predicting the collection and

average fiber diameters, respectively. However, these regression models are limited

to only stationary and vertical melt-spinning scenarios using polylactic acid (PLA)

material.

A separate experimental investigation has been conducted to demonstrate the

model’s capability in predicting direct-writing scenarios in which the melt-electrospun

fibers are deposited based on predefined patterns. To test this new capability, the

predictive model and an MES printer were run using the same toolpath (G-code) data

and processing conditions. The results show reliable predictive accuracy, indicating

that the model could be used for analyzing fiber behaviors.
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Overall, this study presents a new theoretical predictive model for simulating

the MES process, which has the potential to overcome the limitations of currently

available tools. The model predicts with reasonable accuracy the deposition char-

acteristics of melt-electrospun fibers under different material and processing condi-

tions. It can also be used to simulate direct-writing scenarios. With further marginal

improvement, the predictive model could accelerate the application of MES in 3D

printing applications.
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Chapter 1

Introduction

There has been a growing demand for technologies to advance the treatment of

critical-sized bone defects (CSBD) caused by injuries or other medical complications

[1]. This quest, compounded by the advent of functionally-tailored, biocompatible,

and biodegradable materials, has ignited an enormous research interest in bone tissue

engineering, a practice in which new functional bone tissues are regenerated from ex-

isting bone cells. The regeneration process typically occurs inside artificially created

environments known as bone scaffolds.

Some notable challenges and gaps in existing fabrication technologies must be

resolved before realizing the full potential of bone tissue engineering. Specifically, the

existing fabrication methods can only produce bone scaffolds that meet some clinical

requirements, limiting their use only to a few practical applications.

The melt-electrospinning (MES) process is a potential fabrication method that

could address some of these challenges. The inter-fiber architectures of depositions

produced by this process closely resemble the extracellular matrix (ECM) of the

natural bone tissue [2]. It is also possible to impregnate the material used in the

process with drugs and growth factors that could be released at the implant site to

promote the health and growth of the newly regenerated bone tissue.

Despite these advantages, this method faces its challenges. The correlations be-

tween its process parameters and the resulting fiber characteristics are yet to be thor-
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oughly understood. A processing guideline is needed for selecting optimized parame-

ter settings to produce fiber accumulations of targeted topological and morphological

characteristics. This capability is vital to deploying MES in bone tissue engineering

applications with stringent geometrical and morphological requirements.

This research addresses some of these gaps by proposing a theoretical predictive

model. The goal is to deploy this model to simulate the MES process under a given set

of material and processing conditions and predict the characteristics of the resulting

melt-electrospun fiber and finally, produce the intended structure.

1.1 Background

Tissue engineering (TE) relies on the use of tissue scaffolds for housing and facilitat-

ing the growth of the target tissues [3–6]. In the context of bone tissue engineering,

the scaffolds are generally three-dimensional (3D) mechanical structures with prede-

fined internal micro-architectures and chemical compositions. The primary objective

of a bone scaffold is to provide structural support while maintaining a conducive en-

vironment for guided regeneration and growth of bone tissue at an implant site. The

ideal scaffold must have good mechanical strength, osteoconductivity, biocompatibil-

ity, and biodegradability properties. It is also characterized by optimally-sized and

interconnected porous spaces to provide room for new cell formation, and routes for

delivery of nutrients and removal of metabolic wastes from the implant site [7].

Many traditional and free-form fabrication methods, such as gas foaming, cryoge-

lation, and 3D printing, have been investigated for bone scaffold applications and are

occasionally commercialized for clinical use [2, 8, 9]. While most of these methods

could not produce internal micro-structures meeting the clinical requirements, others

needed mechanisms to control the spatial distributions of the micro-structures inside

the scaffold [10]. The efforts, regardless, have led to promising results and a deeper

understanding of the geometrical, mechanical, chemical, and biological requirements

associated with bone scaffolds.

One of the fabrication methods considered is MES. Electrospinning, in general, is a

fabrication process in which a steady stream of electrically charged viscous polymer is
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Figure 1.1: Basic electrospinning setup

drawn into a fiber under the actions of electrostatic forces [11]. As shown in Fig. 1.1,

the nozzle and the collector plate are typically connected to the opposite terminals of

a high-voltage, low-current power supply unit. Due to the ensuing electrostatic charge

and electric field, Coloumb and electric field forces are exerted on the charged liquid

polymer, pulling and accelerating material from the nozzle tip toward the collector

plate. This action draws the polymer into a continuous fiber with diameters ranging

from 5 to 500µm, depending on the mechanism employed to liquefy the polymer. If

chemical solvents are employed to dissolve the polymer into the viscous state, the

process is referred to as solution-electrospinning (SES). Whereas if a thermal energy

source is used instead to change the state of the polymer, the resulting process is

known as melt-electrospinning (MES) [12–14]. The absence of toxic chemicals in MES

makes the process an ideal fabrication method for articles used in clinical applications

such as wound dressing [15–20].

Integrating the solid free-form fabrication (SFF) technology and the MES brings

a unique capability to bone tissue engineering [21]. As depicted in Fig. 1.2, SFF

permits the deposition of the melt-electrospun fiber into intricately shaped constructs

at the macro level. Meanwhile, because of the inherent fiber characteristics, the MES

furnishes the inside of the scaffold with ECM-like micro-architectures. An example

scenario where the effectiveness of this technique could be demonstrated is where the
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Figure 1.2: Multi-axis controlled MES writing

geometrical data of the scaffold is generated by directly scanning and digitizing the

natural bone tissue from the CSBD-affected area of the patient. The digitized data

could later be used to 3D print a bone scaffold to replace the affected bone tissue.

While this approach provides a powerful mechanism to match the general shape

of the scaffold to the shape of the original bone tissue, challenges remain regarding

how to define and control the spatial distribution of the micro-architectures inside

the printed scaffold. This problem must be addressed because the type and degree of

vascularization, which in turn dictate the kind of bone tissue formation, depend on the

internal geometrical architecture of the scaffold [22, 23]. For example, regenerating

fibrous tissues requires smaller pore sizes (<75µm). In contrast, unmineralized and

fully mineralized bone tissue formations require intermediate (75–100µm) and larger

(200µm) pore sizes, respectively [24, 25]. Vascularization is also affected by scaffold

roughness, internal connectivity, porosity levels, chemical composition, and material

biocompatibility.
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1.2 Research Problem

Understanding the interrelationships among MES’s input and output process parame-

ters, as well as the effects of the operating conditions, is crucial to creating a construct

with predefined internal micro-architectures [26, 27]. However, precise prediction of

the fiber characteristics could only be realized using advanced predictive mathemat-

ical models. While such forward predictive capability is desirable and a step in the

right direction, it alone is inadequate to produce scaffolds with predefined internal

characteristics. A reverse prediction method is ultimately needed to estimate the op-

timal processing parameter values for a desired fiber characteristics outcome. Such a

predictive model will be a convenient tool for directly mapping clinical requirements

to a set of compatible processing parameter values.

Different groups have made analytical modeling efforts toward this goal. The

models reviewed focus on conceptualizing the fiber as an overhanging viscoelastic

pendulum. The total length of the fiber is usually discretized into a finite number of

smaller segments. Viscoelasticity is imparted to the models using rheological mod-

els as connective elements between successive segments. The time histories of the

fibers are predicted from the numerical integration of the equations of motion of the

overall systems, mainly under the actions of gravitational, viscoelastic, surface ten-

sion, and Coulomb forces. Although these models have laid a strong foundation for

future developments, they are too simplistic to be reliable predictive tools for a few

reasons. First, most of them are specifically developed with SES in mind, and the

effects of temperature, a hallmark of MES, are generally not considered. Second,

they are based on oversimplified assumptions about the viscoelastic properties of the

materials. It typically takes a 10–15 layer generalized Maxwell viscoelastic rheological

model to curve-fit experimental data with reasonable accuracy. However, most of the

models reviewed employ only a single layer of Maxwell link [28]. This is suspected of

introducing errors that lead to a sub-optimal representation of creep and relaxation

behaviors of materials [29]. Another implicit but consequential assumption in the

models’ formulation is that one end of the fiber would always remain freely wiggling

in the air without touching the collector plate. As a result, the anchoring effects of the

5



collector plate on the movement of the fiber are ignored entirely. This is problematic,

especially in the simulation of near-field electrospinning (NFES) scenarios, wherein

the distance between the nozzle and the collector plate is very short, and the fiber

often buckles under the support of the collector plate [30].

Additionally, if the spinneret and the collector plate were to have their distinct

motions (as is commonly the case in most 3D printing scenarios), in addition to the

anchoring effects of the collector plate (print bed), external momentum would be

imparted to the fiber by the moving platforms. This phenomenon alters the dynamic

behavior of the fiber and, by extension, its deposition characteristics.

1.3 Research Aim

This research proposes a theoretical model for predicting the fiber characteristics of

the MES process for a given set of materials and processing parameters. Specifically,

the research objectives are to:

1. develop and implement a theoretical forward-predictive model to simulate the

MES process in both the transient and steady-state scenarios

2. improve the viscoelastic property representations of the materials in the model

3. include the effects of the fiber sticking on the collector plate/drum in the theo-

retical formulation

4. include the effects of the nozzle and collector plate motions in the model, and

5. develop an algorithm for continuously simulating the MES process without the

need to predefine the model size

1.4 Significance

Although the proposed model builds upon the contributions of other existing mod-

els, the commonality between the proposed and the previous models stops at con-

ceptualizing the fiber as a discretized multi-body system. Several improvements and

advanced new features are introduced in the proposed model to address the shortcom-

ings mentioned above. Further development and implementation of the multi-body

system approach, including the addition of the platforms’ movements and the collec-
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tor plate’s anchoring effects into the problem formulation, are novel contributions of

this research. Specifically, the novelties are:

1. the inclusion into the dynamic formulation of the anchoring and whipping damp-

ening forces generated due to the fiber sticking on the collector plate

2. the inclusions of the motions of the spinneret and the collector plate in the

formulation to allow simulation of direct-writing and 3D printing scenarios

3. the use of Maxwell’s standard linear solid (SLS) rheological links as viscoelas-

tic joints for improved representation of creep and relaxation behaviors of the

molten polymer

4. addition of rotational viscoelastic elements into the model to capture the whip-

ping motion-dampening phenomenon

5. consideration of rotational degrees of freedoms of the discretized fiber segments

in the formulation, and

6. the introduction and computer implementation of a computationally efficient

algorithm for continuous simulation of the MES processes without predefining

the model size or allocating memory ahead of time.

The formulation of the dynamic equations incorporates most of the previously over-

looked dynamic fiber behaviors into the model. Like the early models, the fiber is

mathematically treated as a serially linked multi-body system composed of shorter

fiber segments. First, the unconstrained equations of motion of the multi-body system

are formulated using Kane’s Dynamical Equations (also known as Kane’s Method).

This method, which has roots in the Lagrangian mechanics but does not require La-

grange multipliers, is particularly beneficial for large-scale multi-body systems, such

as the problem at hand. The absence of the Lagrange multiplier makes Kane’s Method

an efficient and computer-friendly option for dealing with dynamical systems with a

larger number of generalized coordinates (or degrees of freedom). It substantially

simplifies the modeling process and reduces the computational load during simula-

tions.

There are many constraints in the multi-body system arising from the viscoelas-

ticity of the material, the movements of the platforms, the fiber-platform sticking
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phenomenon, and the use of quaternions for orientation representation. Constraints

in the system are handled using the Udwadia-Kalaba (UK) Method, which allows

the conversion of each constraint equation into an equivalent constraint force. The

constraint forces are added to the unconstrained equations of motion as regular force

vectors to furnish the constrained equations of motion of the overall system.

The combined use of the above two methods in the analytical model formulation

is a notable departure from previous endeavors that heavily relied on the classical

Lagrange’s Method. Because of the benefits derived from this approach, the proposed

model is expected to simulate the complete process from the jet initiation at the

nozzle’s tip to the fiber’s deposition on the collector plate. Furthermore, the model is

designed to simulate 3D printing and direct-writing scenarios by defining the nozzle

and collector plate paths as kinematic constraints.

The proposed model generates a large amount of data during simulation that could

be post-processed further to gain meaningful insight into the fiber deposition char-

acteristics. The raw simulation result primarily contains the time history of each

fiber segment in the multi-body system, including the position, orientation, linear

and angular velocities, accelerations, forces, and moments for every bead. As will be

demonstrated in Chapter 5, this data could be further post-processed to extract im-

portant topological and morphological parameters of the spun fibers. The extracted

information may include average fiber diameter, collection diameter, collection pat-

tern, collection density, and other parameters that may be of practical interest when

adapting MES as a bone scaffold fabrication method. These parameters dictate the

internal micro-structure of 3D printed scaffold constructs. The ability to predict their

spatial distribution means predicting the type of bone tissue that could be generated

using scaffolds made from the process.

1.5 Structure of the Thesis

Chapter 1 introduced the concept of tissue engineering. This was followed by a brief

discussion highlighting the benefits and challenges of employing MES as a potential

bone scaffold fabrication method. The research novelties and objectives were also
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outlined. The chapter concluded by highlighting some challenges and limitations of

the research.

Chapter 2 is a literature review of the current state of materials and fabrication

technologies used in bone tissue engineering. A review of the existing analytical and

experimental models is also presented to provide context for the current work.

Chapter 3 overviews the fundamental theories and principles applied in the up-

coming chapters, where the analytical formulation and experimental characterization

are discussed. Topics examined here cover the theories of viscoelasticity, kinematics,

multi-body dynamics, and constraints. While no novel material is introduced here,

this chapter intends to serve as a one-stop reference source for fundamental theories

and methods used in the analytical model formulation.

Chapter 4 is entirely dedicated to the analytical formulation of MES as a multi-

body system—the novelty of the research. The equations of motions of the fiber

are analytically developed here by treating the fiber as a serially connected multi-

body system. Relevant constraints representing different events in the process are

identified and incorporated into the equations. A computer implementation algorithm

is proposed to enable continuous simulation without the need to predefine the model

size or allocate computer memory.

Chapter 5 focuses on the experimental aspects of the research. Two types of ex-

periments are discussed here. The first one concerns the material characterization of

Polylactic acid (PLA)—the material of choice for testing the model. A rheological

test is first carried out on this material to extract its elastic parameter values. The

second experiment is a comparative study designed to validate the theoretical model.

While the values of the elastic parameters extracted from the first experiment are

used in the theoretical model simulation, an actual MES is carried out using the

same material. The observed fiber characteristics are compared with the simulation

results to evaluate the predictive performance of the proposed model.

Chapter 6 demonstrates the application of the theoretical model in simulating

direct-writing applications. The effects of translational nozzle speeds, commonly re-
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ferred to as feed rates, on the fiber characteristics are investigated using the simulation

tool as well as with experiments.

Finally, a closing discussion on the major results and highlights of the study is

provided in Chapter 7. The current model’s limitations are also discussed in this

chapter to identify areas for future improvement.
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Chapter 2

Literature Review: Current State of
Fabrication Technologies and
Materials for Bone Tissue
Engineering

Chapter Abstract

A range of traditional and solid free-form fabrication (SFF) technologies

have been investigated and, on numerous occasions, commercialized for

use in regenerative tissue engineering (TE). The demand for technologies

capable of treating critical-size bone defects has been on the rise. This

quest, accompanied by the advent of functionally tailored, biocompatible,

and biodegradable materials, has generated enormous research interest in

bone TE. As a result, different materials and fabrication methods have

been investigated towards this end, leading to a deeper understanding

of the geometrical, mechanical, and biological requirements associated

with bone scaffolds. As our understanding of scaffold requirements ex-

panded, so did the capability requirements for fabrication processes. This

review aims to broadly examine existing scaffold fabrication processes and

highlight future trends in their development. First, a brief review of the

natural biological process by which bone tissue regenerates itself is pre-

sented to appreciate the clinical requirements for bone scaffolds. This
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discussion is followed by a summary and comparison of commonly used

implant techniques to highlight the advantages of TE-based approaches

over traditional grafting methods. A detailed discussion of the clinical

and mechanical requirements for bone scaffolds follows. The remainder

of the manuscript is dedicated to current scaffold fabrication methods,

their unique capabilities, and perceived shortcomings. The range of bio-

materials employed in each fabrication method is summarized. Selected

traditional and non-traditional fabrication methods are discussed, high-

lighting their future potential from the authors’ perspective. This study is

motivated by the rapidly growing demand for effective scaffold fabrication

processes to economically produce constructs characterized by complex in-

ternal and external architectures.

2.1 Background on Bone Tissue and Repair

Understanding the physiology of the natural bone is the first step in developing a

successful scaffold for bone repair. Bone, or the osseous tissue, is a living structure

that serves multiple vital bodily functions. It is mainly made up of two types of struc-

tural tissues, namely cancellous (trabecular) and cortical bone [24, 31] (Fig. 2.1). The

cancellous tissue constitutes the inner, softer, lighter-density, and highly vascularized

core of the bone mass (50–90 vol%), while the cortical tissue is mainly the outermost

and denser boundary (10 vol%). The cancellous bone, with compressive strength in

the range of 7–10 MPa, is characterized by a lower elastic modulus [25]. This highly

porous (30–90%) structure is where most metabolic activities occur [32]. The poros-

ity of the cancellous tissue depends on local cellular activity, and the mediators that

affect cellular activity may alter the trabecular structures that influence pore size.

Cancellous tissue houses blood vessels, bone marrows, and many other biological in-

gredients and allows the transportation of nutrients and metabolic waste. Because of

the presence of organic content in its structure, this tissue is characterized by superior

elasticity and higher levels of resilience and toughness. However, the tissue is also

characterized by an insufficient tensile strength (σY < 2MPa) [33]. Due to its higher

mineralization content and absence of organic matter, the cortical tissue possesses
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higher elastic modulus, high stiffness, and low toughness [34]. The harder and denser

structure of cortical tissue (5–30% porosity) serves as a protective enclosure for the

inner fragile cancellous tissue. With a compressive strength range of 130–225 MPa

(σY : 60–160 MPa, E: 3–30 GPa) [35], cortical bone plays the role of the main struc-

tural support element in the body. The combination of these two tissues makes bone

a unique mechanical structure with the capacity to withstand higher levels of loads

and deformations than could have been achieved individually by its constituents [32].

About 70% of bone comprises hydroxyapatite (HA) crystals, a member of the calcium

phosphate mineral family [32]. The remaining 20–30% is a mixture of water, members

of the collagen family of proteins, and other proteins and proteoglycans that make

up the organic portion of the bone mass [36, 37]. Bone-resident cells represent only

about 2% of this organic matrix [34].

Figure 2.1: Schematic diagram of typical bone tissue

2.2 Interventions for Bone Repair

In the event of excessive damage to the bone tissue due to an accident or degenerative

disease, the natural bone (remodeling) process alone might not be sufficient to restore
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bone integrity. These types of damages may generally require an intervention in the

form of autografting or allografting [38, 39]. In autografting, the affected area is

supplemented with bone tissue extracted from the patient’s body. This method is well

known for its relatively higher success rate because of guaranteed biocompatibility

and low risk of rejection [40, 41]. The limitations of this technique stem from its

suitability for treating only relatively small defects and the need for additional surgical

procedures at donor sites. Critical-size bone defects (CSBD) require more donor tissue

that might not be readily available from the patient’s body. This challenge limits the

applicability of this technique to only the treatment of small-size defects [41, 42].

Allografting, which is the process of grafting using processed bone tissue collected

from other donors, has been employed in situations wherein the grafting material

cannot be harvested from the patient for various reasons. Compared to autografting,

this method poses some additional challenges and risks. Preserving the osteopotency

of the material during processing is the primary challenge reported. There is also the

risk of donor-to-recipient infection transmission and implant rejection.

Tissue engineering (TE) is an alternative approach to generating bone grafts. It

involves using temporary artificial environments specifically designed to facilitate the

regeneration and growth of natural tissues [4–6]. In the context of bone TE, it involves

building three-dimensional (3D) structures with controlled porosity to create a sup-

portive environment for bone tissue growth. These structures are commonly known

as bone scaffolds. TE, driven by recent advancements in material and fabrication

processes, has become a highly viable approach for treating CSBD [1]. It is generally

desirable to build scaffolds from biodegradable materials. Biodegradability allows the

removal of the scaffold material from the patient’s body when it completes its intended

purpose without needing post-surgical procedures. The scaffolds and fabrication pro-

cesses are expected to satisfy critical requirements to stimulate bone remodeling at

the implant site. In upcoming sections, detailed discussions on selected fabrication

processes and materials used in bone TE are presented. The reader is encouraged

to refer to other reviews on manufacturing bone scaffolds for additional information

not covered here, including recent reviews emphasizing ’bio-printing’ with cellular

elements [36, 43–50]. This review covers the potential application of electrospinning
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in mineralized TE [1, 51, 52]. A survey of different manufacturing processes and the

range of materials used specifically for bone scaffolds are provided.

2.3 Scaffolds for Bone Tissue Engineering

A bone scaffold is a temporary mechanical structure designed to mimic the ECM

of bone tissues. Its primary objective is to provide an environment wherein bone

remodeling can occur with minimal complications [53]. For a scaffold implant to be

successful, mesenchymal stem cells (MSC) must first come in contact and adhere to

its surfaces. Depending on availability at the implant site, the MSCs may need to be

introduced to the implant site from external sources [4, 54]. Once this initial stage

is completed, the bone grows at the scaffold’s outer surfaces with an inward mineral-

ization gradient [24]. The success of this process depends on several critical scaffold

parameters such as surface roughness, internal architecture, porosity levels, material

chemical composition, and biocompatibility. The ideal scaffold is characterized by

superior mechanical strength, osteoconductivity, and biocompatibility. It has opti-

mally sized and interconnected porous spaces to house the newly formed bone cells.

The pore interconnections are vital because they serve as routes for blood vessels

and transportation of nutrients and metabolic wastes [7]. Biodegradable materials

are preferred in scaffold fabrication to minimize any residual synthetic matrix at the

regeneration site. Cell attachment and inward growth are determined mainly by the

scaffold’s surface roughness and internal geometry, respectively. The porosity level

in a scaffold directly impacts the bone remodeling process as it dictates the amount

of surface area available for cell-scaffold interactions [55]. High porosity levels mean

a higher internal surface area-to-volume ratio. Generally, the higher this ratio, the

better the cell attachment and the bone growth characteristics [56]. However, there

is an inverse correlation between the level of porosity inside a scaffold and its me-

chanical properties [53]. Excessive porosity leaves little material in the construct and

adversely affects the mechanical performance of the scaffold. This poses a risk of

structural collapse if the implant is exposed to external loads. Therefore, optimizing

pore sizes is essential to balance structural and cell activity requirements.

Pore size requirements for a scaffold depend on the type of bone tissue for which the
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scaffold is intended. Generally, smaller pore sizes (< 75 µm) are found to be suitable

for the formation of fibrous tissues. In comparison, intermediate (75–100 µm) and

larger pore sizes (200µm) are more suited for unmineralized and fully mineralized

bone formation, respectively. Bone formation, for example, requires a minimum of

100–150 µm pore sizes, while the requirement for vascularization is more than 300µm

[24, 25]. Generally, pore sizes in the 50–1000 µm range are recommended for cell

growth and complete recovery [55, 57].

Pore connectivity is another crucial geometrical parameter. Pore interconnections

are channels that connect neighboring pores and function as transportation routes.

When the scaffold degrades at the end of its useful life, the efficiency of its removal

process is dictated by the sizes of these interconnection channels [56]. Channel sizes

in the range of 15–50 µm are generally suggested for enhancing inter-porous flow

properties [58, 59]. Among the many attributes of a suitable scaffold, the following

stand out as the most crucial [25, 53, 60]: 1) surface permeability to allow the transfer

of biological fluids at the boundary, 2) surface roughness to promote cell attachment

and invasion critical for osteoconductivity, 3) biocompatibility to minimize the risks

of local toxicity and undesired immune/inflammatory reactions, 4) biodegradability

and removal of degradation products by the metabolic processes [61, 62], 5) internal

architecture and porosity distribution to facilitate the scaffold invasion with cells

for tissue induction, and 6) matching mechanical properties to that of neighboring

tissues at the implant site [7, 36]. These requirements underscore the importance of

understanding the relationships among the scaffold material, internal geometry, and

other process parameters and their impact on clinical outcomes.

2.4 Scaffold Materials for Fabrication Processes

Several materials and fabrication methods meet the scaffold requirements. However,

not all materials and fabrication methods are compatible, and the right combination

should be selected when designing a process for scaffold fabrication. The choice

of the fabrication method also dictates whether drugs, growth factors, and other

biological ingredients could be directly impregnated into the base material during

the fabrication process. The additives are released at the implant site when the
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scaffold material undergoes degradation. The effectiveness of the drug release rate is

influenced by, among other factors, the ability of the fabrication process to control the

drug concentration and spatial distribution. High-temperature fabrication methods,

for example, could thermally degrade these additives and are not best suited for such

applications [13, 63].

One widely used material for the preparation of bone scaffolds is hydroxyapatite

(HA), with a chemical formula Ca10(PO4)6(OH)2 and a Ca:P ratio of 1.67. It is

naturally available at the bone site, has high mechanical strength, and can undergo

cellular degradation without obvious toxic byproducts. Beyond the HA, other related

Ca/P-based ceramics have been employed in making bone scaffolds, including brushite

(DCPD; CaHPO4 2 H2O with a Ca/P ratio of 1.00), octacalcium phosphate (OCP;

Ca8(HPO4)2(PO4)4 5 H2O with Ca/P ratio of 1.33), α-tricalcium phosphate (α-TCP;

Ca3(PO4)2 with Ca/P ratio of 1.5), β-tricalcium phosphate (β-TCP; Ca3(PO4)2 with

Ca/P ratio of 1.5) and tetracalcium phosphate (Ca4(PO4)2O with Ca/P ratio of 2.0)

[64]. They have varying degrees of osteoinductive and osteoconductive properties.

Their biodegradable rates could be tuned by carefully optimizing the Ca:P molar

ratio in the compound.

To enhance tissue integration and overcome the shortcomings of the pure form of

HA, one can employ materials that possess similar attributes to the constituent ingre-

dients of the natural bone (HA minerals and collagens) [7, 25, 65]. This observation

has brought to focus the use of artificially synthesized nanohydroxyapatite (nHA)

composites, with glasses and other minerals added as fillers [4, 41, 66]. This approach

improved the mechanical properties of the scaffold material and allowed customizing

the materials to meet specific functional and geometrical requirements. For exam-

ple, a study conducted by Goncharuk et al. [67] demonstrated improvement in the

surface-to-volume ratio by synthesizing an nHA-polysaccharides (PS) composite us-

ing a liquid-phase two-step solution. The nHA nanoparticles were first synthesized

from a wet reaction between Ca(OH)2 and phosphoric acid according to:

10Ca(OH)2 + 6H3PO4 −−→ Ca10(PO4)6(OH)2 + 18H2O. (2.1)

The nHA/PS composite was synthesized in the second stage by mixing the nHA
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suspensions from the first stage in a PS solution. They reported improvements in the

structural, morphological, and thermal behaviors of the resulting composite material.

For example, the specific surface area, an indirect measurement of surface-to-volume

ratio, was reported to vary between 0.3–43 m2/g to 49–82 m2/g for a 1:1 and 4:1

ratio of nHA/PS, respectively. Using a similar approach, Shakir et al. [68] first syn-

thesized the nHA particles from the reaction between calcium nitrate tetrahydrate

(Ca(NO3)2 4 H2O) and diammonium phosphate ((NH4)2HPO4) according to the fol-

lowing chemical reactions [69–71]:

10Ca(NO3)2 4H2O+ 6 (NH4)2HPO4 + 8NH3 −−→

Ca10(PO4)6(OH)2 + 20NH4NO3 + 38H2O (2.2)

10Ca(No3)2 4H2O+ 6H3PO4 + 20NH4OH −−→

Ca10(PO4)6(OH)2 + 20NH4(NO3) + 58H2O. (2.3)

The nHA was co-precipitated with the PS chitosan (CS) and polyethylene glycol

(PEG) to synthesize the nHA/CS/PEG nanocomposite. They reported improved

scaffold performance in mechanical properties, surface morphology, biotoxicity, and

crystallinity. A comparison between nHA/CS and nHA/CS/PEG showed that adding

PEG to nHA/CS/PEG improved the in vitro bioactivity. Several other studies [4, 40,

54, 64, 68, 70–75], using similar chemical reactions to synthesize nHA, have reported

improvements in HA-based material properties using similar approaches.

Natural and synthetic biodegradable polymers and their combinations have been

tested for bone scaffold applications. While the naturally occurring polymers in Table

2.1 tend to possess excellent biocompatibility and physiological degradation charac-

teristics, they particularly suffer from weak mechanical strength. These materials are

compatible with select fabrication processes, including hydrogelation, cryogelation,

fiber bonding, and photopolymerization. The synthetic polymers (Table 2.2) offer

superior mechanical attributes relative to the natural polymers but suffer inferior cell

attachment properties. Their degradation rate has also been directly linked to the

creation of an acidic environment.
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Table 2.1: Representative natural bio-polymers in bone tissue engineering [76–81]

Source Polymer Basic properties FDA approved

Proteins
(extracted from animal and
plant-based biomass)

Collagen

• Biocompatible and supportive of cell attachment
• Can be created as a spongy hydrogel
• Supportive of osteoblast differentiation
• Biodegradability with no acidic byproduct
• Poor mechanical properties
• Can be modified by ceramics and bioglasses
• Can be made into composite polymer

Yes

Fibrin
• Hydrogel
• Biodegradable and good cell interaction Yes

Gelatin
• Can be created as a spongy hydrogel
• Biodegradable and bioresorbable Yes

Silk sericin

• Successful cell attachment
• Biodegradable
• Used for wound dressing [82]
• High tensile strength
• Successful cell attachment

Yes

Keratin

• Osteoconductive
• Exhibits excellent cell adhesion properties
• Supports vascularization
• Slow degradation rate

N.A.

Polysaccharides
(extracted from animal and
plant-based biomass)

Alginate

• Hydrophilic
• Can create hydrogel scaffolds
• Biodegradable with no toxic byproduct Yes

Chitosan

• Has the antibacterial property
• Can create hydrogel scaffolds
• Composite scaffold with ceramic fillers
• Biodegradable

Yes

Continued on next page ...
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Source Polymer Basic properties FDA approved

Hyaluronic acid

• Major component of cartilage ECM
• Leads to highly hydrated (hydrogel) scaffolds
• Could be made into an injectable gel Yes

Biopolyesters
Poly(hydroxyalkanoate)s
(PHA)s
(derived from microorganisms)

Poly(3-hydroxybutyrate) P(3HB)

• Possesses excellent biocompatibility
• Brittle in nature, but mechanical properties can be improved by mixing

with other PHA monomers or ceramics [83–85] N.A.

poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV)

• Wide range of physiochemical properties can be tailored as a result of
variation in chemical structure within the PHA group [86]

• Thermally processable N.A.

poly(3-hydroxybutyrateco-3-
hydroxyhexanoate) (PHBHHx)

• Significantly better cell attachment and proliferation properties (about 40%
after 10 days) than P(3HB) [50, 87] N.A.

poly(3-hydroxybutyrate-co-3-
hydroxyvalerate-co-3-hydroxyhexanoate)
(PHBVHHx)

• Relatively newer material
• Rougher texture and more hydrophobic than PHBHHx
• Better cell adhesion and osteogenic differentiation (66% after 72 h) than

PHBHHx [88]
N.A.
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Table 2.2: Representative synthetic bio-polymers in bone tissue engineering. (Adapted from [89])

Synthetic polymer Degradation rate
(months)

Modulus of Elasticity
(GPa) Properties FDA approved

Poly(caprolactone) (PCL) > 24 0.4–0.6
• High permeability to drugs [82]
• Less acidic due to slow degradation Yes

Poly(lactide-co-glycolic) acid (PLGA) 3–6 1.4–2.8
• Optimal composition for optimal degradation
• Acidic degradation byproducts Yes

Poly(L-lactic) acid (PLLA) > 24 1.3–1.3

• Degrades into non-toxic byproduct [82]
• Inflammation due to the crystallinity of degraded

byproduct
• Injection moldable

Yes

Poly(D,L-lactide) acid (PDLLA) 12–16 1.9–2.4
Poly(propylene-fumarate) (PPF) > 24 2–3

21



Creating composite materials to address challenges experienced by one-dimensional

materials has yielded more optimal materials and functionalized scaffolds. Generally,

ceramic and bioglass minerals are added to the natural and synthetic polymers to cre-

ate scaffolds with enhanced mechanical and biological performance. The presence of

ceramics such as HA and TCP in the composites improves the scaffold’s compressive

strength, degradability rate, and osteogenic capacity. Meanwhile, the polymers main-

tain good elastic strength and provide a cross-linking mechanism. Composites such

as TCP/TTCP/Polymer, β-TCP/bioglass, HA/Starch, HA, CPP/PVA, HA/gelatin,

and PCL/HA are frequently reported in use [24, 90, 91]

2.5 Fabrication Processes

Most fabrication methods, particularly those under additive manufacturing (AM),

rely heavily on a digital representation of the target tissue for processing materials

into bone scaffolds. Acquiring and processing this data by itself has become the focus

of numerous studies as the importance of the internal micro-structures of bone scaf-

folds became evident [92–94]. The collected data may be used to model new scaffolds

or to evaluate the state of deployed scaffold implants [95]. To design a new scaffold,

macro-structural data (data pertaining to the external shape of the targeted tissue)

and micro-architectural data (internal pores and interconnective channels) from the

target bone tissue are needed. Several well-established bioimaging techniques could

be employed to achieve this. While qualitative computed tomography (CT) is gener-

ally used for collecting macrostructural data, high-resolution computed tomography

(hrCT) and high-resolution magnetic resonance (hrMR) produce good results for

micro-architectural data collection in vivo.

On the other hand, micro-computed tomography (µCT) and micromagnetic res-

onance (µMR) are frequently used for in vitro evaluations [96]. Even though these

systems work based on 2D scanning, the 3D representation of the tissue geometry

is constructed by volume rendering from the 2D data [97, 98]. The resulting geom-

etry is commonly stored and communicated in stereolithography (STL) file format.

Since STL represents 3D models by approximating the enveloping surfaces of the

solids by stitched triangular facets, it slightly loses accuracy when approximating
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curved surfaces. Challenges related to data redundancy and inability to carry other

manufacturing-related information have been reported [99, 100]. Even though several

different file formats have been developed to address these shortcomings, STL is still

widely accepted as an industry standard.

Depending on the fabrication method involved, the STL file is further processed to

generate fabrication method-specific data. For example, this may be 2D nozzle paths

for powder and extrusion-based printers and projectable cross-sectional images for

vat photopolymerization-based fabrication methods. Several techniques have been

proposed to enhance the mechanical and cell-guiding properties of scaffolds based

on the optimization of the internal architecture of the scaffold. While most rely

on patterning and filling the interior of the scaffold with microcellular cavities of

primitive shapes [101–104], complex and spatially-graded internal architectures are

also getting traction [105–108].

The internal geometry is an important parameter that dictates room available for

osteogenic activities. There is a growing interest in replicating the internal geom-

etry of the natural bone tissue in the scaffolds [109]. However, this practice poses

challenges in acquiring the data in the first place and reproducing it with existing

technology cost-effectively. Its effectiveness in promoting bone growth is also debat-

able as the scanned data represents an already matured bone tissue, which is not

necessarily a geometry that promotes the growth of new bone cells into this matured

state.

Numerous fabrication processes have been developed to take advantage of bone’s

regenerative potential, and below are summarized the most popular current fabrica-

tion techniques.

2.5.1 Gas foaming

Gas foaming (GF) is the process of creating porous structures by forming bubbles or

passing gases inside a material blend of amorphous consistency [42, 110]. The process,

depicted in Fig. 2.2, starts with mixing the substrate, a foaming agent, and a binder

into a jelly-like or amorphous consistency. The mixture is then molded into the shape
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of the target scaffold using a convenient method and allowed to solidify partially. The

material is immersed in a solution bath that chemically reacts with the embedded

foaming agent. As the chemical reaction synthesizes gasses, the erosion caused by the

escaping gas bubbles inside the pre-molded body creates the required porous internal

geometries. Alternatively, inert or non-reactive gases such as N2 and CO2 supplied

from external sources are forced to pass through the substrate to create the required

internal porous structures [56]. As summarized in Table 2.3, this method has been

extensively used to investigate different materials for bone scaffold applications.

+

Substrate 
polymer

Aditives and/or 
foaming agent

Molding target shape
Semi-soilidified
construct

Gas foaming with chemical 
reaction or forced gases from 
external sources

Porous scaffoldBinder

Figure 2.2: Schematic diagram of a typical gas foaming process. Adapted from [56]

The pore sizes are generally controlled by controlling the mixing ratio of the con-

stituent materials and foaming agents. The consensus is that the more gas the process

generates, the higher the porosity level. Depending on the type and mixing ratio of

the substrate, foaming agents, reverse templates, and solvents, pore size in the range

of 40–800µm can be achieved. Table 2.3 summarizes materials used in two different

gas foaming processes.
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Table 2.3: Materials used in gas foaming

Base material Gas source Foaming reaction Solvent Pores
(µm) Process attributes Ref.

PLGA Chemical
reaction

NH4HCO3 (salt) + aq.
citric acid N.A. 200–500

• Fast, cost-effective
• Pore inter-connections not always

guaranteed [110, 111]

PCL and thermo-plastic
gelatin (TG)
40%PCL + 60%TG

Forced flow of N2
and CO2 mix External gas supply water (to dissolve

TG) 40
• Fine pore size
• Improved connectivity [56]

40% low MW PCL + 60%
high MW PCL + HA

Super critical
CO2

External gas supply
Solvent used for
polymer extraction:
water

200–600
• Biocompatible
• Mechanically strong [112]

PCL + drugs Supercritical
CO2

External gas supply Drug solvent 75–250

• Morphology and crystallinity depend on
drug and solvent concentration.

• High solvent gave high porosity [113]

30%PCL/70% NaCl CO2 and N2
mixture External gas supply Waster to dissolve

NaCl 300–500
• Reverse templating used with NaCl

[56]

PLA CO2 External gas supply None
Two-stage:
100–800

1–10

• A hierarchical process; fused deposition
of PLA first, followed by gas foaming [114]
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The main drawback of this process is its inability to create fully interconnected

pores. Different methods have been proposed to resolve this limitation. The use

of secondary-stage foaming agents is one possibility. These agents, also known as

residual opening phases, help create more porosity by either triggering a secondary

foaming reaction at a later stage or initiating mechanical deformations that create

additional pores and channels. Scaffold porosities can be further improved by care-

fully selecting the residual phase to serve as a reverse template. In reverse templating

(sometimes known as selective polymer extraction), one or more constituent materials

in the mix are removed by dissolving in a solvent to create additional voids in the

structure [56]. Salerno et al. [56, 110, 115] demonstrated this by adding water-soluble

residual opening phases such as NaCl and thermoplastic gelatin into the substrate

[115]. After serving the primary purpose of residual phasing, the salt and the ther-

moplastic gelatin were dissolved away, leaving behind more voids in the gas-foamed

structure and effectively increasing the porosity and interconnections [56].

Another method proposed by Zhou et al. [114] attempted to utilize the combined

strengths of AM and gas foaming to deliver scaffolds with improved porosity. The

proposed method is based on a hierarchal approach in which the macro-level details

of the scaffold were first fabricated out of PLA using extrusion-based 3D printing

techniques. The internal pore sizes achieved by this initial stage were reported to be

in the 100–800 µm range. The printed PLA part was later foamed using CO2 as a

foaming agent, resulting in a final porosity of 1–10 µm. The gas foaming improved

the porosity significantly and allowed greater control over the geometry of the scaffold

at the macro level.

Nanoparticles are sometimes added to the substrate mix to enhance the mechanical

and clinical performances of the scaffold. A study by Torres et al. [7] showed an

improvement in these two areas by adding TiO2 into a PLGA substrate. In addition

to serving as fillers and improving the mechanical properties of the scaffold, the added

nanoparticles enhanced the cell attachment and the subsequent inward proliferation

during clinical trials. Because of its excellent biocompatibility and osteoconductive

characteristics, HA has seen application as a nanoparticle additive in gas-foamed

substrates [42, 112]. Drugs and growth factors may also be added to the substrate to
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aid tissue induction. Salerno et al. [113] recently investigated the effects of three drugs

(5-fluorouracil, nicotinamide, and triflusal) on scaffold morphology and their release

rate. The group used supercritical CO2 foaming to fabricate the scaffold out of PCL-

drug mixes. A CO2-inert organic solvent was used to dissolve the drugs during the

substrate preparation stages. They reported that the drug and solvent concentration

affected crystallinity, morphology, and pore size. Varying results were also observed

among the drugs considered.

The other drawback of gas foaming is its unsuitability for creating intricately

shaped scaffolds. Gas foaming of such geometries requires a ’negative scaffold’ to

be fabricated first and used as a mold in the actual foaming process later, which may

not be a cost-effective approach. Gas foaming has the crucial advantage of lower cost

and faster processing time than AM. However, the internal geometries are relatively

harder to control; residual foaming agent and solvent toxicity pose a risk; and the

process, in its traditional form, cannot achieve predefined internal geometries [56].

As demonstrated by Zhou [114], the latter can be addressed by merging the two

processes.

Pure polymers such as PLA, PGA, and PCL have rheological properties that make

them exceptionally suitable for gas foaming. As a result, they have been extensively

used in producing scaffolds with attractive morphologies [116, 117]. From a biological

performance perspective, the molecular weight of the polymers, their osteoconduc-

tivity, and the nano-scale surface roughness play significant roles. They could affect

the initial cell attachment, seeding (if ex vivo), proliferation, differentiation, and min-

eralization stages. The use of high molecular weight polymers has been associated

with inferior geometrical properties such as smaller pore sizes, porosity, and intercon-

nectivity due to the high viscosity that characterizes these polymers. High viscosity

generally leads to smaller and discrete foam cells, which is detrimental to the resulting

scaffolds’ biological cell attachment and growth behaviors [112]. The ability of poly-

mers to support osteoconduction is usually improved by adding or mixing ceramic

fillers to form polymer-ceramic composite scaffolds. Compared to pure polymers, ce-

ramic composites’ benefits were evident in their cellular performance. Seeded with

human osteoblast cells under similar conditions, adding a small amount (1–5%) of
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HA and TCP minerals, for example, improved cell attachment and osteoblastic ac-

tivities [42, 118]. Additional micro-surface modification using gas plasma treatment

can further improve the permeability and wettability of gas-foamed scaffold surfaces

and enhance their cell adhesion and seeding performances [119]. Other fabrication

methods, such as AM, also use this surface roughness and permeability modification

methods.

It appears that the initial stages of the bone remodeling process have been, to

some degree, successfully replicated in vitro on gas-foamed scaffolds. Varying results

in cell attachment, seeding, proliferation, differentiation, and mineralization have

been reported in response to material and process parameter factors.

2.5.2 Cryotropic Gelation

Cryotropic gelation, also known as cryogelation, is the process of creating microporous

structures by freezing a polymeric solution suspended in water (or other solvents) to

a sub-freezing temperature and allowing a phase separation to occur between the

solvent and the precursor solution (Fig. 2.3) [120]. At these temperatures, the water

crystalizes, and the precursor solution goes through a polymerization phase resulting

in permanent crosslinks between its molecules. The porous structure is created when

the frozen water crystals trapped inside the body of the polymerized gel are thawed

and extracted upon unfreezing [121–123].

Figure 2.3: Working principle of cryotropic gelation (Adapted from [121])

The gentle process parameters and availability of a range of biocompatible polymers
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suitable for cryogelation have made this process another popular choice, especially for

incorporating growth factors in TE scaffolds [22, 124–128]. HA nanoparticles and bio-

additives are often added to the precursor solution to improve the mechanical and

clinical properties of the scaffolds. For example, a study conducted by Salgado et

al. [129] reported improvement in cell adhesion, differentiation, and biodegradation

characteristics when a composite scaffold made from a collagen/HA mixture was

crosslinked at −10 ◦C and seeded with cells both in vivo and in vitro. Another study

[130] used a similar method to study the combined effects of an osteogenic protein

(BMP-2), a bioglass additive, and a drug (bisphosphonate). The drug was included in

the study to prevent resorption caused by the protein as a side effect. The precursor

solution was formulated by mixing the protein and the drug with silk-fibroin, chitosan,

agarose, and nHA. Two types of scaffolds were fabricated by crosslinking this solution

at −80 ◦C with and without the bioglass additive to evaluate the effects of bioglass

additives. After seeding the scaffolds with myoblast (C2C12) cells and MSC in vitro

and observing the cell activities for 60 days, the team reported gradual and sustained

cell proliferation and differentiation. The bioglass was found to have no significant

effect on the drug release rate. One way of improving the mechanical properties is

by employing multi-stage crosslinking in which the pores of a scaffold fabricated by

cryogelation are filled with precursor polymer solutions and crosslinked one or more

times. This approach produced a fibroin-glycol scaffold in a two-stage crosslinking

operation [131]. Significant improvement in the mechanical properties of the scaffold

was reported (E = 66–126 MPa, 90% compression under 87–240 MPa applied stress).

Although the material added in the additional crosslinking stages was credited for

improving strength, its impact on the pore sizes and interconnection quality is yet to

be determined.

The duration of the crosslinking stage impacts the scaffold’s morphology directly.

In general, the longer the crosslinking time, the higher the level of porosity and the

thinner the wall thickness separating these pores become [121].

One of the advantages of cryogelation is that it allows control of the porosity size by

carefully selecting the solvent and precursor solution ratio. Impregnating biological

factors into the mix is easy, and the low temperatures in the process eliminate the
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risk of thermal degradation of drugs and growth factors. Porosity and mechanical

properties of the scaffold construct could also be altered by adding composite fillers,

fibers, and other polymers into the solution mix [132]. For example, Kai et al. [133]

have reported that adding electrospun PCL fibers into a gelatin hydrogel solution

increased the elastic modulus of the resulting construct from 3.29 ± 1.02 kPa to

20.30 ± 1.79 kPa. Compared to most AM methods, the limitations of this process

arise from a lack of mechanisms to precisely define and control the scaffold’s internal

and external geometries. Although the average pore size is controlled by altering the

material composition, freezing temperatures, crosslinking time, and adjusting other

process parameters, achieving a pre-determined size distribution remains challenging.

This is at odds with the current trend in bone scaffold engineering, which requires

precisely defined and spatially distributed internal architectures.

Like gas foaming, pore interconnections are only sometimes guaranteed in cryo-

gelation because the porosity is randomly created as a byproduct of the chemical

interaction between the molecules of the precursor solutions. The porosity level could

be improved by using different material additives and increasing the crosslinking time

(Table 2.4). The other geometrical limitation of this method is that it requires addi-

tional procedures and possibly molds to create the outer shape of the scaffold. Despite

these limitations, cryogelation remains an invaluable tool for the initial evaluation of

different materials and growth factors [134].
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Table 2.4: Commonly used materials in cryogelation

Material Crosslinker Pore size
(µm) Comment Reference

Methacrylamide modified gelatin 135± 10
Ultrasound and electromagnetic simulation
resulted in increased production of ECM [135, 136]

N(2-Hydroxypropyl) methacrylamide
(HPMA) Copolymer of HPMA and
methacryloyl-GGGRGDS-OH

Poly(ethylene glycol)
dimethacrylate 50-300 Concentration of crosslinker affected

elasticity of biomimetic hydrogel [137]

Methacrylated chondroitin sulfate (MeCS),
Methacrylated hyaluronic acid (MeHA)

Poly(ethylene glycol) diacrylates
(PEGDA)

63± 19
59± 18

[125]

Chitosan gelatin (CG) with HA, CG, and
BC as fillers 30 Improved rate of mineralization due to

ceramic fillers [138, 139]

HEMA-Lactate-Dextran NA Higher level of vascularization with a
cell-seeded scaffold. [124, 140]

PEG with graphene oxide (GO) as a filler Ammonium persulfate
Tetramethylethylenediamine NA Addition of GO stimulated osteogenic

differentiation [141]

Gelatin/HA Glutaraldehyde 200/50/50
(10/30/50%HA) [142]

Gelatin/PCL Methacrylamide 156–359 Hierarchical scaffold (3D printed PCL later
cryogelled for strength) [127]

PEG-HEMA 50
Small amount of methacrylated
poly(g-glutamic acid) improved
mineralization, but a not higher percentage.

[143]

N-vinyl-2-pyrrolidone (NVP) Synthetic biocompatible monomer [139]

Silk fibroin (SF) 19 Natural polymer [139]

Polyvinyl alcohol-tetraethylorthosilicate-
alginate-calcium oxide (PTAC)

Material possess good osteoinductive and
osteoconductive properties [144]

Heat-treated polyacrylonitrile with
succinonitrile porogen 12–20 HT-PAN resulted in acceptable scaffold

morphology [145]
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With the design of cryogel scaffolds, in vivo cell penetration into the scaffolds could

be realized without difficulty. A comparative study between a blank scaffold and an

MSC-seeded scaffold showed no significant difference in cell viability, proliferation, dif-

ferentiation, and mineralization characteristics. However, accelerated vascularization

was observed in the MSC-seeded scaffolds. A separate study has shown, consistent

with other fabrication methods, improvement in osteoblastic activities in the pres-

ence of ceramic fillers [138, 141]. The degree of crosslinking, however, was negatively

impacted by the presence of ceramic fillers. For example, adding 10, 30, and 50%

HA to gelatin ratio resulted in a composite cryogel with 200, 50, and 55 µm pore

sizes, respectively, accompanied by order of magnitude increases in mass densities

[142]. The ceramic filler’s neutrality to the crosslinking reaction and its tendency to

disrupt the links physically can explain this observation. In another case, improved

mineralization was observed for up to a certain percentage when mPGA was added

to PEG-HEMA scaffolds [143].

External physical stimuli, including electrical current, ultrasound, and electromag-

netic sources, have also been used in some cases to stimulate cell migration and

osteogenetic differentiation in vitro [135, 144, 146]. Comparison between stimulated

and control scaffolds showed increased secretion of ECM components in the stimu-

lated scaffolds. Higher levels of osteocalcin, osteopontin, and Type-I collagens were

reported in response to the stimulation (2.9-fold, 2.4-fold, and 1.5-fold, respectively).

The combined use of multiple manufacturing methods to address some of the limi-

tations of cryogelation has been gaining much attention recently. Van Rie et al. [127]

produced a scaffold with improved mechanical properties using 3D printing and cryo-

gelation processes. In their design, an initial scaffold was 3D printed out of PCL with

sparse resolution and later flooded with gelatin cryogel solution. Upon crosslink-

ing, the scaffold was characterized by higher mechanical strength (80 MPa) due to

the stronger PCL core while still exhibiting micropores created by the cryogelation.

However, the pore sizes in the 156–359 µm range were suboptimal compared to scaf-

folds made by cryogelation alone (50–75 µm).
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2.5.3 Additive Manufacturing

Additive manufacturing (AM) or solid free-form fabrication (SFF) is a collective term

used to describe a group of fabrication methods in which 3D objects are constructed

layer-by-layer in an incremental manner [147–150]. The process starts by creating

a computer-aided design (CAD) model for the target scaffold. While some simpler

models could be manually constructed using commercial CAD tools, complex shapes,

such as bone ECM, are problematic to model manually and may require scanning and

digitizing techniques. Computed tomography (CT) and magnetic resonance imaging

(MRI) techniques have been proven to be valuable tools in this regard [25, 151]. An

intermediate software usually converts the generated 3D model to formats readable

by most AM equipment. Stereolithography (STL), object (OBJ), and additive manu-

facturing file (AMF) are some examples of widely used file formats. The 3D model is

digitally sliced into multiple layers represented by their 2D profiles [152]. The type of

information contained within the 2D profiles varies from one AM method to another.

In fused deposition modeling (FDM), for example, the data may contain the paths

to be followed by the nozzles and the coordinates at which the nozzles start and stop

extruding [4, 40]. On the other hand, 2D cross-sectional data generated for a vat

photopolymerization may contain mainly projectable images of the cross-sections.

AM has unique capabilities vital to producing bone scaffolds with precisely prede-

fined external and internal architectures. This method is the best for controlling the

general shapes of printed scaffolds on the macro level. In addition, limited success

has been reported in producing scaffolds with internal gradient architecture. Spatial

variation of internal architecture could lead to different vascularization profiles, lead-

ing to the growth of different types of tissues (bone, cartilage, and vascular) within

the same scaffold [153, 154]. Gradient internal architectures also play critical roles

in enhancing the mechanical strength of the scaffold [155]. However, despite these

advantages, AM methods are best suited only for a few scaffold materials. Factors

such as material compatibility, printing resolution, cost, and processing speeds must

be considered when selecting a fabrication method for a specific application.
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Binder Jetting

Binder jetting is one of the most widely investigated AM methods for bone TE. A

chemical interaction between a powder scaffold material and a liquid binding agent

binds the loose powder particles into a solid entity [25, 41, 43, 156–158]. A precisely

controlled binder delivery system selectively sprays the binder onto regions of the

powder bed where binding is required (Fig. 2.4). Considering the volumetric shrinkage

of the material due to wetting, the thickness of this powder layer is selected to match

the slice thickness established in the preprocessing software [90]. When wet by the

liquid binder, the material goes through several transformation stages that ultimately

solidify the activated regions. A detailed discussion on these stages and powder

wetting mechanism can be found in Reference [159]. While the wetted region hardens

to become the solid cross-sectional segment of the printed construct, the dry regions

remain in their original powder form serving as support structures for overhanding

features in upcoming layers. When the binder spraying is completed for the current

layer, the printing platform is lowered, and a new layer of fresh powder material is

added at the top of the bed. These steps are repeated until the entire 3D object is

entirely constructed. The loose powder around the construct is removed at the end

of the printing process to free the part [4]. The process of removing the unbound

powder is commonly known as de-powdering.

The powder particle sizes and shapes affect the powder deposition characteristics of

the material and the de-powdering process. Generally, smaller particle sizes (<5 µm)

with rugged edges are characterized by poor particle flow. They tend to agglomerate

during wetting under the effects of Van der Waals forces [160, 161]. Rounded and

large particles (>20 µm), on the other hand, have less internal friction and a tendency

to flow and spread well [157, 162]. Several studies have proposed different methods

for controlling scaffolds’ mechanical properties and internal architectures based on

this observation [163]. This behavior was also independently demonstrated by Utela

et al. [157] and Zhou et al. [159]. They manipulated the inter-particle spaces between

contacting powder particles to achieve targetted porosity and interconnective channel

profiles. They reported that powder granularity directly influenced the size and qual-

ity of these features. The wetting and subsequent post-processing procedures also
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affected the surface finish of the scaffold.

Butscher et al. [90] proposed a two-part scaffold design to enhance the de-powdering

characteristics based on the powder particle profiles. The first layer—an outside solid

shell constructed with large pore sizes and superior mechanical strength—was de-

signed to enclose and house free-flowing powder particles inside. The study evaluated

the effect of different filler particle profiles (rounded/rugged) on the de-powdering

characteristics. The result showed enhanced de-powdering compared to scaffolds

printed with solid cores. However, a significant reduction in compressive strength

(14–18%) was also reported due to a reduction in material density.

Its accuracy, flexibility, and suitability for processing a wide range of materials and

binders at low cost have made binder jetting one of the most attractive methods for

scaffold engineering. Materials compatible with this method include metals, ceramics,

polymers, and composites [157]. However, some clinical requirements have limited

the number of compatible material-binder combinations suitable for bone scaffold

applications [159]. While some materials and binders have been found to contain toxic

chemicals, others release toxic gases when exposed to higher temperatures during the

post-processing stages. Because of their close similarity to the mineral composition

of the natural bone tissue, variations of Ca/P have been widely investigated by this

method (Table 2.5).

One major drawback of binder jetting concerns the impregnation of drugs and

growth factors directly into the matrix [190]. The scaffold constructs directly coming

out of this process (also known as green parts) are characterized by low mechanical

strength. These parts are usually sintered at high temperatures to improve their

mechanical characteristics, [4, 31, 54, 191, 192]. Although this practice effectively

enhances the mechanical strength of the constructs, it could thermally degrade drugs

and growth factors.

The binder droplets in binder jetting are also known to cause impact craters on the

powder layer upon impact, imposing an additional limitation on the print resolution.

Nevertheless, this fabrication method generally yields a print resolution range of 40–

500 µm, which fulfills the requirement for most bone scaffold applications [25, 171].
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Table 2.5: Materials and binders used in binder jetting for bone TE
Material Name Formula Binder Ref.

Hydroxyapatite (HA) Ca10(PO4)6(OH)2 (10%) H3PO4, schelofix polymer [164, 165]

Tricalcium phosphate (TCP) - (α/β) Ca3(PO4)2 (5-30%) H3PO4, water [166–170]

Tetra calcium phosphate (TTCP) Ca4(PO4)2O (10%) H3PO4, (25%) citric acid [25, 37, 65,
171]

Dicalcium phosphate dihydrate (DCPD) CaHPO4 2 H2O (10%) H3PO4 [172–174]

Dicalcium phosphate anhydrous (DCPA) CaHPO4 (10%) PVA [175]

Octacalcium phosphate (OCP) Ca8H2(PO4)6 5H2O (5-30%) H3PO4
[172,

176–178]

Calcium pyrophosphate (CPP) Ca2P2O7 (5-30%) H3PO4 [179, 180]

Calcium sulphate (CS) CaSO4 0.5 H2O water, (25%) citric acid [159,
181–183]

Calcium phosphate + HA α-Ca3(PO4)2 +
Ca10(PO4)6(OH)2

H3PO4, water-based [156, 179,
184]

PLA (C3H4O2)n Chloroform [185–187]

High density polyethylene (HDPE) –(CH2 –CH2)n– Maltodextrin + PVA

Starch + dextran + gelatin (C6H10O5)n Distilled water [188]

Titanium alloys Ti–6 Al–4V Starch-based aqueous solution [189]

Multi-material powder mixtures are also commonplace in this process. They can

be used to take advantage of the strengths of the constituent materials. Gener-

ally, adding calcium-based ceramic minerals to metallic and polymer bases improves

the osteoactivities of the scaffolds [171]. An excellent example of this approach is

the work of Hong et al. [193], where the cell viability and cytocompatibility of a

biodegradable Fe-Mn scaffold were analyzed in the presence of calcium in the mix

using mouse pre-osteoblast MC3T3-E1. Indirect MTT viability assays on Fe-Mn and

Fe-Mn-Ca scaffolds later revealed that the latter resulted in about 50% increased

activity. Additional data also indicated that the Ca mineral increased the corrosion

rate from 0.04 mm/year for the Fe-Mn scaffold to 0.07 mm/year for the Fe-Mc-Ca

scaffold, suggesting improved biodegradability of the modified scaffold. In addition

to modifying metallic materials, ceramic materials could also be used to modify other

ceramics. For example, mixing HA and TCP into BCP has been reported to pro-

mote the mechanical strength of scaffolds [194]. In addition, the presence of HA and

TCP enhances osteoconductivity and high biodegradability, respectively. Castilho et

al. [195] reported that the TCP scaffolds alone were as good as the HA-control scaf-

folds in bioactivity and osteoactivity. However, the BCP had the additional benefit

of improved biodegradability profile of the scaffold.
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Powder Bed Fusion (PBF)

Powder bed fusion is a category of AM in which thermal energy sources, instead

of binder solvents, are used to melt and fuse selected regions of a powder material

bed. Depending on the material, the thermal energy source, and the level of heating

involved, the manufacturing processes may be further categorized into (i) selective

laser sintering, (ii) selective laser melting, (iii) direct metal laser sintering, and (iv)

electron beam melting.

Selective Laser Sintering (SLS). In SLS (Fig. 2.5), a laser energy source is

employed to raise the temperature of the material to just under the melting point.

The high temperatures fuse the powder material particles without triggering an actual

melting. In most cases, to reduce the laser power requirement and speed up the

process, the sintering usually takes place inside a heated enclosed chamber [196].

The absence of melting plays a vital role in preserving the micro spaces between

the powder particles. These inter-connected spaces comprise the required ECM-like

porous structure inside the printed scaffold [99, 196, 197]. Since SLS relies on these

inter-particle voids to create the micropores, careful optimization and selection of the

grain sizes are of paramount importance [198–201]. Generally, the process is capable

of producing constructs with an average macropore resolution of 400 µm and inter-

particle spacing of 50 µm [6]. Layer thickness achieved by this process ranges from

50 to 200 µm [199]. The process follows similar steps outlined in the binder jetting

AM methods for preparing and handling the powder material layers.

Suitable materials for SLS include PLLA, PCL, polyvinyl alcohol (PVA), polyether-

ether-ketone (PEEK), and polyamides, such as Polyamides (PA), such as PA4,10,

PA6,10, PA10,10, and PA11. Many other materials listed in Table 2.6 have also

been investigated using this method [204–211]. Metallic and ceramic materials and

other composite fillers could also be added to the polymer base to enhance scaf-

fold characteristics. Duan et al. [212] and Liu et al. [213] tested this by adding HA

and TCP fillers to a PCL substrate. They reported improved load-carrying capacity

and osteoconductivity behaviors. Additional methods were proposed to enhance the

mechanical properties of the printed scaffolds by manipulating the HA-TCP ratio
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Figure 2.4: Operational principle of binder jetting printing (adapted from [24, 25])
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Figure 2.5: Operational principles of SLS and SLM (adapted from [25, 99, 202])
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Figure 2.6: Operational principles of electron beam melting (adapted from [25])

Figure 2.7: Operational principles of fused deposition modeling (FDM) (adapted from [25,
99, 203])
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[214]. To accurately predict the elastic modulus of such composite scaffolds, Doyle et

al. [215] proposed a method based on computational and experimental approaches.

They first experimentally determined the elastic modulus of a construct fabricated

from PCL. They later used the experimental data to determine an effective elas-

tic modulus for the PCL/β-TCP composite scaffold. The rule of mixtures (ROM)

method was employed to calculate the effective properties based on the mixing ra-

tio and the mechanical properties of the constituent materials in the mixture. A

finite element analysis (FEA) validated the calculated effective modulus. Comparing

the experimental and computational results revealed that ROM overestimated the

predicted elastic modulus, highlighting the need to improve this approach.
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Table 2.6: Materials used in various AM processes

Material Pore (µm) Process attributes Ref.

SLS

PCL,
PCL + nHA 500 Excellent biocompatibility

Improved articular cartilage formation
[191, 198,
216–219]

Polyhydroxybutyrate (PHB), Ca/P/Poly
hydroxybutyrate-co-hydroxyvalerate
(PHBV)

50–400
High resolution
Relatively low temperature
Good scaffold porosity

[85, 220]

PLLA, carbonated HA (cHA)/PLLA 200–800 Biocompatible material
Addition of HA improves osteoconductivity [211, 221–224]

PCL + β-TCP 300–500

Addition of 30% TCP to PCL resulted in
100% increase in compressive modulus
Improved osteoconductivity when coated
with collagen

[191, 214, 215]

Polyamide (PA) + nHA 800
(40–70% porosity)

Stronger parts observed with increase of
HA. [206, 225]

PEEK Bioinert material with superior strength
and thermal properties [226]

Bioactive glass additives Improved cell activity with random
porosity instead of lattice structure [227–229]

Nylon-12 30–50

Cell growth, differentiation, and
mineralization reported. Improvement with
additional chemical treatment of the
scaffold

[230]

SLM

Titanium alloys:
Ti-6Al-4V, Ti13Nb13Zr, Ti29Nb13Ta4.6Zr,
Ti35Nb5Ta7Zr, Ti24Nb4Zr8Sn, Ti7.5Mo,
Ti40Nb

250–700

Coated with PCL and PHB for improved
performance (SLM)
High strength, but low ductility
Coated with mesoporous-bioglass (MBGs)
to improve the osteoconductivity (SLM)
Characterized by moderate cell seeding
when compared to SLM (EBM)

[231–235]

CoCrMo 300–900 Strong material with good biocompatibility [236, 237]

Continued on next page ...
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Material Pore (µm) Process attributes Ref.

Zn 5–100
Biodegradable metal, with a low melting
point, leading to high porosity.
Improved density

[238]

Mg 500

Good mechanical (E = 700–800 MPa),
osteoconductive, and biodegradable
(corrosion) properties.
Extremely low cytotoxicity

[238]

Poly(D,L-lactide-co-glycolide) (PDLGA)
PDLGA-TCP
PLLA-TCP
PDLLA + β-TCP
PCL-TCP
PCL-HA

600–700 Complete bone regrowth was demonstrated
in vivo [239–241]

FDM

PCL
PCL-nHA
PCL-β-TCP
PCL-bioactive glass (BAG)

High resolution
Bioprinting-friendly
Relatively low temperature
Good scaffold porosity

PLLA
cHA/PLLA 500 [242]

PDLLA
PDLGA
PDLGA- β-TCP

Ca/P-PHBV
Ca/P cement + mesoporous silica [238]

Polyamide (PA)

Polyhydroxybutyrate (PHB)
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The osteo-performance of SLS-printed scaffolds could be enhanced by adding ce-

ramic modifiers to the powder mix. This approach is essential since most SLS-friendly

polymers are not well-known to possess these qualities. It is also possible to further

enhance osteogenesis by functionalizing the scaffolds with growth factors. The growth

factors are usually added later in the process through soaking to minimize the risk of

thermal degradation. Saska et al. [85] demonstrated this by printing a PHB scaffold

and later functionalizing it with osteogenic growth peptide (OGP). While improved

cell adhesion and proliferation rates were obtained in response to the growth factor,

no significant difference was observed in mineralization measurements, suggesting

that the growth factor mainly enhanced only the initial stages of the bone modeling

process. The effect was particularly pronounced on initial cell proliferation (during

the first two weeks), leaving the later differentiation and mineralization stages un-

affected. Metallic oxides, such as nano titanium oxide (nTiO2), are sometimes used

for their antibacterial properties in SLS-printed scaffolds. A small percentage (up

to 7%) addition of nTiO2 in PEEK/PGA composite scaffold, for example, can sig-

nificantly reduce bacterial activity on the scaffold surfaces without interfering with

cell growth in scaffolds [243]. While this is a desirable outcome to control microbial

infection, the exact mechanism by which the material selectively interacts with living

cells (osteoblasts and other cells included) needs to be fully understood.

The biodegradability of scaffolds used in SLS processes is another critical issue yet

to be extensively probed. Ideally, the degradation rate of the scaffold must match the

rate at which new tissue is generated. However, this is not always guaranteed with

commonly used polymers such as PLA and PLGA. They generally degrade at different

rates than the bone remodeling process. It has been suggested that metals such as

[Mg] be added to produce an alkaline environment around the implants to speed

up the degradation of PLLA implants. The alkaline neutralizes the acid byproducts

synthesized during the degradation process, enhancing the degradation rate [243].

Selective Laser Melting (SLM)/Direct Metal Laser Sintering (DMLS).

SLM employs a laser beam to melt the powder material bed (Fig. 2.5). Due to

the melting involved, a more powerful laser source is required [244]. The advent of
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CO2 and fiber-based laser sources have facilitated rapid development and lower costs

of SLM systems in use today [196]. Several polymers, ceramics, and metals can be

processed using SLM (Table 2.6). Generally, this method is suitable for processing

homogenous materials or alloys of metals (DMLS) [245]. A mismatch in material

properties in a mixture could potentially result in thermal stress. Some studies, how-

ever, have demonstrated the use of SLM in the fabrication of functionally graded

materials in which spatial distributions of one or more incompatible materials are

printed to account for differences in the material properties [246, 247].

Since SLM involves powder melting, scaffolds made by this method have high

densities, superior mechanical characteristics, and little, if any, porosity [157]. As a

result, the internal microstructures are usually predefined as part of the initial scaffold

design [245]. Smeets et al. [240] demonstrated this by designing a set of scaffolds with

predefined internal geometries (pore sizes: 500–800 µm) and fabricating them from

a 50:50 wt% mixture of PLA and β-TCP. They tested the scaffolds in vitro and in

vivo for cell cytotoxicity and osteo-activities. No significant cytotoxicity was evident

in vitro as a result of the material or fabrication process. The scaffolds were found

to be entirely engulfed by newly developed bone cells in vivo with solid integration

with existing adjacent bones.

SLM is also a suitable fabrication method for processing biocompatible metals

[248]. For example, the low boiling point of Zn allows the formation of bubbles inside

the construct during printing, contributing to the formation of porosity inside the

scaffold [249–251]. Magnesium alloys have often been fabricated and investigated

for bone scaffolding due to their excellent biocompatibility and strength [248, 252].

Titanium (Ti) and titanium alloys such as Ti6Al4V are also widely used in bone-

related implant applications [209].

Although the high processing temperatures in SLM are the reason for the superior

mechanical properties of its constructs, they prohibit the addition of biological growth

factors and drugs into the material mix [25]. This limitation is at odds with the ever-

growing interest in incorporating drugs and growth factors into the scaffold material.

In addition to the de-powdering issues common to powder bed printing processes,
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constructs manufactured by SLM also require heat treatment to remove the thermal

stresses caused by repeated heating and cooling cycles.

Electron Beam Melting (EBM). Electron Beam Melting is very similar in its

working principle to SLM. It is mainly used to process the same category of mate-

rials as SLM (Table 2.6). The main difference between the two is that, instead of

a laser, EBM uses an electron beam as a thermal energy source to melt the powder

material (Fig. 2.6). It has better resolution and accuracy than laser-based fabrica-

tion systems [99]. However, only electrically conductive materials (metals) can be

processed by EBM [47]. Like SLM, EMB can fabricate constructs with superior me-

chanical strength [203]. Several groups have used it to study cell attachment and

subsequent proliferation on implants made from Ti alloys (Ti-6Al-4V) [234, 253–256].

Although titanium-based scaffolds are non-degradable, they are suitable for cell seed-

ing and cultivating a living tissue ex vivo or implanted at specific sites to allow in situ

bone tissue deposition. Like SLM, the melting in EBM has a detrimental effect on

process-induced porosity, mainly resulting in solid internal microstructures. There-

fore, required scaffold porosities are designed or acquired using digitizing equipment

[235, 257].

Material Extrusion

In material extrusion, a single or a mixture of materials in viscous or amorphous

consistency is ejected out of a nozzle tip under pressure. The extruded material is

deposited layer by layer in a controlled manner to create 3D constructs (Fig. 2.7). Un-

like powder-based systems, this process does rely on unactivated material to support

overhanging features in the construct during the printing process. For this reason,

printers using this process, except for wet-spinning-based systems, usually employ

a secondary nozzle to deposit support material wherever needed. Compared to the

primary model material, the support material is designed to have low mechanical

strength, so it can be easily broken off the model and removed once it serves its

purpose. Alternatively, some support materials are designed to be dissolved using

chemical solvents that target only the chemical composition of the support material.

Material extrusion may be broadly categorized into three groups based on the starting
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state of the material or the method employed to bring the material into a liquid or

semi-liquid consistency. They include: Methods relying on thermal energy sources to

melt the material before extrusion (Fused Filament Fabrication); Methods based on

wet-spinning wherein a liquid material is injected into a liquid bath for coagulation

(Wet-spinning Based Extrusion); and Processes involve liquid-based suspension and

thinning of the base material by using water or suitable solvents before extrusion

(Direct Writing/Robocasting). Table 2.6 lists materials used by these processes to

fabricate bone scaffolds.

Fused Filament Fabrication (FFF). In FFF, the material comes directly out of

a nozzle tip partially melted. The thermal bond created between the successive layers

is due to the fusion at the contact points of the deposited beads, hence is not as strong

as a fully melted connection. As a result, constructs produced by this method display

anisotropic mechanical behaviors [258]. FFF is best suited for processing polymers

because of the thermal melting involved. Several studies have used this fabrication

method with biodegradable polymers such as PCL, PLA, PLLA, and PDLGA for

bone scaffold applications with encouraging results [53, 186, 259–262]. However, this

method cannot handle pure osteoinductive/osteoconductive ceramics such as HA and

TCP. As a workaround, ceramic and bioglass minerals are usually added in a small

percentage to the polymer base [163, 172, 239, 263–265]. This practice has improved

the differentiation and mineralization properties of polymeric bone scaffolds. The

other major drawback of this method is the detrimental effect of high temperatures

on bioactive additives. Because of this limitation, FFF scaffolds are usually coated

with bioactive agents post-fabrication.

Wet-spinning Based Extrusion. In wet spinning, a liquid polymer stream is in-

jected into a coagulating solvent bath at a controlled rate to create a solidified fiber

inside the bath. Since wet spinning is a low-temperature application, it addresses

most of the temperature-related challenges associated with fused filament fabrica-

tion. Like the other fabrication processes, polymers used in wet spinning can also be

mixed with other ceramic and bioglass fillers to enhance the biological and mechani-

cal properties of the resulting scaffolds [266–268]. The incorporation of temperature-

46



sensitive bioactive agents directly into the material mix has been demonstrated using

non-computer-aided wet-spinning fabrication methods with promising results [269,

270]. For example, Rodrigues et al. [271] explored this idea by wet-spinning a corn

starch/PCL scaffold functionalized with Si-OH groups. The PCL was first obtained

by dissolving in chloroform, after which a PCL and corn starch solution was injected

in a methanol bath in a controlled manner to produce fiber strings. In-vitro evalua-

tion has indicated that the sample scaffold could support differentiation of MSC cells,

followed by mineralization within 14 days.

Recently, an effort has been underway to adapt this fabrication method into AM by

mounting the extruder on a multi-axis-controlled printing head. The resulting con-

figuration is commonly referred to as computer-aided wet spinning (CAWS). Puppi

et al. have conducted several investigative studies in this area [272–274]. They em-

ployed this method to fabricate bone scaffolds from commonly used synthetic and

natural biodegrade polymers such as PCL and PHA [266, 274]. They reported im-

proved control and accuracy over fiber alignment and internal architecture, including

internal porosity of 79–88%, fiber diameter 47–76 µm, and pore size 123–789 µm. In

vitro measurements of cell proliferation and differentiation measured on a PHBHHx

scaffold using MC3T3-E1 preosteoclast cell line have shown promising results after 21

days of culture. Another in-vivo study by Dini et al. . [272] has shown encouraging

results in cytotoxicity and osteogenetic activities. The scaffold implants, made from

pure PCL and PCL/HA blend for comparison, exhibited no toxicity and were found to

support bone regeneration 24 weeks after implant, with a slight edge in performance

in favor of HA presence.

Robocasting. In the context of bone TE, robocasting involves extruding and de-

positing layer by layer a slurry of the material, usually prepared by suspending ceramic

powders in water-based solvents, to create 3D scaffolds. The content of the slurry is

carefully selected to achieve targetted mechanical and biological behaviors from the

resulting scaffold.. The thinning medium serves the double purpose of transform-

ing the powder into a slurry consistency while binding the powder particles together

during printing. While water is widely used with HA and TCP, other bioglasses,
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such as 45S5 Bioglass, require specialized additives such as carboxymethyl cellulose

(CMC) [275]. Water is ideal because, unlike phosphoric acid and other chemical-based

solvents, it leaves no residual toxicity and is compatible with bioactive agents. Sat-

isfactory mechanical results for water-based robocasted scaffolds have been reported

for HA and TCP scaffolds [276–278]. The low temperatures in the process alleviate

the concern of thermal degradation of bioactive additives.

Material extrusion is by far the most popular fabrication method used in TE, and

it is frequently used in combination with other methods to improve the attributes of

fabricated scaffolds. Dalton et al. [279] and Mozetic et al. [280] have employed FFF

and electrospinning to fabricate multimodal constructs. Interweaving the electrospun

fibers between the FFF layers provided unique internal architecture favorable for bi-

ological activities. The constructs combined the benefits of both processes. While

extrusion from the FFF provided good overall strength and mechanical properties,

the intermediate electrospun microfibers enhanced cell adhesions and subsequent pro-

liferation performance of the scaffold.

Vat Photopolymerization

Vat photopolymerization is an additive manufacturing process in which photosensitive

materials (photopolymers) in liquid or viscous states are selectively cured using light.

The method is used in bone scaffold fabrication by mixing typical non-photosensitive

scaffold materials with known photopolymers [281]. Table 2.7 is a list of common

materials used in this method. Depending on the type of light and mode of exposure,

this process can be further categorized into stereolithography (SLA), digital light

processing (DLP), and continuous digital light processing (CDLP).

In SLA (Fig. 2.8), a vat of photopolymer liquid is exposed to a focused laser beam at

the surface level. Material scanned by the laser goes through the photopolymerization

process and eventually hardens to become part of the solid construct [282]. Printing

usually starts by positioning the support plate (print bed) under the liquid surface.

The first layer is directly printed onto this plate. After exposing the first layer, this

plate is lowered by a distance equal to the thickness of the next layer. Material not

cured by the laser remains in liquid form. Unlike powder-based systems, unexposed

48



material in the vat cannot be used as support material. Because of this, additional

structures are printed as part of the printing process to support overhanging features

[37].

Figure 2.8: Stereolithography (SLA) (adapted from [25, 99, 203])

The print resolution in SLA depends on, among other factors, the laser diameter

and layer thickness (table step) used in the process [6]. Generally, layer thickness in

the 50–250 µm range have been reported [6, 37]. The absence of high temperatures,

common to powder-based AM, is credited for the smoother surface finishes in SLA

constructs. Despite SLA’s high resolution and accuracy, its use in bone TE has yet to

be fully realized. This is mainly due to the limited availability of biocompatible pho-

topolymers [283]. Mixing well-established scaffold materials, HA in particular, with

photopolymers has yielded encouraging results [284]. However, this approach has its

limitations. A study by Scalera et al. [285] has indicated that increasing the percent-

age of HA suspension in the slurry mix (from 0 to 60%) could increase the viscosity of

the slurry and slow down and the speed of the photopolymerization reaction. Addi-

tional heat treatment and sintering may be required to achieve improved mechanical
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Figure 2.9: Digital light processing (DLP). (adapted from [25, 99])

properties. Table 2.7 summarizes common scaffold materials and photopolymers used

in SLA.

Instead of a laser, digital light processing (DLP, Fig. 2.9) uses UV (blue light)

projections of the object’s cross-sectional images for curing the liquid photopolymer

[282, 286]. Compared to SLA systems, DLP has better resolution (∼70 µm) and

significantly faster processing speeds [99]. The UV-unresponsive HA and TCP could

be mixed with other biocompatible photopolymers to improve their processability

[287]. Using DLP, Tesavibul et al. [288] have printed bone scaffolds from a mixture

of HA and a photosensitive resin (methacrylate-based monomers 98%, photoinitiator

2%).

Continuous Digital Light Processing (cDLP) takes DLP one step further by using

continuous digital projection of successive layer images to create a smoother transition

from one layer to the next. For all practical purposes, this process can be assumed

to have no layers at all. As shown in Fig. 2.10, the continuous projection and the
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Figure 2.10: Continuous digital light processing (CDLP). (adapted from [99])

51



printing table motion happen synchronously. The result is a construct with high

resolution (< 50 µm) and smoother surface finishes [289]. Digital steps observed in

SLA and DLP are absent here. This method uses similar photopolymers as SLA and

DLP.

In SLA, DLP, and cDLP, photopolymerization takes place in the presence of light

and photoinitiators. Solvents and dye-initiators are sometimes needed to reduce the

viscosity of the photopolymers and calibrate the depth of polymerization, respectively

[289]. A discussion on the effects of solvents and dye-initiator concentrations on the

depth of curing is presented by Dean et al. [290]. Table 2.7 is a list of commonly used

photoinitiators and photopolymers.

Some fundamental challenges impede the full realization of vat photopolymeriza-

tion for clinical applications. Most of these challenges stem from a shortage of pho-

tochemicals that meet clinical requirements. Most photopolymers, photoinitiators,

dye-initiators, and solvents pose serious cytotoxicity risks. In addition, only a hand-

ful of materials satisfy the mechanical strength requirements [291]. Poly(propylene

fumarate) (PPF) has evolved as a leading material of choice for cDLP fabrication of

bone scaffolds [289, 292].

Table 2.7: Biodegradable photopolymers and photoinitiators used in SLA (adapted from
[285, 291, 293, 294]
Biodegradable photopolymer Photoinitiator (trade name) Wavelength peak

Methacrylated gelatin
Polypropylene fumarate (PPF)
Linear poly(D,L-lactide)-methacrylate
Poly(TMC-co-CL)-coumarin
Star-shaped poly(D,L-lactide)-fumarate

Irgacure 2959 257–276 nm
Irgacure 184 246–3 33 nm
Irgacure 651 DMPA 250, 340 nm
Irgacure 369 233, 324 nm
Bisacylphosphine oxide (BAPO) —
Irgacure 819 —
Camphorquinone 285, 400, 500 nm
LAP 375 nm
Lucirin TPO-L 380 nm
VA-086 385 nm
Eosin Y 514 nm
BAPO 350–430 nm

2.5.4 Electrospinning

Electrospinning is a general term used to describe a process in which a steady stream

of an electrically charged polymer in a solution or viscous state is drawn into a fiber

under the actions of electrostatic forces [11].
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In a typical configuration, the material source (spinneret) and the fiber collector

platform are connected to the opposite terminals of a high-voltage source. The poten-

tial difference between the spinneret and the collector, usually in the 5–30 kV range,

generates an electric field in the air gap between them. The shorter this gap, the

stronger the electric field. The spinneret tip is carefully located inside this electric

field, where the material is injected in a controlled manner.

The liquid polymer is usually pumped out of the spinneret at a relatively low flow

rate (2–5 mLh−1 range )(Fig. 2.11). A droplet-like accumulation first occurs at the tip

of the spinneret due to the low flow rates involved. The droplet becomes electrically

charged when the high-voltage supply is turned on and behaves like a charged particle

within an electric field.

Because they have similar polarities, the electrical charges inside the droplet push

each other apart, resulting in dense charge concentration on the outer surface of the

droplet. Because the electric field pulls the charge-carrying material toward the col-

lector plate, the surface charge concentration is notably higher in droplet regions

facing the collector platform. Increasing the applied voltage leads to the deforma-

tion of the droplet due to interactions among the Coulomb forces, the electric field

forces, and the surface tension forces that try to hold the droplet together. Further

voltage increase eventually changes the droplet’s shape to a cone, with its circular

base matching the diameter of the spinneret tip and the apex pointing towards the

collector platform. This phenomenon is known as Taylor cone formation, named after

Sir Geoffrey Taylor (1886–1975) as a tribute to his significant contribution to research

in this field.

Until a critical voltage is reached, the surface tension forces effectively counteract

the electric field and Colomb forces that try to break the droplet’s surface tension.

Increasing the applied voltage beyond this critical value breaks the surface tension

and initiates a polymer jet. As long as the high-voltage supply is maintained, the jet

flows continuously to become the electrospun fiber. This process can fabricate fibers

with diameters in the nano/micro-scales. This process could provide exquisite control

over some critical features in scaffold fabrication.
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Figure 2.11: Schematic diagram of MES

Solution-electrospinning. The use of solvents in solution-electrospinning (SES)

is known to reduce surface tension in the polymer material. This reduction in surface

tension has two implications. First, the material easily flows and electrospins because

of the low viscosity associated with the solvents. As a result, solution electrospinning

is well known for producing fibers with diameters in the nano-scale (Fig. 2.12) [295].

Second, the jet flow is characterized by a lateral "whipping” motion. Residual

solvents remain in the fiber, carrying electrical charges on the fiber body. This repul-

sive Colomb forces associated with the extra charges and the lower viscosity impart

wiggling motion to the fiber (whipping motion). Several methods have been proposed

to reduce the chaotic nature of fiber deposition. A shorter fiber travel gap between

the spinneret and the collector has been found to positively affect the whipping am-

plitude. However, because of length limitation, the fiber would not go through the

complete stages of drawing to the final diameter. Other methods have used auxiliary

electrodes to apply lateral electrostatic forces to dampen the fiber’s oscillation in the
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lateral direction [296–298].

Figure 2.12: Electrospun Nylon 6 nanofiber

Solvents used in solution electrospinning are usually designed to evaporate when

the material passes through the air gap between the spinneret and collector plate.

However, complete evaporation is not always guaranteed, sometimes leading to the

accumulation of residual solvents on the collected fiber mesh [299]. Residual charges

associated with the residual solvent on the collected mesh create repulsive forces

between successive layers that weaken inter-fiber bonds. As a result, this process is

limited to producing softer fiber mats up to 4 mm thick. The other concern with

residual solvents is their potential detrimental toxic effect on cells and tissues when

used for TE [279].

Despite these technical limitations, solution electrospinning has been extensively

studied for TE applications [300, 301]. The extremely small fiber diameters and the

tight deposition arrangements produced by SES are attractive. These qualities have

made the process a potential candidate for addressing some limitations other scaffold

fabrication processes face.

One of the main requirements outlined for the success of bone scaffolds is the
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size and geometry of porosity. Venugopal et al. [301] have used SES to produce

highly porous scaffolds from a bio-composite mixture of PCL, nHA, and collagen

(PCL/nHA/col). The scaffolds were characterized by pore sizes of 2–35 µm and

porosity levels of more than 80%.

The other great advantage is that the random fiber depositions in this method

produce surface roughness suitable for cell attachment in bone scaffolds. Several

studies have already demonstrated the suitability of electrospun mats for initial cell

adhesion [302]. Table 2.8 is a list of materials investigated for such applications.

Table 2.8: Common bone scaffold materials used with electrospinning
Material Fiber diameter Process attributes Ref.

PCL
PLA
PGA
PLLA/PEG
PCL/gelatin
Bioactive glass/PLLA
PCL/nHA/Collagen

100 nm–6 µm

Relatively poorer cell adhesion in the pure
form of polymers
Improves with the addition of HA
Highly porous
Relatively slower production rate
Extremely small fiber diameter

[301, 303]

Melt-electrospinning. When a thermal source, instead of a solvent, is used during

electrospinning to change the state of polymer to a viscous fluid, the resulting process

is called melt-electrospinning (MES) [12–14]. Because of the absence of solvents, the

process does not exhibit a significant reduction in surface tension, a common problem

in SES [304, 305]. Larger fiber diameters and wider inter-fiber spacing characterize the

depositions produced by this method. Melt-electrospun mats perform inadequately

with initial cell adhesion. However, unlike SES, they excel at inward cell growth

and display good mineralization gradients [306]. The lateral whipping motion is

significantly reduced in melt electrospinning due to minimized residual charges on

the fiber [307].

Additionally, melt electrospinning is characterized by improved inter-layer bond-

ing because residual solvents and associated residual electrical charges are absent.

Combined with faster spinneret translational velocity, these characteristics allow a

more orderly deposition of fibers on collector plates (Fig. 2.13). These improvements

permit a setup in which the spinneret-collector distance can be increased significantly.

There has been a growing interest in developing a melt electrospinning-based AM
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Figure 2.13: Melt electrospun PLA fibers

process capable of building accurate 3D structures [308]. Achieving this goal, however,

requires addressing some fundamental challenges and understanding the interactions

among the process parameters, such as applied voltage, collector-spinneret gap, melt-

ing temperature, and material properties [296]. Both experimental and theoretical

modeling efforts have been pursued to this end [309–311]. For example, Bentolhoda et

al. [312] used the response surface modeling (RSM) method to primarily predict and

optimize the porosity of nanofibers collected in a solution-based electrospinning setup.

The change in porosity (a response variable) was observed for independent process

parameters (factors) changes. The resulting relationship between the porosity and

the independent variables was later fitted into a regression model:

Y = 39.94− 1.11X1 + 3.24X2 + 2.46X3 − 1.38X4+

1.15X1X2 − 1.62X1X4 + 1.38X2X4 + 1.19X3X4 + 3.10X4
2, (2.4)

where Y , X1,X2, X3, and X4 are the porosity of the fiber mat, solution concentration,

applied voltage, tip-to-collector distance, and volume flowrate, respectively.

The effect of increasing the spinneret-collector gap on overall spinning performance

also needs to be fully understood to adapt electrospinning successfully. For example,

to establish a groundwork in this area, Joo et al. [306, 313] have modeled the MES as a

non-isothermal polymer jet based on the equations of material continuity, conservation

of momentum, charge, and electric field.
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Continuity: πR2v = Q (2.5)

Momentum: ρvv′ = ρg +
FT

πR2
+
γR′

R2
+
σσ′

εo
+ (ε− εo)EE

′ +
2σE

R
(2.6)

Charge: π2R2KE = 2πRvσ = I (2.7)

Electric field: E(z) = E∞(z)−
[︃
1

εo
(σR)′ −

(︃
ε

εo
− 1

)︃
(ER2)

′′

2

]︃
ln

(︃
d

R0

)︃
, (2.8)

where R is the jet radius, v is average fluid velocity, Q is material flow rate, ρ is fluid

density, g is acceleration due to gravity, FT is tensile force, γ is surface tension, σ is

surface charge density, e is dielectric constants of the plastic, εo is dielectric density

of the air, E is the electric field, K is electrical conductivity, I is the current, E∞ is

applied electrical field, d is collector-spinneret distance, and R0 is spinneret diameter.

Significant effort is underway to understand and accurately predict the whipping

instability zone [314]. Reneker et al. [315] developed a theoretical model for the

MES process based on a one-dimensional viscoelastic flow. They used this model

to represent the viscoelastic forces between the discretized fiber segments of mass m

and electrical charge e. In addition to the viscoelastic forces, they also considered

Coulomb repulsion forces, the electric field forces, the surface tension forces, and the

perturbation triggering the instabilities. The equation of motion was formulated for

each bead using Newton’s second law:

m
d2ri
dt2

=
∑︂

Fi = FCi + FEi + Fvei + Fcapi + Fgi, (2.9)

where FCi, FEi, Fvei, Fcapi, and Fgi in Eq. (2.9) are, respectively, the Coulomb, electric

field, viscoelastic, capillary, and gravitational forces.

Table 2.9: Common materials used with melt electrospinning

Material Fiber diameter (µm)/
Pore size (µm) Process attributes Ref.

PLA, PLA-PEG-PLA, PLA + 45S5 bioglass Diameter: 31 10 kV, 5 mm collector distance [316]
PLLA, PLL-PCL Pore :220–260 [317]
PCL, PCL - Strontium-substituted bio-active
glass (SrBG) Pore: 250–300 11–12 kV, 200 mm collector

distance
[18, 318,

319]
PLLA Diameter: 10 40 kV, 18 cm [320]

Direct Writing with Electrospinning As the trend in TE accelerates towards

the fabrication of scaffolds with customized and precisely controlled internal and ex-

ternal architectures, much interest has been generated to integrate the spinneret and
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collectors with multi-axis-controlled platforms. Direct writing has become a term

commonly used to describe an electrospinning process in which the movement of ei-

ther the spinneret or the collector plate is controlled by a computer [280, 321–323].

Both SES and MES processes could benefit from this setup to improve the scaffold’s

cell adhesion and inward infiltration properties. The advantage of this approach is

that the fiber mat collected will have both good cell adhesion and inward growth

and mineralization capabilities. More than one spinneret could also be used in the

setup to create what is known as multimodal electrospinning [324]. Because of the

extreme whipping and deposition instabilities observed in solution-based electrospin-

ning, faster translation speeds are required to get straight fiber depositions on the

collector plate. On the other hand, the MES, because of its higher viscosity, does

not suffer from this limitation and allows straighter depositions at relatively lower

translational speeds [279].

While not a desirable property for other applications, the whipping effect could play

a constructive role in bone TE as it helps create the randomness in fiber depositions,

resulting in inter-fiber spacing that closely resembles the bone ECM.

2.6 Translating Scaffolds for Clinical Use

The adaptation of various fabrication approaches to clinical use remains a signifi-

cant challenge. Despite many pre-clinical studies on bone regeneration, only a few

truly-fabricated scaffolds have found their way into clinical utility. Digital technolo-

gies like beam computed tomography or MRI allow clinicians to analyze the shape

and size of bone defects and then precisely plan and fabricate 3D scaffolds before

the surgery. The ability to generate 3D bone grafts by ink and the filament-based

multi-material 3D printer has opened up various possibilities. Other computer-aided

manufacturing (CAM) methods are also employed in this effort. Luongo et al. [325]

synthesized micro/macroporous BCP scaffolds consisting of 70% TCP and 30% HA

using a proprietary CNC milling machine for the treatment of partial and total eden-

tulism. Defects no larger than 12 mm in height and 10 mm in width were treated.

The results showed excellent fitting of the scaffolds and new bone formation after

eight months of implantation. Yang et al. [326] synthesized patient-specific surgical
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plates by 3D printing to treat resected head and neck tumors. The plates were printed

with Grade 2 pure Ti using the SLM fabrication method and used to treat bone ten

patients. After the treatment, the bony and soft tissue margins tested negative for

tumor cells in all ten cases, while a few cases were referred to post-radiotherapy or

chemotherapy treatment. No significant complications were recorded 6.5 months af-

ter the surgery. These outcomes are promising, but the narrow range of biomaterials

available for bioprinting is bound to limit clinical testing in the long term. New print-

able materials with good biocompatibility, mechanical properties, and the ability to

deliver bioactive factors could support bone regeneration.

2.7 Perspective and Future Directions

Not long ago, bone repairs were done using only bone tissues harvested from the pa-

tient’s body or compatible donors. Because of issues related to the shortage of tissue

supply, donor site morbidity, and incompatibility, these treatment options were mostly

limited to small-size defects. There has been an ever-growing interest in ’solutions’

addressing these limitations. Significant progress has been made over the last two

decades. New fabrication methods and biocompatible materials are making a signifi-

cant impact. Initial efforts were mainly focused on mimicking the macrostructure of

bones for permanent implant purposes. Recent efforts, however, are mobilized toward

fabricating scaffolds with suitable materials, internal microstructures, and bioactive

factors to create ideal conditions for tissue regeneration.

Four general scaffold requirements have been identified. The first is a geomet-

rical requirement. Bone scaffolds must have optimally sized and interconnected

porous spaces to house appropriate cells and allow the transportation of nutrients

and metabolic wastes to and from the cells. A suitable pore architecture gradient

is also at the early stages of exploration. While the outside contours of the defect

site are a good design criterion to follow, it needs to be clarified if mimicking the

original pore structure of the bone is the right approach. Regenerative events may

not be optimal with the architecture of the mature tissue. The second requirement

is related to the properties of the material from which the scaffold is made. These

materials must be osteoconductive, biocompatible, and biodegradable. The material

60



is vital in the initial cell attachment and later cellular penetration and mineralization

stages. The third requirement relates to the mechanical properties of the scaffold.

The scaffold needs to meet the load-carrying requirements at the implant site. While

mechanical strength is a critical requirement in some implant sites, others are less de-

manding, and healing has been achieved using particulate implants lacking a cohesive

macroscopic mechanical strength. Finally, scaffolds are expected to bear bio-active

molecules capable of modulating cellular activity in and near the implant site.

The AM binder jetting and material extrusion systems are characterized by rela-

tively slower processing speeds and low print resolutions due to the inherent nature of

the physical motion of their nozzle heads. The binder-wetting mechanics also limits

the minimum resolution achievable, below which it is practically impossible to draw

a clear boundary between the wet and dry regions. Unfortunately, because the min-

imum achievable resolution from these processes is too large for some critical ECM

features, these two fabrication methods are not ideal for mimicking bone ECM. This

assertion is partly based on the observation that most of the literature reviewed has

attempted to use these two systems to fabricate constructs with predefined internal

geometries. The major drawback was that most of the designed internal architec-

tures were based on primitive geometries, such as square, circular, or some regular

polygon-shaped voids patterned throughout the volume of the scaffolds. In contrast,

the actual bone ECM micro-structures are much lower in resolution and complex in

shape (often with graded features) than what most of the studies reviewed here were

able to demonstrate.

Binder jetting and fused deposition modeling can be combined with other fab-

rication methods to produce the initial stage scaffolds in multi-hierarchical config-

urations. Gas foaming of scaffolds initially printed using FDM systems is a good

example. Gas foaming also involves relatively low temperatures, allowing the incor-

poration of sensitive factors into the materials mix. Table 2.10 presents a summary

of these manufacturing processes and materials.

Although powder bed fusion systems have better definition and strength than

binder jetting and material extrusion systems, the high level of temperatures involved
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in their process, except for SLS, renders the impregnation of sensitive growth factors

almost impossible. This limitation is at odds with the current trend of incorporating

such additives into the material substrate. These systems also suffer from powder

trapping if the internal porosities were to be created from a pre-designed or digitally

scanned geometry. Most of the reviewed literature needed additional information in

this area. Since simplified internal geometries and coarse resolutions were adapted in

these investigations, the issue of powder trapping has yet to come up as a real chal-

lenge. The real power of AM fabrication systems such as SLS, 3DPP, and PBF lies

in the precise selection of powder particle sizes. The pore connectivity and internal

micro-architecture must be a byproduct of the interparticle spacing. It should come

from something other than the 3D-modeled void space achieved by depowering.

Based on our review, vat polymerization-based fabrication methods have the best

outcome regarding printing resolution and processing speed. However, the limited

availability of biocompatible photopolymers poses a significant challenge. Adding

ceramic fillers to get desirable material properties has been reported to improve

strength. However, it is also observed to have a detrimental effect on the photopoly-

merization process, limiting the maximum amount of ceramic additives that can be

safely mixed with the photopolymer.

The random whipping motion in electrospinning processes, integrated with a multi-

axis motion control system, could produce 3D scaffolds with spatially-varied internal

microstructures. Achieving this, however, requires addressing the thickness limita-

tions. The process in its current state produces mats only in the 5–10 mm thickness

range [327]. The complex interactions among its process parameters make controlling

and maintaining constant fiber diameter challenging. For this reason, until recently,

the process was only exclusively used to fabricate textile-like structures. Due to the

interactions between electrostatic forces and viscoelastic forces, the process is char-

acterized by random fiber deposition patterns on the collector plate. The amplitude

of lateral whipping increases as the fiber accelerates toward the collector plate. The

resulting collection diameters measured in standard SES and MES setups are too

wide to produce a reasonable scaffold definition on the macro scale. The whipping

amplitude must be in a specific range to satisfy the following two requirements: 1) the
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magnitude of the whipping amplitude must be large enough to create a localized ran-

dom fiber orientation when observed at the micro level, and 2) the amplitude should

be small enough to create a reasonably well-defined 3D scaffold shape on the macro

level. With increased print thickness in the z-axis direction and dampened whipping

instability, MES could fabricate bone scaffolds out of fiber depositions. This effort

requires a thorough understanding of the behaviors of the process parameters and the

effects of their interactions on fiber morphology.
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Table 2.10: Summary and comparison of fabrication methods and materials

Process Resolution Materials Properties Ref.

Gas foaming 40–800 µm

Biopolymers: chitosan, alginate, gelatin
Synthetic polymers: PCL, PLA, PLLA,
PLGA
Polymer/Ceramic composites: PLA/HA,
chitosan/HA, PLGA/HA

High porosity scaffold
Internal microstructure not explicitly defined
Well-established system
Could be integrated with other AM methods to
increase microporosity
Relatively faster than most AM processes

[42, 115–117,
119, 132, 328]

Cryotropic gelation 20–400 µm
Polymers: Chitosan, collagen, gelatin,
PVA, PAA, PEG, PHEMA, PTCA
Composites: Gelatin/HA, collagen/HA

Crosslinking required for resilient scaffolds, hence
limited material availability
Open to blending to a certain extent
Well-established method

[123, 130, 144,
329, 330]

A
dd

it
iv

e
M

an
uf

ac
tu

ri
ng

Binder jetting (3DP) 10–30 µm

Ceramics: HA, α-TCP, β-TCP, bioglass
Composites: HA/TCP, HA /Polymer,
TCP/PCL or PLA, PEG, PLGA, gelatin,
chitosan, and collagen.

Widely applicable method
Low to high-temperature application
Suitable for processing bioceramics
Binder (water/chemical) involved; hence risk of
toxicity
Slow build speed

[4, 41, 54, 64, 69,
330, 331]

Selective laser sintering 50–100 µm

Polymers: PCL, PEEK, PLLA, PGA,
PLDLA, PVA
Composites: PCL/TCP, PCL/HA,
PHBV/HA, PLDLA/Bioglass, PLLA/TCP,
PEEK/HA, PLLA/Mg, PLLA/cHA

Relatively high temperature
Best suited for polymers and polymer-ceramic
composites
Strong thermal bond
Faster than 3DP
Depowering required

[85, 201, 211,
212, 214, 227,

243]

Selective laser melting 250–700 µm

PDLLA/TCP, Mg, Ti6Al4V, Zn, CoCrMo
alloy, Ti-6Al-4V, Ti13Nb13Zr,
Ti29Nb13Ta4.6Zr, Ti35Nb5Ta7Zr,
Ti24Nb4Zr8Sn, Ti7.5Mo, Ti40Nb

High temperature process, otherwise similar to SLA
Similar speed as SLS
Depowering required

[209, 236, 238,
240, 249–251]

Electron beam meeting 50–100 µm Ti6Al4V
Highest temperature process (high power)
Suitable for metallic materials
Similar speed as SLS

[189, 234, 253,
254, 256, 257]

Fused filament fabrication 100–150 µm Polymers: PCL, PLA, PLGA, PEEK, PPF

Best suited for processing polymers
Heat involved for partially melting the material
Very common and widely adapted
Requires support
Can be paired with other processes

[186, 258–262]

Continued on next page ...
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Process Resolution Materials Properties Ref.

Wet-spinning-based AM 123–789 µm Polymers: PCL, PCL/HA, SPCL-Si Chemical solvents involved, hence risk of residual
toxicity present

[266, 267, 269,
271, 272]

Direct writing 50–850 µm Composite: β-TCP/HA 45S5 Bioglass

Suitable for bioprinting
Low-temperature application, hence friendly to
drugs and biological growth factors
Ideal for bioceramic and bioglass scaffolds

[195, 264,
275–278]

SLA 25–100 µm
Epoxy/HA, poly(trimethylene
carbonate)/nHA, poly(ethylene
glycol-co-depsipeptide) hydrogel

Requires photopolymers
Challenge in balancing biological, chemical, and
mechanical properties

DLP 25–100 µm

(PPF)/(TiO2)/oxybenzophenone, fumaric
acid monoethyl ester (FAME),
end-functionalized PDLLA oligomers,
N-vinyl-2-pyrrolidone

Polymer-based process
High speed and resolution
Good processing speed

[287, 330]

CDLP 25–100 µm

Solution electrospinning 0.1–20 µm
(fiber diameter)

Polymer: PCL, PGA
Polymer composites: hyaluronic
acid/collagen, PCL/PGA
Polymer-ceramic composites: PCL/HA,
PCL/HA/collagen, PCL/PLA/HA

Capable of producing nanofibers, with a large
surface to volume ratio
Commonly used for wound dressing
Collected fiber mimics bone ECM
Slow throughput
Solvents involved, with risk of residual toxicity
Difficult to control due to the whipping instabilities
Fiber size and density too fine, not ideal for guiding
bone cell growth
Can be potentially adapted into AM

[301, 302, 324,
332–335]

Melt electrospinning 10–50 µm
(fiber diameter)

PCL, PLA, PLLA, PLGA
PLA/collagen, PCL/SrBG,
PLA/collagen/HA

Bigger fiber diameter than SES
Faster throughput

[18, 72, 106, 307,
316–319, 322,

323]
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We generally noticed a need for more discussion on the clinical applicability of fab-

rication technologies reported in the literature. Except for a few clinical cases [336,

337], the vast majority of the literature is exploratory and mainly focuses on the

technology of the fabrication technologies and materials for a potential application in

bone TE. Only short-term evaluation of bone growth attributes such as cell attach-

ment, proliferation, differentiation, and early-stage mineralization is often discussed.

Full-scale CSBD repair cases with complete recovery and degradation profiles must

be sufficiently covered. Comparative evaluations of scaffold performance are usually

included in the reports but only in the context of evaluating different material and

process parameters within a short time frame (30 days). Longer-term evaluation

needs to be included and compared with different fabrication techniques. More no-

ticeably, the significantly low number of clinical trials makes categorical evaluation

of the clinical success of the manufacturing processes difficult. Out of 160 articles

reviewed here on biological performances of bone scaffolds, only ∼20% were based

on in vivo studies. The remaining ∼80% were in vitro studies on design, material,

and effects of processing parameters on the cellular aspects of the scaffolds. Despite

the sheer number of reports and ongoing activities, the field is still in its infancy,

and successful implementations of these technologies in a clinical setting are eagerly

awaited. Adapting newly emerging and exciting fabrication technologies is likely to

happen in stages. The next wave of research will likely focus on scrutinizing emerging

bone scaffolds in clinical settings.
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Chapter 3

Background on Multi-body Dynamics
Formulation Methods

This chapter briefly introduces the main theories and techniques employed in the

theoretical formulations. The dynamic equations of motion of the melt-electrospun

fibers are formulated by treating the fibers as multi-body systems. As discussed in

the next chapter, the fiber segment hanging between the nozzle tip and the collector

plate is discretized into smaller segments referred to as beads. These segments are

treated as rigid bodies, serially connected with viscoelastic links.

The formulation starts by developing a set of unconstrained equations of motion

for the beads. A number of different forces act on the beads, namely gravitational,

electric field, Coulomb, and viscoelastic forces. Next, constraints representing the

viscoelastic joints, the nozzle and collector plate motions, and the sticking/anchoring

effect of the fiber on the collector plate are appended to the unconstrained equations

to describe the dynamics of the fiber fully.

Several methods are available for formulating dynamic problems, including Newto-

nian mechanics, Lagrangian mechanics, Hamiltonian mechanics, Kane’s method, and

Gibbs-Appell equations. However, when dealing with multi-body systems involving a

large number of rigid bodies, such as the fiber in question, Lagrangian mechanics and

Kane’s methods stand out because they can provide more systematic and efficient so-

lutions. Kane’s method, particularly, is advantageous for systems that involve many
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constraints or complex constraint equations. Because of these advantages, Kane’s

method is selected to develop the unconstrained equations of motion.

The viscoelastic joint connecting the bodies, the prescribed nozzle and collector

plate motions, and the sticking/anchoring effects observed when the fiber sticks to

the collector plate reduce the degrees of freedom of the multi-body system. These

restrictions are included in the dynamic formulation as constraint equations. An

effective strategy is required to formulate and manage these constraints.

The Udwadia-Kalaba (UK) [338] method offers a unique approach for formulating

constrained equations of motion. This method simplifies the mathematical formu-

lation and improves the computational efficiency of the simulation by converting

constraint equations into equivalent virtual constraint forces. These forces are added

to the forces vector in the unconstrained equations of motion, resulting in the final

fully constrained equations of motion.

Because of their unique advantages, Kane’s and Udwadia-Kalaba’s methods are

combined in the current study. Kane’s method is employed for generating the un-

constrained equations of motion of the system, which will be comprised of a large

number of beads. On the other hand, the UK method generates the constraint equa-

tions and combines them with the unconstrained equations to complete the problem

formulation.

The resulting set of coupled algebraic differential equations (DAE) is numerically

solved to determine the time histories of the individual beads. The solution is fur-

ther post-processed to construct the fiber’s time history by assembling the individual

segments’ time histories.

3.1 Kane’s Method for Unconstrained Equations of
Motion

The unconstrained equations of motion of the fiber are derived using Kane’s method,

which is a generalized approach based on Lagrange’s Method and D’Alembert’s prin-

ciple[339–343]. The general form of the equations of motion using Kane’s method is
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given by the dynamical equations :

F ∗ + F = 0 (3.1)

where F ∗ and F in Eq. (3.1) are vectors of the generalized inertia fores F ∗
r and the

generalized active forces Fr, respectively, that are calculated form:

F ∗
r =

N∑︂
i=1

vi
r.R

∗
i (r = 1, ..., ν), (3.2)

Fr =
N∑︂
i=1

vi
r.Ri (r = 1, ..., ν), (3.3)

where vi
r, R∗

i , and Ri are the rth partial velocity, the inertia force, and the resultant

force on the ith bead, respectively. N is the number of beads in the system, and ν

the number of generalized coordinates, which is equal to 7N . The partial velocities

are calculated using the center of mass velocities.

In addition to the linear forces, torsional elastic and damping moments are included

at joint locations in the model to influence and control the radius of curvature of the

fiber. The effects of these moments are added to the model by introducing generalized

inertia moments T ∗ and generalized active moments T . The rotational aspect of the

equation of motion is represented by:

T ∗ + T = 0. (3.4)

T ∗ and T are calculated from equivalent formulas using the partial angular veloc-

ities of the beads. i.e.,

T ∗
r =

N∑︂
i=1

ωi
r.T

∗
i , (3.5)

Tr =
N∑︂
i=1

ωi
r.Ti. (3.6)

The unconstrained equations of motion of the multi-body system are given by

combining the linear and rotational Kane’s dynamical equations into a system of

equations, i.e., [︃
F ∗ + F
T ∗ + T

]︃
=

[︃
0
0

]︃
(3.7)
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Equation (3.7) could be rearranged in terms of the coefficients of ui, u̇i, and üi,

to yield the familiar matrix form of the equations of motion:

M(u, t)ü+B(u, t)u̇+K(t)u = F , (3.8)

where M , B, K, and F are the system’s mass matrix, damping coefficient matrix,

stiffness matrix, and the externally applied forces, respectively.

Equation (3.8) can be further rearranged to furnish:

M (u, t)ü = Q(u, u̇, t), (3.9)

where Q is commonly known as the vector of impressed forces.

Q(u, u̇, t) = −B(u, t)u̇−K(t)u+F . (3.10)

Equation (3.9) is the system of unconstrained equations of motion of the multi-

body system. When the constraint forces are ready, they are added to Q in this

equation to arrive at the constrained equations of motion of the system.

3.2 Udwadia-Kalaba (UK) Method for Constrained
Equations of Motion

Suppose the multi-body system has a vector of holonomic constraint equations φ,

expressed in terms of a vector of the independent generalized coordinates u, i.e.,

φ(u, t) = 0. (3.11)

φ could be differentiated twice with respect to time to yield:

d2

dt2
φ(u, t) = φ̈(ü, u̇,u, t) = 0. (3.12)

Equation (3.12) could be rearranged into a matrix form:

A(u̇,u, t)ü = b(u̇,u, t), (3.13)

where matrix A is the coefficient of the acceleration vector ü, and everything else is

collected to the right-hand side of the equation and denoted by the vector b.
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The Udwadia-Kalaba method calculates the virtual constraint forces vector Qc

from Eq. (3.13) using the formula:

Qc = M 1/2(AM−1/2)+(b−Aa), (3.14)

where the operator ( )+ is the Moore-Penrose inverse [344, 345].

Finally, the constrained equations of motion of the multi-body system are furnished

by adding the virtual constraint forces vector Qc to the vectors of impressed forces

Q in Eq. (3.9), i.e.,

Mü = Q+Qc, (3.15)

Mü = Q+M 1/2(AM−1/2)+(b−Aa). (3.16)

3.3 Rotational Kinematics

Mathematically treating each bead as a rigid body allows one to include and investi-

gate the effects of the rotational motion on the curvatures of the fiber. Similar models

developed by other researchers, such as those presented in [315], mostly ignore the

rotational components of the motions and approximate the problem as particle dy-

namics. In some cases, limits on the radius of the curvatures of the fiber were forced

upon the models using techniques not necessarily related to the physics governing the

motions of the beads. In addition to the rectilinear forces, the work presented here

includes the effects of fiber bending resistances on motion dynamics.

However, including the rotational motion in the problem formulation is relatively

complicated. It often requires an effective strategy to minimize complications in

problem formulation and avoid potential pitfalls arising from singularities during the

simulation.

Since unit-quaternions, compared to Euler angles, are generally less susceptible to

singularity issues, they are adapted here as the primary generalized coordinates. How-

ever, because the components of unit-quaternions do not represent angles—neither in

degrees nor in radians senses—they are often difficult to interpret and require con-

version to other forms of rotation representations to communicate results. Therefore,

while quaternions are used in the numerical integration, Euler angles and axis-angle
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rotation representations are employed for handling initial conditions and inspection

purposes. Below is a brief background discussion on these three rotation representa-

tions and their application in the forthcoming problem formulation.

3.3.1 Quaternion Algebra

Quaternions

Quaternions can be thought of as generalizations of complex numbers into 3D spaces.

The complex number z = x+ yi | z ∈ C and x, y ∈ R, with the property i2 = −1 has

x and y as its real and imaginary parts, respectively, and i as the imaginary unit.

Hamilton extended this notation in 1843 to cover complex numbers in 3D spaces,

leading to a new numbering system we commonly refer to today as a quaternion

(denoted by H after Hamilton). i.e.,

q = w + ai+ bj+ ck, q ∈ H, w, a, b, c ∈ R, (3.17)

where w in Eq. (3.17) is the real part of the quaternion q, and a, b and c its imaginary

parts. The i, j, and k are the imaginary units in 3D space satisfying the properties:

i2 = j2 = k2 = i j k = −1,

ij = k, jk = i, ki = j,

ik = −j, kj = −i, ji = −k.

(3.18)

In engineering, a quaternion is usually represented as a four-element vector, made

up of the real and imaginary parts without the imaginary i, j, and k units included in

the notations. However, algebraic operations defined on the quaternion vectors still

obey the imaginary units multiplication rules described in Eq.(3.18), i.e.,

q =

[︃
w
v

]︃
, (3.19)

where v is a vector of the imaginary parts of the quaternion given by:

v =

⎡⎣bc
d

⎤⎦ . (3.20)
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Quaternion Norm

Given a quaternion q in a vector notation as in Eq. (3.17), its norm is calculated in

the same manner as for a traditional three-component vector. i.e.,

∥q∥ =
√︁
w2 + ∥v∥2 =

√
w2 + a2 + b2 + c2. (3.21)

Unit-quaternions are special quaternions whose norm is 1. i.e.,

∥q∥ = w2 + a2 + b2 + c2 = 1. (3.22)

As will be shown shortly in upcoming sections, unit-quaternions play an essential

role in representing rotations and orientations of rigid bodies.

Quaternion Conjugate

The conjugate of a quaternion q, denoted by q∗, is another quaternion given by:

q∗ =

[︃
w
−v

]︃
. (3.23)

Quaternion Inverse

The inverse of a quaternion q is another quaternion given by the expression:

q−1 =
q∗

∥q∥2
=

1

w2 + ∥v∥2

[︃
w
−v

]︃
. (3.24)

Since the norm of a unit quaternion is 1, its inverse is:

q−1 = q∗ =

[︃
w
−v

]︃
. (3.25)

Quaternion Addition/Subtraction

Given two quaternions q1 and q2 in vector forms:

q1 =

[︃
w1

v1

]︃
and q2 =

[︃
w2

v2

]︃
,

Their sum/difference is:

q1 ± q2 =

[︃
w1 ± w2

v1 ± v2

]︃
. (3.26)
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Quaternion Multiplication (Hamilton Product) ⊗

The product (also known as the Hamilton product) of two quaternions q1 and q2 is

a quaternion given by:

q1 ⊗ q2 =

[︃
w1w2 − v1 · v2

w1v2 + w2v1 + v1 × v1

]︃
. (3.27)

Quaternion product is not commutative. i.e., q1 ⊗ q2 ̸= q2 ⊗ q1.

3.3.2 Orientation Representations

In the dynamic analysis of multi-body systems, it is often required to describe the

orientation of a rigid body in space relative to another reference frame. As shown

in Fig. 3.1, this is usually done by attaching a coordinate system to the rigid body

such that the origin of this coordinate system coincides with some point of interest

on the rigid body (such as the center of mass or a joint). Additionally, the three axes

are selected to parallel the body’s principal dimensions. Since such a frame is fixed

on the body, the body’s orientation in space can be described mathematically by the

relationships between the body-fixed and the reference coordinate systems.

B

n̂
1

n̂
2

n̂
3

b̂
1

b̂
2

b̂
3

Figure 3.1: Body-fixed frame

The body frame is assumed to be initially parallel to the reference frame before

it is brought to its current orientation through some successive rotations. Below are

three methods widely used to describe such rotations.
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Axis-Angle Rotation Representation

The axis-angle method describes the orientation of a given rigid body as a single

rotation of the reference coordinate system by an angle θ about a unit-vector ê that

passes through the origin (Fig. 3.2). This rotation is represented by:

θ = θê or Rot : (ê, θ). (3.28)

θ

B

n̂
1

n̂
2

n̂
3

b̂
1

b̂
2

b̂
3

ê

Figure 3.2: Axis-angle rotation representation

Euler Angles Representation

In Euler angles orientation representation (Fig. 3.3), the orientation of the body-fixed

frame relative to the reference frame is achieved by three successive rotations of the

reference frame about the x̂, ŷ, and ẑ coordinate axes – but not necessarily in that

particular order. In fact, different rotation sequences most likely lead to different

outcomes, and care must be taken in specifying the sequences.

The rotations can be taken about the axes of the original reference coordinate

system (n̂1, n̂2, n̂3) (extrinsic rotations) or the axes of the intermediate rotated coor-

dinate systems (x̂′, ŷ′, ẑ′) and (x̂”, ŷ”, ẑ”) (intrinsic rotations.) Unless and otherwise

stated explicitly, the discussion presented in the current work follows intrinsic rota-

tions.
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ŷ”

x̂”

ẑ’
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Figure 3.3: Rotation representation using Euler angles

The three angles of rotations in Fig. 3.3 are known as Euler angles. Three Euler

angles denote the final orientation of the rigid body with a side note on the sequences

of rotation followed. For example, the rotation:

Euler angles = (ψ, θ, ϕ) , ẑx̂′ẑ′′

indicates a first rotation about the ẑ axis by angle ψ, followed by a rotation about

the x̂′ axis by angle θ, and a final rotation about the ẑ′′ axis by angle ϕ.

With the obvious restriction that no two consecutive rotations can be about the

same axis, there could be twelve possible rotation sequences to choose from. i.e.,

x̂ → ŷ → x̂, x̂ → ẑ → x̂,

ŷ → x̂ → ŷ, ŷ → ẑ → ŷ,

ẑ → x̂ → ẑ, ẑ → ŷ → ẑ

(3.29)

x̂ → ŷ → ẑ, x̂ → ẑ → ŷ,

ŷ → x̂ → ẑ, ŷ → ẑ → x̂,

ẑ → x̂ → ŷ, ẑ → ŷ → x̂.

(3.30)

The first group of six rotations, in which the first and the last rotations are always

about the same axis, is known as proper Euler angles. The rotations in which all

three axes are involved in the rotation are known as the Tait-Brian angles.

The Euler angle representation is the most widely used due to its intuitiveness

and long history in aircraft navigational systems. However, there are well documents

drawbacks related to singularity issues (gimbal lock) arising from the presence of
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trigonometric terms, making this method less ideal for the simulation of problems

such as the present work. Therefore, its current use is limited to only entering initial

values and extracting simulation results for inspection purposes.

Euler Parameters (Unit Quaternions)

Given an axis-angle representation of rotation of a rigid body by an angle θ about a

unit vector axis n̂, the equivalent Euler parameters representation is calculated from:

ê =

⎡⎢⎢⎣
e1
e2
e3
e4

⎤⎥⎥⎦ =

[︃
cos (θ/2)
sin (θ/2) n̂

]︃
=

⎡⎢⎢⎣
cos (θ/2)

sin (θ/2)

⎡⎣n̂x

n̂y

n̂z

⎤⎦
⎤⎥⎥⎦ (3.31)

This method of rotation representation addresses the singularity issue of Euler

angles by adding one more redundant parameter. Euler parameters, however, are less

intuitive because the values of the parameters do not represent angles. This makes

them very tricky to interpret, and they often require conversion back to Euler angles

or other rotation descriptions. Since the orientation of a rigid body can be sufficiently

described by using only three parameters (because pure rotation is a three-degree of

freedom system), the four Euler parameters are not entirely independent. In fact, a

constraint equation is required to enforce this observation to avoid redundancy.

Since n̂ in Eq. (3.31) is a unit vector representing the axis of rotation, the norm

of ê calculated from:

∥ê∥2 = e21 + e22 + e23 + e24 = cos2 (θ/2) + sin2 (θ/2) ∥n̂∥2 (3.32)

is 1.

This brings to evidence that Euler parameters are, in fact, unit quaternions, and

they do obey and satisfy all conditions and operations defined over the quaternion

space H. In addition, Eq. (3.32) is the constraint equation required to bring the

number of degrees of freedom of systems described by Euler parameters back to three,

consistent with other rotation representation methods. Now that the connection

between unit quaternions and Euler parameters is clarified, throughout the remainder

of the text, Euler parameters will be represented by the four-element unit quaternion
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vector notation as:

q =

⎡⎢⎢⎣
q0
q1
q2
q3

⎤⎥⎥⎦ (3.33)

Matrix Representation of Unit Quaternions

Unit quaternions could be used as linear mapping operators to transform or rotate

vectors from one coordinate system to another. Below are defined two important

matrices, linear in the quaternion elements. They will be used frequently in upcoming

discussions and the theoretical problem formulation in Chapter 4.

E =

⎡⎣−q1 q0 q3 −q2
−q2 −q3 q0 q1
−q3 q2 −q1 q0

⎤⎦ (3.34)

G =

⎡⎣−q1 q0 −q3 q2
−q2 q3 q0 −q1
−q3 −q2 q1 q0

⎤⎦ (3.35)

Coordinate Transformations and Rotations

Two scenarios of interest exist where the previously discussed orientation descriptions

could play a critical role.

1. Coordinate Transformation: Given a vectorial representation of a physical

quantity in the bases of a coordinate system, we are interested in expressing this vector

in terms of the bases of another coordinate system. In this case, the physical quantity

and its vector representation remain unchanged. The vector could be considered a

fixed line in space. The goal is to express this vector using different bases. This is

analogous to describing an event in different languages—the event remains the same,

but the language used to describe it could be different.

2. Rotation: In the second scenario, the vector is rotated (the physical quantity it

represents is now altered) relative to all frames of reference and points in a different

direction. The description of the rotated vector in any given set of bases differs

from the original vector because the old and the new vectors represent two different

physical quantities. In this case, the change in physical quantity is equally observed

in all coordinate systems involved regardless of the choice of bases.
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Figure 3.4: Coordinate transformation
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Figure 3.5: Rotation of a vector
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Knowledge of the relative orientations between the coordinate systems or between

the original and rotated vectors could be exploited to construct linear mapping func-

tions that elegantly handle these two scenarios.

Rotation matrix

a) From Euler Angles

If the current orientation of a coordinate system is achieved by successively rotating

a given reference coordinate system by three Euler angles ψ, θ and ϕ about the

intrinsic ẑ, ŷ′, and x̂′′ axes, respectively, the rotation matrices for the three rotations

are given in matrix form by:

R (ẑ, ψ) =

⎡⎣cosψ − sinψ 0
sinψ cosψ 0
0 0 1

⎤⎦ , (3.36)

R (ŷ′, θ) =

⎡⎣ cos θ 0 sin θ
0 1 0

− sin θ 0 cos θ

⎤⎦ , (3.37)

R (x̂′′, ϕ) =

⎡⎣1 0 0
0 cosϕ − sinϕ
0 sinϕ cosϕ

⎤⎦ . (3.38)

The resultant rotation matrix between the reference frame and the final frame is

then calculated from the product of these three matrices, i.e.,

R(ψ, θ, ϕ) = R (ẑ, ψ)R (ŷ′, θ)R (x̂′′, ϕ) , (3.39)

R(ψ, θ, ϕ) =

⎡⎣cψ c θ cψ sϕ s θ − cϕ sψ sϕ sψ + cϕ cψ s θ
c θ sψ cϕ cψ + sϕ sψ s θ cϕ sψ s θ − cψ sϕ
− s θ c θ sϕ cϕ c θ

⎤⎦ . (3.40)

b) From Axis-Angle

A more general form the rotation matrix R is given in Eq. (3.41) for an axis-angle

rotation Rot : (n̂, γ)

R(n̂, γ) =

⎡⎣ c γ + n2
x(1− c γ) nxny(1− c γ)− nz s γ nxnz(1− c γ) + ny s γ

nxny(1− c γ) + nz s γ c γ + n2
y(1− c γ) nynz(1− c γ)− nx s γ

nxnz(1− c γ)− ny s γ nynz(1− c γ) + nx s γ c γ + n2
z(1− c γ)

⎤⎦ .

(3.41)
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c) From Unit Quaternions

The rotation matrix can also be determined from the unit quaternion representation

of orientation between the two frames using the formula:

R = GET , (3.42)

where E and G are the quaternion matrices described in Eq. (3.34) and (3.35),

respectively. The product furnishes:

R(q) =

⎡⎣q20 + q21 − q22 − q23 2q1q2 − 2q0q3 2q0q2 + 2q1q3
2q0q3 + 2q1q2 q20 − q21 + q22 − q23 2q2q3 − 2q0q1
2q1q3 − 2q0q2 2q0q1 + 2q2q3 q20 − q21 − q22 + q23

⎤⎦ . (3.43)

Coordinate transformation using R

If R is a rotation matrix rotating Frame 1 with bases b̂1 : (x̂1, ŷ1, ẑ1) to a final

orientation designated by Frame 2 with bases b̂2 : (x̂2, ŷ2, ẑ2), the relationships

between the bases is given by:

b̂1 = R b̂2, b̂2 = RT b̂1. (3.44)

Vector Projection with R

Alternatively, R could project a given vector onto another coordinate system. For

example, if a position vector r is given by r1.b̂1 in Frame 1 and by r2.b̂2 in Frame 2,

the relationships between the two projections are given by:

r1 = R r2, r2 = RT r1. (3.45)

Note that r is not rotated, just bases translations!

Rotation of a vector using R

The rotation matrix R may also rotate a vector by some angles within a given co-

ordinate system. If v1.b̂ is the original vector, and it is rotated by the same Euler

angles and sequences of rotations that led to the formation of R, then the rotated

vector v2.b̂ (notice the same coordinate system/bases) can be calculated from:

v2.b̂ = RTv1.b̂. (3.46)
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Coordinate Rotation with Unit Quaternions

Instead of rotation matrices, an equivalent unit quaternion q may also be used to

do the coordinate rotation in Eq. (3.44) and arrive at the same result. However, all

three-element vectors must first be converted into quaternions by using the vectors

as the imaginary part of the quaternions and assigning zero values to the real parts.

i.e., [︃
0

b̂1

]︃
= q∗ ⊗

[︃
0

b̂2

]︃
⊗ q, or

[︃
0

b̂2

]︃
= q ⊗

[︃
0

b̂1

]︃
⊗ q∗, (3.47)

where ⊗ is the quaternion product operator and q∗ the conjugate of q.

Similarly, the projection of vector r in Eq. (3.45) can be handled using unit quater-

nions. i.e., [︃
0
r1

]︃
= q∗ ⊗

[︃
0
r2

]︃
⊗ q, or

[︃
0
r2

]︃
= q ⊗

[︃
0
r1

]︃
⊗ q∗. (3.48)

Rotation of a vector with Unit-Quaternions

The vector rotation of Eq. (3.46) can also be performed using unit quaternions:[︃
0
v2

]︃
= q ⊗

[︃
0
v1

]︃
⊗ q∗. (3.49)

Successive Rotations

If a given coordinate system was rotated using successive rotation matrices R1, R2,

. . . , RN to get to its current orientation, the equivalent rotation matrix could be

calculated by multiplying the individual rotation matrices in the same order. i.e.,

R = R1R2...RN . (3.50)

If unit quaternions were used in each rotation instead of rotation matrices, the

equivalent unit-quaternion could be found by multiplying the individual quaternions.

q = q1 ⊗ q2 ⊗ ...⊗ qN . (3.51)

Conversion between Euler Angles and Quaternions

A set of Euler angles could be converted to an equivalent unit quaternion dependent

on the sequence of the Euler rotations. Each Euler rotation can be represented by an
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axis-angle description and easily be converted to a quaternion form using Eq. (3.31).

Since the three rotations happen sequentially, the equivalent quaternion representing

the three Euler angles could be calculated using the successive quaternion formula in

Eq. (3.51). For example, for the z − y − x rotation sequence, the Euler angles ψ, θ

and ϕ can be represented in axis-angle notations:

Rot1 : ([0 0 1]T , ψ),

Rot2 : ([0 1 0]T , θ),

Rot3 : ([1 0 0]T , ϕ).

(3.52)

The unit quaternions corresponding to each rotation are:

q(ψ) =

⎡⎢⎢⎣
cos(ψ/2)

sin(ψ/2)

⎡⎣00
1

⎤⎦
⎤⎥⎥⎦ , q(θ) =

⎡⎢⎢⎣
cos(θ/2)

sin(θ/2)

⎡⎣01
0

⎤⎦
⎤⎥⎥⎦ , q(ϕ) =

⎡⎢⎢⎣
cosϕ/2

sin(ϕ/2)

⎡⎣10
0

⎤⎦
⎤⎥⎥⎦ .
(3.53)

As per Eq. (3.51), the resultant quaternions are given by the Hamilton product of

the three quaternions in the same order. i.e.,

q = q(ψ)⊗ q(θ)⊗ q(ϕ). (3.54)

3.3.3 Quaternion Kinematics

Angular velocity

Angular velocities of rigid bodies are required to describe the dynamic behavior of the

rigid bodies adequately. Suppose the unit quaternion describing the orientation of a

rigid body and its first-time derivative are known. In that case, the angular velocity

of the rigid body can be described in the inertial and the body-fixed coordinates from

the following two formulas:

ωb = 2Ġq = 2Gq̇, (3.55)

ωn = 2Ėq = 2Eq̇, (3.56)

where E and G are the quaternion matrices given by Eq. (3.34) and (3.35).
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Chapter 4

Theoretical Model Development

Chapter Abstract

A novel analytical model development and simulation of the melt-electrospinning

(MES) process is presented. Unconstrained equations of motion for de-

scribing a discretized melt-electrospun fiber were formulated using Kane’s

method. The motions of the spinneret and the collector plate were also

incorporated into the kinematics formulation to simulate direct-writing

and three-dimensional (3D) printing scenarios. Constraints describing vis-

coelastic joints in the system and the phenomenon of the melt-electrospun

fiber adhering to the collector plate were implemented using the Udwa-

dia Kalaba method. Rotational viscoelastic elements are introduced to

mimic the dampening of the whipping motion observed in the unstable

region. A novel algorithm was devised to simulate continuously with no

limit on the total duration and phase transitions. System responses such

as fiber diameter, collection size, fiber elongations, and jet speeds were

monitored for changes in control parameters, including applied voltage,

collector distance, and flow rate. The results demonstrated close agree-

ment with experimental observations in the literature. The jet started

relatively straight on the onset of its trajectory and developed a subtle

whipping motion as it advanced towards the collector plate. Reduction in

the amplitude of the whipping motion was observed once the free end of
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the fiber adhered to the collector plate.

4.1 Introduction

There has been a growing interest in adapting MES for biomedical applications [19,

20]. This is mainly because toxic chemicals, primarily associated with solvents used

in solution-electrospinning (SES), are absent in MES, making the latter an ideal

fabrication method for applications such as wound dressing and tissue engineering

[15–18]. The close resemblance between the intra-fiber geometry of melt-electrospun

fibers and the micro-architecture of the extracellular matrix (ECM) of bone tissue

is another factor that makes MES a potential candidate for the fabrication of bone

scaffolds [2]. However, the convergence of MES and 3D manufacturing processes

requires a thorough understanding of the interdependencies among process, material,

and output parameters. For a given set of some of these processing and material

parameters, our primary interest in the proposed work is to develop a theoretical

model for predicting the motion profiles of the melt-electrospun fiber as it exits the

spinneret tip and accumulates onto a flat collector plate. Knowledge of this allows

one to predict important morphological and topological output attributes. These

include the electrospun fiber diameter, collection pattern, collection density, and other

parameters that may be of practical interest when adapting MES as a direct-writing

or a 3D fabrication process [279].

To this end, numerous experimental and analytical models have been proposed in

the past by several groups. These models were used to investigate different char-

acteristics of the electrospun fiber and to understand the process’s behavior better.

Most consequentially of all, Taylor [346], in 1964, formulated an empirical relation-

ship between the applied voltage and the shape of a charged droplet. He estimated

the critical voltage required to trigger the jet formation in SES in terms of the ma-

terial properties and some geometrical parameters in the system. Based on the work

in [346], other groups [314, 347] have proposed additional mathematical models to

describe the geometrical characteristics of the stable jet and the bending instabilities

regions. One example is a model proposed by He et al.[348] to predict the criti-

cal length of the jet, below which the jet remains stable and relatively straight (see
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Fig. 4.1.a). Electrospinning configuration in which the collector distance is set shorter

than this critical length is commonly known as near-field electrospinning (NFES). The

bending instabilities under such a configuration are noticeably absent, resulting in a

well-aligned fiber topology that is easily controlled by the motion of the spinneret

relative to the collector plate [349, 350]. Compared to SES, MES (see Fig. 4.1.b)

is distinctly characterized by significantly dampened whipping motions. Dalton and

Brown [279, 351] have experimentally investigated the effects of the processing pa-

rameters and the transverse speed of the collector plate on fiber alignments in MES.

Their experiments revealed that the faster the relative speed of the collector plate

with respect to the nozzle, the straighter the topology of the collected fiber and the

thinner the average fiber diameter. The fiber tends to coil upon itself at zero or

low relative speeds between the nozzle and the collector plate, as shown in Fig. 4.2.a

[30]. Increasing the speed tends to open the coil and stretch the fiber in the direction

of nozzle motion (Fig. 4.2.b). Another experimental study by Zheng et al.[352] has

shown similar results. Using an NFES configuration for a given set of material pa-

rameters and processing conditions, they identified the collector moving speed (CMS)

ranges in which straight, wavy, and coiled fiber depositions occur.

Stable jet 

Instable 
region Stable jet 

(a) (b) 

Figure 4.1: a) Solution-based electrospinning, b) MES. Reproduced with permission[30]
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Figure 4.2: Schematic diagram of MES: a) with no relative velocity between the nozzle and
collector plate, b) with a relative velocity between nozzle and collector plate. (adapted from
[30])
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Highly erratic and chaotic motions often characterize the bending instabilities re-

gion, making theoretical model development and validation challenging tasks [297].

Reneker et al. [315] developed the first dimensionless bending instability model for

SES. They treated the active fiber segment as a series of beads connected via sim-

ple Maxwell viscoelastic links (i.e., a spring connected in series with a dashpot).

They simulated the motions of the beads subjected to gravitational, surface tension,

Coulomb, electric field, and viscoelastic forces. Other models were later developed

[297, 298, 353–357] to investigate the effects of the process parameters (such as ap-

plied voltage, collector distance, and melting temperature) on fiber morphology and

topology.

However, most of the models mentioned above were developed explicitly for SES

and were based on oversimplified assumptions. For instance, as demonstrated by

Costa and Ribeiro [28], it usually takes 10 to 15 layers of a generalized Maxwell

viscoelastic rheological model to curve-fit experimental rheology test data with rea-

sonable accuracy. Hence, using single-layer Maxwell viscoelastic links in the above

models is suspected to result in sub-optimal representations of the creep and relax-

ation behaviors of the materials involved [29]. The electrospinning models reviewed

here also implicitly assume that one end of the fiber would always remain free in the

air without touching down on the collector plate. As a result of this assumption,

the anchoring effects are mostly ignored. This is potentially problematic, especially

in the simulation of NFES, where the fiber often buckles under the support of the

collector plate [30]. Additionally, if the spinneret and the collector plate were to have

independent motions (as is commonly the case in 3D printing scenarios), external mo-

mentum would be imparted to the fiber by the moving platforms, altering its dynamic

behavior. Discussions regarding the effects of platform motions on fiber dynamics are

generally absent in the literature.

In the present study, we propose a theoretical model based on Reneker’s work

[315] that addresses the deficiencies mentioned above and introduces several additional

features and improvements. Specifically, the novelties of the proposed work are: 1) the

anchoring and whipping dampening forces generated as a result of the fiber sticking

on the collector plate are included in the formulation; 2) the motions of the spinneret
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and the collector plate are considered to allow simulation of direct-writing and 3D

printing scenarios; 3) Maxwell-based standard solid (SLS) rheological links are used

as viscoelastic joints for improved representation of creep and relaxation behaviors

of the molten polymer; 4) rotational viscoelastic elements are incorporated into the

model to capture the whipping motion dampening phenomenon; 5) the rotational

degrees of freedoms of the discretized fiber segments are included in the dynamic

formulation, and 6) a computationally efficient algorithm is developed for continuous

simulation of MES processes without the need to define the model size ahead of time.

4.2 Model Development

To mathematically model the dynamic behavior of the melt-electrospun fiber, the

active fiber length—the segment between the spinneret tip and the collector plate,

not including the fiber that would have already been accumulated on the collector

plate—is discretized into smaller segments. These segments, interchangeably referred

to as links or beads, are treated as rigid bodies with their own inertial, electrical, and

material properties. Successive segments in the system are connected via the SLS

joint to capture the viscoelastic nature of the polymer melt.

The dynamic equations of the electrospun fiber are formulated by first developing a

set of unconstrained equations of motions for the fiber segments using Kane’s method

[340, 342, 358]. Holonomic constraints arise in the system from the viscoelastic joints

and the fiber segments sticking on the collector plate. These constraints are imposed

on the unconstrained equations using the Udwadia-Kalaba method [338, 359–362].

The resulting set of coupled differential-algebraic equations (DAE) is numerically

integrated to determine the time histories of the individual fiber segments. The results

are subsequently assembled to construct the time history of the whole electrospun

fiber. The surface tension forces, known to play dominant roles in SES, are only

considered during the initial stages of the process. They are intentionally excluded

once the jet is initiated because their effects are negligible compared to the other

forces after the jet is initiated [363].
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4.2.1 Generalized Coordinates

The first step in the modeling process is to select a set of generalized coordinates

describing the positions and orientations of each link in the system. We have chosen

to represent the positions of the fiber segments (beads) by the absolute Cartesian

coordinates of their center of masses (see Fig. 4.3). Although Euler angles are one of

the most widely used methods for orientation representation due to their intuitiveness,

we have opted for quaternions (Euler parameters) in the present work. This decision

is taken to avoid singularity and Gimbal-lock issues associated with the former. These

issues arise from the presence of trigonometric terms in the Euler angles, making the

method less ideal for the simulation of large-displacement problems such as the present

work [364]. As a result, the use of Euler angles in this work is limited to entering initial

values and extracting simulation results for inspection purposes only. Quaternions

address the singularity issue by adding one more redundant parameter [365–370].

However, they are less intuitive because the parameters do not represent angles in

the usual sense. This lack of intuitiveness makes them very tricky to interpret and

often requires conversion back to Euler angles or other rotation description methods.

Let ri(t) and qi(t) be the position and orientation of bead Bi in 3D Euclidean

space. Written in matrix form:

ri(t) =
[︁
xi yi zi

]︁T (4.1)

qi(t) =
[︁
qi0 qi1 qi2 qi3

]︁T
, (4.2)

where ri and qi can be concatenated to form a single vector of the generalized coor-

dinates ui; i.e.,

ui(t) =
[︁
ri(t)

T qi(t)
T ]︁T =

[︁
xi yi zi qi0 qi1 qi2 qi3

]︁T
. (4.3)

Although only six coordinates suffice to fully describe the position and orientation

of an unconstrained rigid body (i.e., three for translation and three for rotation), using

unit quaternions in the above definition introduces an extra dependent coordinate per

bead. The constraint equation required to reduce the degree of freedom back to six
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comes from the fact that the norm of the unit quaternion is 1 [371]; i.e.,

∥qi∥ = q2i0 + q2i1 + q2i2 + q2i3 = 1. (4.4)

The generalized velocities vector u̇i(t) is obtained by taking the total time deriva-

tive of the generalized coordinates vector ui(t) in Eq. (4.3); i.e.,

u̇i(t) =
dui(t)

dt
=

[︁
ẋi ẏi żi q̇i0 q̇i1 q̇i2 q̇i3

]︁T
. (4.5)

4.2.2 Partial Linear Velocities and Partial Angular Velocities

Denoting the linear and angular velocities of the ith bead by vi and ωi, respectively,

its partial linear velocity v̄i and partial angular velocity ω̄i are defined such that [340]:

vi ≜
ν∑︂

r=0

v̄iru̇ir + v̄it, (4.6)

ωi ≜
ν∑︂

r=0

ω̄iru̇ir + ω̄it, (4.7)

where v̄ir, ω̄ir, and u̇ir are, respectively, the rth components of v̄i, ω̄i, and the general-

ized velocity vector u̇i. Equivalently, suppressing r over the range of the generalized

coordinates in the system, the above may be rewritten in the following compact ma-

trix from:

vi = v̄iu̇i + v̄it, (4.8)

ωi = ω̄iu̇i + ω̄it. (4.9)

The bead velocities vi and ωi, however, can be directly computed using the gen-

eralized coordinates and the generalized velocities from:

vi = ṙi, (4.10)

ωi = 2Giq̇i, (4.11)

where Gi is a linear mapping matrix defined in terms of the components of the unit

quaternion qi as:

Gi(qi) ≜

⎡⎣−q1 q0 −q3 q2
−q2 q3 q0 −q1
−q3 −q2 q1 q0

⎤⎦ . (4.12)
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A quick inspection of Eq. (4.8) and Eq. (4.10) reveals that the partial linear velocity

matrix v̄i in Eq. (4.8) is simply the coefficient matrix of ṙ in Eq. (4.10). i.e.,

v̄i = I3, (4.13)

where I3 is a 3-by-3 identity matrix.

Similarly from Eq. (4.9) and (4.11), the partial angular velocity ω̄i is

ω̄i = 2Gi. (4.14)

4.2.3 Admissible Forces and Torques

Gravitational Force

The force of gravity exerted on the ith fiber segment of mass mb is:

fGi = mbg, (4.15)

where g is the acceleration due to gravity expressed in the inertial frame of reference;

i.e.,

g = [0 0 − 9.81]Tms−2. (4.16)

As reported by Wunner et al. [372], once the jet is initiated, the gravitational

force has a negligible effect on the jet path, with the effect of the force even further

diminishing with increasing flow rate. However, the gravitational force contribution

is still included in the model formulation because it is expected to play a dominant

role when the applied voltage is below the critical limit and there is a positive flow

rate pumping material out of the spinneret. Under this scenario, no fiber thinning

would be observed because of the insufficient voltage, but the material acts as an

extruded molten polymer.

Electric Field Force

In MES, an electrically charged molten polymer is pulled towards a grounded collector

plate under the actions of electric field forces. The resulting electric field between the

spinneret and the collector platform is generally non-uniformly distributed. It may be

expressed as a function of position (i.e., E(r)) following similar procedures discussed
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in [373]. However, in the present work, the spatial distribution of E is assumed to be

uniform for clear and concise demonstration. The presumed uniformity of E suffices

to demonstrate the important aspects of the proposed model. In addition, all beads

in the system are assumed to carry identical electrical charges q, the magnitude of

which is determined based on the dielectric properties of the molten polymer, melt

flow rate, and the size of the discretized fiber segment. The uniform electric filed

vector E, hence is approximated by the formula:

E =
V

hc
êE, (4.17)

where V is the applied potential difference between the spinneret and the collector

plate, and hc is the collector distance. êE, which is an equipment parameter, is a unit

vector in the direction of the electric field (same as the direction of spinning). For

example, a vertical MES setup will have: êE = [0 0 − 1]T .

In the case of a bead idealized as a charged particle, the electric field force exerted

on it is determined from:

fEi = qE = q
V

hc
êE. (4.18)

Coulomb Forces

Since all beads in the system are assumed to carry identical electrical charges, q, they

also apply repulsive forces on each other. The net Coulomb force on the ith bead is

given by the sum of all Coulomb forces exerted by the other N − 1 beads; i.e.,

fCi = ke q
2

N∑︂
ν=1

(︃
1

∥∆rν∥2

)︃
êν , (∀ ν ̸= i), (4.19)

where ke is the Coulomb constant (= 8.987× 109 N.m2/C2), ∆rν the position vector

pointing from bead Bν to bead Bi, and êν is the associated unit vector defined by:

∆rν = ri − rν =

⎡⎣xi − xν
yi − yν
zi − zν

⎤⎦ , êν =
∆rν

∥∆rν∥
. (4.20)

Substitution of Eq. (4.20) into Eq. (4.19) furnishes:

fCi = ke q
2

N∑︂
ν=1

(︃
∆rν

∥∆rν∥3

)︃
, (∀ ν ̸= i). (4.21)
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Viscoelastic Forces and Torques

Viscoelasticity is a material property in which the material simultaneously exhibits

both viscous and elastic deformation characteristics in response to changes in ap-

plied stresses [374]. Upon application or removal of the stresses, the elastic compo-

nent of the material undergoes instantaneous changes in strain (i.e., elastic strain).

Meanwhile, the viscous component of the material deforms over a period of time.

The molten polymer jet in MES shares these characteristics. It deforms in a time-

dependent manner in response to changes in stresses induced by the other forces in

the system. This behavior manifests itself as additional resistance forces internal to

the material that attempt to delay the resulting changes in strain.

Viscoelasticity is usually modeled using springs and dashpots arranged in series,

parallel, or a combination of these configurations. The springs and the dashpots

represent the elastic and viscous aspects of the material, respectively [375, 376]. The

generalized Maxwell standard linear solid (SLS) viscoelastic rheological model is one

such model (Fig. 4.4). This model has a spring connected in parallel to one or more

layers of Maxwell links (a spring connected in series to a dashpot). Compared to

other models[363], it allows the inclusion of as many layers as needed for proper

fine-tuning and estimation of the elastic parameters (E0, E1, η1, E2, η2, ...), and

hence closely representing the experimentally observed material behavior. However,

to reduce computational load during simulation, only the first layer is included in

the present study (Fig. 4.5). The governing constitutive equation relating the stress,

strain, and elastic parameters in the Maxwell SLS model is given by [377]:

E1
η1

E0

E2
η2

ηN

σ(t)

ε(t)
EN

σ(t)

Figure 4.4: Generalized Maxwell-based standard solid (SLS) model
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Figure 4.5: A single-layer standard linear solid (SLS) model

σ(t) +
η

E1(t)
σ̇(t) = E0(t) ε(t) +

η (E0(t) + E1(t))

E1(t)
ε̇(t). (4.22)

The space between the spinneret tip and the collector plate is typically characterized

by a non-uniform temperature gradient that starts with the melt temperature Tm
at the spinneret tip and gradually drops down to the ambient temperature Tamb at

the surface of the collector plate. The values of the elastic constants E0, E1, and η,

hence, change in response to this change in temperature. Constructing the complete

temperature dependency profiles of these parameters or their response behavior is

beyond the scope of the present study. However, to acknowledge the phenomena,

these parameters are represented in the current study as linear functions of T0 and

Tamb and the bead’s position relative to the spinneret tip, which is a function of time

itself, i.e.,

E0(t) = E ′
0(T0, Tamb, ri(t)), E1(t) = E ′

1(T0, Tamb, ri(t)), η(t) = η′(T0, Tamb, ri(t)),

(4.23)

where E ′
0, E ′

1, and η′ are the values of the elastic constants measured at Tm.

For the efficient formation of the algebraic differential equations, the stress σ(t) is

selected as one of the independent variables in the present work. Each joint connecting

subsequent beads has its own stress variable denoted by σi(t). The strain terms, on

the other hand, are calculated from changes in the initial link length; hence they are

dependent on the generalized coordinates and generalized velocities of the beads, i.e.,

εi(t) =
∥∆ri∥ − l0

l0
, (4.24)

where l0 is the initial unstretched link length, and ∆ri the ith displacement vector

calculated from the position vectors of beads Bi and Bi−1 as:

∆ri = ri − ri−1 =

⎡⎣xi − xi−1

yi − yi−1

zi − zi−1

⎤⎦ . (4.25)
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E0, E1, and η in Eq. (4.22) are the elastic parameters of the SLS model. They are

estimated from rheological tests following procedures outlined in Reference [28]. For

a given tensile stress value σi(t), the magnitude of the axial viscoelastic force fV i in

the fiber is calculated by simply multiplying σi(t) by the instantaneous cross-sectional

area of the fiber; i.e.,

∥fV i∥ = σi(t)

(︃
πd2i
4

)︃
, (4.26)

where di is the fiber diameter measured at the ith link. Because bead Bi is connected

with beads Bi−1 and Bi+1 using two different viscoelastic joints, the net viscoelastic

force on Bi is given by the vector sum of the reaction viscoelastic forces contributed

by the other two beads:

fV i = fV i− + fV i+, (4.27)

where fV i− and fV i+ are the viscoelastic force contributions due to the bead’s inter-

actions with beads Bi−1 and Bi+1, respectively. Using Eq. (4.26), these become:

fV i− = −σi(t)
(︃
πd2i
4

)︃
êi, fV i+ = σi+1(t)

(︃
πd2i+1

4

)︃
êi+1. (4.28)

The unit vectors êi and êi+1, pointing in the directions of their respective displace-

ment vectors, are calculated from:

êi =
∆ri

∥∆ri∥
, êi+1 =

∆ri+1

∥∆ri+1∥
. (4.29)

Equation (4.28) – (4.29) may then be substituted into Eq. (4.27) to yield an ex-

pression for the net viscoelastic force applied on the ith bead:

fV i = −σi(t)
(︃
πd2i
4

)︃
∆ri

∥∆ri∥
+ σi+1(t)

(︃
πd2i+1

4

)︃
∆ri+1

∥∆ri+1∥
. (4.30)

In the absence of any bending resistance or limiting/dampening mechanism, a

link element in the system could swing excessively relative to its neighboring links,

creating sharp bends at and in the vicinity of each joint. In practice, melt electrospun

fibers have some bending resistance, as evidenced by the smooth radii of curvatures

of the collected fibers. In the proposed model, we introduce rotational viscoelastic

elements (see, Fig. 4.6) at the joints to account for the bending resistance of fibers
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Figure 4.6: Joint elastic and damping bending resistance forces: a) Spring-dashpot system,
b) Free body diagram

and to achieve a more realistic representation of smooth transitions from one link to

another.

The torsional spring and the dashpot in the ith link shown in Fig. 4.6 generate

elastic and damping reaction torques between beads Bi−1 and Bi proportional to the

included angle θi and its time derivative θ̇i, respectively. Since the spring and the

dashpot are connected in parallel, the principle of superposition remains valid, and

the torques they generate may be added together.

Hence, the reaction torque exerted by Bi−1 on Bi, denoted by Γi−, is:

Γi− = −Γθi − Γωi
, (4.31)

Γi− = −κτiθi êθi − cτiθ̇i êωi, (4.32)

where κτi and cτi are the ith bead’s torsional spring stiffness and rotational damping

coefficient, respectively. Similarly, the expression of the reaction torque on Bi due to
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its interaction with Bi+1, is obtained from:

Γi+ = Γθ(i+1) + Γω(i+1), (4.33)

Γi+ = κτ(i+1)θ(i+1) êθ(i+1) + cτ(i+1)θ̇(i+1) êω(i+1). (4.34)

The θ̇ êω terms in Eq. (4.32) and Eq. (4.34) represent relative angular velocities

between successive links, and may be calculated as:

θ̇i êωi = ∆ωi = ωi − ωi−1, (4.35)

θ̇(i+1) êω(i+1) = ∆ωi+1 = ωi+1 − ωi. (4.36)

The out-of-plane unit normal vector êθ and the associated angle θ are calculated from

the generalized coordinates and the generalized velocities of beads Bi−1, Bi, and Bi+1

as follows:

êθi =
êi−1 × êi

∥êi−1 × êi∥
, êθ(i+1) =

êi × êi+1

∥êi × êi+1∥
, (4.37)

θi = atan(∥êi−1 × êi∥, êi−1 · êi), (4.38)

θi+1 = atan(∥êi × êi+1∥, êi · êi+1), (4.39)

where êi and êi−1 are the displacement unit vectors of Bi−1 and Bi, respectively, as

defined in Eq. (4.29). The relative angular velocity terms can also be reformulated

using the generalized coordinates as (refer, Eq. (4.11):

∆ωi = ωi − ωi−1 = 2(Giq̇i −Gi−1q̇i−1), (4.40)

∆ωi+1 = ωi+1 − ωi = 2(Gi+1q̇i+1 −Giq̇i). (4.41)

Lastly, the net torque applied on Bi is determined by summing together the reaction

torques exerted by Bi−1 and Bi+1 (Eq. (4.32) and Eq. (4.34).

Γi = Γi− + Γi+ (4.42)

Γi = κτ(i+1)θ(i+1) êθ(i+1) + cτ(i+1)∆ωi+1 − κτiθi êθi − cτi∆ωi (4.43)

Surface Tension Forces

At the onset of the MES process, a charged droplet is formed at the tip of the spin-

neret. Dominant surface tension forces initially characterize this droplet. However,
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as the applied voltage increases, the electric field forces become stronger, forming a

Taylor cone at the tip of the spinneret [346]. Once the applied voltage reaches a

critical limit VC , the electric field forces overcome the surface tension and initiate a

charged polymer jet. The surface tension forces tend to pull the bead adjacent to the

spinneret towards the center of the cone. The surface tension forces contributed by

the remaining beads are not considered because, once the polymer jet is initiated, the

magnitudes of the forces become negligible relative to other forces in the system [363,

378]. Such an assumption may not be valid in the case of SES, where the surface

tension forces remain significant even after the jet is initiated. The direction of the

surface tension force is opposite to the resultant of all other forces acting on the bead.

However, for the sake of modeling simplicity, this direction is assumed to be opposite

to the electric field vector êE defined in Equation (4.17). The magnitude is estimated

from the formula fCAP1 = 2γD, where γ is the surface tension of the molten polymer,

and D is the internal diameter of the spinneret tip in; i.e.,

fCAPi
=

{︃
−2γD êE, (i = 1)

0, (i > 1),
(4.44)

4.2.4 Generalized Forces and Torques

The net external force on the ith bead, denoted by fi, is calculated by summing the

gravitational, electric field, Coulomb, viscoelastic, and surface tension forces.

fi = fGi + fEi + fCi + fV i + fCAPi
. (4.45)

The corresponding generalized active force, fi, is then given by the product:

Fi ≜
∑︂

v̄i ◦ fi, (4.46)

or equivalently,

Fi = v̄T
i fi = I3fi, (4.47)

where v̄i is the partial linear velocity of the bead defined in Eq. (4.13).

Γi in Eq. (4.43) is the net externally applied torque on bead Bi. The generalized

active torque of the bead, Ti, is hence given by the product of Γi and its partial

angular velocity ω̄i:

Ti ≜
∑︂

ω̄i ◦ Γi. (4.48)
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Invoking Eq. (4.11), the above may be rewritten as:

Ti = ω̄T
i Γi = 2GT

i Γi. (4.49)

The generalized inertia force at the ith bead is calculated using the definition:

F ∗
i ≜

∑︂
v̄i ◦ f ∗

i , (4.50)

where f ∗
i is the inertia force calculated from:

f ∗
i = −mbai = −mbr̈i. (4.51)

Substitution of Eq. (4.51) into Eq. (4.50) then yields:

F ∗
i = v̄T

i (−mbṙi) = −mbI3r̈i. (4.52)

The rate of change of angular momentum of the ith bead, expressed in the inertial

reference frame coordinates, is:

Ḣ i = Jiω̇i + ωi × Jiωi, (4.53)

where Ji and ωi are the moments of inertia tensor and the angular velocity vector of

the bead, both expressed in the inertial coordinates. Since the components of Ji in

the inertial frame change values as the bead rotates in space, their direct use in the

problem formulation could result in unnecessary complexity. Therefore, it is desirable

in this case to express Ji in terms of its constant body-fixed components JB
i ; i.e.,

Ji = RiJ
B
i RT

i , (4.54)

where Ri is the rotation matrix relating the inertial frame to the body-fixed frame,

and JB
i is the inertia tensor of the bead expressed in the body-fixed coordinates. If

the bead is approximated by a sphere, JB
i could be written as:

JB = JoI3, (4.55)

where Jo = 2
5
mr2i is the polar moment of inertia of the bead. Hence, it is straightfor-

ward to show that:

Ji = RiJ
B
i RT

i = RiJoI3R
T = JoI3 = JB

i , (4.56)
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which confirms the expectation that the inertia tensor of a sphere remains constant

regardless of the frame of reference.

The angular velocity of the bead can be expressed in terms of its quaternion matrix

Gi and the time derivative of the quaternion, q̇i, as:

ωi = 2Giq̇i, (4.57)

ω̇i = 2(Giq̈i + Ġiq̇i). (4.58)

For unit quaternions, the product Ġq̇ equals to 0, resulting in:

ω̇i = 2Giq̈i (4.59)

In addition, the cross product term ωi × Jiωi in Eq. (4.53) could be alternatively

written as:

ωi × Jiωi = [Ω]×Jiωi, (4.60)

where [Ωi]× is a skew-symmetric matrix in ωi defined by:

[Ωi]× =

⎡⎣ 0 −ωiz ωiy

ωiz 0 −ωix

−ωiy ωix 0

⎤⎦ = 2ĠiG
T
i (4.61)

Substitution of the expressions in Eq. (4.56) and Eq. (4.59) into Eq. (4.53) and

using the cross-product identity from Eq. (4.61) yields:

Ḣ i = 2JoGiq̈i + 4JoĠq̇i − 4JoĠiqiq
T
i q̇i (4.62)

Since the Ġiq̇i and qT
i q̇i terms vanish for unit quaternions, the above further reduces

to:

Ḣ i = 2JoGiq̈. (4.63)

The generalized inertia torque may be calculated from the rate of change of angular

momentum and the angular partial velocity matrix as:

T ∗
i ≜

∑︂
ω̄i ◦ (−Ḣ i) = −ω̄T

i Ḣ i. (4.64)
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Substitution of Eq. (4.14) and Eq. (4.63) into Eq. (4.64) and further simplification

furnishes:

T ∗
i = −(4JoI4q̈i − 4Joqiq

T
i q̈i). (4.65)

In addition, differentiating twice the unit quaternion norm in Eq. (4.4) with respect

to time yields the identity:

qT q̈ = −∥q̇∥2. (4.66)

The above is substituted into Eq. (4.65) to derive the following expression for the

generalized inertia torque of the bead:

T ∗
i = −4JoI4q̈i − 4Jo∥q̇i∥2q. (4.67)

4.2.5 Unconstrained Equations of Motion using Kane’s Method

Kane’s dynamical equations is a streamlined generalized approach for deriving equa-

tions of motion. This method has roots in Lagrangian Dynamics and D’Alembert’s

principle [339–343]. One of the advantages of this method over the Newton-Euler

method is the absence of non-contributing forces in the problem formulation, which

significantly simplifies the process. In addition, although this method is developed

based on Lagrangian dynamics, it does not require the derivation of the total energy

or the Lagrangian of the system. The equations are obtained by taking the sum of

the generalized active forces, F , and generalized inertia forces, F ∗, defined in the pre-

vious section (see Eq. (4.46) and (4.50). The resulting expressions in Equation 4.68,

also known as Kane’s dynamical equations, furnish the equations of motion; i.e.,

F + F ∗ = 0 (4.68)

Similarly, the generalized active torques, T , and generalized inertia torques, T ∗,

are summed to obtain the rotational equations of motion of the system, i.e.,

T + T ∗ = 0 (4.69)

The complete unconstrained equations of motion for the ith bead are then obtained
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by combining the above two equations; i.e.,

Fi + F ∗
i = 0 (4.70)

Ti + T ∗
i = 0 (4.71)

Substitution of the expressions in Eq. (4.47) and (4.52) into Eq. (4.70) for Fi and

F ∗
i , respectively, yields the transnational equation of motion of the bead:

miI3r̈i = I3Ri. (4.72)

Equation (4.72) is the standard form of equations of motion (i.e., Mü = F ), where

miI3 is the mass matrix of the bead, and I3Ri is the impressed force. Similarly, the

unconstrained rotational equations of motion of the bead are determined by adding

the generalized active torques and generalized inertial torques (see Eq. (4.49) and

Eq. (4.67)):

T ∗
i + Ti = 0,

−4JoI4q̈i − 4Jo∥qi̇ ∥2qi +GiE
T
i Γ

B
i = 04×1. (4.73)

where 04×1 is a 4-by-1 zero matrix.

A simple rearrangement of Eq. (4.73) furnishes the standard form of the rotational

equations of motion; i.e.,

4JoI4q̈i = −4Jo∥q̇i∥2qi +GiE
T
i Γ

B
i , (4.74)

where the coefficient of q̈i in the above equation is the effective moment of inertia

matrix of the bead in question and is denoted by J
′
i :

J
′

i = 4JoI4, (4.75)

where I4 is a 4-by-4 identity matrix.

The combined term on the right hand side of Eq. (4.73) represents the impressed

torque, Q′, where

Q′ = −4Jo∥q̇i∥2q+GiE
T
i Γ

B
i . (4.76)
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The unconstrained transnational and rotational equation of motions in Eq. (4.72)

and Eq. (4.74) may be recast into a matrix form as:[︃
mbI3 0
0 4JoI4

]︃ [︃
r̈i

q̈i

]︃
=

[︃
I3Ri

−4Jo∥q̇i∥2qi +GiE
T
i Γ

B
i

]︃
, (4.77)

or equivalently,

Miüi = Qi (4.78)

where Mi, the effective mass matrix of the bead, and Qi, the combined vector of

impressed forces and torques, are given by:

Mi =

[︃
miI3 0
0 4JoI4

]︃
, Qi =

[︃
I3Ri

−4Jo∥q̇i∥2qi +GiE
T
i Γ

B
i

]︃
. (4.79)

The unconstrained equation of motion in Eq. (4.78) is only for a single local bead,

namely Bi. The equations of motion for the overall system are formulated by sys-

tematically assembling the local equations of motion into a global matrix (strictly

diagonal): ⎡⎢⎢⎢⎢⎢⎣
M1

. . .
Mi

. . .
MN

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣
ü1
...
üi
...

üN

⎤⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎣
Q1
...
Qi
...

QN

⎤⎥⎥⎥⎥⎥⎦ . (4.80)

The system’s global mass matrix and impressed global forces and torques vectors,

respectively, in Eq. (4.80) are denoted by M and Q, leading to a compact expression:

Mü = Q. (4.81)

4.2.6 Constrained Equations of Motion using Udwadia-Kalaba
Method

The unconstrained system of equations in Eq. (4.81) presume that the beads in the

system are free to translate and rotate in any direction. However, the motions of the

beads are subject to restrictions due to the viscoelastic joints and restrictions arising

from beads sticking to the collector plate. Such kinematic restrictions are imposed

on the unconstrained system in the form of constraint forces using the Udwadia-

Kalaba method [338]. Unlike other techniques which employ eigenvalues [339, 379],
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this method does not require solving for extra intermediate variables (eigenvalues),

lessening the complexity of the problem and reducing computational requirements.

The constraint equations must be identified and differentiated with respect to time

once or twice, depending on the nature of the constraints. As shown in the upcom-

ing sections, since all constraints in the system are exclusively holonomic, they are

differentiated twice. These constraints are normally written in the vector form:

φ(u, t) = 0. (4.82)

Differentiating the constraints twice with respect to time leads to the following:

d2

dt2
φ(u, t) = φ̈(ü, u̇,u, t) = 0. (4.83)

The resulting expression in Eq. (4.83) may then be rearranged into a matrix form

by denoting the coefficient of the acceleration vector ü by matrix A, and collecting

the remaining terms into vector b. i.e.,

A(u̇,u, t)ü = b(u̇,u, t). (4.84)

Body Constraints - Norm of Unit Quaternion

Each bead in the system is assumed to have a unique orientation and hence has a

unique set of quaternions to describe it. Since the norm of a unit quaternion is 1,

each bead contributes one constraint equation. Precisely, the norm of the ith bead’s

unit quaternion is:

∥qi∥2 = 1. (4.85)

The above leads to the constraint equation:

φi1(qi, t) : ∥qi∥2 − 1 = 0. (4.86)

It is noted that Eq. (4.86) is purely geometric, hence is a holonomic constraint.

Differentiating this constraint equation twice with respect to time yields:

∂2φi1

∂t2
= ∥q̇i∥

2 + qT
i q̈i = 0. (4.87)
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Equation (4.87) may be rearranged to get:

qT
i q̈i = −∥q̇i∥

2, (4.88)

which fits into the Aqiq̈i = bqi matrix form, where

Aqi = qT
i , bqi = −∥q̇i∥

2. (4.89)

Similar constraints contributed by all other beads are assembled into a single matrix

to obtain the global body constraint equation matrix ; i.e.,⎡⎢⎢⎢⎢⎢⎣
[01×3 | Aq1]

. . .
[01×3 | Aqi]

. . .
[01×3 | AqN ]

⎤⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎣
ü1
...
üi
...

üN

⎤⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎣
bq1
...
bqi
...

bqN

⎤⎥⎥⎥⎥⎥⎦ . (4.90)

For brevity, the coefficient matrix and the vector on the right-hand side of Eq. (4.90)

are denoted by AB and bB, respectively, to obtain the following compact form:

ABü = bB. (4.91)

Viscoelastic Joint Constraints

The three mutually perpendicular unit vectors îo, ĵo, and k̂o in Fig. 4.7 may be

expressed by their components as:

îo =

⎡⎣10
0

⎤⎦ , ĵo =

⎡⎣01
0

⎤⎦ , k̂o =

⎡⎣00
1

⎤⎦ . (4.92)

Equivalently, they can be collected into a single matrix form:

[︁
îo ĵo k̂o

]︁
=

⎡⎣1 0 0
0 1 0
0 0 1

⎤⎦ = I3. (4.93)

If these unit vectors are rotated using the rotation matrix of the ith bead, they

become parallel to the bead’s body-fixed coordinate system. The rotated unit vectors,

denoted by î
′
o, ĵ

′
o, and ĵ

′
o, are determined from:[︂
î
′
o ĵ

′
o k̂

′
o

]︂
= Ri

[︁
îo ĵo k̂o

]︁
= Ri, (4.94)
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Figure 4.7: Viscoelastic joint constraint configuration

where Ri is the rotation matrix of the ith bead,

Ri(qi) =

⎡⎣q2i0 + q2i1 − q2i2 − q2i3 2qi1qi2 − 2qi0qi3 2qi0qi2 + 2qi1qi3
2qi0qi3 + 2qi1qi2 q2i0 − q2i1 + q2i2 − q2i3 2qi2qi3 − 2qi0qi1
2qi1qi3 − 2qi0qi2 2qi0qi1 + 2qi2qi3 q2i0 − q2i1 − q2i2 + q2i3,

⎤⎦ (4.95)

The rotated unit vectors î
′
o and ĵ

′
o, in this case, are expressed in terms of compo-

nents of the rotation matrix:

î
′
o =

⎡⎣q2i0 + q2i1 − q2i2 − q2i3
2qi0qi3 + 2qi1qi2
2qi1qi3 − 2qi0qi2

⎤⎦ , ĵ
′
o =

⎡⎣ 2qi1qi2 − 2qi0qi3
q2i0 − q2i1 + q2i2 − q2i3
2qi0qi1 + 2qi2qi3

⎤⎦ . (4.96)

The constraint equations for the ith viscoelastic joint are derived from the obser-

vation that the rotated unit vectors (î
′
o and ĵ

′
o) are parallel to their respective unit

vectors (îi and ĵi) in the body-fixed coordinate system. As shown in Fig. 4.7, both î
′
o

and ĵ
′
o are also perpendicular to the displacement vector ∆ri, hence their respective

dot products with ∆ri vanish; i.e.,

î
′
o ·∆ri = 0, (4.97)

ĵ
′
o ·∆ri = 0. (4.98)

The rotated vector k̂
′
o is parallel to and pointing in the same direction as ∆ri.

Since the norm of k̂
′
o is 1, and the angle between these two vectors is zero, the dot
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product between k̂
′
o and ∆ri is simply the norm of ∆ri. i.e.,

k̂
′
o ·∆ri = ∥∆ri∥. (4.99)

Equation (4.97) – (4.99) constitute the viscoelastic joint constraint equations. How-

ever, since a right-hand coordinate system could be established from nobly two axes,

two out of the three constraint equations are adequate. Namely, Eq. (4.97) and (4.98)

are adapted here as constraint equations. In fact, using all three would result in an

overly constrained system of equations and thus should be avoided.

Using the î
′
o and ĵ

′
o expressions from Eq. (4.96) in Eq. (4.97) – (4.98), and invoking

the definition of ∆ri from Eq. (4.25), the viscoelastic joint constraints of the ith link

become:

φi2(ri−1, ri, qi, t) :

⎡⎣q2i0 + q2i1 − q2i2 − q2i3
2qi0qi3 + 2qi1qi2
2qi1qi3 − 2qi0qi2

⎤⎦ ·

⎡⎣xi − xi−1

yi − yi−1

zi − zi−1

⎤⎦ = 0, (4.100)

φi3(ri−1, ri, qi, t) :

⎡⎣ 2qi1qi2 − 2qi0qi3
q2i0 − q2i1 + q2i2 − q2i3
2qi0qi1 + 2qi2qi3

⎤⎦ ·

⎡⎣xi − xi−1

yi − yi−1

zi − zi−1

⎤⎦ = 0. (4.101)

These constraints are holonomic and must be converted into the Aü = b form by

differentiating twice with respect to time. Here we present only the final results for

the sake of conciseness.

[︁
−RT

i 03×4 RT
i 2Ei[∆ri]×

]︁ [︃üi−1

üi

]︃
= −

[︂
4EiĠ

T

i ∆ṙi + 2ĖiĠ
T

i ∆ri

]︂
, (4.102)

where Ei is a matrix linear in the quaternion elements. It is defined as:

E(q) ≜

⎡⎣−q1 q0 q3 −q2
−q2 −q3 q0 q1
−q3 q2 −q1 q0

⎤⎦ . (4.103)

[∆ri]× is a 4-by-4 skew-symmetric matrix in terms of the position generalized coor-

dinates:

[∆ri]× =

⎡⎢⎢⎣
0 xi−1 − xi yi−1 − yi zi−1 − zi

xi − xi−1 0 zi−1 − zi yi − yi−1

yi − yi−1 zi − zi−1 0 xi−1 − xi
zi − zi−1 yi−1 − yi xi − xi−1 0

⎤⎥⎥⎦ . (4.104)
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Equation (4.102) represents three viscoelastic joint constraint equations in the form

of:

AJi

[︃
üi−1

üi

]︃
= bJi, (4.105)

where

AJi =
[︁
−RT

i 03×4 RT
i 2Ei[∆ri]×

]︁
, (4.106)

bJi = −
[︂
4EiĠ

T

i (∆ṙi) + 2ĖiĠ
T

i (∆ri)
]︂
. (4.107)

However, as stated above, since only two of the three constraints are sufficient, the

last rows of AJi and bJi are omitted from the constraint equations. AJi is further

partitioned into AJi− and AJi+ to make assembling the global joint constraint matrix

an easier task; i.e.,

AJi = [AJi− | AJi+], (4.108)

where

AJi− =
[︁
−RT

i 03×4

]︁
, AJi+ =

[︁
RT

i 2Ei[∆ri]×
]︁
. (4.109)

When the value of i is 1, AJi− = AJ0. The index 0 represents the nozzle (or

spinneret) to which the first link is connected. As such, ü0 represents the linear and

angular accelerations of the nozzle. While the orientation of the nozzle can be set

to any desired direction when setting up the MES apparatus, it is assumed to be a

constant parameter once the simulation commences. Hence is not a time-dependent

variable (i.e., the nozzle’s angular velocity and angular acceleration are zero.) On the

other hand, if the nozzle travels in a predefined path, as would be the case in direct-

writing or 3D printing applications, it would have its own time-dependent position,

velocity, and acceleration variables. Accordingly, the constraint expressions for the

first link are modified to reflect these observations.

[︁
−RT

1 03×4 RT
1 2E1[∆r1]×

]︁ [︃ü0

ü1

]︃
= bJ1, (4.110)

which may be rearranged to furnish the following:

[︁
RT

1 2E1[∆r1]×
]︁
ü1 = bJ1 −

[︁
−RT

1 03×4

]︁
ü0 = bJ1 +RT

1 r̈0. (4.111)
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The joint constraint equations developed so far are only for a single generic joint,

namely joint Ji. Constraints representing the other joints may be systematically

generated in a similar manner. The results are assembled into a single matrix to

create a system of joint constraint equations :⎡⎢⎢⎢⎢⎢⎢⎢⎣

AJ1+

AJ2− AJ2+

AJ3− AJ3+

AJ4− AJ4+

. . .
AJN− AJN+

⎤⎥⎥⎥⎥⎥⎥⎥⎦
ü =

⎡⎢⎢⎢⎢⎢⎢⎢⎣

bJ1 +RT
1 r̈noz

bJ2
bJ3
bJ4
...

bJN

⎤⎥⎥⎥⎥⎥⎥⎥⎦
. (4.112)

Equivalently, this may be written in a compact form as:

AJ ü = bJ , (4.113)

where AJ and bJ are the coefficient matrix and the right-hand side term in Eq. (4.112),

respectively.

Table-sticking (adhering) Constraints

Once the free end of the melt-electrospun fiber touches down and sticks to the collector

plate, it anchors the rest of the fiber to the contact point, essentially resisting free fiber

spinning. The beads in the stuck fiber segment are assumed to have no translational

movement relative to the plate. This sticking phenomenon affects the dynamics of

the remainder of the active fiber still in the air. Unlike the previous two types of

constraints, this constraint is selectively applied to the transnational motions of the

last few beads during an iteration. The collector distance is used as an event trigger

criterion in the simulation to identify beads that have reached the surface of the

collector plate. If the kth bead has touched down on the collector plate during the

simulation, the position vector of the bead is assumed to be locked to the Cartesian

coordinates of the contact point (static variables). If the position vector of this bead

and the coordinates of its contact point are denoted, respectively, by rk = [xk yk zk]
T

and r∗
k = [x∗k y∗k z∗k]

T , the sticking constraint may be written as:

φk(rk, t) : rk − r∗
k = 0. (4.114)

Equation (4.114) yields three constraint equations per stuck bead, in agreement with

the observation that translations along the global x, y, and z directions are restricted.
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These constraints are purely holonomic and hence are differentiated twice with respect

to time; i.e.,
∂2φk

∂t2
=

∂2

∂t2
(rk − r∗

k) = r̈k = I3r̈k = [0 0 0]T . (4.115)

Equation (4.115) is in the Akük = bk format, where:

Ak = [I3], bk = [0 0 0]T . (4.116)

4.2.7 Constrained Equation of Motions

The constraint equations derived so far in Eq. (4.91), (4.113), and (4.116) are collected

into a single matrix equation that represents the combined constraints in the system.⎡⎣AB

AJ

Ak

⎤⎦ ü =

⎡⎣bBbJ
bk

⎤⎦ . (4.117)

Alternatively, rewritten in an equivalent compact notation:

Aü = b, (4.118)

where

A =

⎡⎣AB

AJ

Ak

⎤⎦ , b =

⎡⎣bBbJ
bk

⎤⎦ . (4.119)

The Udwadia-Kalaba method is employed here to convert the constraints in Eq. (4.118)

into constraint forces. This method works by calculating a new set of forces and

torques, denoted by Qc, that is required to enforce the constraints on the system. Qc is

calculated from the parameters of the unconstrained equations of motion (Eq. (4.81))

and the system’s constraint equations (Eq. (4.118)) using the formula:

Qc = M 1/2(AM−1/2)+(b−Aa), (4.120)

where the operator ( )+ is the Moore-Penrose inverse [344, 345].

Once the constraint force Qc is known, it is added to Q in Eq. (4.81) to obtain the

constrained equations of motion of the system; i.e.,

Mü = Q+Qc, (4.121)
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Mü = Q+M 1/2(AM−1/2)+(b−Aa). (4.122)

The time histories of the beads (i.e., their positions, orientations, transnational and

angular velocities) are determined by numerically integrating Eq. (4.122). Proper and

compatible initial conditions are required for this.

4.3 Model Implementation and Discussion

To numerically integrate and solve the equations of motion in Eq. (4.122) using com-

mercially available or open-source multi-paradigm programming software, we form a

complete set of algebraic differential equations (DAE) made up of Eq. (4.122) and

other auxiliary variables; i.e.,⎡⎣I7N M
IN

⎤⎦⎡⎣u̇ü
σ̇

⎤⎦ =

⎡⎣ u̇
Q+M 1/2(AM−1/2)+(b−Aa)

σ̇(σ,u, ü, p, t)

⎤⎦ , (4.123)

where σ̇(σ,u, ü, p, t) is a vector function obtained by rearranging the governing equa-

tion in Eq. (4.22); i.e.,

σ̇i(σi,ui, üi, p, t) =
E1

η

(︃
−σi(t) + E0 εi(t) +

η (E0 + E1)

E1

ε̇i(t)

)︃
. (4.124)

The DAE in Eq. (4.123) can be numerically integrated using suitable initial con-

ditions for the dynamic variables:[︁
uT u̇T σT

]︁T
. (4.125)

One of the objectives of the proposed work was to simulate MES with no limitation

on the total duration and without the need to predefine the number of beads/links

in the system. To this end, an algorithm is proposed (Fig. 4.8) to determine the

model’s size during each iteration dynamically. It continuously formulates and solves

the constrained equations of motion in Eq. (4.122). Adaptive model size means there

is no need to predefine the model’s size ahead of the simulation, resulting in more

efficient utilization of memory and computational resources. This capability is vital

as it avoids allocating large memory to handle all scenarios, including the initial

transient stages where only a few active beads play a meaningful role. The classical
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approach for handling similar problems involves pre-allocating a large model size to

handle the maximum number of beads the system could generate. This approach

had two problems: 1) it is challenging to estimate the maximum model size, and 2)

allocating "sufficiently" extra capacity could lead to underutilization. The algorithm

proposed here addresses this by generating the correct model size at every iteration

stage, leading to the optimum utilization of computational resources.

The beads in the system are categorized into three groups depending on their

status during the simulation. The first set contains active beads, which are actively

involved in the simulation. Upon touching down on the collector plate, active beads

are considered stuck and unable to translate in any direction. Such beads constitute

the second category known as stuck beads. Stuck beads are holonomically constrained

to remain in the plane of the collector plate. They are actively involved in the

numerical solution because of the boundary conditions they impose on the rest of the

system. They lose their translational degrees of freedom because of the sticking but

retain their rotational freedom to allow smooth fiber curvature formations. The last

group of beads, named frozen beads, have already undergone the simulation process.

They are buried under the stuck beads and do not influence the fiber dynamics. The

coordinates of their sticking points (final resting places) on the collector plate have

been stored for the record. Frozen beads are omitted from the formulation when the

simulation runs in the subsequent iterations, dynamically adjusting the model’s size

and maintaining efficient memory use. The DAE in Eq. (4.123) was implemented

in Matlab®using the ode45 function (A). The Baumgarte numerical stabilization

method [380–383] ( with α = 20 and β = 20) was also employed to stabilize the

numerical solution around the constraints.

The model was first run to demonstrate simple directional MES configurations.

For example, Fig. 4.9 and Fig. 4.10 show the simulation outputs for a vertical and a

45◦ spinning angle configurations, respectively. Additional vertical simulations were

carried out to demonstrate the scenario in which the nozzle is set to travel along a

prescribed path, as in most 3D printing operations. As an example, in Fig. 4.11, the

nozzle is forced to follow a sinusoidal path defined by Equation (4.126 with extremely

high translational speeds (up to 50m s−1 in the x axis direction). This is intentionally
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Figure 4.8: Flowchart showing programming implementation strategy
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done to produce an exaggerated fiber whipping and visually bring to evidence the

effects of the table sticking phenomena, which otherwise would be very difficult to

show. It is worth noting, however, that the speeds of the nozzles or the collector

tables in most 3D printers are much lower than this (as low as 180mms−1 [352, 384]).

x(t) = 50tm, y(t) = 0.025 sin(1.25t)m, z(t) = 0m. (4.126)

Next, the model was tested with three sets of vertical MES simulations designed

to investigate the sensitivity of the morphological and topological output parameters

to changes in process parameters – namely applied voltage, collector distance, and

flow rate. During these simulations, measurements of the fiber diameter, collection

diameter, maximum jet speed, and fiber elongation percentages were taken. In the

first set of simulations, the collector distance and the flow rate were kept constant

while the applied voltage was increased from 5 to 20 kV with increments of 5 kV

(Table 4.1). In the second, the applied voltage and the flow rate were kept constant

while the collector distance was increased from 10 to 50mm with increments of 10mm

(Table 4.2). In the last set, we increased the flow rate from 2 to 5mLh−1 with 1mLh−1

increments while keeping the other two process parameters constant (Table 4.3). PLA

material, with properties listed in Table 4.4, was used for all three simulations. In

addition, the remaining processing parameters were set to values listed in Table 4.5.

Each simulation was run for a total of 0.025 s.

Table 4.1: Effect of applied voltage on fiber morphology. (distance = 50mm, flowrate =
2mLh−1)

Applied voltage
(kV)

Fiber diameter
(µm)

Collection diam-
eter
(mm)

Maximum speed
(ms−1)

Percentage elon-
gation (%)

5.00 8.52 10.36 4.80 452
10.00 8.34 9.05 6.52 476
15.00 8.58 8.16 7.86 443
20.00 7.61 6.61 9.02 590

4.3.1 Observations Common to the Three Simulation Cases

A quick inspection of the results indicated the presence of straight jets from the

nozzle tip to the collector plate. However, scaling up the x and y axes displacement
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Table 4.2: Effect of collector distance on fiber morphology. (voltage = 10 kV, flowrate =
2mLh−1)

Collector dis-
tance
(mm)

Fiber diameter
(µm)

Collection diam-
eter
(mm)

Maximum speed
(ms−1)

Percentage elon-
gation (%)

10.00 10.12 2.34 6.45 291
20.00 9.86 4.00 6.46 312
30.00 8.76 5.18 6.47 421
40.00 8.53 6.57 6.49 450
50.00 7.80 8.15 6.51 557

Table 4.3: Effect of volumetric flowrate on fiber morphology. (voltage = 10 kV, distance =
50 mm)

Flow rate
(mLh−1)

Fiber diameter
(µm)

Collection diam-
eter
(mm)

Maximum speed
(ms−1)

Percentage elon-
gation (%)

2.00 8.12 7.35 6.51 507
3.00 9.14 8.48 6.53 379
4.00 8.88 9.71 6.54 408
5.00 9.13 8.86 6.56 379

Table 4.4: Melt material parameters

Parameter Value

Density (melt) 1073 kgm−3

E0 1.52MPa
E1 4.20MPa
η1 1320 kg/(ms)

κt 1× 10−12 Nmrad−1

ct 1× 10−12 Nmrad−1

Surface charge density 29.3× 10−6 Cm−2

Table 4.5: Process parameter settings

Parameter Value

Melt temperature 185 ◦C
Ambient/enclosure temperature 60 ◦C
Nozzle diameter 0.5mm
Spinning configuration Vertical
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values showed that the jets were, in fact, characterized by subtle whipping motions

that grow in amplitude towards the collector plate. As evidenced by Fig. 4.1.b, the

relative straightness in the jet flow is one of the characteristic traits of MES.

The jets also went through a thinning phase, indicated by the growing spacing

gap between successive bead markers as the jet traveled toward the collector plate.

This was followed near the collector plate by a stage wherein the distances between

successive beads seemed unchanged. This is consistent with the rapid fiber thinning

and eventual solidification observed in both SES and MES [385]. This can be ex-

plained in terms of rheology by the changes in the material’s elastic properties in

response to a temperature drop from the melt temperature inside the nozzle to the

ambient temperature at the collector plate [305]. The values of both viscosity and

modulus of elasticity are reported in the literature to increase with logarithmic rates

in response to temperature drop [386–389]. The rate of viscosity increase, however,

is much faster than that of the rate of change in modulus of elasticity, resulting in

increased relaxation time as the jet approaches the collector plate. This forces the

elongated material to retain its deformation for an extended period of time, leading

to the jet’s solidification before it gets a chance to recover from the deformation.

The jets started with negligible initial velocities at the nozzle tip in all three cases.

They accelerated towards the collector plate, eventually reaching final speeds of up

to 9 m/s right before adhering to the collector plate.

4.3.2 Effect of Applied Voltage, Collector Distance, and Flowrate
on Fiber Morphology and Topology

While the final fiber diameter and the diameter of the collected fiber mat decreased in

response to the increased applied voltage (Table 4.1), the magnitudes of the jet speed

and the fiber elongation percentage increased. This observation can be explained by

the fact that increasing the applied voltage increases the electric field forces on the

beads, making the pulling force toward the collector plate more prominent than the

other forces. Hence more fiber stretching and increased acceleration are observed in

the direction of this force.
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Figure 4.9: Vertical MES simulation result
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Figure 4.10: MES simulation at a 45◦ spinning angle
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Figure 4.11: Vertical MES with nozzle moving in a prescribed sinusoidal path

Data from Table 4.2 shows that while the fiber diameter decreased in response to

increasing the collector distance, the remaining three output parameters increased in

magnitude. Because increasing the collector distance has the same effect as weakening

the electric field strength, we anticipated seeing an increase in the fiber diameters

(i.e., less thinning). However, the results indicated a more prominent fiber diameter

reduction than the case of voltage increase, indicating that the less-restricted whipping

motion itself might have played a role in thinning the fiber. Also, in line with our

expectation, an increase in the collector distance was accompanied by an increase in

the collected mat diameter, confirming the already known fact that a more ordered

fiber topology is achieved near the stable region.

Measurements in Table 4.3 showed a direct relationship between the flow rate and

the fiber diameter. An increase in the fiber diameter (cross-sectional area) means

an increase in the viscoelastic force, which, in turn, creates additional resistance to

fiber deformation. This resistance leads to the reduction in elongation observed in

the same results table. The jet speeds seem to increase in a minimal magnitude in

response to increasing the flow rate. However, we believe this has more to do with

an uptick in the initial velocity at the nozzle due to the increased flow rate and less
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to do with contributions by the motion’s dynamics.

4.3.3 Further Considerations

Extremely fast motions characterize the fiber dynamics in the model. As such, a

comparatively short time step (in the range of 2.85 × 10−5 s) had to be selected

for the simulations to achieve reasonable accuracy. Failing to select this time step

appropriately could result in errors, which, sometimes, is evidenced by sharp bends in

the simulation results. This challenge is a concern because, according to the algorithm

in Fig. 4.8, the last solution of each iteration is used as an initial condition in the

next, and the error introduced at each stage could easily stack up and lead to an

incorrect result. However, the extremely short time step also meant we could quickly

generate a large amount of data. For example, running a five-second simulation with

the above time step would generate 5 s/2.85×10−5 s = 175439 rows of data. On most

64-bit computers, this data size is outside of available memory. For this reason, and

because not much new information is generated after the jet quickly reaches a steady

state, we have decided to limit the simulation time to 0.025 s. As shown in Fig. 4.9 –

4.11, this duration was long enough to generate sufficient data for sensitivity analysis.

Another way this challenge could be addressed is by simulating multiple sessions

using appropriately short-time steps that guarantee smooth fiber motion profiles.

Because of the shorter time duration of each session, however, one might not be able

to draw a meaningful conclusion from a single session’s result. However, patching

together the results could provide a better picture. For this to work, a given session’s

result is saved as a separate file, with its last iteration step results (states) used

as initial conditions in the next session. This process is repeated until the total

simulation length is reached.

For the same reason, we cannot create one big simulation file in a single session

(memory issue) and patch together the individual files to create the complete time

history. However, a less memory-intensive interpretation of the results could be ex-

tracted from each solution file and patched together to provide some crucial insights

into the overall process. For example, instead of focusing on the animation (which

is a memory-intensive process), only the final profiles of the collected fiber can be
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extracted, which are static 3D curves (less memory).

Parameter estimation was another area that was identified as needing more im-

provement. A generalized Maxwell viscoelastic model, with at least 10–15 Maxwell

elements, is needed to match test data collected through DMA and rheological tests

[28]. In contrast, the single-layer standard Maxwell viscoelastic solid (SLS) model

used in the present work, although still an improvement compared to existing models,

is still inefficient in representing the material properties. However, from a computa-

tional standpoint, it makes sense to keep the order of differentiation of the stress

and strain terms as low as possible to avoid errors arising from improper initial con-

dition estimation. For example, the single-layer SLS model’s stress variable σ can

be estimated with reasonable accuracy from the initial fiber diameter, generalized

coordinates, and generalized speeds. In contrast, if a second layer is present, initial

values for both σ and its time derivative, σ̇, would need to be estimated, with the

latter becoming more challenging to handle. Similarly, a third layer would require

initial value estimation for σ, σ̇, and σ̈. The larger the number of layers in the

SLS (higher order derivatives), the more challenging to estimate the initial conditions

for the stress terms. Because of these concerns, we have not attempted to simulate

beyond a single-layer SLS.

4.4 Conclusion

This study presents an analytical model representing the dynamics of a melt-electrospun

fiber as a serially connected multi-body system. The generalized coordinates and ve-

locities were defined to describe the spatial configuration and kinematics of the beads.

Forces and torques in the system were identified and successfully implemented into

the system via their explicit mathematical expressions. Partial velocities and par-

tial angular velocities expressions were derived for the beads using Kane’s method

and later used in formulating the unconstrained equations of motion of the system.

The constraint forces were systemically formulated and later imposed on the uncon-

strained equation of motion using the Udwadia-Kalaba method, leading to the fully

constrained equations of motion. A brief discussion of the analytic schemes for the

computer implementation of the proposed model was also presented. In particular,
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an algorithm that enables continuous simulation of the system was proposed. The

resulting equations of motion and the algorithm were implemented via a commercial

numerical integration package (i.e., ode45 from Matlab®).

Three representative scenarios were simulated to investigate the relationships be-

tween the selected MES process and output parameters. The effects of changes in

applied voltage, collector distance, and melt flow rate on the morphological and to-

pographical characteristics of melt-electrospun fibers were individually investigated.

The results were presented with thorough discussions. The main results can be sum-

marized as; 1) increasing voltage reduces the fiber diameter and the collected mat

diameter, 2) increasing collector distance results in a smaller fiber diameter while at

the same time giving rise to an enlarged collector mat diameter, and 3) increasing

melt flowrate has the effect of increasing both the fiber diameter and the collector

mat diameter.

We have successfully demonstrated the unique features of the present model, in-

cluding its ability to continuously simulate the dynamics of the fiber, with the motions

of the nozzle and the collector plate taken into consideration. The effects of the fiber

sticking onto the collector plate on the motion profiles of the fibers have also been

examined via the proposed numerical scheme.

Lastly, the proposed model and numerical schemes presented may be employed to

investigate the topological characteristics of melt electrospinning in direct-writing and

3D printing applications. The data obtained from the model can be further processed

to estimate spatial distributions of collection density and printing resolutions, which

are critical in filtration and biomedical applications. The ability to predict fiber

characteristics could be instrumental in bone scaffold fabrications, wherein inter-fiber

spacing partly influences the type of bone tissue growth.
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Chapter 5

Experimental Characterization of
Melt-Electrospinning and Theoretical
Validation of Predictive Model

Chapter Abstract

The current study extends a previous work published by the authors in

which an analytical predictive model is proposed to simulate the melt-

electrospinning (MES) process. The analytical model is specifically de-

signed to predict the various behaviors of the melt-electrospun fiber un-

der different material and processing conditions. A brief discussion of this

model is presented here to establish context and help the reader capture

the modeling philosophy employed. The current study complements the

previous work by focusing on the experimental aspects of the research.

Correlations between the independent process parameters and the topo-

logical attributes of the melt-electrospun fibers are investigated and com-

pared with findings from the theoretical model. The effects of changes in

the process parameters on average fiber diameters and the collection diam-

eter are experimentally analyzed using the design of experiments (DOE)

techniques. Towards this end, polylactic acid (PLA) is melt-electrospun

at different treatment levels of the processing parameters in a controlled

environment. Two regression-based models—one for predicting the collec-
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tion diameter and the other for the fiber diameter—are derived from the

DOE data for benchmarking and quantitative evaluation of the predictive

performance of the theoretical model. The theoretical model is run based

on the same treatment levels as the experiment. The elastic parameter val-

ues used in the theoretical simulation are extracted from rheological tests.

Comparison between the simulated and the observed fiber characteristics

revealed that the collector diameter predictions by the theoretical model

exhibited approximately a 16.7% difference compared to 24.2% for the av-

erage fiber diameter. Finally, a discussion is presented on the challenges

and potential factors contributing to the observed differences. Overall,

given the identified challenges and gaps in material characterization, the

results of the theoretical predictive model are encouraging.

5.1 Introduction

Recent advancements in material science and fabrication technologies have presented

exciting opportunities in the field of tissue engineering [19, 20, 390]. MES, which is

the process of drawing fibers from an electrically charged molten polymer, has be-

come the focus of a growing number of studies [2]. This is partly because the process

lends itself to various applications, including textile manufacturing, filtration systems,

and biomedical applications. One particular application area of interest has been in-

tegrating MES with three-dimensional (3D) printing technologies for guided tissue

regeneration purposes [202, 227, 391, 392]. The close resemblance and functional

compatibility between the intra-fiber micro-architecture of the melt-electrospun fiber

accumulations and the extracellular matrix (ECM) of the natural bone tissue make

the process an ideal candidate for the fabrication of bone scaffolds. Some clinical tri-

als have already demonstrated direct correlations between the type of vascularization

observed during the bone regeneration process and, among several other factors, the

geometrical architecture of the scaffolds tested [22, 23]. Stringent clinical require-

ments in these applications underscore the need for proper techniques to characterize

and control the process. For example, the average fiber diameter, the collection di-

ameter, and the density of melt-electrospun fiber are all influenced by the material
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properties, processing parameters, and other environmental factors such as ambient

temperature and humidity. Therefore, a comprehensive understanding of the effects

of the processing parameters on the dynamic behavior of the electrospinning pro-

cess is essential. It is a critical step toward building bone scaffolds with targeted

vascularization properties.

Different groups in the past have proposed theoretical and experimental models to

describe various aspects of solution-electrospinning (SES) and MES processes [297,

298, 353–357]. For example, the critical voltage level required to trigger the jet stream

in a solution-based electrospinning process was first estimated by Taylor [346]. Others

later expanded his work to include the characterization of the polymer jet flow behav-

iors in the stable regions [314, 347, 348]. Reneker et al. [315] was the first to propose

a model for predicting the motion profiles of the electrospun fibers in the bending

instability regions. They treated the fiber mathematically as a serially connected

multi-body system joined by a simple Maxwell viscoelastic link (spring-dashpot con-

nection). On the experimental front, Dalton et al. [279, 351] have experimentally

characterized the relationships among the processing parameters of MES and the

resulting fiber topology. They also investigated the application of the process in

direct writing, wherein the melt-electrospun fiber is deposited in a predefined and

highly ordered manner. Their work has provided valuable insights into the effects of

translational nozzle speeds on the fibers’ accumulation patterns and other topological

characteristics.

The current work is an extension of these modeling efforts. It builds upon a prior

work published by the same authors in which a theoretical predictive model was pro-

posed for MES [393]. The relationships between the input and output parameters

are experimentally investigated under the current work to draw a comparison to this

theoretical model. In addition, the experimental data is also used to construct predic-

tive regression models to provide a means for equivalent comparisons and objectively

assess the predictive performance of the theoretical model.
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5.2 Brief Background on the Theoretical Model

The theoretical model is developed with the primary objective of simulating the dy-

namic motion of the fibers during the MES process. The simulation data generated is

further analyzed to extract critical characteristics of the collected fibers. The strat-

egy employed in the development of the analytical model follows that of Reneker’s

approach [315] in that the fiber is mathematically treated as a serially connected

multi-body system composed of discrete fiber segments (Fig. 5.1). Each segment is

treated as a rigid body (bead) with inertial and electrical charge properties. A set of

equations of motion is first developed for each bead by considering the effects of var-

ious forces acting on it, including its interaction with neighboring beads. The forces

considered include gravitational, Coulomb, viscoelastic, surface tension, and electric

field forces.

While the similarities are limited to these, there are some critical differences and

several advanced improvements made in our model [393]. First, Maxwell’s generalized

standard linear solid (SLS) viscoelastic element (Fig. 5.2) is employed instead of

the simple spring-dashpot link found in many of the previous models. The added

extra layer in this approach provides additional degrees of freedom that improve the

accuracy of material representation when extracting the elastic parameters of the

material from a rheological test. Second, an additional spring-dashpot element is

also applied in the rotational sense to account for viscoelastic bending deformations

(Fig. 5.1). While the SLS serves as a linear connective element between the beads,

the rotational viscoelastic element provides elastic and damping bending resistances.

The other significant improvement is that, unlike previous models in the literature,

the current model is designed to account for the eventual touching down and sticking

of the fiber onto the collector plate (anchoring effect). This improvement is achieved

by defining the plane of the collector plate as a holonomic constraint and using it

as an event trigger in the numerical integration. In addition, to account for the

potential use of the predictive model in simulating MES in 3D printing applications,

the dynamic contributions of motions of the nozzle and the collector plate are also

included in the analytical problem formulation in the form of additional holonomic
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Figure 5.1: Conceptualization of melt-electrospun fiber as a multi-body system
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constraints.

After selecting Cartesian coordinates and unit quaternions describing the position

and orientation, respectively, of each bead as generalized coordinates, the uncon-

strained dynamical equations of motions of the system are derived using Kane’s

method [342, 358, 394–396]. The generalized coordinates, the tensile stress σ(t)

in Fig. 5.2, and their respective time derivatives constitute the system variables in

the resulting equations of motion. Holonomic constraint equations arising from the

quaternion identity, the fiber-plate sticking phenomenon, and the nozzle’s relative

motion are implemented using the Udwadia–Kalaba method [338, 359–362]. These

constraints are later appended to the unconstrained equations of motion to furnish the

constrained equation of motion of the fiber as a multi-body system. The resulting sys-

tem of differential-algebraic equations (DAE) is numerically solved in Matlab®using

the ode45 solver to predict the time history of each bead in the system.

ηE1

E0

σ(t) σ(t) 

ε(t) 

Figure 5.2: Generalized viscoelastic element

For the single-layer SLS model shown in Fig. 5.2 (i.e., N = 1), the relationship

between its stress and strain terms and the elastic parameters of the material is

governed by the constitutive equation:

σ +
η1
E1

∂σ

∂t
= E0ϵ+

η1
E1

(E0 + E1)
∂ϵ

∂t
. (5.1)

Viscoelastic forces on the fiber are calculated by multiplying the stress σ variable

by the cross-sectional area of the fiber. This constitutive equation, however, becomes

more complicated as the number of layers in the generalized model increases. For

example, for a two-layer generalized viscoelastic model, i.e., N = 2, the equation
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takes the form:

σ +

(︃
η1
E1

+
η2
E2

)︃
∂σ

∂t
+
η1
E1

η2
E2

∂2σ

∂t2
=

E0ϵ+

(︃
η1
E1

(E0 + E1) +
η2
E2

(E0 + E2)

)︃
∂ϵ

∂t
+ (E0 + E1 + E2)

∂2ϵ

∂t2
, (5.2)

which has second-order partial differential terms of the stress σ and strain ϵ variables.

The equation becomes even more complicated and too long to print here for models

containing three or more layers. Generally, the constitutive equation of an SLS ele-

ment withN layers will have ∂Nσ
∂tN

and ∂N ϵ
∂tN

terms. This poses a serious challenge arising

from difficulties in estimating initial conditions for the higher-order terms during nu-

merical integration. Due to the chaotic nature of MES, the solution to the dynamical

equations are highly sensitive to the initial conditions. Hence, roughly estimated ini-

tial values of the higher-order terms could lead to an erroneous outcome. Avoiding

this challenge makes lower numbers of layers a justifiable and necessary option. How-

ever, a lower number of layers also means sub-optimal curve-fitting and poor material

representations, which could also translate into a loss of accuracy. Nevertheless, the

latter approach has the added benefit of resulting in less complex equations of motion,

which run much more efficiently during computer simulations.

5.3 Methodology and Materials

5.3.1 Equipment

A commercially available 3D printer (Ender 5 Pro from Creality) was acquired and

modified into a MES apparatus (Fig. 5.3). The modifications included; installing a

high-voltage power supply (Gamma High Voltage Research, ES30 ), installing high-

voltage electrical insulation, adding a custom flow rate controller and software, build-

ing an enclosed printing chamber, and installing a chamber heater and a temperature

controller unit.

5.3.2 Materials

A 1.75mm diameter Polylactic acid (Ecogenius PLA 3D, Sigma-Aldrich) filament was

used in the experiment. The flow rate (Q̇), applied voltage (V ), collector distance
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Figure 5.3: Melt electrospinning apparatus

(h), and melt temperature (Tm) were selected as independent variables (factors).

Table 5.1 is a list of three discrete levels for each of these factors, carefully selected

in the neighborhood of an optimal morphological processing point that had been

determined from a previous experiment (Q̇
∗
= 2mLh−1, V ∗ = 17.5 kV, h∗ = 40mm,

and T ∗
m = 240 ◦C).

5.3.3 Rheological Characterization of PLA

Frequency sweeps of the storage modulus G′, loss modulus G′′, and complex viscosity

η∗ of the PLA material were collected from a rheological test (AR2000 Rheometer,

Texas Instruments, USA). The rheological data was later curve-fitted using Eq. (5.3)

and Eq. (5.4) to estimate the elastic parameters of the material (E0, E1, and η1) using

similar procedures described in the literature [28]. This procedure was repeated at
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the three melt temperature points to find the corresponding elastic parameter values.

G′(ω) = G0 +
N∑︂
1

gk
(ωτk)

2

1 + (ωτk)2
, (5.3)

G′′(ω) =
N∑︂
1

gk
(ωτk)

1 + (ωτk)2
, (5.4)

where τk is the relaxation time calculated from τk = ηk/Ek.

Table 5.1: Factors and levels used in the simulations and experiment
Factor Level 1 Level 2 Level 3

Flow rate (mLh−1) 1.0 2.0 3.0

Applied voltage (kV) 15.0 17.5 20.0

Collector distance (mm) 30.0 40.0 50.0

Melt temperature (◦C) 230.0 240.0 250.0

The theoretical model and the experiments were run using the same material and

processing parameter values. The full-factorial experiment was conducted inside an

enclosed chamber heated to 60 ◦C based on the factors and levels listed in Table 5.1.

Each physical sample was collected over two minutes after stabilizing the process

around its set point. The observed fiber diameter (df ) for each sample was calculated

as the average of 35 measurements taken in ImageJ software (Fig. 5.4(a)). On the

other hand, the observed collection diameter (dc) was reported as a one-time mea-

surement of the diameter of an inscribing circle drawn around the collected sample.

For a given simulation, the theoretical collection diameter (d̃c) was computed as

the maximum distance measured among the stuck beads on the plane of the collector

plate. Whereas, the theoretical fiber diameter (d̃f ) was calculated as the average of

all fiber diameters between successive bead pairs.

Two regression models—one for the prediction of the collection diameter (d̂c) and

another for the average fiber diameter (d̂f )—were derived from the experimental data

for benchmarking purposes. The predictive performance of the theoretical model was

evaluated by comparing its outputs with the corresponding outputs of the regression

models under the same material property and processing conditions (factor levels).
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(a) (b)

Figure 5.4: Melt-electrospun fibers (PLA): (a) Magnified with bifocal microscope; (b) With-
out magnification

The residuals of the theoretical and regression model predictions were statically an-

alyzed and reported as performance metrics.

5.4 Results and Discussions

5.4.1 Material Characterization

First, frequency sweeps of the complex viscosity, storage modulus, and loss modulus of

PLA were collected from rheological tests. Figures 5.5(a)–(c) show the data collected

from these tests at three temperatures levels (i.e., 230 ◦C, 240 ◦C, and 250 ◦C). The

plot trends indicate reductions in the viscosity and the moduli by logarithmic order

of magnitudes in response to increased melting temperatures. However, in the actual

MES process, the electrospun fibers are expected to drop their temperatures once they

exit the spinneret and experience the opposite trend; the magnitudes of viscosity and

the moduli increase as the fibers cool down in the printing chamber.

Next, the raw rheology data in the graphs were curve-fitted using Eq. (5.3) and (5.4)

to determine the elastic parameters of the material (E0, Ei, and ηi). As demonstrated

in Figs. 5.5(d) and 5.5(e), the number of Maxwell layers used in the model affect the
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accuracy of the curve fitting. More layers in the model mean more elastic parameters

in the resulting viscoelastic constitutive equation and better viscoelastic behavior

representation. The estimated elastic parameter values corresponding to the different

numbers of layers (i.e., N = 1, 2, 15) are summarized in Table 5.2. The data used for

the parameter estimation was collected at 200 ◦C.
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Figure 5.5: Rheological testing and elastic parameters estimation of PLA: (a) Complex vis-
cosity vs. frequency of PLA; (b) Storage modulus vs. frequency of PLA; (c) Loss modulus
vs. frequency of PLA; (d) Storage modulus of PLA at 200 ◦C fitted with Maxwell’s vis-
coelastic models of different layer numbers; (e) Storage modulus of PLA at 200◦C fitted
with Maxwell’s viscoelastic models of different layer numbers

5.4.2 Regression-based Predictive Models

Appropriate regression modeling schemes are needed to fit the experimentally ob-

served dc and df response data. Different regression models, such as two-factor in-

teraction, quadratic, and cubic, were investigated for this purpose. Based on these

comparisons, the cubic polynomial modeling scheme, slightly modified by removing

terms with a p-value greater than 0.05, was chosen for both the collection diameter
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Table 5.2: Estimated elastic parameter values at Tm = 200 ◦C

N = 1 N = 2 N = 15
Layer E (Pa) η (Pa s) E (Pa) η (Pa s) E (Pa) η (Pa s)

0 39121.53 0 47.15
1 457613.1 1177.05 449379.13 1009.22 207.37 143.96
2 85291.72 1662.86 392.17 234.23
3 0.49 283.32
4 0 518.28
5 14721.28 330.59
6 42.08 115.02
7 25020.2 561.86
8 279861.44 645.11
9 20774.82 466.5
10 27433.43 616.08
11 0.03 95.34
12 0.05 996.71
13 42.07 114.69
14 62533.22 144.21
15 107753.87 247.8

η1E1

E0 η1E1

E0

η2E2

η1E1

E0

η2E2

η15E15

and the average fiber diameter response data. The analysis of variance (ANOVA) in

Table 5.3 and Table 5.4 show the relative significance of factors affecting the collection

diameter and the average fiber diameter responses, respectively. Factors with smaller

p-value (< 0.0001) have strong direct correlations with the corresponding responses.

For example, the Q̇, h, Tm, and h2 factors in Table 5.3 have strong effects on the

collection diameter. These strong correlations were also brought to evidence by the

one-factor-at-a-time plots of interactions in Fig. 5.7(c)–(f) and Fig. 5.9(c)–(f). Equa-

tion (5.5) and Eq. (5.6) are the corresponding regression formulas for the collection

and average fiber diameter observed responses.

dc = 679.837 + 2.091Q̇− 64.210V − 4.483h− 3.121Tm+

0.135V h+ 0.300V Tm + 0.030hTm + 1.444V 2 − 0.001h2−

0.001V hTm + 0.006V 2h− 0.006V 2Tm, (5.5)
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Table 5.3: ANOVA table for collection diameter

Source Sum of
Squares DoF Mean Square F-value p-value

Model 523.18 12 43.6 67.91 <0.0001
Q̇ – Flowrate 225.89 1 225.89 351.85 <0.0001
V – Applied voltage 0.0739 1 0.0739 0.1151 0.7355
h – Collector distance 54.71 1 54.71 85.21 <0.0001
Tm – Melt temperature 30.71 1 30.71 47.83 <0.0001
V h 0.045 1 0.045 0.0702 0.7919
V Tm 0.2759 1 0.2759 0.4297 0.5144
hTm 3.63 1 3.63 5.65 0.0203
V 2 0.9808 1 0.9808 1.53 0.2208
h2 5.68 1 5.68 8.84 0.0041
V hTm 3.44 1 3.44 5.36 0.0237
V 2h 1.95 1 1.95 3.04 0.0861
V 2Tm 2.24 1 2.24 3.48 0.0665

Residual 42.37 66 0.642
Correlation total 565.55 78

Table 5.4: ANOVA table for average fiber diameter

Source Sum of
Squares DoF Mean Square F-value p-value

Model 36816.5 10 3681.65 45.67 <0.0001
Q̇ – Flowrate 16104.47 1 16104.47 199.77 <0.0001
V – Applied voltage 3369.93 1 3369.93 41.8 <0.0001
h – Collection distance 1714.5 1 1714.5 21.27 <0.0001
Tm – Melt temperature 12342.93 1 12342.93 153.11 <0.0001
Q̇V 44.93 1 44.93 0.5574 0.4579
Q̇Tm 1634.27 1 1634.27 20.27 <0.0001
V Tm 268.77 1 268.77 3.33 0.0723
Q̇

2 2.01 1 2.01 0.0249 0.8751
h2 520.37 1 520.37 6.46 0.0134
Q̇

2
V 1098.55 1 1098.55 13.63 0.0004

Residual 5481.71 68 80.61
Correlation total 42298.21 78

df = 462.525 + 460.050Q̇− 15.735V − 4.945h

− 2.104Tm − 15.956Q̇V − 0.685Q̇Tm+

0.111V Tm − 67.446Q̇
2
+ 0.054h2 + 3.873Q̇

2
V. (5.6)

5.4.3 Collection Diameter Prediction Performance

Based on the set of factors and levels listed in Table 5.1, 81 treatments and simula-

tions were run using the regression and theoretical models. The complete experiment

data is provided in Appendix B. The experiment was followed by comparisons of the

collection and fiber diameters predicted by the models with their observed counter-

parts. Figures 5.6(a)–(b) show the top and perspective views of the simulation results

at the end of 0.5 s.

137



-10 -5 0 5 10
Printer x-axis (mm)

-6

-4

-2

0

2

4

6

8

Pr
in

te
r y

-a
xi

s 
(m

m
)

Time: 5.00 s

(a) (b)

Figure 5.6: Sample simulation result: (a) Top view of simulation output, (b) Perspective
view with simulation summary

Figures 5.7(a) and 5.7(b) show the distributions of the collection diameters pre-

dicted by the regression-based and the theoretical models, respectively, against their

observed counterparts. The 45◦ reference lines in the plots represent the ideal cases

when the predicted and observed values match. The closer the data points lie to these

reference lines, the better the accuracy of the predictive models. The data points in

Fig. 5.7(a) are proportionally and closely dispersed on both sides of the 45◦ refer-

ence line, indicating that the regression-based collection diameter prediction model

has reasonable accuracy and a normal distribution of the residuals. The residuals

were calculated as the difference between the predicted observed values, leading to 81

residual points for the regression-based and theoretical models each (i.e., regression:

∆̂ci = d̂ci − dci, theoretical: ∆̃ci = d̃ci − dci, i = 1, ..., 81)

The predictive performances of the regression model and the theoretical model

were evaluated by statistically comparing their residuals. The raw residuals were

first converted to percentage residuals by simply dividing the raw residuals by the

corresponding observed values, i.e.,

∆̂ci = 100 ∗ |dci − d̂ci|/dci, (5.7)

∆̃ci = 100 ∗ |dci − d̃ci|/dci, (5.8)

∆̂fi = 100 ∗ |dfi − d̂fi|/dfi, (5.9)

∆̃fi = 100 ∗ |dfi − d̃fi|/dfi, . (5.10)
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Figure 5.7: One-factor-at-a-time effects of processing parameters on collection diameter:
(a) Regression-based prediction of collection diameters vs. observed collection diameters;
(b) Analytically predicted collection diameter vs. observed collection diameter; (c) Effects
of flow rate on observed collection diameter; (d) Effects of applied voltage on observed
collection diameter; (e) Effects of collection distance on observed collection diameter; and
(f) Effects of melting temperature on observed collection diameter.
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where ∆̂, ∆̃, and i = 1, ..., 81 are the regression residuals, the theoretical residuals,

and the treatment order number, respectively. The subscripts c and f are short for

the collection and fiber diameters, respectively.

Since further statistical analysis of the residuals is valid only if the residuals are

normally distributed [397], their normality is tested first in Fig. 5.8. If the resid-

ual percentage points in a given plot closely follow the line between the first and

third quartiles indicated by the “+” markers, the residuals are considered normally

distributed. According to this criterion, both the regression-based and the theoreti-

cally predicted collection diameter residuals in Fig. 5.8(a) were found to be normally

distributed and eligible for further statistical considerations.

The coefficient of determination R2, which could take any value between 0 and

1, is a statistical measure of how well a linear regression model fits the observation

data. Values in the lower end of the range generally indicate poor fitting performance,

while values close to 1 describe the best fit. The R2 value of 0.8955 for the collection

diameter regression model given by Eq. (5.5) indicates that the model has reasonable

accuracy and could be safely used to navigate the design space.

A similar plot in Fig. 5.7(b) shows the theoretically predicted collection diameter

values (d̃c) plotted against the observed collection diameter values (dc). Most of the

data points in this plot lie below the 45◦ reference line, indicating that the magnitudes

of the theoretically predicted collection diameters are generally less than the actual

values. The probability plot of the percentage residual distribution for the theoretical

model in Fig. 5.8(a) suggests a normal distribution of the residual, which is a necessary

criterion for conducting further statistical analysis.

However, since the collection diameter values in the observed vs. theoretical plot

were predicted by an analytical estimation (i.e., not linear regression), using R2 as a

method of predictive performance evaluation does not apply to the theoretical model.

Alternatively, Table 5.5 provides statistical assessment tools solely based on residuals

the theoretical residuals. The mean (µ), standard deviation (σ), variance-to-mean

ratio (VMR = σ2/µ), p-value, critical value (cv), and other statistical parameters

are employed to evaluate the predictive performance of the theoretical model. This
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approach permits drawing equivalent comparisons between the theoretical and the

regression models. The fact that there is a net difference of 13.8% between the means

of the two models shows a significant gap between their predictive accuracy. Stated

simply, the theoretical model is generally less accurate and is susceptible to producing

an average of 13.9% more error than its regression-based counterpart when predicting

the collection diameter. A closer look into the VMR of the two models brings evidence

of another significant performance difference. While VMR values of 1.98 and 5.75 for

the regression and the theoretical models, respectively, place both models in the over-

dispersion range (i.e., VMR > 1), the theoretical model exhibits more dispersion

(2.9 times more than that of the regression model). This demonstrates that besides

being less accurate, the theoretical model also needs more precision when predicting

the collection diameter.
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Figure 5.8: Plots of normal distribution of residuals: (a) Collection diameter; (b) Average
fiber diameter

Table 5.5: Regression vs. theoretical model comparisons based on collection diameter pre-
diction
Collection diameter (mm) µ σ 95% CI (µ) 95% CI (σ) p− value ks cv

Regression formula 2.9 2.4 [2.4, 3.5] [2.1, 2.8] 0.0011 0.1351 0.1163

Theoretical model 16.7 9.8 [14.5, 18.9] [8.5,11.6] 0.3951 0.0712 0.0998

Table 5.6: Regression vs. theoretical model comparisons based on fiber diameter prediction
Fiber diameter (µm) µ σ 95% CI (µ) 95% CI (σ) p− value ks cv

Regression formula 8.5 7.2 [6.9, 10.2] [6.2, 8.6] 0.0035 0.1259 0.1163

Theoretical model 24.2 14.9 [20.8, 27.5] [12.9, 17.7] 0.0516 0.0995 0.0998
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Figure 5.9: One-factor-at-a-time effects of processing parameters on fiber diameter: (a)
Regression-based prediction of fiber diameters vs. observed fiber diameters; (b) Analytically
predicted fiber diameter vs. observed fiber diameter; (c) Effects of flow rate on observed fiber
diameter; (d) Effects of applied voltage on observed fiber diameter; (e) Effects of collection
distance on observed fiber diameter; (f) Effects of melting temperature on observed fiber
diameter.

5.4.4 Average Fiber Diameter Prediction Performance

Similar plots in Figs. 5.9(a) and 5.9(b) show comparisons of the average fiber diam-

eters predicted by the regression model and the theoretical model, respectively, with

the corresponding experimentally observed fiber diameters.

Comparisons between the regression and the theoretical model’s average fiber di-

ameter predictions follow similar trends to the collection diameter. While the resid-

uals of the regression model are dispersed evenly on both sides of the 45◦ reference

line, most of the theoretically predicted values are concentrated slightly below the

reference line. This shows that the theoretically predicted average fiber diameters

are usually slightly smaller than the actual values. The R2 value of 0.8232 for the

regression model is still reasonably acceptable. However, a closer look into the means
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of the percentage residuals of the fiber diameter prediction reveals a significant drop

in the accuracy of both the regression and the theoretical models compared to the

collection diameter predictions. Specifically, the predictions are more likely to be

out by 8.5% and 24.2% for the regression and the theoretical models, respectively.

The variance-to-mean ratio of 6.1 and 9.2 for the regression and theoretical models,

respectively, also highlight significant deterioration in the dispersal behaviors of both

models compared to their collection diameter counterparts.

Generally, both the regression and the theoretical models performed with better

accuracy and precision when estimating the collection diameters than the average fiber

diameter. Because they were derived from the observation data, the regression models

are expected to perform better than the theoretical model both in the collection and

the average fiber diameter predictions. Of course, this is the primary reason they

are included in the current work in the first place; to serve as benchmarks against

which the performances of the theoretical models are objectively and quantitatively

assessed.

5.4.5 Factors contributing to the loss of prediction accuracy

Overall, relative to the regression models, the theoretical model performed inferiorly

in predicting both the collation and average fiber diameters. Several factors may

explain this. First, the single-layer viscoelastic conceptualization in the theoretical

model (Fig. 5.2) is still too simplistic and inadequate to fully capture the material

property. It does not have the necessary degrees of freedom (resolution) to properly

curve-fit the rheological data. As demonstrated in Table 5.2, Fig. 5.5(d) and 5.5(e), at

least 10–15 layers of Maxwell links were required to properly curve-fit the viscoelastic

behavior of the material with a reasonable accuracy [398–401]. However, employing

such rheological models in the MES modeling brings its challenges. The resulting

equations of motion would involve higher-order partial time derivative terms of the

stress variable σ(t) up to the order of N + 1 (i.e., ∂σ
∂t

, ∂2σ
∂t2

, ..., ∂(N+1)σ
∂t(N+1) ). Numerically

integrating such problems requires estimating initial values for all orders of the stress

derivative terms, which is an arduous task, if not impossible. Another disadvantage

of having a higher-order stress derivative term is that the problem becomes computa-
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tionally expensive to solve. These are the primary reasons the generalized viscoelastic

model in the theoretical model is limited to having only one layer.

The other factor affecting the theoretical model’s prediction accuracy is the ma-

terial’s temperature profile inside the printing chamber. The temperature of the

molten material drops as it leaves the nozzle and traverses through the air toward

the collector plate. This temperature change inversely affects the elastic parameters

of the material. The elastic modulus (Ei) and viscous damping coefficients (ηi) are

expected to rise due to the temperature drop, reducing the rate of fiber thinning as

the jet travels further away from the nozzle tip. However, the exact magnitude and

rate of drop are unknown and need to be appropriately investigated. The tempera-

ture of the fiber is assumed to remain unchanged once it leaves the nozzle to simplify

the modeling process in the current work, regardless of the lower ambient tempera-

ture inside the chamber. Maintaining a higher melting temperature throughout the

chamber means preserving the initial lower elastic modulus and viscosity, which pro-

mote further thinning of the fiber as brought to evidence by the simulation results

(Fig. 5.9(b)). However, this is not the case in actual MES operations, where the fiber

develops resistance to further elongation once it leaves the nozzle in response to a

sudden drop in ambient temperatures.

Torsional elastic and viscous damping elements were introduced in the theoretical

model to capture the viscoelastic properties of the fiber in the rotational (bending)

sense (Fig. 5.1). Without these, the energy dissipation would occur only for de-

formations along the longitudinal axis of the fiber, potentially allowing the fiber to

vibrate laterally indefinitely without any dampening in the whipping motion. Al-

though the theoretical model was developed with provisions to simulate the effects

of these viscoelastic elements included, the parameter values used in the simulations

were only roughly estimated as ratios of their linear counterparts due to time and

scope limitations. Further work is needed to develop this fully.

Considering the simplifying assumptions made and the gaps and challenges identi-

fied in material characterizations, the authors concur that the theoretical predictive

model has performed reasonably. The authors believe that, with these challenges
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addressed, the accuracy and precision of the prediction of the theoretical model could

be improved significantly. With the current mean percentage-residual values of 16.7%

for the collection diameter and 24.2% for the fiber diameter, the theoretical model

prediction capabilities are still considered reasonably acceptable and encouraging.

5.5 Conclusion

A theoretical predictive model for melt electrospinning, which was previously devel-

oped, was briefly discussed at the beginning to provide the reader with some back-

ground information. The current work employed this theoretical model to predict the

experimental collection and average fiber diameter values under three discrete lev-

els of four processing parameters: flow rate, collector distance, applied voltage, and

melt temperatures. Experiments were carried out to observe the outputs of the melt

electrospinning process under similar processing conditions. The experimental data

was later used to generate two predictive regression models—one for predicting the

collection diameter and another for the fiber diameter. The outputs of the theoretical

and the regression models were compared to evaluate the prediction performance of

the theoretical model. A discussion has been presented on the possible sources of

errors in the theoretical model. Generally, challenges associated with material char-

acterization under varying ambient temperatures and challenges in numerical solving

of higher-order differential equations were identified as the main contributing factors.

According to the study, both the collection diameter and fiber diameter theoretical

predictive models performed reasonably accurately, given the challenges and gaps

identified.
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Chapter 6

Verification of Direct Writing
Capabilities and Future Directions

6.1 Introduction

Direct writing in MES involves the deposition of the melt-electrospun fibers in a pre-

defined pattern. This process has gained significant research attention recently as

it is the first critical step toward printing three-dimensional objects with a sizable

thickness along the z-axis direction [160, 321, 402–404]. Unlike the traditional fused

deposition modeling (FDM) printing techniques, melt-electrospun fibers are not ex-

truded from the nozzle. Instead, it is drawn under the actions of electrostatic forces

from its molten state. The process is usually characterized by erratic whipping mo-

tions of the jet stream, which makes it too difficult to control in the traditional sense

of 3D printing.

The jet usually starts with a stable and straight flow pattern near the nozzle

tip. As it travels away from the nozzle and gets closer to the collector plate, it

behaves in an uncontrolled manner with a random-looking whipping motion. The

further the jet from the nozzle, the higher the whipping magnitude. The experimental

investigation in Chapter 5 has shown that the collector diameter, a direct measure

of the whipping magnitude, is inversely proportional to the collector distance. The

further the collector distance, the more prominent the magnitude and randomness of

the accumulation become, resulting in a poor boundary definition in the deposited
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fiber. On the other hand, if the collector plate is kept at a reasonably closer distance

to the nozzle, equivalent to capturing the accumulation at the stable region, it would

result in a narrow and well-defined deposition pattern [405–407]. All intermediate

distances could be tapped to achieve varying definitions.

Collector distance is not the only factor that dictates the characteristics of the

accumulated fiber. The melt temperature, applied voltage, and flow rate all lend

some degree of leverage that could be utilized to control the outcome [408, 409].

The melt temperature, for example, is the primary factor responsible for the state

of the material’s elastic properties, which in turn dictates how easily the fibers draw

under a given set of processing conditions. On the other hand, the applied voltage

influences both the available electric field force and the inter-particle electrostatic

charge distribution, dictating the degree of fiber stretching again [410]. Increasing the

applied voltage increases the electric field and the Coulomb forces, yielding relatively

thinner fiber formations. Flow rate also dictates how much material is available for

drawing. The higher the flow rate, the thicker the fiber, and vice versa.

Melt-electrospinning might not be the ideal fabrication method if the goal is to

achieve smooth profiles at the boundaries of the accumulations. However, this same

behavior may be a key advantage for applications requiring some degree of surface

roughness and randomness in accumulations. One such application area is bone tis-

sue engineering, where the internal structure of the scaffold is required to have some

roughness and porosity for cell attachment, seeding, proliferation, and metabolic ac-

tivities. Achieving such micro-architectural details with traditional fabrication meth-

ods could be challenging as the geometrical details would have to be modeled in

advance. In addition, only a few free-form manufacturing systems are capable of

transforming such detailed designs into actual constructs.

Melt-electrospinning has excellent potential to address some of these challenges.

It has already been proven to produce accumulations that functionally resemble the

extra-cellular matrix (ECM) of the natural bone. Further, tailored deposition out-

comes could be realized by controlling the processing parameters. As discussed in

Chapter 2, several experimental research efforts have been on this subject, particu-

147



larly to study the effects of process parameters on fiber characteristics. The current

study aims to complement these efforts with a theoretical approach. In addition to

being a valuable tool for estimating important fiber attributes, such as average fiber

and collection diameters, the proposed theoretical model could also be used to simu-

late direct writing scenarios, a precursor to printing three-dimensional objects. The

upcoming sections are demonstrations of these capabilities.

6.2 General Direct Writing Workflow

In this chapter, the direct writing capabilities of the theoretical predictive model are

demonstrated. The process typically starts with digitally creating the target image

using third-party CAD or vector graphic design software. The image is next processed

to generate paths the nozzle must follow during writing. Once the paths are created,

they are exported in a G-code format, a structured text language that most CNC

machines and 3D printers require to run. These first three steps are usually handled

using different software. However, some software packages also provide integrated

environments where everything from geometrical modeling to G-code generation can

be done within the same application. The generated G-code is next sent to the MES

3D printer developed for this purpose. The predictive simulation software also is

given the same G-code as one of its primary inputs. After running the printer and

the simulation model using the same data, the results are compared and analyzed

to study the fiber accumulation characteristics. Fig. 6.1 summarizes this general

workflow.

6.3 Demonstration of Direct Writing Capabilities

6.3.1 Example 1: Writing an Image

As a first demonstrative example, the "MFCL@UofA" image shown in Fig. 6.2, which

is an acronym for the Multi-functional Composite Laboratory at the University of

Alberta, where this study was conducted, was processed as per the workflow in Fig. 6.1.

The image was first created in Inkscape®, an open-source vector graphics editing

software. This tool was selected for this task because of its open-source accessibility
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Figure 6.1: Direct writing process workflow

and ability to generate G-codes. The image was created in a one-to-one ratio to the

size of the collector plate platform on the custom printer (160mm × 140mm).

A G-code (Fig. 6.3) was generated from the image using a 500mm/min feed rate.

The translational speeds of extruders and tools in 3D printers and CNC machines

are usually expressed in mm/min units. The same convention is followed here to take

advantage of existing software and controllers. The second example in the upcoming

section discusses the effects of different feed rates on the deposition behavior of the

fibers.

The MES 3D printer runs directly from the G-code without needing additional

modifications or code editing. However, the simulation software requires intermediate

steps to translate the G-code to the nozzle kinematic profile in a manner compatible

with the dynamic problem formulation discussed in Chapter 4. To achieve this,

a custom G-code interpreter function was written in Matlab®that imports and

interprets the G-code file. This function reconstructs the nozzle path and calculates

appropriate position, velocity, and acceleration values for all numerical time steps.

As discussed in Chapter 4, the nozzle kinematics are parametrically included in
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Figure 6.2: Image to be processed for simulation and actual direct writing

Figure 6.3: G-code generated from the target image
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Figure 6.4: Kinematic profiles of the nozzle path: (a) Target image reconstructed from
G-code in Matlab®; (b) Nozzle x and y positions as functions of time; (c) The velocity
profiles of the nozzle; (d) Nozzle acceleration profiles
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the dynamic formulation as constraint equations. The constraint parameters were

extracted from the G-code. Each axis motor on the 3D printer ramps up and down

to the feed rate speeds in response to commands from the G-code. Although the

actual motor accelerations and decelerations are the results of both the commanded

signal and the internal inertial properties of the motors, the Matlab®interpreter

function ignores any contribution made by the latter. Hence, the motors are assumed

to respond to the G-code commands without delay. The velocity and acceleration

profiles shown in Fig. 6.4(c) and (d) were therefore simple time derivative of the

position of the nozzle in Fig. 6.4(b).

The simulation and the actual direct writing were run based on the following pro-

cessing parameters: collector distance = 30mm; melt temperature = 250 ◦C; applied

voltage = 15 kV; flow rate = 2mLh−1; and ambient temperature of 60 ◦C. Fig. 6.5(a)

and (b) show the final simulated and actual direct writing results, respectively.

6.3.2 Example 2: Investigation of Effects of Nozzle Speed on
Fiber Characteristics

As a second demonstration, the entanglement characteristics of fiber accumulations

under different translational nozzle velocities (feed rates) were investigated. For

this example, a simple rectangular path of 80mm × 60mm dimension was created

in Inkscape®and exported to G-code with 500 , 2000 , 4000 , 10 000 , 50 000 , and

100 000mm/min feed rates. Although the maximum feed rate on the printer was lim-

ited to 10 000mm/min, the additional two feed rates were included in the simulation

to investigate the effects of extreme speeds.

The simulation results in Fig. 6.6(a)–(d) are in total agreement with the actual

observations in (Fig. 6.7(a)–(d). Both indicate that the fiber entanglements open up

as the feed rate increases, leading to a stretched line deposition pattern. It is notable

from the simulation at higher speeds (Fig. 6.6(e)–(f)), the fibers accumulation at the

corners show signs of momentum imparted by the moving nozzle.

In both examples above, the simulated results and the actual-direct written accu-

mulations showed agreement on the macro level. They displayed similar accumulation
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(a)

40 mm

(b)

Figure 6.5: Simulated and direct-written images: (a) Simulation output; (b) Melt-
electrospun image based on G-code
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(b) Feed rate: 2,000 mm/min
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(c) Feed rate: 4,000 mm/min
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(d) Feed rate: 10,000 mm/min
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(e) Feed rate: 50,000 mm/min

0 20 40 60 80 100 120 140 160

Printer x-axis (mm)

0

20

40

60

80

100

120

140

P
rin

te
r 

y-
ax

is
 (

m
m

)

Time: 0.38 s

Melt-electrospun fiber
Nozzle path

Feed rate: 50000 mm/min

(f) Feed rate: 100,000 mm/min
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Figure 6.6: Simulated effects of lateral nozzle motion on fiber deposition characteristics
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(a) Feed rate: 500 mm/min

Feed rate = 500 mm/min

(b) Feed rate: 2,000 mm/min

Feed rate = 2000 mm/min

(c) Feed rate: 4,000 mm/min

Feed rate = 4000 mm/min

(d) Feed rate: 10,000 mm/min

Feed rate = 10000 mm/min

Figure 6.7: Effects of direct writing at different feed rates
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patterns, densities, and boundary definitions, supporting our initial argument that

the predictive model could be a valuable tool to simulate direct writing applications.

There were, however, some subtle differences between the simulated and the actual

fiber accumulations. For example, a closer visual inspection of the shapes of each

strand in the two outputs showed different accumulation patterns. Although several

factors could explain this observation, the nature of the multi-physics problem itself

is believed to be the main contributor. From the point of view of dynamical systems,

the mathematical model is highly chaotic and is sensitive to both the initial conditions

and process parameter values, whose estimation methods still need to be perfected.

In addition, several parameter values must be appropriately estimated under varying

processing and environmental conditions. Given the chaotic nature and the size of

each fiber model (length of the serially-connected multi-body system), there is doubt

if the initial values and estimated parameters used in the simulation will ever match

their real-world counterparts. For this reason, our focus has been on using the model

in estimating high-level accumulation attributes that have practical implications in

bone scaffold applications. These include the prediction of the general pattern and

shape of the construct, the collection density, and the average fiber diameter, for

which the model’s predictive accuracy has been proven reasonably acceptable.

6.4 Future Directions—Thickness Building

The next logical step for this study is to develop methodologies for controlling variable

deposition densities in the two-dimensional sense. Algorithms to translate deposition

density specifications into equivalent nozzle paths may be required. Such a study will

be vital as it is a critical step toward understanding factors dictating the internal

micro-architectures of melt-electrospun bone scaffolds.

Building three-dimensional constructs with spatially distributed topological prop-

erties is another area that needs to be investigated. Thickness building requires

improving both the prediction model and the MES printing equipment. For one, the

effects of growing material deposition must be understood and theoretically modeled.

The current model does not come with this feature. The prediction is limited only to
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the first several layers of accumulations where the electric field is assumed unaffected

by the growing material deposition.

Building thickness also involves automatically and dynamically adjusting the pro-

cess parameters, such as the collector distance or the applied voltage, to compensate

for the effects of changes in other variables. The interplay among these parameters

needs to be understood and accurately modeled. The G-code fed to the printing ma-

chine must also be enhanced to incorporate this additional information. The printing

equipment would need a controller and firmware that reads and interprets this new

information set and automatically adjusts the process parameters for the different

layers. Variable high-voltage power supply units, controllable by G-codes, may be

required.

157



Chapter 7

Conclusion and Future Work

This chapter contains two main sections. The first section is the Conclusion, which

gives a short overview of the research problem and methodology, along with the key

findings of the study and its uniqueness. The second section discusses the limitations

of the proposed model and recommends areas for future development, offering valuable

insights that could enhance the model’s effectiveness in practical applications.

7.1 Conclusion

The main objective of this research was to develop a forward predictive model for

simulating MES and estimating fiber characteristics given a specific set of material

and process parameters.

Building on previous works by other groups, a more advanced theoretical model was

formulated in the current study by conceptualizing fibers as serially-connected multi-

body systems consisting of smaller fiber segments called beads. The proposed model

included improvements such as using Maxwell’s generalized viscoelastic rheological

model as a connective element between successive beads in the multi-body system.

Moreover, for the first time, the dynamic formulation included the effects of the nozzle

and the collector plate motions, which are common in most 3D printing applications.

The anchoring effect of the fiber sticking on the collector plate was also included in

the problem formulation in the form of a set of constraint equations.
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Kane’s Dynamical Equations and The Udwadia-Kalaba methods were employed

to formulate the unconstrained equations of motion and handle constraint equations,

respectively. To this end, a total of seven independent generalized coordinates were

defined per bead: three as components of a position vector and the remaining four as

quaternion parameters for orientation representation.

An algorithm was also proposed that allows continuous simulation of the MES

process without the need to define the size of the problem ahead of time. Unlike most

multi-body systems, the MES conceptualization in the current study involved the

ejection of new beads (representing new materials) from the nozzle at regular intervals

and the retirement of older beads when the fiber gets deposited at the collector plate.

The proposed algorithm allowed this continuity by dynamically resizing the problem

to match only the number of active beads (active fiber segment between the nozzle

and the collector plate). The advantage of this approach is its efficient utilization of

computational resources and the flexibility to simulate the process indefinitely. The

model was implemented in Matlab®. As a result of this new development, it was

possible to simulate and analyze the effects of different translational speeds of the

nozzle on the behavior of the fiber depositions.

A design of experiments (DOE) was carried out to validate the predictive model

and the accuracy of its implementation. A custom MES equipment was developed by

modifying a commercially available 3D printer with a high-voltage supply, electrical

insulation, and chamber heater and temperature controller. A custom firmware was

also created for melt-flow rate control.

A total of 81 simulations and experimental runs were carried out based on the

designed experiment with different treatments of the controlled processing parameters

(applied voltage, collector distance, flow rate, and melt temperature). A comparison

of results generated from the two showed that the predictive model has reasonable

accuracy in predicting collection and average fiber diameters (16% and 24% average

errors, respectively). The experimental data were also fitted to generate regression-

based predictive models for the collector and average fiber diameters. However, since

the data was collected using PLA material and a vertical spinning configuration, the
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applicability of models is restricted to only matching cases.

Although it is novel and advanced in many ways compared to the existing models,

the proposed model is still a forward prediction tool, far from the reverse predictive

capabilities sought for optimizing the process parameter values to achieve targeted

fiber characteristics. Much work needs to be done to develop the proposed model to

enable process optimization and reverse predictive capabilities.

Using a Maxwell standard linear solid model (SLS) in the proposed model has

significantly improved the accuracy of the viscoelastic properties of the materials.

The additional link in the rheological model has added two more degrees of freedom

to the rheological model, which enhanced the curve-fitting performance. From this

perspective, a large number of layers in the model is a desirable attribute. However,

some practical challenges have limited the maximum number of layers used in the

proposed predictive model. One of these challenges stemmed from difficulties in

estimating initial values for higher-order stress and strain derivative terms in the

resulting equations of motion. If there are N number of layers in the system, for

example, the resulting equations would have time derivative terms of the stress and

strain variables up to the N th order. Estimating initial values for these higher-order

variables would be challenging as no physical meanings could be attributed to the

derivative terms. In addition, as a chaotic system, a slight variation in estimating the

initial values could also have led to significantly divergent simulation outcomes. It

was necessary to strike a balance between the advantages of having precise material

representations obtained from utilizing multiple layers and the possible errors that

could arise from inaccurately estimated initial values. The proposed model suffered

from this dilemma. A choice was made to adopt fewer layers in the model to avoid

the difficult task of estimating initial conditions for non-existent physical quantities.

This decision also had the added benefit of having a computationally lightweight and

efficient model but came at the cost of losing predictive accuracy.

The study was concluded by demonstrating the capabilities of the predictive model

in simulating direct-writing applications where the fibers were deposited in a prede-

fined pattern. As demonstrative examples, two pattern geometries were designed
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using third-party software and exported into G-code at different translational noz-

zle velocities (feed rates). These G-codes were used as inputs both in the custom

MES printer and the simulation software. Even though several areas could use im-

provement, the current results were found to be reasonably acceptable. The effect of

nozzle feed rate on fiber entanglement topology generated by the simulation was in

agreement with the actual outcomes from the experiments.

7.2 Limitations, Recommendations, and Future Work

This section addresses the current model’s limitations and suggests areas that require

further development.

7.2.1 Parameter Estimation

Simulation of the proposed model also relies on several other parameter values. Every

effort has been made to collect most of these values from experiments. However, some

parameter values could not be determined from experiments promptly due to time

constraints. These include coefficients used in numerical stabilization, the dielectric

constant of the material, and elastic material parameters used in the rotational sense.

As demonstrated in Chapter 5, the predictive model is already performing with rea-

sonable accuracy based on rough estimates of these parameter values. While some

parameters are experimentally calculated, others were collected from datasheets and

the literature. The predictive accuracy could be improved by refining the values us-

ing parameter estimation techniques. One example of such parameters is the surface

charge density of the material. The current model relies on a custom function that

returns a static value. This function needs to be updated to return values based

on the dynamic processing conditions affecting the parameter, such as the applied

voltage, the collector distance, and the melt temperature. Other parameters needing

similar improvements may include the torsional elastic parameters kt and ct.

All in all, about ten parameters need to be appropriately estimated. The current

model’s parameter estimation functions are designed in a modular way. This ap-

proach allows for future improvements to be made independently, without affecting

the model’s structure, when time and resources permit.
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7.2.2 Material Characterization

The two-layer generalized Maxwell viscoelastic rheological model adapted in the

model is too simplistic to capture the material characteristics fully. Additional layers

may be required for better curve fitting. However, the additional layers introduce chal-

lenges in estimating initial conditions for higher-order derivative terms of the stress

and strain variables. More work is needed to address this challenge and develop a

practical methodology.

7.2.3 Elastic Parameter Profiles Under Dynamically Varying
Temperature Conditions

Oversimplified spatially and dynamically varying temperature distributions inside the

printing chamber may lead to incorrect simulation results in the current model.

If steady-state conditions with no air movement inside the printing chamber are

assumed, there would be a static temperature gradient between the nozzle and the

chamber temperature. This gradient is expected as long as the nozzle and the cham-

ber are set to different temperatures. Under these circumstances, the temperature

readings at various points inside the chamber would be different, but the reading at a

given point would remain the same throughout the process. The spatial temperature

distribution, in this case, could be written as a function of the position coordinates,

i.e., T (x, y, z).

Under the above circumstances, when the material travels from one region to an-

other, it passes through different temperature zones. How fast the elastic properties of

the material change in response to variations in temperature has yet to be thoroughly

understood. Specifically, it is not clear at what rate the material’s elastic constants

E0 and E1 and viscosity (η) increase in response to drops in temperature. If the effect

of the temperature change on the elastic parameters does not take effect immediately,

the jet will maintain its initial elastic properties. The result would be extreme fiber

elongations and randomness in the accumulation pattern. On the other hand, if the

temperature response is relatively fast and happens before the fiber is accumulated

on the collector plate, changes in the material properties would be observed. These
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changes may lead to rapid fiber solidification right after elongation.

The latter scenario is what the author believes to be occurring during most MES

operations. Although exposed to low ambient temperature for a brief period, the

surface area of the fiber significantly increases due to the initial stages of fiber drawing.

The increased surface area creates an ideal condition for high heat transfer rates that

ultimately lead to the solidification of the fibers. Once in a solid state with a relatively

higher bending resistance than the jet-initiating stages, the fibers tend to buckle,

forming coils. The fiber’s mechanical strength starts dominating the fiber topology

as the fibers cool down near the collector plate. This observation underscores the fact

that the elastic parameters of the material are not only temperature-dependent but

also time-dependent (i.e., E0(T (x, y, z), t), E1(T (x, y, z), t), η(T (x, y, z), t)).

More work needs to be done to model these parameters as functions of both temper-

atures, by extension positions, and time. The elastic parameter estimation function

in the current model needs to be updated to account for the dynamic responses to

temperature changes.

7.2.4 Dynamic Interplay Between Processing Parameters un-
der Increasing Build Thickness

Changing the collector distance alters the electric field intensity between the nozzle

and the collector plate. As demonstrated experimentally in Chapter 5, the average

fiber diameter and the collection diameter are affected by changes in collector distance.

Suppose uniform morphological properties are required along the z-axis (thickness) in

the 3D-printed construct. Suitable adjustments in the other processing parameters,

such as the applied voltage, must be made to compensate for the effects caused by

changing collector distance. This study has theoretically and experimentally identified

the interdependencies among the processing parameters and their compounded effects

on fiber topologies. However, a suitable strategy for compensating the values of the

processing parameters has yet to be proposed.

163



7.2.5 Effect of Growing Material Accumulation on Electric
Field

One area of uncertainty is the effect of accumulated material on the electric field

properties. Does a significant amount of fiber accumulation between the nozzle and

the collector plate interfere with the electric field? Simple experiments have shown

that growing fiber accumulations at stationary points appear to deflect incoming fiber

streams away from the center of accumulation. An in-depth experimental investiga-

tion and further theoretical modeling may be required in this area.

7.2.6 The Effect of Build-sheet Material on Electric Field Char-
acteristics

Collecting the fibers on different substrate materials, such as aluminum foil, paper, or

plastic sheet, has led to different topological outcomes. While the smallest collection

diameter was observed on the aluminum foil, the plastic sheet resulted in the largest

diameter. It is essential to comprehend the mechanism behind this phenomenon fully.

7.2.7 Modeling of Spatial Distribution of Electric Field

In the current study, the electric field between the nozzle and the collector plate was

approximated by a uniform distribution as if it was generated between two parallel

plates. This simplifying assumption is believed to be one of the error contribution

factors. The electric field model could be updated to reflect the actual geometry and

material of the electrodes (the nozzle and the collector plate).

With these improvements, the prediction model’s accuracy could be increased. The

model could be vital in accelerating the application of MES in bone tissue engineering

applications.
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Appendix A: Matlab®Codes

A.1 Scripts
Listing A.1: dashboard

1 %DASHBOARD is a Matlab script designed to temporarily serve the role of a GUI until
2 % a proper GUI is developed for this application. This script provides fields for
3 % solution definition, equipment parameter setting, and options to select which
4 % forces to include in the simulation.
5 %
6 % This is also where the file name and director for g−codes are declared. The
7 % ultimate goal is to wrap this script into a GUI.
8 %
9 % Author: Abiy Wubneh

10 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
11 %
12 %=================================================================================
13 clear all
14 close all
15 clc
16 tic;
17 %% General simulation session information holder
18 sessionInfo.name = 'Cleaning';
19 sessionInfo.allSessionsPath = 'C:\Users\Workstation\Desktop\Simulation_Results';
20 % This is where all other similar sessions are saved
21 sessionInfo.thisSessionPath = [sessionInfo.allSessionsPath '\' sessionInfo.name];
22 % This is the complete path to the session folder itself
23 sessionInfo.simulationDate = ...
24 datetime('now','TimeZone','local','Format','d−MMM−y HH:mm:ss Z');
25 sessionInfo.runEquipmentSettingFromFile = yes;
26 sessionInfo.runEntireTable = no;
27 sessionInfo.testRunNumber = 10;
28 sessionInfo.isNozzleMoving = yes;
29 sessionInfo.gCodeFilePath = ...
30 'C:\Users\Workstation\Documents\Inkscape\MFCL_0003.ngc';
31 % navigate to the location, get a copy and save it in the solution directory
32 sessionInfo.DOEdataFilePath = [pwd '\Experiment_data.xlsx'];
33 % temporarily saved in the current Matlab work folder
34 sessionInfo.inpectSegmentResults = no;
35 %% G−code Settings
36 gCode.feedRateOveride = 500; % (mm/min)
37 if gCode.feedRateOveride > 10000
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38 % If the feed rate is faster than 10000 mm/min, make the rapid movement speed
39 % same as the feed rate.
40 gCode.rapidOveride = gCode.feedRateOveride;
41 else
42 gCode.rapidOveride = 10000; %
43 end
44 gCode.filePath = sessionInfo.gCodeFilePath;
45 gCode.totalTime = 0;
46 gCode.gCodeKinematicsData = [];
47 gCode.nozTPVA = [];
48 gCode.gCodeTable = [];
49 gCode.gCode_struct.unit = mm;
50 if lower(sessionInfo.isNozzleMoving) == yes
51 gCode = gCodeKinematicsFcn(gCode);
52 fprintf(['Total g−code running time is ' num2str(gCode.totalTime) ' s.'])
53 end
54 sessionInfo.simulationTimeLength = 0.15; %gCode.totalTime;
55 sessionInfo.simulationSegmentTimeLimit = 0.1;
56 %% Equipment Setting
57 equipment_setting.platformSize = [160 140]; % (mm x mm)
58 equipment_setting.flowrate = 1; % (ml/hr)
59 equipment_setting.voltage = 15; % (kV)
60 equipment_setting.collectordistance = 50; % (mm)
61 equipment_setting.meltTemp = 240; % deg C)
62 equipment_setting.ambTemp = 60; % (deg. Celcius)
63 equipment_setting.directionOfSpinning = 0; % (deg) 0 for downward nozzle
64 equipment_setting.nozzleDiameter = 0.2; % (mm)
65 %% Solver Setting
66 solver.numOfStepsPerEjection = 10;
67 solver.Baumgarte.alpha_baumgarte = 10000;
68 solver.Baumgarte.beta_baumgarte = 10000;
69 solver.stuckBeadLimit = 1;
70 %% Forces to include (... 1 to include, 0 to exclude)
71 forces.includeGravitationalForces = 1;
72 forces.includeViscoelasticLinear = 1;
73 forces.includeViscoelasticTorsional = 1;
74 forces.includeCoulombForces = 1;
75 forces.includeElectricFieldForces = 1;
76 %% Material and process parameters
77 load('elasticParametersFile.mat');
78 material.scaleKt = 1;
79 material.scaleCt = 1;
80 material.ambientTempFactor.E0 = 1;
81 material.ambientTempFactor.E1 = 1;
82 material.ambientTempFactor.eta = 1;
83 %% Experiment Validation Options
84 %{
85 If this option is selected, the program reads the equipment setting values from a
86 file. Further options could be selected to run a single row from the file data or
87 the entire table, with the latter results saved back to a file specified at the
88 end of the simulation.
89 %}
90 if ~isfolder(sessionInfo.allSessionsPath)
91 % .. if the high−level folder, where all other similar sessions are saved,
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92 % isn't already existing, create one.
93 mkdir(sessionInfo.allSessionsPath);
94 end
95 if isfolder(sessionInfo.thisSessionPath)
96 % if the session's folder already exists, delete it and its contents
97 rmdir (sessionInfo.thisSessionPath, s);
98 end
99 mkdir(sessionInfo.thisSessionPath);

100 if lower(sessionInfo.runEquipmentSettingFromFile) == yes
101 dataMatrix = readmatrix(sessionInfo.DOEdataFilePath);
102 [numberOfRuns,lastCol] = size(dataMatrix);
103 if lower(sessionInfo.runEntireTable) == no
104 startRow = sessionInfo.testRunNumber;
105 endRow = sessionInfo.testRunNumber;
106 elseif lower(sessionInfo.runEntireTable) == yes
107 startRow = 1;
108 endRow = numberOfRuns;
109 else
110 error(Unknown experimental data range option entered! )
111 end
112 for DOErunNumber = startRow:1:endRow
113 solutionPath = [sessionInfo.thisSessionPath '\Run' num2str(DOErunNumber)];
114 solver.DOErunNumber = DOErunNumber;
115 equipment_setting.flowrate = dataMatrix(DOErunNumber,3);
116 equipment_setting.voltage = dataMatrix(DOErunNumber,4);
117 equipment_setting.collectordistance = dataMatrix(DOErunNumber,5);
118 equipment_setting.meltTemp = dataMatrix(DOErunNumber,6);
119 switch equipment_setting.meltTemp
120 case 200
121 elasticParameters = elasticParametersStruct.temp200C;
122 case 215
123 elasticParameters = elasticParametersStruct.temp215C;
124 case 230
125 elasticParameters = elasticParametersStruct.temp230C;
126 case 240
127 elasticParameters = elasticParametersStruct.temp240C;
128 case 250
129 elasticParameters = elasticParametersStruct.temp250C;
130 end
131 material.E0t = elasticParameters(1,1);
132 material.E1t = elasticParameters(2,1);
133 material.etat = elasticParameters(2,2);
134 if isfolder(solutionPath)
135 rmdir (solutionPath, s);
136 end
137 mkdir(solutionPath);
138 solver.solutionPath = solutionPath;
139 param = ParametersFcn(equipment_setting, ...
140 solver, ...
141 forces, ...
142 material);
143 param.sessionInfo = sessionInfo;
144 param.gCode = gCode;
145 param.equipment_setting = equipment_setting;
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146 % for better readability of the setting values
147 if lower(sessionInfo.isNozzleMoving) == yes
148 figure_gCode = gCodeplotForInspectionFcn(param);
149 pause(1);
150 savefig([solutionPath '/Gcode_Inspection.fig']);
151 copyfile(sessionInfo.gCodeFilePath, solutionPath)
152 end
153 [simulationSummary, updatedParam] = solverFcn(param, DOErunNumber, endRow);
154 simSummary = simulationSummary;
155 param = updatedParam;
156 dataMatrix(DOErunNumber,lastCol+1:lastCol+2) = ...
157 [1000*simSummary.fiberChar.maximumCollectionDiameter, ...
158 1000000*simSummary.fiberChar.averageFiberDiameter];
159 end
160 if lower(sessionInfo.runEntireTable) == yes
161 observedCollectionD = dataMatrix(:,7);
162 observedFiberD = dataMatrix(:,8);
163 predictedCollectionD = dataMatrix(:,lastCol+1);
164 predictedFiberD = dataMatrix(:,lastCol+2);
165 errorCollectionD = observedCollectionD − predictedCollectionD;
166 errorFiberD = observedFiberD − predictedFiberD;
167 pctErrorCollectionD = abs(errorCollectionD ./ observedCollectionD);
168 pctErrorFiberD = abs(errorFiberD ./ observedFiberD);
169 dataMatrix(:,lastCol+3:lastCol+4) = [pctErrorCollectionD,pctErrorFiberD];
170 comparisionTable = array2table(dataMatrix, 'VariableNames', ...
171 { 'StdOrder',...
172 'RunOrder',...
173 'Flowrate',...
174 'Voltage',...
175 'Distance',...
176 'MeltTemp',...
177 'Observed_Collection_Diameter',...
178 'Observed_Fiber_Diameter',...
179 'Predicted_Collection_Diameter',...
180 'Predicted_Fiber_Diameter',...
181 'Percentage_Error_Collection_Diameter',...
182 'Percentage_Error_Fiber_Diameter'
183 });
184 writetable(comparisionTable, 'ComparisionTable_REV01.xlsx')
185 end
186 if lower(sessionInfo.runEntireTable) == no
187 elapsedTime = toc;
188 Duration = duration(seconds(elapsedTime));
189 Duration.Format = 'hh:mm:ss.S';
190 disp(' ===================== SIMULATION STATUS ==========================')
191 disp([' Based on DOE Run# ' num2str(DOErunNumber)]);
192 disp(sessionInfo.simulationDate);
193 disp(' −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−')
194 disp(' ')
195 disp([' Virtual current simulation time: ' ...
196 num2str(simSummary.param.sessionInfo.simulationTimeLength,'%.2f') ...
197 ' s. (completed)' ]);
198 disp([' Current simulation segment: ' ...
199 num2str(simSummary.param.solver.numOfSegments) ' of ' ...
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200 num2str(simSummary.param.solver.numOfSegments)]);
201 disp([' Number of beads ejected: ' ...
202 num2str(simSummary.param.solver.numOfSegments)]);
203 percentage = 100;
204 disp([' Solver status: ' ...
205 num2str(percentage,'%.0f') ' % completed']);
206 disp(' ')
207 disp([' Simulation segment length: ' ...
208 num2str(simSummary.param.sessionInfo.simulationSegmentTimeLimit,...
209 '%.2f') ' s']);
210 disp([' Numerical time step: ' ...
211 num2str(simSummary.param.solver.timeStep,'%.5f') ' s']);
212 disp([' Virtual time length the simulation run for: ' ...
213 num2str(simSummary.param.sessionInfo.simulationTimeLength) ' s'])
214 disp([' Elapsed time (actual time it took to solve): ' char(Duration)])
215 disp([' Feedrate: ' ...
216 num2str(simSummary.param.gCode.feedRateOveride)]);
217 disp(' ')
218 disp(' −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−')
219 disp(' ')
220 disp('PROCESS SETTING VALUES')
221 disp([' Flow rate: ' ...
222 num2str(simSummary.param.equipment_setting.flowrate) ' ml/hr'])
223 disp([' Applied voltage: ' ...
224 num2str(simSummary.param.equipment_setting.voltage) ' kV'])
225 disp([' Collector distance: ' ...
226 num2str(simSummary.param.equipment_setting.collectordistance) ' mm'])
227 disp([' Melt temperature: ' ...
228 num2str(simSummary.param.equipment_setting.meltTemp) ' deg. C'])
229 disp([' (Correspoinding experiment run #:) ' ...
230 num2str(simSummary.param.sessionInfo.testRunNumber)])
231 disp(' ')
232 disp(' −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−')
233 disp(' ')
234 disp('ELASTIC PARAMETER VALUES')
235 disp([' E_0 ' num2str(simSummary.param.material.E0t) ' Pa'])
236 disp([' E_1 ' num2str(simSummary.param.material.E1t) ' Pa'])
237 disp([' n_1 ' num2str(simSummary.param.material.etat) ' Pa.s'])
238 disp(' −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−')
239 disp(' ')
240 measuredCollectionDiameter = dataMatrix(DOErunNumber,7);
241 measuredFiberDiameter = dataMatrix(DOErunNumber,8);
242 Headers2 = {'MODEL PREDICTED','EXPERIMENTALLY MEASURED', 'DIFFERENCE'};
243 rowNames2 = {'Collection diameter', 'Fiber diameter'};
244 end
245 end
246 disp(' ========================== SIMULATION COMPLETED =========================')
247 %% Sound when solution completes
248 sound(sin(1:3000))
249 sound(sin(1:3000))
250 sound(sin(1:3000))
251 animateFcn(solutionPath,yes)
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A.2 Classes
Listing A.2: Body class

1 classdef BodyClass < matlab.mixin.SetGet
2 % BodyClass is a class designed to represent the beads in the system as
3 % components of a multi−body system. While its member attributes store material,
4 % inertial, and kinematic data about bead instances, its member functions
5 % compute operations to determine the beads' kinematic states.
6 %
7 % Author: Abiy Wubneh
8 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
9 %

10 properties
11 % IDENTIFIERS
12 bodyType = 'Unnamed body type';
13 % FIBER CHARACTERSTICS
14 beadRadius = 0;
15 mass = 0;
16 Jo = 0;
17 % MATERIAL PROPERTIES
18 materialName = 'Unnamed material';
19 density = 0;
20 % KINEMATIC PARAMETERS
21 % Generalized coordinates and their derivatives
22 pos = [0 0 0]';
23 quat = [1 0 0 0]';
24 pos_dt = [0 0 0]';
25 quat_dt = [0 0 0 0]';
26 end
27 methods
28 %%
29 function thisBody = BodyClass(param)
30 thisBody.bodyType = param.bead.bodyType;
31 thisBody.beadRadius = param.bead.radius;
32 thisBody.mass = param.bead.mass;
33 thisBody.Jo = param.bead.Jo;
34 thisBody.materialName = param.material.materialName;
35 thisBody.density = param.material.density;
36 end
37 %%
38 function E = EMatFn(THISBODY)
39 % Generates the E matrix of a given body from the quaternions
40 q = THISBODY.quat;
41 E = [−q(2) q(1) q(4) −q(3);
42 −q(3) −q(4) q(1) q(2);
43 −q(4) q(3) −q(2) q(1)];
44 end
45 %%
46 function G = GMatFn(THISBODY)
47 % Generates the G matrix from the quaternions
48 q = THISBODY.quat;
49 G = [−q(2) q(1) −q(4) q(3);
50 −q(3) q(4) q(1) −q(2);
51 −q(4) −q(3) q(2) q(1)];
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52 end
53 %%
54 function E_dt = EdtMatFn(THISBODY)
55 % Generates the time derivative of the E matrix
56 q_dt = THISBODY.quat_dt;
57 E_dt = [−q_dt(2) q_dt(1) q_dt(4) −q_dt(3);
58 −q_dt(3) −q_dt(4) q_dt(1) q_dt(2);
59 −q_dt(4) q_dt(3) −q_dt(2) q_dt(1)];
60 end
61 %%
62 function G_dt = GdtMatFn(THISBODY)
63 % Generates the time derivative of the G matrix
64 q_dt = THISBODY.quat_dt;
65 G_dt = [−q_dt(2) q_dt(1) −q_dt(4) q_dt(3);
66 −q_dt(3) q_dt(4) q_dt(1) −q_dt(2);
67 −q_dt(4) −q_dt(3) q_dt(2) q_dt(1)];
68 end
69 %%
70 function R = RMatFn(THISBODY)
71 %{
72 RMatFn Rotation Matrix Function: Generates the rotation matrix R of
73 the bead instance.
74
75 Use−case 1, Rotation:
76 This matrix can rotate a vector in the reference frame N to a new
77 orientation dictated by the quaternion angle.
78
79 The result is a rotated vector (another vector) expressed in the same
80 reference frame and using the same coordinates as the original vector.
81
82 E.g., given a position vector N_Poriginal_n, pointing from the origin
83 to point Poriginal in N, R can be used to rotate this vector to a new
84 point Protated. The resulting position vector N_Protated_n is given by:
85 N_Protated_n = R*N_Poriginal_n
86
87 Use−case 2, Transformation
88 2. a) Inverse transformation
89 R can also express a given vector expressed in body−fixed coordinates
90 (b) in terms of inertial reference coordinate system (n). Note that the
91 reference frame doesn't change, just the coordinates!
92
93 E.g., Let a position vector ponting from the origin of the body−fixed
94 reference frame B to a Point P be given by N_Poriginal_b (in the
95 inertial reference frame (N) but written in body−fixed coordinates
96 (b)). The expression of this position vector in the inertial reference
97 coordinates (n) is then given by:
98 N_Poriginal_n = R*N_Poriginal_b
99

100 2. b) Forward transformation
101 If the original vector was expressed in the inertial coordinates (n),
102 and one was interested in expressing this vector in the body−fixed
103 coordinates (b), the transpose of R can be used in the calculation
104 instead is as follows:
105 N_Poriginal_b = R'*N_Poriginal_n
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106
107 Reference on this conversion formula can be found at:
108 https://www.mathworks.com/help/fusion/ref/quaternion.rotmat.html
109 https://www.andre−gaschler.com/rotationconverter/
110 https://www.euclideanspace.com/maths/geometry/rotations/
111 conversions/quaternionToMatrix/index.htm
112 %}
113 q = THISBODY.quat;
114 R = [2*(q(1)^2+q(2)^2)−1,2*(q(2)*q(3)−q(1)*q(4)),2*(q(2)*q(4)+q(1)*q(3));
115 2*(q(2)*q(3)+q(1)*q(4)),2*(q(1)^2+q(3)^2)−1,2*(q(3)*q(4)−q(1)*q(2));
116 2*(q(2)*q(4)−q(1)*q(3)),2*(q(3)*q(4)+q(1)*q(2)),2*(q(1)^2+q(4)^2)−1];
117 % Alternatively R can be writtent as: R = G*E.'
118 end
119 %%
120 function [Mp, Mq, Mi] = massMatrixFn(THISBODY)
121 %{
122 massMatrixFn: Mass Matrix Function:
123 Constructs the inertial matrix of a bead
124 %}
125 Mp = THISBODY.mass*eye(3);
126 Mq = 4*THISBODY.Jo*eye(4);
127 Mi = blkdiag(Mp,Mq);
128 end
129 %%
130 function [N_omegBody_n, N_omegBody_b] = omegFn(THISBODY)
131 %{
132 omegaFn: Omeag function calculates the body's angular velocity in rad/s
133 with respect to the inertial reference frame N. The components of this
134 velocity projected onto the inertial reference frame are given by:
135 N_omegaBody_n
136 And the components of the angular velocity projected onto the body−
137 fixed reference frame are given by:
138 N_omegaBody_b
139 %}
140 E = THISBODY.EMatFn;
141 G = THISBODY.GMatFn;
142 q_dt = THISBODY.quat_dt;
143 N_omegBody_b = 2*E*q_dt;
144 N_omegBody_n = 2*G*q_dt; % Ref. [ 1 ]
145 end
146
147 %%
148 function [A,b_baumgarte] = AbFn(THISBODY,Alpha,Beta)
149 %{
150 AbFn: A matrix and b vector generator function:
151 Generates the A matrix and b vector of the quaternion constraint
152 equation.i.e.,
153 A*q_dd = b
154 is the constraint equation due to the identity requirement set on
155 components of the quaternion. i.e.,
156 q = [q0; q1; q2; q3]
157 q0^2 + q1^2 + q2^2 + q3^2 = 1
158
159 Original holonomic constraint
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160 constraint: q0^2 + q1^2 + q2^2 + q3^2 − 1 = 0
161
162 The time derivative of the holonomic constraint:
163 constraint_dt = 2(q0q0_dt + q1q1_dt + q2q2_dt + q3q3_dt) = 0
164 Or in matrix form:
165 constraint_dt = 2*q'q_dt = 0
166
167 Second−time derivative of the holonomic constraint:
168 constrain_dtt = 2*qT*q_dd = −2*norm(q_d)^2 [ 1 ]
169
170 Holonomic constrain_ddt: A*quat_ddt = b;
171 where, A = 2*qT and b = −2*norm(q_d)^2
172
173 Stabilized constraint:
174 constraint_ddt = A*quat_ddt − b_baumgarte
175 where b_baumgarte = b − alpha1*holonomicCsontraintValue −
176 alpha2*nonHolonomicConstraint_dtValue
177
178 Original holonomic constraint in phi(q,t) = 0 format (ideally, this
179 expression should evaluate to zero, but normally is a non−zero value,
180 representing the error/drift).
181 %}
182 q = THISBODY.quat;
183 q_dt = THISBODY.quat_dt;
184 holonomicConstraint = sum(q.*q) − 1;
185 holonomicConstraint_dt = 2*transpose(q)*q_dt;
186 A = 2*[0 0 0 q(1) q(2) q(3) q(4)];
187 b = −2*(q_dt(1)^2 + q_dt(2)^2 + q_dt(3)^2 + q_dt(4)^2);
188 b_baumgarte = b − 2*Alpha*holonomicConstraint_dt − ...
189 Beta^2*holonomicConstraint; % Ref. [ 2 ]
190 end
191 end
192 end
193 %{
194 REFERENCES:
195 [ 1 ]. Firdaus Udwadia, Aaron Schutte. An Alternative
196 Derivation of the Quaternion Equations of Motion for Rigid−Body
197 Rotational Dynamics. Journal of Applied Mechanics, American
198 Society of Mechanical Engineers, 2010, 77 (4), pp.044505.
199 ff10.1115/1.4000917ff. ffhal−01352566ff
200 %}

Listing A.3: Joint class
1 classdef JointClass < matlab.mixin.SetGet
2 % JointClass is a class for generating the parameters and methods defining a
3 % viscoelastic joint between two given beads. In the event there is only one
4 % body in the system, the joint will be between that body and the ground.
5 %
6 % Author: Abiy Wubneh
7 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
8 %
9 properties

10 % STATIC VARIABLES
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11 jointType = 'Viscoelastic joint';
12 bodies = {};
13 material = [];
14 param = [];
15 % Fiber length
16 linkOriginalLength = 0;
17 nozzleUnitVec = [];
18 pos = [];
19 collectorDistance = 0;
20 % DYNAMIC VARIABLES
21 stress = 0;
22 end
23 methods
24 %% CONSTRUCTOR
25 %function thisJoint = ViscoelasticJoint(stress,bodyPair,param)
26 function thisJoint = JointClass(bodyPair,param)
27 thisJoint.param = param;
28 thisJoint.bodies = bodyPair;
29 thisJoint.material = param.material;
30 thisJoint.collectorDistance = param.equipment.collectorDistance;
31 thisJoint.nozzleUnitVec = param.equipment.nozzleUnitVec;
32 thisJoint.linkOriginalLength = param.fiber.initialLength;
33 end
34 %%
35 function pos = jointPosFn(THISJOINT,t)
36 %jointFposFn identifies the joint connection points on each body it
37 % connects. If the number of bodies in the system is 1, then the first
38 % position is taken as the ground connection point, which, in this case,
39 % is the nozzle tip. If the number of bodies is 2, the points in question
40 % represent the center of mass of the beads where the joint is assumed to
41 % be connected to the bodies.
42 %
43 % THISJOINT is a joint object
44 % t is the dynamic time variable
45 if numel(THISJOINT.bodies) == 1
46 [pos1,~,~] = nozzlePosVelAccFcn(t,THISJOINT.param.gCode);
47 pos2 = THISJOINT.bodies{1}.pos;
48 elseif numel(THISJOINT.bodies) == 2
49 pos1 = THISJOINT.bodies{1}.pos;
50 pos2 = THISJOINT.bodies{2}.pos;
51 else
52 error('At one or two bodies are requered to form a joint!')
53 end
54 pos = 0.5*(pos1 + pos2);
55 end
56 %%
57 function linkLength = linkCurrentLengthFn(THISJOINT,t)
58 %linkCurrentLengthFn measures the instantaneous distance between the two
59 % bodies THISJOINT is connecting.
60 %
61 if numel(THISJOINT.bodies) == 1
62 [pos1,~,~] = nozzlePosVelAccFcn(t, THISJOINT.param.gCode);
63 pos2 = THISJOINT.bodies{1}.pos;
64 elseif numel(THISJOINT.bodies) == 2
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65 pos1 = THISJOINT.bodies{1}.pos;
66 pos2 = THISJOINT.bodies{2}.pos;
67 else
68 error('At one or two bodies are requered to form a joint!')
69 end
70 linkLength = norm(pos2−pos1);
71 end
72 %%
73 function linkExtension = linkExtensionFn(THISJOINT,t)
74 %linkExtensionFn measures the amount of extension (or compression) taken
75 % place from the original gap between the two bodies THISJOINT is
76 % connecting.
77 %
78 linkExtension = THISJOINT.linkCurrentLengthFn(t) − ...
79 THISJOINT.linkOriginalLength;
80 end
81 %%
82 function unitVec = unitVectorFn(THISJOINT,t)
83 %unitVectorFn returns a unit vector pointing from the center of mass of
84 % the lower body (pos1) to the center of mass of the upper body (pos2)
85 % that THISJOINT connects.
86 %
87 if numel(THISJOINT.bodies) == 1
88 [pos1,~,~] = nozzlePosVelAccFcn(t, THISJOINT.param.gCode);
89 pos2 = THISJOINT.bodies{1}.pos;
90 elseif numel(THISJOINT.bodies) == 2
91 pos1 = THISJOINT.bodies{1}.pos;
92 pos2 = THISJOINT.bodies{2}.pos;
93 else
94 error('At one or two bodies are requered to form a joint!')
95 end
96 if norm(pos2−pos1) == 0
97 unitVec = −THISJOINT.nozzleUnitVec;
98 else
99 unitVec = (pos2−pos1)/norm(pos2−pos1);

100 % unit vector from Point 1 to Point 2
101 end
102 end
103 %%
104 function relativeVelocity = relativeVelocityFn(THISJOINT,t)
105 % relativeVelocityFn(JOINT,t) returns the velocity of the upper body
106 % (Body 2) relative to the lower body (Body 1).
107 %
108 if numel(THISJOINT.bodies) == 1
109 [~,pos1_dt,~] = nozzlePosVelAccFcn(t, THISJOINT.param.gCode);
110 pos2_dt = THISJOINT.bodies{1}.pos_dt;
111 elseif numel(THISJOINT.bodies) == 2
112 pos1_dt = THISJOINT.bodies{1}.pos_dt;
113 pos2_dt = THISJOINT.bodies{2}.pos_dt;
114 else
115 error('At one or two bodies are requered to form a joint!')
116 end
117 relativeVelocity = pos2_dt − pos1_dt;
118 end
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119 %% Constraints
120 function [A1,A2,b_baumgarte] = AbFn(THISJOINT,t,Alpha,Beta)
121 % AbFn returns the coefficient matrix components [A1 A2] and vector b of
122 % the viscoelastic joint constraint equation.
123 %
124 % The constraint equation, phi(t) = 0, its first time derivative
125 % phi_dt(t) = 0, and second−time derivative phi_ddt(t) = 0 are defined so
126 % that the Baumgarte numerical stabilization method is employed. i.e.,
127 % phi_ddt + 2*alpha*phi_dt + beta^2*phi = 0 (Eq. 1)
128 % is used in the solution in place of the original
129 % phi_ddt = 0.
130 % The constraint equation in Eq.1 is rearranged to get the result in the
131 % A*q_ddt − b = 0
132 % form, specifically partitioning the A matrix:
133 % [A1 A2] q_ddt − b = 0.
134 % The deviation follows these steps:
135 %
136 bodyCount = numel(THISJOINT.bodies);
137 if bodyCount == 1
138 [pos1,pos1_dt,~] = nozzlePosVelAccFcn(t, THISJOINT.param.gCode);
139 pos2 = THISJOINT.bodies{1}.pos;
140 pos2_dt = THISJOINT.bodies{1}.pos_dt;
141 elseif bodyCount == 2
142 pos1 = THISJOINT.bodies{1}.pos;
143 pos2 = THISJOINT.bodies{2}.pos;
144 pos1_dt = THISJOINT.bodies{1}.pos_dt;
145 pos2_dt = THISJOINT.bodies{2}.pos_dt;
146 else
147 error('At one or two bodies are requered to form a joint!')
148 end
149 pos_rel = pos2 − pos1;
150 vel_rel = pos2_dt − pos1_dt;
151 pos_rel_skew = [0 −pos_rel(1) −pos_rel(2) −pos_rel(3);
152 pos_rel(1) 0 −pos_rel(3) pos_rel(2);
153 pos_rel(2) pos_rel(3) 0 −pos_rel(1);
154 pos_rel(3) −pos_rel(2) pos_rel(1) 0];
155 R = THISJOINT.bodies{bodyCount}.RMatFn;
156 E = THISJOINT.bodies{bodyCount}.EMatFn;
157 E_dt = THISJOINT.bodies{bodyCount}.EdtMatFn;
158 G_dt = THISJOINT.bodies{bodyCount}.GdtMatFn;
159 % Constraint equations in matrix form (two equations!)
160 holonomicConstraint = R.'*pos_rel;
161 holonomicConstraint = holonomicConstraint(1:2);
162 % First−time derivative of the above constraint equations
163 holonomicConstraint_dt = R.'*vel_rel + 2*E*G_dt.'*pos_rel;
164 holonomicConstraint_dt = holonomicConstraint_dt(1:2);
165 % Second−time derivative of the constraints
166 A1 = [−R.', zeros(3,4)];
167 A2 = [R.', 2*E*pos_rel_skew];
168 b = −4*E*G_dt.'*vel_rel − 2*E_dt*G_dt.'*pos_rel;
169 if numel(THISJOINT.bodies) == 1
170 [~,~,nozzleAcceleration] = nozzlePosVelAccFcn(t,THISJOINT.param.gCode);
171 b = b − A1*[nozzleAcceleration; 0; 0; 0; 0];
172 % the nozzle has constant orientation, hence zero angular velocity and
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173 % angular acceleration
174 A1 = zeros(3,7);
175 end
176 b = b(1:2);
177 A1 = A1(1:2,:);
178 A2 = A2(1:2,:);
179 % Baumgarte constraint stablization
180 b_baumgarte = b−2*Alpha*holonomicConstraint_dt−Beta^2*holonomicConstraint;
181 % Ref. [ 2 ]
182 end
183 %%
184 function stress_dt = stress_dtFn(THISJOINT,t)
185 % stress_dtFn returns the time derivative of the
186 % tensile stress in the viscoelastic joint.
187 jointPos = THISJOINT. jointPosFn(t);
188 [E0, E1, eta1] = elasticParametersFcn(THISJOINT.material, ...
189 THISJOINT.collectorDistance, jointPos(3));
190 relativeVelocity = THISJOINT.relativeVelocityFn(t);
191 unitVector = THISJOINT.unitVectorFn(t);
192 extensionVelocity = dot(relativeVelocity,unitVector)*unitVector;
193 stress_dt = −(E1/eta1)*THISJOINT.stress + ...
194 (E0*E1/eta1)*THISJOINT.linkExtensionFn(t) + ...
195 (E0+E1)*dot(extensionVelocity,unitVector);
196 end
197 end
198 end

Listing A.4: Multi-body class
1 classdef MultibodyClass
2 % MultibodyClass creates an instances of a multibody system baed on number of
3 % active beads in the system. It handles all interactions between beads,
4 % including forming equation of motions and andling constraints.
5 %
6 % Author: Abiy Wubneh
7 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
8 %
9 properties

10 N = 0; % Number of beads
11 param = struct([]);
12 bodies = {};
13 joints = {};
14 numOfActive = 0;
15 tableTouchedRegister = [];
16 t = 0;
17 X = [];
18 x0 = [];
19 dim = [];
20 end
21 methods
22 %% CONSTRUCTOR
23 function thisMultibody = MultibodyClass(t, X, param, numOfActive, ...
24 tableTouchedRegister, x0, dim)
25 thisMultibody.numOfActive = numOfActive;
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26 thisMultibody.tableTouchedRegister = tableTouchedRegister;
27 thisMultibody.param = param;
28 thisMultibody.bodies = generateBodiesFn(thisMultibody);
29 thisMultibody.joints = generateJointsFn(thisMultibody);
30 thisMultibody.t = t;
31 thisMultibody.X = X;
32 thisMultibody.x0 = x0;
33 thisMultibody.dim = dim;
34 end
35 %% BODIES
36 function BODIES = generateBodiesFn(THISMULTIBODY)
37 % generateBodiesFn generates bodies in the multibody system based on the
38 % number of active bodies.
39 params = THISMULTIBODY.param;
40 BODIES = cell(THISMULTIBODY.numOfActive,1);
41 % list of bodies doesn't include the Ground link
42 for i = 1:THISMULTIBODY.numOfActive
43 BODIES{i} = BodyClass(params);
44 end
45 end
46 %% JOINTS
47 function JOINTS = generateJointsFn(THISMULTIBODY)
48 params = THISMULTIBODY.param;
49 BODIES = THISMULTIBODY.bodies;
50 JOINTS = cell(THISMULTIBODY.numOfActive,1);
51 % Each body has a joint connecting it to the previuos body. In the case of
52 % only one body, the joint connects the body to the ground.
53 for i = 1:THISMULTIBODY.numOfActive
54 if i == 1
55 bodyPair = BODIES(i);
56 % note: {A{i}} is same as A(1), but the latter is even faster
57 elseif i > 1
58 bodyPair = {BODIES{i−1} BODIES{i}};
59 end
60 JOINTS{i} = JointClass(bodyPair,params);
61 end
62 end
63 %% MASS MATRIX
64 function [M_udd, M_uddInv, M_udd05, M_udd_05, M_ODE, M_ODEInv] = ...
65 massMatrixFn(THISMULTIBODY)
66 M_ODE = eye(15*THISMULTIBODY.numOfActive);
67 M_ODEInv = eye(15*THISMULTIBODY.numOfActive);
68 CofVec = cell(THISMULTIBODY.numOfActive,1);
69 CofVec_inv = cell(THISMULTIBODY.numOfActive,1);
70 CofVec_05 = cell(THISMULTIBODY.numOfActive,1);
71 CofVec__05 = cell(THISMULTIBODY.numOfActive,1);
72 CofVec(:) = {THISMULTIBODY.param.massMatrix.cofVec};
73 CofVec_inv(:) = {THISMULTIBODY.param.massMatrix.cofVec_inv};
74 CofVec_05(:) = {THISMULTIBODY.param.massMatrix.cofVec_05};
75 CofVec__05(:) = {THISMULTIBODY.param.massMatrix.cofVec__05};
76 M_udd = diag(cell2mat(CofVec)); % Coefficient matrix from EOM
77 M_uddInv = diag(cell2mat(CofVec_inv));
78 M_udd05 = diag(cell2mat(CofVec_05));
79 M_udd_05 = diag(cell2mat(CofVec__05));
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80 M_ODE(7*THISMULTIBODY.numOfActive+1:2*7*THISMULTIBODY.numOfActive, ...
81 7*THISMULTIBODY.numOfActive+1:2*7*THISMULTIBODY.numOfActive) = M_udd;
82 M_ODEInv(7*THISMULTIBODY.numOfActive+1:2*7*THISMULTIBODY.numOfActive,...
83 7*THISMULTIBODY.numOfActive+1:2*7*THISMULTIBODY.numOfActive) = M_uddInv;
84 end
85 %% CONSTRAINTS
86 function [A,b] = AbFn(THISMULTIBODY,t)
87 %% global numOfActive tableTouchedRegister x0 dim
88 alpha_baumgarte = THISMULTIBODY.param.solver.Baumgarte.alpha_baumgarte;
89 beta_baumgarte = THISMULTIBODY.param.solver.Baumgarte.beta_baumgarte;
90 %% Body constraints
91 A_bodies = zeros(THISMULTIBODY.numOfActive, ...
92 THISMULTIBODY.dim*THISMULTIBODY.numOfActive);
93 b_bodies = zeros(THISMULTIBODY.numOfActive,1);
94 for i = 1:THISMULTIBODY.numOfActive
95 idx1 = i*THISMULTIBODY.dim−6;
96 idx2 =i*THISMULTIBODY.dim;
97 [A_bodies(i,idx1:idx2), b_bodies(i)] = ...
98 THISMULTIBODY.bodies{i}.AbFn(alpha_baumgarte,beta_baumgarte);
99 end

100 %% Joint constraints
101 A_joints = zeros(THISMULTIBODY.numOfActive*...
102 2,THISMULTIBODY.dim*(THISMULTIBODY.numOfActive+1));
103 % +1 because the ground is temporarily included in the matrix formation
104 b_joints = zeros(THISMULTIBODY.numOfActive*2,1);
105 for i = 1:THISMULTIBODY.numOfActive
106 idx1 = i*2−1;
107 idx2 = i*2;
108 jdx1 = i*THISMULTIBODY.dim−6;
109 jdx2 =i*THISMULTIBODY.dim;
110 [A_joints(idx1:idx2,jdx1:jdx2), A_joints(idx1:idx2,...
111 jdx1+THISMULTIBODY.dim:jdx2+THISMULTIBODY.dim), ...
112 b_joints(idx1:idx2)] = ...
113 THISMULTIBODY.joints{i}.AbFn(t,alpha_baumgarte,beta_baumgarte);
114 end
115 A_joints(:,1:THISMULTIBODY.dim) = [];
116 %% Table−sticking constraints
117 if ~any(THISMULTIBODY.tableTouchedRegister)
118 % If there are no beads stuck on the collector yet, use empity matrices
119 % for A and b.
120 A_table = [];
121 b_table_baumgarte = [];
122 elseif any(THISMULTIBODY.tableTouchedRegister)
123 % if any beads are touching the table, ...
124 stuckBeadsIndx = find(THISMULTIBODY.tableTouchedRegister);
125 % find the indexes of these beads
126 A_table = cell(numel(stuckBeadsIndx),THISMULTIBODY.numOfActive);
127 % create a matrix to contain constraints for these stuck beads
128 A_table(:) = {zeros(3,THISMULTIBODY.dim)};
129 % fill the initial matirx with zeros
130 for row = 1:numel(stuckBeadsIndx)
131 indx = stuckBeadsIndx(row);
132 A_table{row,indx} = [eye(3), zeros(3,4)];
133 end
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134 A_table = cell2mat(A_table);
135 b_table = zeros(3*numel(stuckBeadsIndx),1);
136 posStates_Short = cell(numel(stuckBeadsIndx),1);
137 % table_pos_states(:) = {zeros(3,1)};
138 posStates_dt_Short = cell(numel(stuckBeadsIndx),1);
139 posTargets_short = cell(numel(stuckBeadsIndx),1);
140 posTargets_Full = ...
141 (THISMULTIBODY.x0(1:THISMULTIBODY.dim*THISMULTIBODY.numOfActive))';
142 for row = 1:numel(stuckBeadsIndx)
143 indx = stuckBeadsIndx(row);
144 r1 = THISMULTIBODY.dim*(indx−1)+1;
145 r2 = r1+2;
146 posStates_Short{row,1} = THISMULTIBODY.bodies{indx}.pos;
147 posStates_dt_Short{row,1} = THISMULTIBODY.bodies{indx}.pos_dt;
148 posTargets_short{row,1} = posTargets_Full(r1:r2);
149 end
150 posStates_Short = cell2mat(posStates_Short);
151 posStates_dt_Short = cell2mat(posStates_dt_Short);
152 posTargets_short = cell2mat(posTargets_short);
153 holonomicConstraint = posStates_Short − posTargets_short;
154 holonomicConstraint_dt = posStates_dt_Short;
155 % − targetPos_dt_short;
156 b_table_baumgarte = ...
157 b_table − 2*alpha_baumgarte*holonomicConstraint_dt − ...
158 beta_baumgarte^2*holonomicConstraint;
159 end
160 %% assembled A and b
161 b = [b_bodies; b_joints; b_table_baumgarte];
162 A = [A_bodies; A_joints; A_table];
163 end
164 %% FORCES
165 % function [Qtotal, M_ODEInv] = forcesFn(THISMULTIBODY,t)
166 %% 1. Force of gravity and its moment
167 function Q_gravity = forceGravityFn(THISMULTIBODY)
168 % global numOfActive
169 if THISMULTIBODY.param.forces.includeGravitationalForces == true
170 Q_gravity = cell(THISMULTIBODY.numOfActive,1);
171 Q_gravity(:) = {THISMULTIBODY.param.forces.gravityForce};
172 Q_gravity = cell2mat(Q_gravity);
173 else
174 Q_gravity = zeros(THISMULTIBODY.numOfActive*7,1);
175 end
176 end
177 %% Electric field forces
178 function Q_electric = forceElectricFieldFn(THISMULTIBODY)
179 if THISMULTIBODY.param.forces.includeElectricFieldForces == true
180 Q_electric = cell(THISMULTIBODY.numOfActive,1);
181 Q_electric(:) = {THISMULTIBODY.param.forces.electricFieldForce};
182 Q_electric = cell2mat(Q_electric);
183 else
184 Q_electric = zeros(THISMULTIBODY.numOfActive*7,1);
185 end
186 end
187 %% Coulomb forces
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188 function Q_coulomb = forceCoulomb(THISMULTIBODY,t)
189 ke = 8.987E09;
190 % Otion 1 ... runs slower than Option 2
191 if THISMULTIBODY.param.forces.includeCoulombForces == 0
192 Q_coulomb = zeros(THISMULTIBODY.numOfActive*7,1);
193 else
194 beadCharge = THISMULTIBODY.param.bead.charge;
195 POS_vec_i = ...
196 cell(THISMULTIBODY.numOfActive+1,THISMULTIBODY.numOfActive+1);
197 [nozPos, ~, ~] = nozzlePosVelAccFcn(t, THISMULTIBODY.param.gCode);
198 POS_vec_i(1,:) = {[nozPos; zeros(4,1)]};
199 % It is assumed that the electric charge on the nozzle itself is
200 % contributing to the repelling of the beads away from the nozzle
201 for i = 1:THISMULTIBODY.numOfActive
202 POS_vec_i(i+1,:) = {[THISMULTIBODY.bodies{i}.pos; zeros(4,1)]};
203 end
204 Rji = cellfun(@minus,transpose(POS_vec_i), ...
205 POS_vec_i,'UniformOutput',false);
206 Q_coulomb = cellfun(@(x) − ...
207 ke*beadCharge^2*x/(norm(x))^3, Rji, 'UniformOutput',false);
208 Q_coulomb(1,:) = [];
209 Q_coulomb = cell2mat( Q_coulomb);
210 Q_coulomb(isnan(Q_coulomb)) = 0;
211 Q_coulomb = sum(Q_coulomb,2);
212 end
213 end
214 %% Gyroscopic moments
215 function Q_gyroscopic = momentGyroscopicFn(THISMULTIBODY)
216 % global numOfActive
217 Q_gyroscopic = zeros(THISMULTIBODY.numOfActive*7,1);
218 for i = 1:THISMULTIBODY.numOfActive
219 idx1 = i*7−3;
220 idx2 = idx1+3;
221 Q_gyroscopic(idx1:idx2) = ...
222 − 4*THISMULTIBODY.param.bead.Jo*...
223 (norm(THISMULTIBODY.bodies{i}.quat_dt))^2*....
224 THISMULTIBODY.bodies{i}.quat;
225 end
226 end
227 %% Joint viscoelastic forces
228 function Q_jointsLinear = forceViscoelasticFn(THISMULTIBODY,t)
229 Q_jointsLinear = ...
230 zeros((THISMULTIBODY.numOfActive+1)*7, THISMULTIBODY.numOfActive);
231 if THISMULTIBODY.param.forces.includeViscoelasticLinear == true
232 for i = 1:THISMULTIBODY.numOfActive
233 idx1 = i*7−6;
234 idx2 = idx1+2;
235 fiberCrosssectionalArea = ...
236 THISMULTIBODY.param.bead.volume/...
237 THISMULTIBODY.joints{i}.linkCurrentLengthFn(t); % m^2
238 FveOnLowerBody = ...
239 fiberCrosssectionalArea*THISMULTIBODY.joints{i}.stress*...
240 THISMULTIBODY.joints{i}.unitVectorFn(t);
241 % Viscoelastic force applied on the ground/nozzle
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242 FveOnThisBody = −FveOnLowerBody;
243 Q_jointsLinear(idx1:idx2,i) = FveOnLowerBody;
244 Q_jointsLinear(idx1+7:idx2+7,i) = FveOnThisBody;
245 end
246 end
247 Q_jointsLinear(1:7,:) = [];
248 Q_jointsLinear = sum(Q_jointsLinear,2);
249 end
250 %% Joint viscoelastic moments
251 function Q_jointTorques = momentViscoelasticFn(THISMULTIBODY,t)
252 Q_jointTorques = ...
253 zeros((THISMULTIBODY.numOfActive+1)*7, THISMULTIBODY.numOfActive);
254 if THISMULTIBODY.param.forces.includeViscoelasticTorsional == true
255 for i = 1:THISMULTIBODY.numOfActive
256 idx1 = i*7−3; % from q0 to q3
257 idx2 = idx1+3;
258 if numel(THISMULTIBODY.joints{i}.bodies) == 1
259 u_lowerBody = THISMULTIBODY.param.equipment.nozzleUnitVec;
260 u_thisBody = THISMULTIBODY.joints{i}.unitVectorFn(t);
261 G_lowerBody = ...
262 quatGMatrixFcn(THISMULTIBODY.param.equipment.nozzleQuat);
263 G_thisBody = THISMULTIBODY.joints{i}.bodies{1}.GMatFn;
264 N_omeg1_n = [0; 0; 0];
265 [N_omeg2_n,~] = THISMULTIBODY.joints{i}.bodies{1}.omegFn;
266 %z_position = THISMULTIBODY.joints{i}.bodies{1}.pos(3);
267 elseif numel(THISMULTIBODY.joints{i}.bodies) == 2
268 u_lowerBody = THISMULTIBODY.joints{i−1}.unitVectorFn(t);
269 u_thisBody = THISMULTIBODY.joints{i}.unitVectorFn(t);
270 G_lowerBody = THISMULTIBODY.joints{i}.bodies{1}.GMatFn;
271 G_thisBody = THISMULTIBODY.joints{i}.bodies{2}.GMatFn;
272 [N_omeg1_n,~] = THISMULTIBODY.joints{i}.bodies{1}.omegFn;
273 [N_omeg2_n,~] = THISMULTIBODY.joints{i}.bodies{2}.omegFn;
274 %z_position = THISMULTIBODY.joints{i}.bodies{2}.pos(3);
275 end
276 jointPos = THISMULTIBODY.joints{i}.jointPosFn(t);
277 Kt = KtFcn(THISMULTIBODY.param.material, ...
278 THISMULTIBODY.param.equipment.collectorDistance, jointPos(3));
279 Ct = CtFcn(THISMULTIBODY.param.material, ...
280 THISMULTIBODY.param.equipment.collectorDistance, jointPos(3));
281 unitVecsCrossed = cross(u_lowerBody,u_thisBody);
282 unitVecsVrossed_Norm = norm(unitVecsCrossed);
283 includedAngle = ...
284 atan2(unitVecsVrossed_Norm,dot(u_lowerBody,u_thisBody));
285
286 if unitVecsVrossed_Norm == 0
287 hingeUnitVec = [1; 0; 0];
288 else
289 hingeUnitVec = unitVecsCrossed/unitVecsVrossed_Norm;
290 end
291 N_omeg21_n = N_omeg2_n − N_omeg1_n;
292 % angular velocity of this body relative to the lower body
293 N_TorqueOnThisBody_n = ...
294 −Kt*includedAngle*hingeUnitVec − Ct*N_omeg21_n;
295 N_TorqueOnLowerBody_n = − N_TorqueOnThisBody_n;
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296 Q_jointTorques(idx1+7:idx2+7,i) = ...
297 2*G_thisBody.'*N_TorqueOnThisBody_n;
298 Q_jointTorques(idx1:idx2,i) = 2*G_lowerBody.'*N_TorqueOnLowerBody_n;
299 % 2*E_T*N_Gamma_n
300 end
301 end
302 Q_jointTorques(1:7,:) = [];
303 % this represents the reaction torque on the nozzle applied by the exiting
304 % bead
305 Q_jointTorques = sum(Q_jointTorques,2);
306 end
307 %% Q_total
308 function [Qtotal, M_ODEInv] = forcesFn(THISMULTIBODY,t)
309 Q = THISMULTIBODY.forceGravityFn + ...
310 THISMULTIBODY.forceElectricFieldFn + ...
311 THISMULTIBODY.forceCoulomb(t) + ...
312 THISMULTIBODY.momentGyroscopicFn + ...
313 THISMULTIBODY.forceViscoelasticFn(t) + ...
314 THISMULTIBODY.momentViscoelasticFn(t);
315 [A,b] = THISMULTIBODY.AbFn(t);
316 [~, M_uddInv, M_udd05, M_udd_05, ~, M_ODEInv] = ...
317 THISMULTIBODY.massMatrixFn;
318 Q_constraint = M_udd05*pinv(A*M_udd_05)*(b − A*M_uddInv*Q);
319 Qtotal = Q + Q_constraint;
320 end
321 %% EQUATION OF MOTION
322 function [Udd] = EOMFn(THISMULTIBODY)
323 POSQUAT = THISMULTIBODY.X(1:7*THISMULTIBODY.numOfActive,1);
324 POSQUAT_dt = THISMULTIBODY.X(7*THISMULTIBODY.numOfActive+1:2*7*...
325 THISMULTIBODY.numOfActive,1);
326 FVE = THISMULTIBODY.X(2*7*THISMULTIBODY.numOfActive+1:end,1);
327 u_dt = POSQUAT_dt;
328 for i = 1:THISMULTIBODY.numOfActive
329 idx1 = 7*i−6;
330 idx2 = 7*i;
331 X_posquat_i = POSQUAT(idx1:idx2);
332 X_posquat_dt_i = POSQUAT_dt(idx1:idx2);
333 THISMULTIBODY.bodies{i}.pos = X_posquat_i(1:3);
334 THISMULTIBODY.bodies{i}.quat = X_posquat_i(4:7);
335 THISMULTIBODY.bodies{i}.pos_dt = X_posquat_dt_i(1:3);
336 THISMULTIBODY.bodies{i}.quat_dt = X_posquat_dt_i(4:7);
337 THISMULTIBODY.joints{i}.stress = FVE(i);
338 end
339 stress_dt = zeros(THISMULTIBODY.numOfActive,1);
340 for i = 1:THISMULTIBODY.numOfActive
341 stress_dt(i) = THISMULTIBODY.joints{i}.stress_dtFn(THISMULTIBODY.t);
342 end
343 [Qtotal,M_ODEInv] = THISMULTIBODY.forcesFn(THISMULTIBODY.t);
344 Udd = M_ODEInv*[u_dt; Qtotal; stress_dt];
345 end
346 end
347 end
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A.3 Functions
Listing A.5: allNaNEliminatorFcn: All-NaN rows or columns eliminator function

1 function cleanedMatrices = allNaNEliminatorFcn(varargin)
2 % ==================================================================================
3 % ALLNANELIMINATORFCN Eliminates rows columns or rows from input matrices
4 % based on all−NaN rows or columns in a reference matrix. If the ith row or
5 % column in the reference matrix is all NaN elements, and the corresponding
6 % rows or columns in the target matrices will be removed.
7 %
8 % Input arguments:
9 % varargin{1}: Selection option for row operations. If yes, the

10 % function eliminates rows with all NaN elements
11 % varargin{2}: Selection option for column operations. If yes, the
12 % function eliminates rows with all NaN columns.
13 % varargin{3}: Option to resize the target matrice to match the
14 % reference matrix
15 % varargin{4}: Reference matrix
16 % varargin{5,6, ...}: Target matrices to be cleaned based on the
17 % reference matrix.
18 %
19 % Output argument:
20 % CLEANEDMATRICES: A structure containing the cleaned versions of the
21 % target and reference matrices. The members of the structure have the same
22 % name as the input. The cleaned matrices could be accessed by using
23 % the dot operation, i.e.,
24 % member1 = CLEANEDMATRICES.member1
25 %
26 % Author: Abiy Wubneh
27 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
28
29 referenceMatrix = varargin{4};
30 [ref_row, ref_col] = size(referenceMatrix);
31 clean_row = varargin{1};
32 clean_col = varargin{2};
33 free_form = varargin{3};
34 for i =4:nargin
35 targetMatrix = varargin{i};
36 [target_row, target_col] = size(targetMatrix);
37 if free_form == yes
38 if target_row > ref_row
39 target_row = ref_row;
40 end
41 if target_col > ref_col
42 target_col = ref_col;
43 end
44 elseif free_form == no
45 if (clean_row == yes) && (target_row ~= ref_row)
46 error(['Target ' num2str(i−3) ...
47 ' and the reference matrices have incompatible row sizes!'])
48 end
49 if (clean_col == yes) && (target_col ~= ref_col)
50 error(['Target ' num2str(i−3) ...
51 ' and the reference matrices have incompatible column sizes!'])
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52 end
53 end
54 if varargin{1} == yes % Remove blank rows based on reference matrix
55 targetMatrix(~any(~isnan(referenceMatrix(1:target_row,:)),2),:) = [];
56 end
57 if varargin{2} == yes % Remove blank columns based on reference matrix
58 targetMatrix(:,~any(~isnan(referenceMatrix(:,1:target_col)),1)) = [];
59 end
60 cleanedMatrices.(inputname(i)) = targetMatrix;
61 end
62 end

Listing A.6: animateFcn: Function for animating simulation results
1 function animateFcn(solnDirectoryPath, animationOption)
2 % ANIMATEFCN Animates the simulation result. It takes the solution path and
3 % animation options.
4 %
5 % Input arguments
6 % Input 1: Path to the directory where the solution is saved
7 % Input 2: Animation option. If the value is yes, the animation of the
8 % solution runs and saves a video file in the solution directory. If no, only
9 % the final accumulation snapshot is returned as a single image. The image is

10 % also saved in the same directory.
11 %
12 % Author: Abiy Wubneh
13 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
14
15 %% Import data
16 simSummaryPath = fullfile(solnDirectoryPath, 'SimulationSummary.mat');
17 tempSummaryStruct = load(simSummaryPath, 'simulationSummary');
18 simSummary = tempSummaryStruct.simulationSummary;
19 fiberChar = simSummary.fiberChar;
20 param = simSummary.param;
21 numOfSegements = param.solver.numOfSegments;
22 segArraySizesMatrix = param.solver.segSolArraySizes;
23 solnNumOfRows = sum(segArraySizesMatrix(:,1),1);
24 solnlNumofCol = segArraySizesMatrix(1,2);
25 rowLimit = 10000;
26 colLimit = 50000;
27 rowJump = ceil(solnNumOfRows/rowLimit);
28 animationNumOfRows = ceil(solnNumOfRows/rowJump) + numOfSegements;
29 tSol = NaN(animationNumOfRows, 1);
30 xSolNaN = NaN(animationNumOfRows, segArraySizesMatrix(1,2));
31 ySolNaN = NaN(animationNumOfRows, segArraySizesMatrix(1,2));
32 zSolNaN = NaN(animationNumOfRows, segArraySizesMatrix(1,2));
33 nozzlePos = NaN(animationNumOfRows, 3);
34 if lower(animationOption) == yes
35 startingSegID = 1;
36 startIndx = 1;
37 for segID = startingSegID:1:numOfSegements
38 fullFileName = ...
39 fullfile(solnDirectoryPath, sprintf('SegmentSoln%d.mat',segID));
40 tempSolStruct = load(fullFileName, 'segSol');
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41 soln = tempSolStruct.segSol;
42 animSegLength = length(soln.time_vec(1:rowJump:end));
43 endIndx = startIndx + animSegLength − 1;
44 tSol(startIndx:endIndx,:) = soln.time_vec(1:rowJump:end);
45 xSolNaN(startIndx:endIndx,:) = soln.x(1:rowJump:end,:);
46 ySolNaN(startIndx:endIndx,:) = soln.y(1:rowJump:end,:);
47 zSolNaN(startIndx:endIndx,:) = soln.z(1:rowJump:end,:);
48 nozzlePos(startIndx:endIndx,:) = [soln.nozzlePos.x(1:rowJump:end,:), ...
49 soln.nozzlePos.y(1:rowJump:end,:), soln.nozzlePos.z(1:rowJump:end,:)];
50 clearvars soln tempSolStruct
51 startIndx = endIndx + 1;
52 end
53 else
54 fullFileName = ...
55 fullfile(solnDirectoryPath, sprintf('SegmentSoln%d.mat',numOfSegements));
56 tempSolStruct = load(fullFileName, 'segSol');
57 soln = tempSolStruct.segSol;
58 tSol = soln.time_vec(end); % read only the last row of the last segment
59 xSolNaN = soln.x(end,:);
60 ySolNaN = soln.y(end,:);
61 zSolNaN = soln.z(end,:);
62 nozzlePos(1,:) = ...
63 [soln.nozzlePos.x(end,:), soln.nozzlePos.y(end,:), soln.nozzlePos.z(end,:)];
64
65 clearvars soln tempSolStruct
66 end
67 fullNaNRowRemoved = ...
68 allNaNEliminatorFcn(yes,no,no,tSol,xSolNaN,ySolNaN,zSolNaN);
69 tSol = fullNaNRowRemoved.tSol;
70 xSolmm = 1000*fullNaNRowRemoved.xSolNaN;
71 ySolmm = 1000*fullNaNRowRemoved.ySolNaN;
72 zSolmm = 1000*fullNaNRowRemoved.zSolNaN;
73 nozzlePos = 1000*nozzlePos;
74 %% Check the quality of the solution data before plotting
75 % check if there are any NaN values exist in the solution
76 xNaNCheck = NaNCheckFcn(xSolmm);
77 yNaNCheck = NaNCheckFcn(ySolmm);
78 zNaNCheck = NaNCheckFcn(zSolmm);
79 if xNaNCheck || yNaNCheck || zNaNCheck
80 error('NaN found!')
81 end
82 % Check if the dimensions of the solution data are compatible/correct/
83 if ~isequal(size(xSolmm), size(ySolmm), size(zSolmm))
84 error('x, y, and z position solution matrices are not of euqal dimensions!')
85 end
86 [totalNumofTimeSeteps, numOfColumns] = size(xSolmm);
87 if totalNumofTimeSeteps ~= size(xSolmm,1)
88 error('Length of solution time vector not same as the rest of the soluton!')
89 end
90 %% Create a smooth spline for smooth printing.
91 %posVecSpacedSmooth = smoothdata(posVecSpaced, 'gaussian', 150);
92 xSpline = cell(totalNumofTimeSeteps,1);
93 ySpline = cell(totalNumofTimeSeteps,1);
94 zSpline = cell(totalNumofTimeSeteps,1);
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95 columnFiller = floor(colLimit/solnlNumofCol);
96 if columnFiller < 1
97 columnFiller = 1;
98 elseif columnFiller > 8
99 columnFiller = 8;

100 end
101 col = 1:numOfColumns;
102 col_linSpaced = linspace(1,numOfColumns, columnFiller*numOfColumns);
103 if animationOption == yes
104 startingTimeIndx = 1;
105 else
106 startingTimeIndx = totalNumofTimeSeteps;
107 end
108 for timeStep = startingTimeIndx:totalNumofTimeSeteps
109 pp = spline(col,[xSolmm(timeStep,:); ySolmm(timeStep,:); zSolmm(timeStep,:)]);
110 xyz_interpolated = ppval(pp,col_linSpaced);
111 xSpline{timeStep} = xyz_interpolated(1,:);
112 ySpline{timeStep} = xyz_interpolated(2,:);
113 zSpline{timeStep} = xyz_interpolated(3,:);
114 end
115 xSpline = cell2mat(xSpline);
116 ySpline = cell2mat(ySpline);
117 zSpline = cell2mat(zSpline);
118 %% Start plotting
119 if lower(param.sessionInfo.isNozzleMoving) == yes
120 xAxisLim = [0, param.equipment_setting.platformSize(1,1)];
121 yAxisLim = [0, param.equipment_setting.platformSize(1,2)];
122 else
123 xAxisLim = [min(xSpline,[],'all'), max(xSpline,[],'all')];
124 yAxisLim = [min(ySpline,[],'all'), max(ySpline,[],'all')];
125 end
126 % ===================================================================
127 % If animation is required, the following runs.
128 if lower(animationOption) == yes
129 nozzleColor = '#706b6b';
130 nozzleMarkerSize = 15;
131 nozzleOffset = nozzleMarkerSize/2 − 3;
132 markerVector = nozzlePos;
133 markerVector(:,3) = markerVector(:,3) + nozzleOffset;
134 zAxisLim = [−param.equipment_setting.collectordistance−1, 0+2*nozzleOffset];
135
136 Setting = param.equipmentSetting;
137 inputParameterStr = {
138 MATERIAL;
139 Material name: +param.material.materialName;
140 ;
141 PROCESSING PARAMETERS;
142 Flow rate: +num2str(Setting.flowrate)+ ml/hr;
143 Applied voltage: +num2str(Setting.voltage)+ kV;
144 Collector distance: +num2str(Setting.collectordistance)+ mm;
145 Melt temperature: +num2str(Setting.meltTemp)+ deg C;
146 ;
147 NOZZLE SPEED;
148 Feed rate: + num2str(param.gCode.feedRateOveride) + mm/min};
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149 col1 = [0, 0.4470, 0.7410];
150 annotationBackgroundColor = 1/255*[246 246 248];
151 figure('Name',[simSummary.param.sessionInfo.name ...
152 ': Animaton perspective view'], 'NumberTitle','off','Color','white');
153
154 figHandele1 = gcf;
155 if lower(param.sessionInfo.isNozzleMoving) == yes
156 figHandele1.Position = [500 50 2.5*figHandele1.Position(3:4)];
157 else
158 figHandele1.Position = ...
159 [500 50 1.75*figHandele1.Position(3) 2*figHandele1.Position(4)];
160 end
161 h_nozzlePath = plot3(nozzlePos(:,1), nozzlePos(:,2), nozzlePos(:,3),...
162 ':', 'LineWidth',1.5,'color','red');
163 hold('on')
164 grid('on');
165 axis equal;
166 zlabel('Collector distance (mm)','FontSize',9,'FontWeight','normal');
167 h_nozzleTip = plot3(markerVector(:,1), markerVector(:,2), markerVector(:,3),...
168 ':', 'LineWidth',1.5,'Marker','v',MarkerSize=nozzleMarkerSize, ...
169 MarkerFaceColor=nozzleColor, MarkerEdgeColor=nozzleColor);
170 legend({'Nozzle path'},'Location','northeast');
171 dimAnnot = [0.1 0.501 0.325 0.41];
172 annotation('textbox',dimAnnot,'String',inputParameterStr,'FitBoxToText',...
173 'on','FontSize',8,'BackgroundColor',annotationBackgroundColor);
174 axisLimit = [xAxisLim yAxisLim zAxisLim];
175 axis(axisLimit)
176 clear timeStep
177 for timeStep = 1:totalNumofTimeSeteps
178 if timeStep == 1
179 h_3Dfiber = ...
180 plot3(xSpline(timeStep,:), ySpline(timeStep,:), ...
181 zSpline(timeStep,:),'color',col1, 'LineWidth',0.25,...
182 'DisplayName','Melt−electrospun fiber');
183 view([30,25]);
184 h_3Dtitle = title(sprintf('Time: %0.2f s',tSol(1)),...
185 FontSize,10,FontWeight,normal);
186 else
187 set(h_3Dfiber, 'xdata', xSpline(timeStep,:), 'ydata', ...
188 ySpline(timeStep,:), 'zdata', zSpline(timeStep,:))
189 set(h_nozzlePath, 'xdata', nozzlePos(1:timeStep,1), 'ydata', ...
190 nozzlePos(1:timeStep,2), 'zdata', nozzlePos(1:timeStep,3))
191 set(h_nozzleTip, 'xdata', markerVector(timeStep,1), 'ydata', ...
192 markerVector(timeStep,2), 'zdata', markerVector(timeStep,3))
193 set(h_3Dtitle,'String',sprintf('t = %0.2f s',tSol(timeStep)))
194 end
195 frame_escape = 12;
196 animationFileName = fullfile(solnDirectoryPath, 'Animation.gif');
197 if timeStep == 1
198 thisFrame = getframe(gcf);
199 im = frame2im(thisFrame);
200 [imind,cm] = rgb2ind(im,256);
201 imwrite(imind,cm,animationFileName,'gif','DelayTime',0,...
202 'Loopcount',inf);
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203 elseif mod(timeStep,frame_escape) == 0
204 thisFrame = getframe(gcf);
205 im = frame2im(thisFrame);
206 [imind,cm] = rgb2ind(im,256);
207 imwrite(imind,cm,animationFileName,'gif','DelayTime',0,...
208 'WriteMode','append');
209 end
210 end
211 figure1FileName = fullfile(solnDirectoryPath, 'Animation_Perspective.fig');
212 savefig(figure1FileName);
213 hold off
214 end
215 % Whether animation is requested or not, the function generates a 2D plot
216 inputParameterStr2 = {
217 MATERIAL;
218 Material name: +param.material.materialName;
219 ;
220 PROCESSING PARAMETERS;
221 Flow rate: + ...
222 num2str(param.equipmentSetting.flowrate) + ml/hr;
223 Applied voltage: + num2str(param.equipmentSetting.voltage) + kV;
224 Collector distance: + ...
225 num2str(param.equipmentSetting.collectordistance)+ mm;
226 Melt temperature: + ...
227 num2str(param.equipmentSetting.meltTemp)+ deg C;
228 ;
229 MODEL OUTPUT PARAMETERS;
230 Collection diameter: + ...
231 num2str(1000*fiberChar.maximumCollectionDiameter,'%.1f')+ mm;
232 Fiber diameter: + ...
233 num2str(1000000*fiberChar.averageFiberDiameter,'%.1f')+ };
234 axisLimit = [xAxisLim yAxisLim];
235 snapfig = figure ('Name', [simSummary.param.sessionInfo.name ...
236 ': Animaton top view'], 'NumberTitle','off','Color','white');
237 % =======================================================================
238 figHandele2 = gcf;
239 if lower(param.sessionInfo.isNozzleMoving) == yes
240 figHandele2.Position = [500 50 2.5*figHandele2.Position(3:4)];
241 end
242 col1 = [0, 0.4470, 0.7410];
243 p=get(axes,'Position');
244 h_2Dfiber = plot(xSpline(end,:), ySpline(end,:),'color',col1, 'LineWidth',0.25,...
245 'DisplayName','Melt−electrospun fiber');
246 hold on
247 grid on
248 if lower(param.sessionInfo.isNozzleMoving) == yes
249 plot(nozzlePos(:,1), nozzlePos(:,2),':', 'LineWidth',1.5,'color','red');
250 lgnd = legend({'Melt−electrospun fiber','Nozzle path'},'Location','northeast');
251 annotationString = {['Feed rate: ' ...
252 num2str(simSummary.param.gCode.feedRateOveride) ' mm/min']};
253 axis equal padded
254 axis(axisLimit)
255 boxDim = [p(1)+0.045, p(2)+0.01, 0.15, 0.025];
256 annotation('textbox',boxDim,'String',annotationString,...
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257 'BackgroundColor',white);
258 else
259 axis image
260 end
261 xlabel('Printer x−axis (mm)');
262 ylabel('Printer y−axis (mm)');
263 h_2Dtitle = title(sprintf('Time: %0.2f s',tSol(totalNumofTimeSeteps)),...
264 FontSize,10,FontWeight,normal);
265 figure2FileName = fullfile(solnDirectoryPath, 'Animation_Top.fig');
266 savefig(figure2FileName);
267 end

Listing A.7: CtFcn: Torsional damping coefficient calculator
1 function Ct_z = CtFcn(material, H, z)
2 % CTFCN returns the torsional damping of the fiber for a given material property and
3 % distance from the nozzle. This function is currently designed to be a
4 % placeholder and needs to be updated in the future
5 %
6 % Input arguments:
7 % Input 1: Structure containing material property data
8 % Input 2: Collector distance
9 % Input 3: Current height variable

10 %
11 % Output argument:
12 % Output 1: Calculated torsional damping coefficient
13 %
14 % Author: Abiy Wubneh
15 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
16
17 C1 = 1.25;
18 y = C1^(1000*z)−1;
19 y_max = C1^(1000*H)−1;
20 Ct_z = ((material.scaleCt − 1)*(y/y_max) + 1)*material.Ctt;
21 end

Listing A.8: ejectionTimesFcn: Time step and ejection time calculator
1 function [timeStep, ejectionTimeStep] = ejectionTimesFcn(equipment, solver, bead)
2 % EJECTIONTIMESFCN Calculates the numerical time step and the interval at
3 % which beads are ejected into the multi−body system.
4 %
5 % Input arguments:
6 % Input 1: A data structure containing details about the equipment
7 % setting
8 % Input 2: A data structure containing solver settings
9 % Input 3: A data structure containing bead information

10 %
11 % Output arguments
12 % Output 1: Numerical time step
13 % Output 2: Bead ejection time interval
14 %
15 % Author: Abiy Wubneh
16 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
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17 %
18 volumericFlowrate = equipment.volumeric_flowrate;
19 nozzleDiameter = equipment.nozzleDiameter;
20 numOfTimeStepsPerEjection = solver.numOfStepsPerEjection;
21 slendernessRatio1 = bead.slendernessRatio1;
22 ejectionTimeStep = (slendernessRatio1*pi*nozzleDiameter^3)/(4*volumericFlowrate);
23 timeStep = ejectionTimeStep/numOfTimeStepsPerEjection;
24 timeStep = round(timeStep,5);
25 ejectionTimeStep = timeStep*numOfTimeStepsPerEjection;
26 end

Listing A.9: elasticParametersFcn.m
1 function [E0_z, E1_z, eta_z] = elasticParametersFcn(material, H, z_cord )
2 % ELASTICPARAMETERSFCN Calculates the elastic parameter values E_0, E_1,
3 % and eta at a given distance from the nozzle. These parameters are
4 % expected to change values as the fiber travels away from the nozzle and
5 % cools down to the chamber temperature.
6 % The function, in its current form, is very simplistic and mostly designed
7 % to serve as a modular placeholder for future improvements.
8 %
9 % Input arguments:

10 % Input 1: Data structure containing material information
11 % Input 2: Collector distance
12 % Input 3: The current z coordinate at which the elastic parameters are
13 % calculated
14 %
15 % Output arguments:
16 % Output 1: Elastic parameter 1, E_0
17 % Output 2: Elastic parameter 2, E_1
18 % Output 3: Elastic Parameter 3, eta
19 %
20 % Author: Abiy Wubneh
21 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
22 %
23 C1 = 1.25;
24 z = abs(z_cord);
25 E0_z = ((z/H)*(material.ambientTempFactor.E0 − 1) + 1)*material.E0t;
26 E1_z = ((z/H)*(material.ambientTempFactor.E1 − 1) + 1)*material.E1t;
27 eta_z = ((z/H)*(material.ambientTempFactor.eta − 1) + 1)*material.etat;
28 end

Listing A.10: euler2MatrixFcn.m
1 function R = euler2MatrixFcn(eul)
2 %EULER2MATRIXFCN Generates rotational matrix from a given set of Euler
3 %angles.
4 %
5 % Input arguments:
6 % Input 1: An array of three Euler angles
7 %
8 % Output argument:
9 % Output 1: Rotational matrix R

10 %
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11 % Author: Abiy Wubneh
12 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
13 %
14 Rz = [cos(eul(1)) −sin(eul(1)) 0;
15 sin(eul(1)) cos(eul(1)) 0;
16 0 0 1];
17 Ry = [cos(eul(2)) 0 sin(eul(2));
18 0 1 0;
19 −sin(eul(2)) 0 cos(eul(2))];
20 Rx = [1 0 0;
21 0 cos(eul(3)) −sin(eul(3));
22 0 sin(eul(3)) cos(eul(3))];
23 R = Rz*Ry*Rx;
24 end

Listing A.11: euler2QuatFcn
1 function q = euler2QuatFcn(angles,rotationSsequence)
2 %EULER2QUATFCN takes in three Euler angles and their sequence and returns
3 % a unit quaternion representing the same rotation.
4 %
5 % Input arguments (angles,rotationSsequence)
6 % angles: a three−length vector containing the three Euler angles in
7 % radians.
8 % rotationSequence: a string containing the sequence of rotation. This
9 % can be written either in a letter form (e.g., 'ZXY or 'zyz') or as a

10 % sequence of numbers (e.g., '321')
11 %
12 % Output argument
13 % [q]: a four−length vector representing the quaternion.
14 %
15 % Author: Abiy Wubneh
16 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
17 %
18
19 %% Check for dimensional accuracy of input parameters
20 if length(angles) ~= 3
21 error('The length of Euler angles vector must be equal to 3!')
22 end
23 %% Parse variables
24 psi = angles(1);
25 theta = angles(2);
26 phi = angles(3);
27 %% Calculate quaternion
28 rotationSsequence = lower(rotationSsequence);
29 switch rotationSsequence
30 case {'zyx','321',''}
31 qh = [cos(psi/2); sin(psi/2)*[0 0 1]'];
32 qa = [cos(theta/2); sin(theta/2)*[0 1 0]'];
33 qb = [cos(phi/2); sin(phi/2)*[1 0 0]'];
34 case {'zxz','313'}
35 qh = [cos(psi/2); sin(psi/2)*[0 0 1]'];
36 qa = [cos(theta/2); sin(theta/2)*[1 0 0]'];
37 qb = [cos(phi/2); sin(phi/2)*[0 0 1]'];
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38 case {'zyz','323'}
39 qh = [cos(psi/2); sin(psi/2)*[0 0 1]'];
40 qa = [cos(theta/2); sin(theta/2)*[0 1 0]'];
41 qb = [cos(phi/2); sin(phi/2)*[0 0 1]'];
42 case{'xyz','123'}
43 qh = [cos(psi/2); sin(psi/2)*[1 0 0]'];
44 qa = [cos(theta/2); sin(theta/2)*[0 1 0]'];
45 qb = [cos(phi/2); sin(phi/2)*[0 0 1]'];
46 otherwise
47 error('u:stuffed:it', ['Unrecognized rotation sequence entered. \n' ...
48 'This sequence might not have been added to the program yet. \n' ...
49 'Update the code and try again.'])
50 end
51 qab = quatProdFcn(qa,qb);
52 q = quatProdFcn(qh,qab);
53 end

Listing A.12: fiberCharactersticsFcn
1 function fiberChar = fiberCharactersticsFcn(soln)
2 %FIBERCHARACTERSTICSFCN Analyzes a simulation result and calculates the average
3 % fiber diameters and the collection diameters.
4 %
5 % Input arguments
6 % Input 1: Data structure contacting solution data
7 %
8 % Output argument
9 % Output 1: Data structure containing the calculated fiber diameter and

10 % collection diameter
11 %
12 % Author: Abiy Wubneh
13 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
14 %
15
16 initialFiberDiameter = soln.param.fiber.initialDiameter;
17 initialLinkLength = soln.param.fiber.initialLength;
18 T = soln.time_vec;
19 x = soln.x;
20 y = soln.y;
21 z = soln.z;
22 x_dot = soln.x_dot;
23 y_dot = soln.y_dot;
24 z_dot = soln.z_dot;
25 xp = soln.nozzlePos.x;
26 yp = soln.nozzlePos.y;
27 zp = soln.nozzlePos.z;
28 clear soln
29 [R,C] = size(x);
30 linkLength = zeros(R,C);
31 linkDiameter = zeros(R,C);
32 collectionRadius = zeros(R,C);
33 beadSpeed = zeros(R,C);
34 for row = 1:R
35 for column = 1:C
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36 if column == 1
37 disp_ij = [x(row,column) − xp(row), y(row,column) − yp(row), ...
38 z(row,column) − zp(row)];
39 else
40 disp_ij = [x(row,column) − x(row,column−1), y(row,column) − ...
41 y(row,column−1), z(row,column) − z(row,column−1)];
42 end
43 radPos_ij = [x(row,column), y(row,column)];
44 speed_ij = [x_dot(row,column), y_dot(row,column), z_dot(row,column)];
45 instantaneousLinkLength = norm(disp_ij);
46 linkLength(row,column) = instantaneousLinkLength;
47 linkDiameter(row,column) = ...
48 initialFiberDiameter*sqrt(initialLinkLength/instantaneousLinkLength);
49 collectionRadius(row,column) = norm(radPos_ij);
50 beadSpeed(row,column) = norm(speed_ij);
51 end
52 end
53 linkDiameter(isinf(linkDiameter)|linkDiameter == 0) = NaN;
54 collectionRadius(collectionRadius == 0) = NaN;
55 fiberChar.averageFiberDiameter = mean(linkDiameter,all,'omitnan');
56 fiberChar.maximumCollectionDiameter = 2*max(collectionRadius,[],all,'omitnan');
57 fiberChar.max_beadSpeed = max(max(beadSpeed));
58 fiberChar.percentage_elongation = ...
59 100*(max(max(linkLength)) − initialLinkLength)/initialLinkLength;
60 end

Listing A.13: gCodeKinematicsFcn
1 function gCode_struct = gCodeKinematicsFcn(gCode_struct)
2 %GCODEKINEMATICSFCN imports and reads a g−code file. It reconstructs the g−code
3 % inside MATLAB. In addition, it calculates the position, velocity, and
4 % acceleration profiles of the nozzle based on the g−code.
5 %
6 % Input arguments
7 % Input 1: Data structure contacting g−code path and setting values
8 %
9 % Output argument

10 % Output 1: The g−code data structure, updated with the kinematic profiles.
11 %
12 % Author: Abiy Wubneh
13 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
14 %
15
16 %% Part 1: Import and reconstruct the G−code
17 gcodeTextFile = fopen(gCode_struct.filePath);
18 globalReadData = {};
19 lineReadData = {'' 0 0 0 0 0 0};
20 while ~feof(gcodeTextFile)
21 lineString = fgetl(gcodeTextFile);
22 if ~isempty(lineString) && lineString(1) == 'G'
23 if strcmp(lineString(1:3),'G20')
24 gCode_struct.unit = inch;
25 elseif strcmp(lineString(1:3),'G21')
26 gCode_struct.unit = mm;
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27 else
28 % Next, check if there is any comment in the line
29 commentIndx = strfind(lineString, '(');
30 lineString(commentIndx:end) = [];
31 subStrings = split(lineString);
32 [numOfSubstrings, ~] = size(subStrings);
33 for subStringID = 1:numOfSubstrings
34 % get the marker identifying symbol, .i.e., G, X Y, Z, I, J, or F
35 IDLetter = subStrings{subStringID}(1);
36 switch IDLetter
37 case 'G'
38 lineReadData{1} = subStrings{subStringID};
39 if strcmp(subStrings{subStringID},'G00')
40 lineReadData{7} = gCode_struct.rapidOveride;
41 end
42 case 'X'
43 lineReadData{2} = str2double(subStrings{subStringID}(2:end));
44 case 'Y'
45 lineReadData{3} = str2double(subStrings{subStringID}(2:end));
46 case 'Z'
47 lineReadData{4} = 0.0; % nozle z position overide.
48 case 'I'
49 lineReadData{5} = str2double(subStrings{subStringID}(2:end));
50 case 'J'
51 lineReadData{6} = str2double(subStrings{subStringID}(2:end));
52 case 'F'
53 if ~isempty(gCode_struct.feedRateOveride)
54 lineReadData{7} = gCode_struct.feedRateOveride;
55 else
56 lineReadData{7} = str2double(subStrings{subStringID}(2:end));
57 end
58 end
59 end
60 globalReadData = [globalReadData; lineReadData];
61 lineReadData{5} = 0;
62 lineReadData{6} = 0;
63 end
64 end
65 end
66 gCode_struct.gCodeTable = lineReadData;
67 %{
68 At this point, the g−code file is imported and reconstructed with slight
69 modifications. The original rapid motion and normal feed rate values are
70 overwritten by the new values specified by the user in the dashboard.
71 %}
72 %% Part 2: Interpolate positions and build the time profile of the path
73 [numOfsubPathes, ~] = size(globalReadData);
74 timePosFeed = [0 0 0 0 0]; % [time x y z Feedrate]
75 for gCodeLineNum = 1:numOfsubPathes
76 gNum = globalReadData(gCodeLineNum,1);
77 if gCodeLineNum == 1
78 initialPos = [0,0,0]; % [Time x y z]
79 elseif gCodeLineNum > 1
80 initialPos = cell2mat(globalReadData(gCodeLineNum−1,2:4));
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81 end
82 commandedPos_cell = globalReadData(gCodeLineNum,:);
83 tf_previous = timePosFeed(end,1);
84 timePosFeedCurrent = ...
85 lineInterpolatorFcn(commandedPos_cell, initialPos, gCode_struct.unit);
86 timePosFeedCurrent(:,1) = timePosFeedCurrent(:,1) + tf_previous;
87 timePosFeed = [timePosFeed; timePosFeedCurrent];
88 end
89 %% Adjusting spacing
90 %{
91 At this point, we have the time vector and the interpolated position vector.
92 Column 1 is the time vector, and Column 2,3,4 are the x, y, and z are values of
93 the position vector.
94
95 The time spacing is not uniform!
96
97 Make sure the position data is smoothened before calculating its velocity and
98 acceleration. Otherwise, it could result in spikes and outliers in the velocity
99 and acceleration curves which cause lots of problems during the numerical

100 integration stages.
101 %}
102 [~,ia,~] = unique(timePosFeed(:,1));
103 timePosTrimmed = timePosFeed(ia,:);
104 frontIndx = find(timePosTrimmed(:,5) == gCode_struct.feedRateOveride,1);
105 backIndx = find(timePosTrimmed(:,5) == gCode_struct.feedRateOveride,1,last);
106 timePosTrimmed = timePosTrimmed(frontIndx:backIndx,1:4);
107 timePosTrimmed(:,1) = timePosTrimmed(:,1) − timePosTrimmed(1,1); % time starts at 0
108 timePosTrimmed(:,4) = 0; % mute motion of nozzle along the z axis
109 timeRaw = timePosTrimmed(:,1);
110 posRaw = timePosTrimmed(:,2:4);
111 timeStepsRaw = NaN(numel(timeRaw)−1,1);
112 for i = 1:numel(timeRaw)−1
113 timeStepsRaw(i,1) = timeRaw(i+1,1) − timeRaw(i,1);
114 end
115 gaussianValue = 2;
116 tr_Feedrate = 10;
117 timeStep_unudjested = tr_Feedrate*mean(timeStepsRaw,'all');
118 numOfTimeSteps = ceil(timeRaw(end)/timeStep_unudjested);
119 timeVecSpaced = (linspace(0,timeRaw(end),numOfTimeSteps)).';
120 timeStep = timeRaw(end)/(numOfTimeSteps−1);
121 posVecSpaced = interp1(timeRaw,posRaw,timeVecSpaced);
122 posVecSpacedSmooth = smoothdata(posVecSpaced, 'gaussian', gaussianValue);
123 %% Part 3: Calculate velocity and accelerations profiles
124 numRow = numel(timeVecSpaced);
125 velVec = NaN(numRow,3);
126 accVec = NaN(numRow,3);
127 velVec(1,:) = [0 0 0];
128 accVec(1,:) = [0 0 0];
129 for divID = 2:numRow
130 dispVecCurrent = posVecSpacedSmooth(divID,:) − posVecSpacedSmooth(divID−1,:);
131 velVec(divID,:) = dispVecCurrent/timeStep;
132 end
133 velVecSpaced = smoothdata(velVec, 'gaussian',1);
134 for divID = 2:numRow
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135 velVecCurrent = velVec(divID,:) − velVec(divID−1,:);
136 accVec(divID,:) = velVecCurrent/timeStep;
137 end
138 accVecSpaced = smoothdata(accVec, 'gaussian',1);
139 interpolatedKinmatics = ...
140 [timeVecSpaced, posVecSpacedSmooth, velVecSpaced, accVecSpaced];
141 gCode_struct.totalTime = interpolatedKinmatics(end,1);
142 %% Unit Conversion to m (i.e., mm −> m or in −− m)
143 %{
144 Everything up until this point is calculated based on the measuring units
145 imported with the G−code. The final array has to be converted into a meters (m)
146 unit before being returened by the function.
147 %}
148 if gCode_struct.unit == mm
149 posVelAcc = interpolatedKinmatics(:,2:end)/1000;
150 elseif gCode_struct.unit == inch
151 posVelAcc.interpolatedKinmatics = interpolatedKinmatics(:,2:end)*(25.4/1000);
152 end
153 gCode_struct.gCodeKinematicsData.t = interpolatedKinmatics(:,1);
154 gCode_struct.gCodeKinematicsData.pos = posVelAcc(:,1:3);
155 gCode_struct.gCodeKinematicsData.vel = posVelAcc(:,4:6);
156 gCode_struct.gCodeKinematicsData.acc = posVelAcc(:,7:9);
157 end

Listing A.14: gCodeplotForInspectionFcn
1 function figure_gCode = gCodeplotForInspectionFcn(param)
2 %GCODEPLOTFORINSPECTIONFCN Plots the g−code reconstructed in MATLAB. It also plots
3 % the kinematic profiles of the nozzle, including position, velocity, and
4 % acceleration as a function of time steps that match that of the numerical
5 % integration time steps.
6 %
7 % Input arguments
8 % Input 1: Data structure contacting g−code data and calculated
9 % kinematic profiles

10 %
11 % Output argument
12 % Output 1: Figure handle of the plots
13 %
14 % Author: Abiy Wubneh
15 % Copyright 2023 MFCL @ Mechanical Engineering, University of Alberta
16 %
17
18 gCode = param.gCode;
19 xAxisLim = [0, param.equipment_setting.platformSize(1,1)];
20 yAxisLim = [0, param.equipment_setting.platformSize(1,2)];
21 axisLimit = [xAxisLim yAxisLim];
22 t = gCode.gCodeKinematicsData.t;
23 p = gCode.gCodeKinematicsData.pos;
24 v = gCode.gCodeKinematicsData.vel;
25 a = gCode.gCodeKinematicsData.acc;
26 figure_gCode = figure('Name', [param.sessionInfo.name ...
27 ': G−code kinematics profile (Feed rate: ' ...
28 num2str(param.gCode.feedRateOveride) ' mm/min)'], 'NumberTitle','off');

239



29 figHandele = gcf;
30 figHandele.Position = [817 120 2*figHandele.Position(3:4)];
31 tiled01 = tiledlayout(2,2);
32 xColor = '#4279bd';
33 yColor = '#bd3422';
34
35 % Tile 1
36 nexttile
37 plot(1000*p(:,1), 1000*p(:,2), LineWidth=1, Color='k')
38 axis equal padded
39 title('Nozzle path imported from G−code')
40 xlabel('x position (mm)');
41 ylabel('y positoin (mm)');
42 axis(axisLimit)
43
44 % Tile 2
45 nexttile
46 plot(t,p(:,1),LineWidth=1,Color=xColor)
47 hold on
48 plot(t,p(:,2),LineWidth=1,Color=yColor)
49 axis padded
50 title('Nozzle position vs. time')
51 legend('x position','y position')
52 xlabel('Time (s)')
53 ylabel('Position (m)')
54 hold off
55
56 % Tile 3
57 nexttile
58 plot(t,v(:,1),LineWidth=1,Color=xColor)
59 hold on
60 plot(t,v(:,2),LineWidth=1,Color=yColor)
61 hold off
62 axis padded
63 title('Nozzle velocity vs. time')
64 legend('x velocity','y velocity')
65 xlabel('Time (s)')
66 ylabel('Nozzle velocity (m/s)')
67
68 % Tile 4
69 nexttile
70 plot(t,a(:,1),LineWidth=1,Color=xColor)
71 hold on
72 plot(t,a(:,2),LineWidth=1,Color=yColor)
73 axis padded
74 title('Nozzle acceleration vs. time')
75 legend('x acceleration','y acceleration')
76 xlabel('Time (s)')
77 ylabel('Nozzle acceleration (m/s^2)')
78 hold off
79 tiled01.Padding = 'compact';
80 tiled01.TileSpacing = 'compact';
81 end
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Listing A.15: initialConditionFcn
1 function InitialCondition = initialConditionFcn(lastSol,t, param, numOfActive, ...
2 tableTouchedRegister, lastActiveIndx, dim)
3 %INITIALCONDITIONFCN Generates initial conditions for iterations. It reads the last
4 %simulation results and passes them as initial values for the subsequent iterations
5 %
6 % Input arguments
7 % Input 1: Solution of the last iteration
8 % Input 2: Current simulation time
9 % Input 3: Data structure containing parameter values

10 % Input 4: Number of active beads in the current iteration
11 % Input 5: A list of bead indexes touching the table
12 % Input 6: The index of the last active bead in the current iteration
13 % Input 7: Number of independent generalized coordinates per bead
14 %
15 % Output argument
16 % Output 1: Generated initial conditions for all beads in the current
17 % iteration
18 %
19 % Author: Abiy Wubneh
20 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
21 %
22
23 unstretchedLinkLength = param.fiber.initialLength;
24 H = param.equipment.collectorDistance;
25 [~,E1,~] = elasticParametersFcn(param.material,H,0);
26
27 %% Nozzle kinematics
28 [nozPos, nozPos_dt, ~] = nozzlePosVelAccFcn(t, param.gCode);
29 nozzleQuat = param.equipment.nozzleQuat; % assumed constant during simulation
30
31 %% Randomized quaternions => position
32 posPurturbationScale = 0.01; % percentage of the free link length (no purturbation)
33
34 zEulerRandom = (−360 + (360−(−360)).*rand(1,1)); % random angle [−360 and 360] deg
35 yEulerRandom = (−15 + (15−(−15)).*rand(1,1)); % random angle [−15 and 15] deg
36 xEulerRandom = 0;
37
38 ZYXrad = deg2rad([zEulerRandom, yEulerRandom, xEulerRandom]);
39 Noz_quat_exitBead = euler2QuatFcn(ZYXrad ,'zyx');
40 quat_exitBead = quatProdFcn2(nozzleQuat,Noz_quat_exitBead);
41 unitVec_exitBead = quat2RotMatrixFcn(quat_exitBead)*param.env.inertial_z_axis;
42 B_pos_exitBead_n = posPurturbationScale*unstretchedLinkLength*unitVec_exitBead;
43 posQuat_exitBead = [nozPos + B_pos_exitBead_n; quat_exitBead];
44
45 %% Randomized quaternions and quaternions derivatives => postition derivatives
46
47 quat_dt_exitBead = ...
48 quatExpFcn(quatLogFcn(quatDivideFcn(nozzleQuat,quat_exitBead))/...
49 (param.solver.ejectionTimeStep));
50 N_omega_n = 2*quatProdFcn2(quat_dt_exitBead,quatConjugateFcn(quat_exitBead));
51 pos_dt_exitBead = nozPos_dt + cross(N_omega_n(2:end), B_pos_exitBead_n) + ...
52 param.bead.exitSpeed*param.equipment.nozzleUnitVec;
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53 posQuat_dt_exitBead = [pos_dt_exitBead;quat_dt_exitBead];
54
55 %% Estimate the viscoelastic force variable
56 Fve_exitBead = E1*(0−unstretchedLinkLength);
57 %{
58 normally, F = E1*((Pos2−Pos1)− unstretchedLinkLength). But since all
59 points insdie the nozzle are considered to have the nozzle's kinematic
60 profile, Pos1 = Pos2.
61 %}
62
63 %% Use the solution of the last iteration as an initial condition for the next
64
65 if isempty(lastSol)
66 posQuat_fromLastSol =[];
67 posQuat_dt_fromLastSol = [];
68 fve_dt_fromLastSol = [];
69 else
70 posQuat_fromLastSol = lastSol(1:dim*lastActiveIndx);
71 posQuat_dt_fromLastSol = ...
72 lastSol(dim*numOfActive+1:dim*(numOfActive + lastActiveIndx));
73 fve_dt_fromLastSol = ...
74 lastSol(2*dim*numOfActive+1: 2*dim*numOfActive+lastActiveIndx);
75
76 if any(tableTouchedRegister)
77 stuckBeadIndexes = find(tableTouchedRegister);
78 for i = stuckBeadIndexes(1):lastActiveIndx
79 ix = (i−1)*dim + 1;
80 iz = ix + 2;
81 posQuat_dt_fromLastSol(ix:iz) = [0, 0, 0];
82 end
83 end
84 end
85
86 %% Assemble the new initial condition vector
87 InitialCondition = [posQuat_exitBead', posQuat_fromLastSol, ...
88 posQuat_dt_exitBead',posQuat_dt_fromLastSol, ...
89 Fve_exitBead,fve_dt_fromLastSol];
90 end

Listing A.16: KtFcn: Torsional stiffness constant
1 function Kt_z = KtFcn(material, H, z)
2 %KTFCN Calculates the torsional elastic constant for the material at z distance
3 % from the nozzle. This function is too simplistic to do a good job, and is only
4 % designed to be a modular placeholder for future develpments.
5 %
6 % Input arguments
7 % Input 1: Data structure containing material parameters
8 % Input 2: Collector distance
9 % Input 3: Current z coordinate value at which the elastic parameter is

10 % calculated for
11 %
12 % Output argument
13 % Output 1: Calculated torsional elastic constant
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14 %
15 % Author: Abiy Wubneh
16 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
17 %
18 C1 = 1.25;
19 y = C1^(1000*z)−1;
20 y_max = C1^(1000*H)−1;
21 Kt_z = ((material.scaleKt − 1)*(y/y_max) + 1)*material.Ktt;
22 end

Listing A.17: lineInterpolatorFcn
1 function tPosFeed = lineInterpolatorFcn(commandedPos_cellArray, initialPos, unit)
2
3 gNumber = commandedPos_cellArray{1};
4 commandedPos = cell2mat(commandedPos_cellArray(1,2:end));
5
6 startXYZ = initialPos;
7 endXYZ = commandedPos(1,1:3);
8 offsetXYZ = [commandedPos(4:5), 0];
9 feedRate = [commandedPos(1,6)];

10 travelSpeed = feedRate/60;
11
12 tPosFeed = [];
13
14 currentTime = 0;
15 previousPos = startXYZ;
16 lineDiv = 0.5; % mm
17
18 %% If linear motion ...
19
20 if strcmp(gNumber,'G00') || strcmp(gNumber,'G01')
21
22 if lower(unit) == mm
23 linearDivisionDistance = lineDiv;
24 elseif lower(unit) == inch
25 linearDivisionDistance = lineDiv/25.4;
26 else
27 error('Unknown unit!')
28 end
29
30 commandedDisplacement = endXYZ − startXYZ;
31 commandedDistance = norm(commandedDisplacement);
32 divisionTravelTime = linearDivisionDistance/travelSpeed;
33
34 if commandedDistance == 0
35 divisionFraction = 0;
36 else
37 divisionFraction = linearDivisionDistance/commandedDistance;
38 end
39
40 currentDistance = 0;
41 k = 1;
42 while currentDistance <= commandedDistance
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43 tPosFeed(k,:) = [currentTime, previousPos];
44 previousPos = previousPos + divisionFraction*commandedDisplacement;
45 currentTime = currentTime + divisionTravelTime;
46 currentDistance = currentDistance + linearDivisionDistance;
47 k = k+1;
48 end
49 tPosFeed(end,2:4) = endXYZ;
50 clear k
51
52 end
53
54 %% If arc motions ...
55
56 if strcmp(gNumber,'G02') || strcmp(gNumber,'G03')
57
58 angleDivisionDeg = 0.5; % degrees
59
60 centerXY = startXYZ + offsetXYZ;
61 startLineVec = startXYZ − centerXY;
62 endLineVec = endXYZ − centerXY;
63
64 radius = norm(endLineVec);
65
66 startAngle = vectorAngleFcn(startLineVec,d);
67 endAngle = vectorAngleFcn(endLineVec,d);
68
69 if strcmp(gNumber, 'G03') % Counterclockwise
70
71 if startAngle > endAngle
72 startAngle = startAngle − 360;
73 end
74
75 currentAngle = startAngle;
76 i = 1;
77 while currentAngle <= endAngle
78 calculatedPos = centerXY + radius*[cosd(currentAngle), sind(currentAngle)

, 0];
79 tPosFeed(i,:) = [currentTime, calculatedPos];
80 divisionDistanceTravelled = norm(calculatedPos − previousPos);
81 currentTime = currentTime + divisionDistanceTravelled/travelSpeed;
82 currentAngle = currentAngle + angleDivisionDeg;
83 previousPos = calculatedPos;
84 i = i+1;
85 end
86
87 elseif strcmp(gNumber,'G02') % clockwise
88
89 if startAngle < endAngle
90 startAngle = startAngle + 360;
91 end
92
93 currentAngle = startAngle;
94 i = 1;
95 while currentAngle >= endAngle
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96 calculatedPos = centerXY + radius*[cosd(currentAngle), sind(currentAngle)
, 0];

97 tPosFeed(i,:) = [currentTime, calculatedPos];
98 divisionDistanceTravelled = norm(calculatedPos − previousPos);
99 currentTime = currentTime + divisionDistanceTravelled/travelSpeed;

100 currentAngle = currentAngle − angleDivisionDeg;
101 previousPos = calculatedPos;
102 i = i+1;
103 end
104 end
105 tPosFeed(end,2:4) = endXYZ;
106
107 end
108
109 tPosFeed = [tPosFeed, feedRate*ones(size(tPosFeed,1),1)];
110 end

Listing A.18: lineNaNCheckerFcn
1 function [rowCheckStatus, colCheckStatus] = lineNaNCheckerFcn(matrixToBeChecked)
2 %LINENANCHECKERFCN Checks if there is at least one row or column with all NaN
3 % elements. The function returns logical 1 in output index position 1 if there
4 % exists at least one row with all NaN elements and 0 if three are none. Output
5 % index position 2 is a similar check status for any columns in the given
6 % matrix with all NaN elements.
7 %
8 % Input arguments
9 % Input 1: Array/matrix to be checked for NAN elements

10 %
11 % Output argument
12 % Output 1: Row check status
13 % Output 2: Column check status
14 %
15 % Author: Abiy Wubneh
16 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
17 %
18 [rowSize, colSize] = size(matrixToBeChecked);
19 matrixToBeChecked(~isnan(matrixToBeChecked)) = 0;
20 matrixToBeChecked(isnan(matrixToBeChecked)) = 1;
21 rowSum = sum(matrixToBeChecked, 2);
22 colSum = sum(matrixToBeChecked, 1);
23 rowCheckStatus = any(rowSum == colSize);
24 colCheckStatus = any(colSum == rowSize);
25 end

Listing A.19: NaNCheckFcn: NaN values checking function
1 function checkStatus = NaNCheckFcn(matrixToBeChecked)
2 %NANCHECKFCN Checks if there are NAN elements in the input matrix
3 %
4 % Input arguments
5 % Input 1: Matrix to be checked for NAN
6 %
7 % Output argument
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8 % Output 1: Check status
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13 matrixToBeChecked(~isnan(matrixToBeChecked)) = 0;
14 matrixToBeChecked(isnan(matrixToBeChecked)) = 1;
15 sumTotal = sum(sum(matrixToBeChecked));
16 checkStatus = sumTotal >= 1;
17 end

Listing A.20: niceTableDisplayFcn
1 function out = niceTableDisplayFcn(tbl)
2 %NICETABLEDISPLAYFCN Displays tabular text in a readable format.
3 %
4 % Input argument:
5 % Input 1: Tabular data to be displayed
6 %
7 % Out rgument:
8 % No returened argument
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13 out = tbl;
14 for i = 1:width(tbl)
15 if iscellstr(tbl{:,i}) || isstring(tbl{:,i})
16 out.(out.Properties.VariableNames{i}) = categorical(tbl{:,i});
17 end
18 end
19 end

Listing A.21: nozzlePosVelAccFcn
1 function [nozzlePos,nozzleVel,nozzleAcc] = nozzlePosVelAccFcn(varargin)
2 %NOZZLEPOSVELACCFCN Calculates and returns the position, velocity, and acceleration
3 % vectors at each acquisition point are vertical vectors, i.e., e.g.,
4 % pos(t) = [x_t; y_t; z_t]. However, the same vectors in the imported kinematic
5 % data are horizontal vectors. Appropriate conversion from one form to another is
6 % essential.
7 %
8 % Input arguments
9 % Input 1: Arry of time

10 % Input 2: G−code data, available only if the nozzle is motiving
11 %
12 % Output argument
13 % Output 1: Nozzle position calculated at the acquisition time
14 % Output 2: Sampled nozzle velocity
15 % Output 3: Acceleration
16 %
17 % Author: Abiy Wubneh
18 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
19 %
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20 t_q = varargin{1};
21 if nargin == 1
22 gCode = [];
23 elseif nargin == 2
24 gCode = varargin{2};
25 end
26 if isempty(gCode.gCodeKinematicsData)
27 nozzlePos = zeros(3, numel(t_q));
28 nozzleVel = zeros(3, numel(t_q));
29 nozzleAcc = zeros(3, numel(t_q));
30 else
31 gCodeData_tq = ...
32 (interp1(gCode.gCodeKinematicsData.t, [gCode.gCodeKinematicsData.pos, ...
33 gCode.gCodeKinematicsData.vel, gCode.gCodeKinematicsData.acc], t_q)).';
34 nozzlePos = gCodeData_tq(1:3,:);
35 nozzleVel = gCodeData_tq(4:6,:);
36 nozzleAcc = gCodeData_tq(7:9,:);
37 if sum(isnan(nozzlePos),'all') > 0
38 gPosEnd = (gCode.gCodeKinematicsData.pos(end,:)).';
39 numOfCol = size(nozzlePos,2);
40 firstNaNIndx = find(isnan(nozzlePos(1,:)),1);
41 nozzlePos(:,firstNaNIndx:end) = repmat(gPosEnd, 1, numOfCol−firstNaNIndx+1);
42 nozzleVel(:,firstNaNIndx:end) = zeros(3, numOfCol−firstNaNIndx+1);
43 nozzleAcc(:,firstNaNIndx:end) = zeros(3, numOfCol−firstNaNIndx+1);
44 end
45 end
46 end

Listing A.22: ParameterFcn: Parameters manager function
1 function param = ParametersFcn(equipment_setting, solver, forces, material)
2 %PARAMETERSFCN Assembles parameter values and process setting data into a data
3 % structure. The data is needed by the solver and other function %downstream. It
4 % is the single most important file since it contains all information needed to
5 % run the simulation.
6 %
7 % Input arguments
8 % Input 1: Equipment setting values, such as temp, flowrate, voltage,
9 % Input 2: Data structure containing solver setting

10 % Input 3: Data structure containing force parameters and options
11 % Input 4: Data structure containing material−related data
12 %
13 % Output argument
14 % Output 1: An updated parameter data structure updated with additional
15 % information
16 %
17 % Author: Abiy Wubneh
18 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
19 %
20
21 %% Environment
22 env.gravityVec = [0; 0; −9.81]; % (m/s^2)
23 env.inertial_z_axis = [0; 0; 1];
24
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25 %% Equipment Setting
26 equipment.volumeric_flowrate_ml_per_hr = equipment_setting.flowrate; % (ml/hr)
27 equipment.volumeric_flowrate = ...
28 equipment.volumeric_flowrate_ml_per_hr*2.777777778E−10; % (m^3/s)
29 equipment.voltage = equipment_setting.voltage*1000; % (volt)
30 equipment.meltTemperature = equipment_setting.meltTemp; % (deg C)
31 equipment.oven_temperature = equipment_setting.ambTemp; % (deg C)
32 equipment.collectorDistance = equipment_setting.collectordistance/1000; % (m)
33 equipment.nozzleDiameter = equipment_setting.nozzleDiameter/1000; % (m)
34 equipment.nozzleEulerAnglesZYX = ...
35 deg2rad([0 0 180 + equipment_setting.directionOfSpinning]);
36 equipment.nozzleQuat = euler2QuatFcn(equipment.nozzleEulerAnglesZYX ,'zyx');
37 equipment.nozzleUnitVec = ....
38 euler2MatrixFcn(equipment.nozzleEulerAnglesZYX)*env.inertial_z_axis;
39 equipment.collectorPlateUnitVec = − equipment.nozzleUnitVec;
40 equipment.electricFieldVector = equipment.nozzleUnitVec;
41
42 %% Material Properties
43 material.materialName = 'PLA';
44 material.density = 1073; % (kg/m^3)
45 material.Ktt = 50E−14; % N−m/rad
46 material.Ctt = 1E−14; % (2E−03)
47
48 %% Bead properties (assumed a sphere) (2022)
49 bead.bodyType = 'Viscoelastic element';
50 bead.shape = 'Shphere';
51 bead.slendernessRatio1 = 1*equipment.volumeric_flowrate_ml_per_hr;
52 bead.slendernessRatio2 = 3;
53 bead.radius = equipment.nozzleDiameter*(3*bead.slendernessRatio1/16)^(1/3);% (m)
54 bead.volume = (4/3)*pi*bead.radius^3; % ... assuming sphere
55 bead.mass = material.density*bead.volume; % (kg)
56 bead.surfaceArea = 4*pi*bead.radius^2; % (m^2)
57 bead.Jo = (2/5)*bead.mass*bead.radius^2; % = (2/5*m*r^2);
58 bead.surfaceChargeDensity = 2.9333E−05; % (C/m^2)
59 bead.charge = bead.surfaceArea*bead.surfaceChargeDensity; %(C)
60 bead.exitSpeed = 4*equipment.volumeric_flowrate/(pi*equipment.nozzleDiameter^2);
61
62 %% Fiber segment properties (assumed cylinderical) (2022)
63 fiber.initialDiameter = ...
64 equipment.nozzleDiameter*(bead.slendernessRatio1/bead.slendernessRatio2)^(1/3);
65 fiber.initialLength = equipment.nozzleDiameter*bead.slendernessRatio2*...
66 (bead.slendernessRatio1/bead.slendernessRatio2)^(1/3);
67 fiber.shape = 'cylinder';
68
69 %% Matrix
70 massMatrix.cofVec = [bead.mass*[1;1;1]; 4*bead.Jo*[1;1;1;1]];
71 massMatrix.cofVec_inv = massMatrix.cofVec.^−1;
72 massMatrix.cofVec_05 = massMatrix.cofVec.^0.5;
73 massMatrix.cofVec__05 = massMatrix.cofVec.^−0.5;
74
75 %% Forces
76 forces.electricFieldForce = ...
77 [bead.charge*(equipment.voltage/equipment.collectorDistance)*...
78 equipment.electricFieldVector; zeros(4,1)];
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79 % Force = charge*Electric_field = charge * (Voltage/distance) * unitVec
80 forces.gravityForce = [bead.mass*env.gravityVec; zeros(4,1)];
81
82 %% Solver Setting
83 [timeStep, ejectionTimeSetp] = ejectionTimesFcn(equipment, solver, bead);
84 solver.timeStep =timeStep;
85 solver.ejectionTimeStep = ejectionTimeSetp;
86 solver.Baumgarte = solver.Baumgarte;
87 solver.stuckBeadLimit = solver.stuckBeadLimit;
88
89 %% Assemble above data into a single structure
90 param.env = env;
91 param.equipmentSetting = equipment_setting;
92 param.equipment = equipment;
93 param.material = material;
94 param.fiber = fiber;
95 param.bead = bead;
96 param.massMatrix = massMatrix;
97 param.forces = forces;
98 param.solver = solver;
99

100 save('ParameterFile','param')
101 clearvars −except param
102 end

Listing A.23: plotForInspectionFcn
1 function plotForInspectionFcn(soln, segmentID, param)
2 %PLOTFORINSPECTION Plots simulation results at the end of each simulation segment.
3 %
4 % Input arguments
5 % Input 1: Data structure containing segment solution data
6 % Input 2: ID of a segment whose solution is being inspected
7 % Input 3: Data structure containing solution parameter data
8 %
9 % Output argument

10 % Output 1: Plots with subfigures showing the same segment solution
11 % from different point of views
12 %
13 % Author: Abiy Wubneh
14 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
15 %
16 solutionPath = param.solver.solutionPath;
17 xSolmm = 1000*soln.x;
18 ySolmm = 1000*soln.y;
19 zSolmm = 1000*soln.z;
20 clear soln
21 figure('Name', [param.sessionInfo.name ': Segment ' num2str(segmentID) ...
22 ' −− End of segment simulation inspection'], 'NumberTitle','off');
23 figHandele = gcf;
24 figHandele.Position = [817 120 2*figHandele.Position(3:4)];
25 tiled01 = tiledlayout(2,2);
26
27 % Tile 1
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28 nexttile
29 plot(xSolmm, zSolmm,'LineWidth',1.25);
30 axis padded
31 title('Font view')
32 xlabel('x position (mm)');
33 ylabel('z positoin (mm)');
34 xlim auto
35 ylim auto
36
37 % Tile 2
38 nexttile
39 plot(ySolmm, zSolmm,'LineWidth',1.25);
40 axis padded
41 title('Side view');
42 xlabel('y position (mm)');
43 ylabel('z position (mm)');
44 xlim auto
45 ylim auto
46
47 % Tile 3
48 nexttile
49 plot(xSolmm, ySolmm,'LineWidth',1.25)
50 axis padded
51 title('Top view');
52 xlabel('x position (mm)');
53 ylabel('y position (mm)');
54 xlim auto
55 ylim auto
56
57 % Tile 4
58 nexttile
59 plot3(xSolmm, ySolmm, zSolmm, 'LineWidth',1.25)
60 axis padded
61 title('Perspective view');
62 xlabel('x position (mm)');
63 ylabel('y position (mm)');
64 zlabel('z position (mm)');
65 xlim auto
66 ylim auto
67 zlim auto
68 tiled01.Padding = 'compact';
69 tiled01.TileSpacing = 'compact';
70 savefig([solutionPath '/SegementInspectioinPlots' num2str(segmentID) '.fig']);
71 end

Listing A.24: positionsFillerFcn
1 function [X_MAT,Y_MAT,Z_MAT] = positionsFillerFcn(X_MAT,Y_MAT,Z_MAT,nozzlePos)
2 %POSITIONFILLERFCN Fills NaN and zeros elements in the current segment solution
3 %matrices with appropriate values.
4 %
5 % Input arguments
6 % Input 1: x position solution matrix
7 % Input 2: y position solution matrix
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8 % Input 3: z position solution matrix
9 % Input 4: the nozzle position vector

10 %
11 % Output argument
12 % Output 1: Filled x position matrix
13 % Output 2: Filled y position matrix
14 % Output 3: Filled z−position matrix
15 %
16 % Author: Abiy Wubneh
17 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
18 %
19
20 [~,numOfColumns] = size(X_MAT);
21 for i = 1:numOfColumns
22 lastNonNaNIndx = find(~isnan(X_MAT(:,i)),1,'last');
23 X_MAT(lastNonNaNIndx:end,i) = X_MAT(lastNonNaNIndx,i);
24 Y_MAT(lastNonNaNIndx:end,i) = Y_MAT(lastNonNaNIndx,i);
25 Z_MAT(lastNonNaNIndx:end,i) = Z_MAT(lastNonNaNIndx,i);
26 lastNaNIndx = find(isnan(X_MAT(:,i)),1,'last');
27 X_MAT(1:lastNaNIndx,i) = nozzlePos(1:lastNaNIndx,1);
28 Y_MAT(1:lastNaNIndx,i) = nozzlePos(1:lastNaNIndx,2);
29 Z_MAT(1:lastNaNIndx,i) = nozzlePos(1:lastNaNIndx,3);
30 end
31 end

Listing A.25: quat2RotMatrixFcn
1 function RotationMatrix = quat2RotMatrixFcn(q)
2 %QUAT2ROTMATRIXFCN Generates a rotation matrix from a given quaternion.
3 %
4 % Input argument:
5 % Input 1: Quaternion
6 %
7 % Output argument:
8 % Output 1: The calculated rotation matrix (3x3)
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13
14 RotationMatrix = ...
15 [2*(q(1)^2+q(2)^2)−1, 2*(q(2)*q(3)−q(1)*q(4)), 2*(q(2)*q(4)+q(1)*q(3));
16 2*(q(2)*q(3)+q(1)*q(4)), 2*(q(1)^2+q(3)^2)−1, 2*(q(3)*q(4)−q(1)*q(2));
17 2*(q(2)*q(4)−q(1)*q(3)), 2*(q(3)*q(4)+q(1)*q(2)), 2*(q(1)^2+q(4)^2)−1];
18 end

Listing A.26: quatConjugateFcn
1 function qConjugate = quatConjugateFcn(q)
2 %QUATCONJGATEFCN Calculates the conjugate of a given quaternion.
3 %
4 % Input argument:
5 % Input 1: The quaternion whose conjugate is to be calculated
6 %
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7 % Output argument:
8 % Output 1: Calculated quaternion conjugate
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13
14 %% check first the sizes of the input arguments
15 if length(q) ~= 4
16 error('The entered quaternions must be four−length vectors.')
17 end
18 %% calculate elements of the product of the two quaternions
19 q(2:end) = −q(2:end);
20 qConjugate = q;
21 end

Listing A.27: quatDivideFcn
1 function quatDivision = quatDivideFcn(q,r)
2 %QUATDIVIDERFCN Divides one quaternion by anoter quaternion
3 %
4 % Input arguments:
5 % Input 1: The first quaternion as a four−element vector
6 % Input 2: The second quaternion as a four−element vector
7 %
8 % Output argument:
9 % Output: A quaternion

10 %
11 % Author: Abiy Wubneh
12 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
13 %
14 quatDivision = zeros(size(q));
15 r_norm_sqrd = sum(r.*r);
16 quatDivision(1) = sum(q.*r)/r_norm_sqrd;
17 quatDivision(2) = (r(1)*q(2) − r(2)*q(1) + r(4)*q(3))/r_norm_sqrd;
18 quatDivision(3) = (r(1)*q(3) + r(2)*q(4) − r(3)*q(1) − r(4)*q(2))/r_norm_sqrd;
19 quatDivision(4) = (r(1)*q(4) − r(2)*q(3) + r(3)*q(2) − r(4)*q(1))/r_norm_sqrd;
20 end

Listing A.28: quatExpFcn
1 function quatExp = quatExpFcn(q)
2 %QUATEXPFCN Calculates the exponent of a given quaternion
3 %
4 % Input arguments:
5 % Input 1: A quaternion as a four−element vector
6 %
7 % Output argument:
8 % Output: A quaternion as a four−element vector
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13 w = q(1);
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14 v = q(2:end);
15 quatExp = zeros(size(q));
16 quatExp(1) = exp(w)*cos(norm(v));
17 quatExp(2:end) = exp(w)*(v/norm(v))*sin(norm(v));
18 end

Listing A.29: quatGMatrixFcn
1 function G = quatGMatrixFcn(q)
2 %QUAGMATRIXFCN Calculates Calculates the G−matrix froma given quaternion
3 %
4 % Input arguments:
5 % Input 1: A quaternion as a four−element vector
6 %
7 % Output argument:
8 % Output: A 3x3 matrix (G matrix)
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13
14 G = [−q(2) q(1) −q(4) q(3);
15 −q(3) q(4) q(1) −q(2);
16 −q(4) −q(3) q(2) q(1)];
17 end

Listing A.30: quatLogFcn
1 function quatLog = quatLogFcn(q)
2 %QUATLOGFCN Calculates Calculates the logarithm of a given quaternion
3 %
4 % Input arguments:
5 % Input 1: A quaternion as a four−element vector
6 %
7 % Output argument:
8 % Output 1: A quaternion as a four−element vector
9 %

10 % Author: Abiy Wubneh
11 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
12 %
13
14 a = q(1);
15 v = q(2:end);
16 quatLog = zeros(size(q));
17 quatLog(1) = log(norm(q));
18 quatLog(2:end) = ( v/(norm(v)) ) *acos( a/(norm(q)) );
19 end

Listing A.31: quatProdFcn
1 function q1q2 = quatProdFcn(q1,q2)
2 %QUATPRODFCN Calculates the product of two quaternions. It takes two unit
3 % quaternions as input arguments and returns their product.
4 %
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5 % Input arguments: q1 and q2
6 % The quaternions must be four−length row or column vectors or in a mixed
7 % format (e.g., one could be a column vector and the other a row vector.)
8 %
9 % Output argument: q1q2 = q1*q2

10 % The output quaternion is also a four−length vector. It inherits its size
11 % dimensions from the input argument, provided both inputs have similar sizes.
12 % Otherwise, the output will be returned as a 4X1 column vector.
13 %
14 % Author: Abiy Wubneh
15 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
16 %
17
18 %% check first the sizes of the the input arguments
19 if length(q1) ~= 4 || length(q2) ~= 4
20 error('The entered quaternions must be four−length vectors.')
21 end
22
23 %% calculate elements of the product of the two quaternions
24 n0 = q2(1)*q1(1) − q2(2)*q1(2) − q2(3)*q1(3) − q2(4)*q1(4);
25 n1 = q2(1)*q1(2) + q2(2)*q1(1) − q2(3)*q1(4) + q2(4)*q1(3);
26 n2 = q2(1)*q1(3) + q2(2)*q1(4) + q2(3)*q1(1) − q2(4)*q1(2);
27 n3 = q2(1)*q1(4) − q2(2)*q1(3) + q2(3)*q1(2) + q2(4)*q1(1);
28
29 q1q2 = [n0; n1; n2; n3];
30
31 %% Rearrange result in the same dimensions as the two inputs
32 [~,qCol] = size(q1);
33 [~,rCol] = size(q2);
34 if qCol == 4 && rCol == 4
35 q1q2 = transpose(q1q2);
36 end
37 end

Listing A.32: quatProdFcn2
1 function qp = quatProdFcn2(q1,q2)
2 %QUATPRODFCN2 Calculates the product of two quaternions. It takes two unit
3 % quaternions as input arguments and returns their product.
4 %
5 % Input arguments: q1 and q2
6 % The quaternions must be four−length row or column vectors or in a mixed
7 % format (e.g., one could be a column vector and the other a row vector.)
8 %
9 % Output argument: q1q2 = q1*q2

10 % The output quaternion is also a four−length vector. It inherits its size
11 % dimensions from the input argument, provided both inputs have similar sizes.
12 % Otherwise, the output will be returned as a 4X1 column vector.
13 %
14 % Author: Abiy Wubneh
15 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
16 %
17
18 %% check first the sizes of the the input arguments
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19 if length(q1) ~= 4 || length(q2) ~= 4
20 error('The entered quaternions must be four−length vectors.')
21 end
22
23 %% calculate elements of the product of the two quaternions
24 q1Re = q1(1);
25 q1Im = q1(2:end);
26 q2Re = q2(1);
27 q2Im = q2(2:end);
28
29 qpRe = q2Re*q1Re − dot(q2Im,q1Im);
30 qpIm = q1Re*q2Im + q2Re*q1Im + cross(q1Im,q2Im);
31
32 qp = [qpRe;qpIm];
33
34 %% Rearrange result in the same dimensions as the two inputs (if they are the same

)
35 [~,qCol] = size(q1);
36 [~,rCol] = size(q2);
37 if qCol == 4 && rCol == 4
38 qp = transpose(qp);
39 end
40 end

Listing A.33: solverFcn
1 function [simulationSummary, param] = solverFcn(varargin)
2 %SOLVERFCN Automatically formulates the problem as a multi−body system and solves
3 % it numerically. If the total simulation time is longer than the maximum segment
4 % length defined in the dashboard file, this function solves the simulation in
5 % multiple segments and saves the solution results in a folder.
6 %
7 % Input arguments
8 % Input 1: A data structure containing all information needed to
9 % formulate and solve the problem

10 %
11 % Output argument
12 % Output 1: A data structure containing summary parameters.
13 % Output 2: The original parameters data structure updated with
14 % additional information generated during the simulation
15 %
16 % Author: Abiy Wubneh
17 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
18 %
19
20 tic
21 param = varargin{1};
22 dim = 7; % 3 position + 4 quaternions
23 stuckBeadLimit = param.solver.stuckBeadLimit;
24 numOfActive = 0; % no bead in the system at the beginning
25 tableTouchedRegister = []; % the list of touched beads is empty
26 numOfFrozen = 0; % no bead is frozen at the beginning
27 segSol = struct;
28 simulationSummary = struct;
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29 avfiberChar = struct;
30 tSpanOfEjectionInterval = [];
31 solOfEjectionInterval = [];
32 ejectionID = 0;
33 segmentID = 0;
34 simulationTime = param.sessionInfo.simulationTimeLength;
35 completedSimulationTime = 0;
36 remainingSimulationTime = simulationTime;
37 numericalTimeStep = param.solver.timeStep;
38 % numerical integration time step
39 numericalTimeStep_entire = transpose(0:numericalTimeStep:simulationTime);
40 ejectionIntervalTime = param.solver.ejectionTimeStep;
41 % one bead comes out of the nozzle per ejectionTimeStep
42 segmentIntervalTime = param.sessionInfo.simulationSegmentTimeLimit;
43 % total length of time the simulation will be run for
44 ejectionTimespanVectorLength = param.solver.numOfStepsPerEjection + 1;
45 % e.g., 0−−10, 10 divisions but 11 time markers. Hence markers = divisions + 1;
46 numOfEjectionsInSimulation = ceil(simulationTime/ejectionIntervalTime);
47 numOfSegments = ceil(simulationTime/segmentIntervalTime);
48 segArraySizes = NaN(numOfSegments, 2);
49 fiberCharTable = NaN(numOfSegments, 4);
50 ti = 0;
51 tf = ti + ejectionIntervalTime;
52 globalNumOfRows = ceil(simulationTime/numericalTimeStep) + 100;
53 % with extra; it will be trimmed off at the end.
54 globalNumOfColumns = numOfEjectionsInSimulation + 10;
55 disp([' Solution matix size (each): ' ...
56 num2str(globalNumOfRows) ' x ' num2str(globalNumOfColumns)]);
57 numOfRowsInSegment = ceil(segmentIntervalTime/numericalTimeStep) + 10;
58 % Solution holder matrix with extra rows
59 T_seg = NaN(numOfRowsInSegment,1); % Solution time vector
60 X_seg = NaN(numOfRowsInSegment,globalNumOfColumns); % Solution x coordinates
61 Y_seg = NaN(numOfRowsInSegment,globalNumOfColumns); % Solution y coordinates
62 Z_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
63 Q1_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
64 Q2_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
65 Q3_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
66 Q4_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
67 X_d_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
68 Y_d_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
69 Z_d_seg = NaN(numOfRowsInSegment,globalNumOfColumns);
70 [nozP_entrie, nozV_entire, nozA_entire] = ...
71 nozzlePosVelAccFcn(numericalTimeStep_entire, param.gCode);
72 param.gCode.nozTPVA = ...
73 [numericalTimeStep_entire, nozP_entrie.', nozV_entire.', nozA_entire.'];
74 while completedSimulationTime < simulationTime
75 segmentID = segmentID + 1;
76 rowEndIndex = 1;
77 if remainingSimulationTime < segmentIntervalTime
78 segmentIntervalTime = remainingSimulationTime;
79 end
80 tf_segment = completedSimulationTime + segmentIntervalTime;
81 while ti <= tf_segment
82 ejectionID = ejectionID + 1;
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83 disp(' ========================= SIMULATION STATUS ========================')
84 disp(param.sessionInfo.simulationDate);
85 disp(['Simulaiton name: ' param.sessionInfo.name]);
86 disp(['Run#: ' num2str(param.solver.DOErunNumber)]);
87 disp(' ')
88 disp(' −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−')
89 localElapsedTime = toc;
90 Duration = duration(seconds(localElapsedTime));
91 Duration.Format = 'hh:mm:ss';
92 percentage = (ti/simulationTime)*100;
93 disp([' Solver progress: ' num2str(percentage,'%.0f') ...
94 ' % completed']);
95 disp('');
96 disp([' Numerical time step: ' num2str(param.solver.timeStep,...
97 '%.5f') ' s']);
98 disp([' Virtual current simulation time: ' num2str(ti,'%.2f') ' s of ' ...
99 num2str(simulationTime,'%.2f') ' s']);

100 disp([' Actual elapsed time: ' char(Duration)]);
101 disp([' Simulation segment length: ' ...
102 num2str(param.sessionInfo.simulationTimeLength,'%.2f') ' s']);
103 disp('');
104 disp([' Current simulation segment: ' num2str(segmentID) ' of ' ...
105 num2str(numOfSegments)]);
106 disp([' Number of beads ejected so far: ' num2str(ejectionID)]);
107 disp([' Solution matix size (each): ' ...
108 num2str(globalNumOfRows) ' x ' num2str(globalNumOfColumns)]);
109 disp('');
110 disp([' Feedrate: ' ...
111 num2str(param.gCode.feedRateOveride) ' mm/min ']);
112 %% Sover
113 if isempty(solOfEjectionInterval) % the case at the start of new simulation
114 lastSol = [];
115 else
116 lastSol = solOfEjectionInterval(end,:);
117 end
118 %updateNumOfFrozenFn()
119 [lastActiveIndx, frozenThisPeriod, numOfFrozen] = ...
120 updateNumOfFrozenFcn(tableTouchedRegister, numOfActive, numOfFrozen, ...
121 stuckBeadLimit);
122 x0 = initialConditionFcn(lastSol,ti,param, numOfActive, ...
123 tableTouchedRegister, lastActiveIndx, dim);
124 tSpanOfEjectionIntervalExtra = ...
125 transpose(ti:numericalTimeStep:(tf + 3*numericalTimeStep));
126 solOfEjectionIntervalExtra = ...
127 zeros(length(tSpanOfEjectionIntervalExtra),length(x0));
128 numOfActive = ejectionID − numOfFrozen;
129 % the number of beads active during this iteration
130 tableTouchedRegister = [0,tableTouchedRegister(1:end−frozenThisPeriod)];
131 startingTimeIndx = 1;
132 while ti<tf
133 % if ti2 < tf, contraint the stuck beads only and continue the simulation
134 % without adding more beads
135 tSpan_sub = ti:numericalTimeStep:(tf+3*numericalTimeStep);
136 % the time span definition for the remainder of the iteration
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137 eqn = @(t, x)EOMFn(MultibodyClass(t,x,param, numOfActive, ...
138 tableTouchedRegister, x0, dim));
139 odeEvent = @(t,x)stickingEventFcn(t,x,param, tableTouchedRegister, ...
140 numOfActive, dim);
141 opts = odeset('RelTol',1e−6,'AbsTol',1e−6,'Events', odeEvent);
142 [timeSol_sub, sol_sub, ~, ~, ie] = ode15s(eqn,tSpan_sub,x0, opts);
143 if any(ie) && timeSol_sub(end) <= tf && timeSol_sub(end) <= tf_segment
144 % check if another event was triggered during the sub−iteration
145 tableTouchedRegister(ie) = 1;
146 timeSol_sub(end) = timeSol_sub(end−1) + numericalTimeStep;
147 % clean up the last time step to give it equal spacing
148 end
149 endingTimeIndx = startingTimeIndx + length(timeSol_sub) − 1;
150 solOfEjectionIntervalExtra(startingTimeIndx:endingTimeIndx,:) = sol_sub;
151 ti = timeSol_sub(end);
152 x0 = sol_sub(end,:);
153 startingTimeIndx = endingTimeIndx;
154 end
155 tSpanOfEjectionInterval = ...
156 tSpanOfEjectionIntervalExtra(1:ejectionTimespanVectorLength,:);
157 % ... because of the tf+3*timeStep extra steps added to the timeOfPeriodExtra
158 solOfEjectionInterval = ...
159 solOfEjectionIntervalExtra(1:ejectionTimespanVectorLength,:);
160 ti = tSpanOfEjectionInterval(end);
161 tf = ti + ejectionIntervalTime;
162 %% Reposit results
163 X_ejectionIntervalSol = solOfEjectionInterval(:,1:dim:numOfActive*dim);
164 Y_ejectionIntervalSol = solOfEjectionInterval(:,2:dim:numOfActive*dim);
165 Z_ejectionIntervalSol = solOfEjectionInterval(:,3:dim:numOfActive*dim);
166 Q1_ejectionIntervalSol = solOfEjectionInterval(:,4:dim:numOfActive*dim);
167 Q2_ejectionIntervalSol = solOfEjectionInterval(:,5:dim:numOfActive*dim);
168 Q3_ejectionIntervalSol = solOfEjectionInterval(:,6:dim:numOfActive*dim);
169 Q4_ejectionIntervalSol = solOfEjectionInterval(:,7:dim:numOfActive*dim);
170 X_d_ejectionIntervalSol = ...
171 solOfEjectionInterval(:,numOfActive*dim+1:dim:2*numOfActive*dim);
172 Y_d_ejectionIntervalSol = ...
173 solOfEjectionInterval(:,numOfActive*dim+2:dim:2*numOfActive*dim);
174 Z_d_ejectionIntervalSol = ...
175 solOfEjectionInterval(:,numOfActive*dim+3:dim:2*numOfActive*dim);
176 if ~isequal(size(X_ejectionIntervalSol), size(Y_ejectionIntervalSol), ...
177 size(Z_ejectionIntervalSol), size(Q1_ejectionIntervalSol), ...
178 size(Q2_ejectionIntervalSol), size(Q3_ejectionIntervalSol), ...
179 size(Q4_ejectionIntervalSol), size(X_d_ejectionIntervalSol), ...
180 size(Y_d_ejectionIntervalSol), size(Z_d_ejectionIntervalSol))
181 error('Ejection interval solution matrices are not of euqal dimensions!')
182 end
183 rowStartIndex = rowEndIndex;
184 rowEndIndex = rowStartIndex + ejectionTimespanVectorLength − 1;
185 columnStartIndex = numOfFrozen + 1;
186 columnEndIndex = columnStartIndex + size(X_ejectionIntervalSol,2) − 1;
187 T_seg(rowStartIndex:rowEndIndex,:) = tSpanOfEjectionInterval;
188 X_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
189 flip(X_ejectionIntervalSol,2);
190 Y_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
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191 flip(Y_ejectionIntervalSol,2);
192 Z_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
193 flip(Z_ejectionIntervalSol,2);
194 Q1_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
195 flip(Q1_ejectionIntervalSol,2);
196 Q2_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
197 flip(Q2_ejectionIntervalSol,2);
198 Q3_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
199 flip(Q3_ejectionIntervalSol,2);
200 Q4_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
201 flip(Q4_ejectionIntervalSol,2);
202 X_d_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
203 flip(X_d_ejectionIntervalSol,2);
204 Y_d_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
205 flip(Y_d_ejectionIntervalSol,2);
206 Z_d_seg(rowStartIndex:rowEndIndex,columnStartIndex:columnEndIndex) = ...
207 flip(Z_d_ejectionIntervalSol,2);
208 clc
209 end
210 % A segment simulation just ended here ....
211 trimEjectinIntervalIndex = find(tSpanOfEjectionInterval > tf_segment,1);
212 tSpanOfEjectionInterval(trimEjectinIntervalIndex:end,:) = [];
213 solOfEjectionInterval(trimEjectinIntervalIndex:end,:) = [];
214 ti = tSpanOfEjectionInterval(end);
215 tf = ti + ejectionIntervalTime;
216 completedSimulationTime = tf_segment;
217 remainingSimulationTime = simulationTime − tf_segment;
218 trimSegmentIndex = find(T_seg > completedSimulationTime,1);
219 if (trimSegmentIndex == 1) || isempty(trimSegmentIndex)
220 error('There is something worong here!')
221 end
222 T_segTrimmed = T_seg(1:trimSegmentIndex−1,:);
223 X_segTrimmed = X_seg(1:trimSegmentIndex−1,:);
224 Y_segTrimmed = Y_seg(1:trimSegmentIndex−1,:);
225 Z_segTrimmed = Z_seg(1:trimSegmentIndex−1,:);
226 Q1_segTrimmed = Q1_seg(1:trimSegmentIndex−1,:);
227 Q2_segTrimmed = Q2_seg(1:trimSegmentIndex−1,:);
228 Q3_segTrimmed = Q3_seg(1:trimSegmentIndex−1,:);
229 Q4_segTrimmed = Q4_seg(1:trimSegmentIndex−1,:);
230 X_d_segTrimmed = X_d_seg(1:trimSegmentIndex−1,:);
231 Y_d_segTrimmed = Y_d_seg(1:trimSegmentIndex−1,:);
232 Z_d_segTrimmed = Z_d_seg(1:trimSegmentIndex−1,:);
233 [x_NaNCheck, ~] = lineNaNCheckerFcn(X_segTrimmed);
234 if x_NaNCheck == 1
235 error('There is a problem here. NaN row found in solution!')
236 end
237 segSize = size(X_segTrimmed);
238 [nozzlePos_segmentTrimmed_verticalVectors, ~,~] = ...
239 nozzlePosVelAccFcn(T_segTrimmed, param.gCode);
240 nozzlePos_segmentTrimmed = nozzlePos_segmentTrimmed_verticalVectors';
241 [X_MAT,Y_MAT,Z_MAT] = ...
242 positionsFillerFcn(X_segTrimmed,Y_segTrimmed,Z_segTrimmed, ...
243 nozzlePos_segmentTrimmed);
244 segSol.time_vec = T_segTrimmed;
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245 segSol.x = X_MAT;
246 segSol.y = Y_MAT;
247 segSol.z = Z_MAT;
248 segSol.q1 = Q1_segTrimmed;
249 segSol.q2 = Q2_segTrimmed;
250 segSol.q3 = Q3_segTrimmed;
251 segSol.q4 = Q4_segTrimmed;
252 segSol.x_dot = X_d_segTrimmed;
253 segSol.y_dot = Y_d_segTrimmed;
254 segSol.z_dot = Z_d_segTrimmed;
255 segSol.nozzlePos.x = nozzlePos_segmentTrimmed(:,1);
256 segSol.nozzlePos.y = nozzlePos_segmentTrimmed(:,2);
257 segSol.nozzlePos.z = nozzlePos_segmentTrimmed(:,3);
258 segSol.param = param;
259 segSol.param.solver.segmentID = segmentID;
260 segSol.fiberChar = fiberCharactersticsFcn(segSol);
261 % updated with summary of fiber charactersitcs
262 segArraySizes(segmentID,:) = segSize;
263 fiberCharTable(segmentID,:) = [segSol.fiberChar.averageFiberDiameter, ...
264 segSol.fiberChar.maximumCollectionDiameter, ...
265 segSol.fiberChar.max_beadSpeed, segSol.fiberChar.percentage_elongation];
266 if lower(param.sessionInfo.inpectSegmentResults) == yes
267 plotForInspectionFn2(segSol, segmentID, param);
268 end
269 save([param.solver.solutionPath '/SegmentSoln' ...
270 num2str(segmentID) '.mat'],'segSol','−v7.3');
271 clear segSol
272 T_seg(~isnan(T_seg)) = NaN;
273 X_seg(~isnan(X_seg)) = NaN;
274 Y_seg(~isnan(Y_seg)) = NaN;
275 Z_seg(~isnan(Z_seg)) = NaN;
276 Q1_seg(~isnan(Q1_seg)) = NaN;
277 Q2_seg(~isnan(Q2_seg)) = NaN;
278 Q3_seg(~isnan(Q3_seg)) = NaN;
279 Q4_seg(~isnan(Q4_seg)) = NaN;
280 X_d_seg(~isnan(X_d_seg)) = NaN;
281 Y_d_seg(~isnan(Y_d_seg)) = NaN;
282 Z_d_seg(~isnan(Z_d_seg)) = NaN;
283 nonNaNlasetRowIndx = find(~isnan(X_segTrimmed(end,:)),1);
284 X_seg(1,1:nonNaNlasetRowIndx) = X_MAT(end,1:nonNaNlasetRowIndx);
285 Y_seg(1,1:nonNaNlasetRowIndx) = Y_MAT(end,1:nonNaNlasetRowIndx);
286 Z_seg(1,1:nonNaNlasetRowIndx) = Z_MAT(end,1:nonNaNlasetRowIndx);
287 end
288 weightCol = segArraySizes(:,1);
289 weightedFiberChar = weightCol.*fiberCharTable;
290 summedFiberChar = sum(weightedFiberChar,1);
291 averagedFiberChar = summedFiberChar/sum(weightCol,all);
292 avfiberChar.averageFiberDiameter = averagedFiberChar(1,1);
293 avfiberChar.maximumCollectionDiameter = averagedFiberChar(1,2);
294 avfiberChar.max_beadSpeed = averagedFiberChar(1,3);
295 avfiberChar.percentage_elongation = averagedFiberChar(1,4);
296 param.solver.numOfSegments = segmentID;
297 param.solver.segSolArraySizes = segArraySizes;
298 simulationSummary.param = param;
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299 simulationSummary.fiberChar = avfiberChar;
300 save([param.solver.solutionPath ...
301 '/SimulationSummary.mat'],'simulationSummary','−v7.3');
302 end

Listing A.34: stickingEventFcn
1 function [values,isterminal,direction] = stickingEventFcn(t,statesVec, param, ...
2 tableTouchedRegister, numOfActive, dim)
3 %STICKINGEVENTFCN Checkes if any active beads stick to the collector
4 % plate. The collector distance is used as an event trigger criterion.
5 %
6 % Input arguments
7 % Input 1: current simulation time
8 % Input 2: Vector of numerical integration variables
9 % Input 3: Data structure containing parameter values

10 % Input 4: A list of bead indexes touching the table
11 % Input 5: Number of active beads in the current iteration
12 % Input 6: Number of independent generalized coordinates per bead
13 %
14 % Output argument
15 % Output 1: Existing status of the beads (vector)
16 % Output 2: List of newly touching beads (vector)
17 % Output 3: Direction of approaching the plate (vector)
18 %
19 % Author: Abiy Wubneh
20 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
21 %
22 beadVectorProjection = zeros(numOfActive,1);
23 [nozPos, ~, ~] = nozzlePosVelAccFcn(t, param.gCode);
24 for i = 1:numOfActive
25 idx1 = i*dim − 6;
26 idx2 = idx1 + 2;
27
28 beadVector = statesVec(idx1:idx2) − nozPos;
29 beadVectorProjection(i,1) = dot(beadVector,param.equipment.nozzleUnitVec);
30 end
31 values = param.equipment.collectorDistance − beadVectorProjection;
32
33 isterminal = ones(numOfActive,1) − tableTouchedRegister';
34 direction = −1*ones(numOfActive, 1);
35 end

Listing A.35: updateNumOfFrozenFcn
1 function [lastActiveIndx, frozenThisPeriod, numOfFrozen] = ...
2 updateNumOfFrozenFcn(tableTouchedRegister,numOfActive,numOfFrozen,stuckBeadLimit)
3 %UPDATENUMBEROFFROZENFCN Keeps track of beads that are permanently stuck on the
4 %collector plate.
5 %
6 % Input parameters:
7 % Input 1: Exising list of beads' table−sticking status
8 % Input 2: Number of active beads in the current iteration
9 % Input 3: Total number of frozen beads so far
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10 % Input 4: The number of beads that are currently touching and allowed
11 % to participate in the active simulation
12 %
13 % Output parameters:
14 % Output 1: The index of the latest last active bead after removing stuck beads
15 % from the simulation
16 % Output 2: Number of beads removed from the simulation during this iteration
17 % Output 3: Updated number of frozen beads
18 %
19 % Author: Abiy Wubneh
20 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
21 %
22
23 if any(tableTouchedRegister)
24 lastActiveIndx = find(tableTouchedRegister,1) + stuckBeadLimit − 1;
25 % find the index of the first stuck bead.
26 % Add stuckBeadLimit to it to find the last stuck bead index.
27 if lastActiveIndx > numOfActive
28 lastActiveIndx = numOfActive;
29 end
30 frozenThisPeriod = numOfActive − lastActiveIndx;
31 % Determine if there are any beads frozen during this iteration (period).
32 % 0 and negative values indicate no stuck beads.
33 else
34 frozenThisPeriod = 0;
35 lastActiveIndx = numOfActive;
36 end
37 numOfFrozen = numOfFrozen + frozenThisPeriod;
38 end

Listing A.36: vectorAngleFcn
1 function angleFromXAxis = vectorAngleFcn(targetVector, radOrDeg)
2 %
3 % Author: Abiy Wubneh
4 % Copyright 2023 MFCL@Mechanical Engineering, University of Alberta
5 %
6
7 xAxisVector = [1,0,0];
8 angleFromXAxis = atan2d(norm(cross(xAxisVector, targetVector)), ...
9 dot(xAxisVector,targetVector));

10 % check if the target vector is in the 3rd or the 4th quadrant, ...
11 % i.e., is y value negative?
12 if targetVector(2) < 0
13 angleFromXAxis = 360 − angleFromXAxis;
14 end
15 if lower(radOrDeg) == r
16 angleFromXAxis = deg2rad(angleFromXAxis);
17 elseif lower(radOrDeg) ~= d
18 error(['Unknown angle format passed as a second argument! Please provide as ' ...
19 'a second argment either r for radians or d for degree'])
20 end
21 end
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Appendix B: DOE Data

Table B.1

Std.
Order

Run
Order

Flow rate
(mLh−1)

Voltage
(kV)

Distance
(mm)

Temp
(◦C)

Collection
diameter

(mm)

Average fiber
diameter

(µm)
33 1 2 15 40 250 22.04 58.09
56 2 3 15 30 240 20.63 99.38
55 3 3 15 30 230 18.81 133.49
14 4 1 17.5 40 240 16.33 67.05
48 5 2 20 30 250 19.97 54.83
72 6 3 17.5 50 250 24.85 62.47
27 7 1 20 50 250 19.45 39.57
79 8 3 20 50 230 22.50 85.97
67 9 3 17.5 40 230 20.46 120.98
38 10 2 17.5 30 240 17.44 78.44
63 11 3 15 50 250 25.53 76.71
39 12 2 17.5 30 250 18.19 67.12
69 13 3 17.5 40 250 23.30 68.19
71 14 3 17.5 50 240 22.01 88.62
75 15 3 20 30 250 19.44 70.66
16 16 1 17.5 50 230 17.47 66.24
62 17 3 15 50 240 24.24 103.39
29 18 2 15 30 240 16.37 103.95
73 19 3 20 30 230 18.55 120.50
8 20 1 15 50 240 18.20 79.49
42 21 2 17.5 40 250 21.96 54.93
12 22 1 17.5 30 250 17.31 51.82
9 23 1 15 50 250 21.20 43.13
46 24 2 20 30 230 16.87 81.15
64 25 3 17.5 30 230 18.05 135.86
20 26 1 20 30 240 13.96 79.05
28 27 2 15 30 230 16.44 125.72
22 28 1 20 40 230 13.54 91.84
57 29 3 15 30 250 19.18 84.87
3 30 1 15 30 250 15.52 58.16
78 31 3 20 40 250 23.53 68.68
52 32 2 20 50 230 20.60 85.02
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Table B.1 continued from previous page

Std.
Order

Run
Order

Flow rate
(mLh−1)

Voltage
(kV)

Distance
(mm)

Temp
(◦C)

Collection
diameter

(mm)

Average fiber
diameter

(µm)
15 33 1 17.5 40 250 18.01 62.53
58 34 3 15 40 230 21.72 100.31
44 35 2 17.5 50 240 20.27 79.69
10 36 1 17.5 30 230 14.65 88.79
18 37 1 17.5 50 250 20.37 48.27
6 38 1 15 40 250 19.07 45.92
21 39 1 20 30 250 15.37 75.96
54 40 2 20 50 250 22.67 43.99
26 41 1 20 50 240 28.88 42.90
4 42 1 15 40 230 18.28 63.51
23 43 1 20 40 240 19.15 41.04
13 44 1 17.5 40 230 15.68 57.53
80 45 3 20 50 240 25.05 78.33
35 46 2 15 50 240 20.76 84.69
53 47 2 20 50 240 20.93 61.17
2 48 1 15 30 240 15.34 59.40
41 49 2 17.5 40 240 19.44 64.70
1 50 1 15 30 230 14.45 74.56
31 51 2 15 40 230 18.86 106.04
32 52 2 15 40 240 19.90 88.14
40 53 2 17.5 40 230 18.16 94.05
81 54 3 20 50 250 23.50 65.62
76 55 3 20 40 230 20.74 101.31
30 56 2 15 30 250 17.01 84.02
59 57 3 15 40 240 22.40 93.09
61 58 3 15 50 230 22.13 119.57
77 59 3 20 40 240 20.04 112.26
24 60 1 20 40 250 18.55 39.87
25 61 1 20 50 230 19.44 50.00
37 62 2 17.5 30 230 18.40 89.97
34 63 2 15 50 230 20.58 104.17
68 64 3 17.5 40 240 21.67 101.28
47 65 2 20 30 240 17.69 69.13
51 66 2 20 40 250 20.84 46.69
60 67 3 15 40 250 23.63 78.64
11 68 1 17.5 30 240 15.04 57.33
17 69 1 17.5 50 240 19.96 50.09
49 70 2 20 40 230 18.87 71.95
19 71 1 20 30 230 14.59 61.58
45 72 2 17.5 50 250 23.48 56.49
50 73 2 20 40 240 20.17 58.24
7 74 1 15 50 230 17.52 75.77
74 75 3 20 30 240 19.06 93.30
43 76 2 17.5 50 230 19.63 88.70
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Std.
Order

Run
Order

Flow rate
(mLh−1)

Voltage
(kV)

Distance
(mm)

Temp
(◦C)

Collection
diameter

(mm)

Average fiber
diameter

(µm)
66 77 3 17.5 30 250 20.01 77.44
36 78 2 15 50 250 22.91 63.64
5 79 1 15 40 240 17.30 49.00
70 80 3 17.5 50 230 21.47 113.06
65 81 3 17.5 30 240 19.04 97.27

Table B.2: Statistical summary of DOE data
µ σ 95% CI (µ) 95% CI (σ) p− value ks cv

Collection diameter 2.9 2.4 [2.4, 3.5] [2.1, 2.8] 0.0011 0.1351 0.1163

Average fiber diameter 8.5 7.2 [6.9, 10.2] [6.2, 8.6] 0.0035 0.1259 0.1163
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