
ABSTRACT 

SCHUCHARD, KARL. Computational and Experimental Characterization of 3D-Melt blowing 

Process-Structure-Function Interrelationships for Tissue Engineering (Under the direction of Dr. 

Rohan A. Shirwaiker). 

 

Biofabrication is a multidisciplinary research field where biomaterials, cells, 

biofunctional cues, and manufacturing processes are combined to fabricate tissue and organ 

substitutes in labs. Applications of these biological substitutes range from novel therapeutics, 

regenerative implants, drug and disease screening platforms, microphysiological systems, and 

more. A central pillar of this research domain, 3D scaffolds are constructs which mimic the 

multiscale architectures and biofunctional properties of native tissue matrices. With the right 

cues, cells adhere to a scaffold, proliferate, and secrete newly formed tissue, mimicking native 

tissue analogs in the human body. To date, scaffold manufacturing has typically focused on 

developing one-of prototypes used for laboratory-scale studies. Current scaffold fabrication 

processes are generally limited in their scalability, cost-effectiveness, or ability to recapitulate 

the multiscale architectures of native tissues. These aspects hinder their clinical translatability 

and commercialization position. Thus, a gap exists for efficient and scalable manufacturing 

processes capable of producing scaffolds with multiscale biomimetic architectures. 

To address this gap, this dissertation focuses on engineering a new process for 

biomimetic scaffold manufacturing, 3D-Melt blowing (3DMB). 3DMB synergistically unites a 

nonwoven fiber formation process with an additive-manufacturing inspired collection system. 

The process platform harnesses melt blowing, a high throughput fiber fabrication process 

wherein high-temperature air jets elongate coaxial polymer streams via frictional forces to form 

biomimetic fibers. The fibers travel towards a high-speed rotating collector, positioned by a 

computer-numerically-controlled industrial 6-axis robotic arm, the motion of which then 



elongates and aligns the fibers. Fibers continuously deposit layer-by-layer as the collector moves, 

aggregating an organized scaffold whose morphology recapitulates native fibrous 

musculoskeletal tissue microarchitecture, macrogeometry, and mechanical properties. 3DMB 

offers 100 times more throughput per-nozzle than electrospinning, a common fibrous scaffold 

manufacturing process, while processing a wide variety of biopolymers and additives. The 

resultant scaffolds possess multiscale attributes relevant to musculoskeletal tissue engineering. 

Though this process is promising for fabricating tissue scaffolds, comprehensive process 

characterization is needed to engineer biomimetic scaffolds with specific critical quality 

attributes. Thus, the overarching goal of this dissertation is to characterize the process-structure-

function relationships of this new manufacturing system through three objectives: 

1. Elucidate the fundamental physical mechanisms governing 3DMB fiber formation 

and collection using computational modeling. 

2. Characterize experimental relationships within the 3DMB process-structure design 

space for poly(caprolactone), a biopolymer widely utilized in tissue scaffold 

manufacturing. 

3. Evaluate biofunctionalization aspects pertaining to 3DMB scaffolds in vitro, 

especially relationships between scaffold morphology, cellular responses, tissue 

maturation, and resultant scaffold biomechanical properties. 

This systematic process-based approach comprises a holistic investigation into the 

fundamental relationships between key process parameters, scaffold morphological and 

mechanical attributes, and responses of cells in vitro. The primary contributions of this work 

include: 1) comprehensive computational models of the 3DMB fiber formation and collection, 

which can be used to study the 3DMB parameter design space in silico, 2) Empirical process-



structure relationships that can be utilized in the generative design of tissue scaffolds and lay the 

groundwork for enhanced process control systems, and 3) biofunctionalization schema for 

3DMB scaffolds and comparison with other additively manufactured scaffolds. 
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Chapter 1: Background and Motivation 

Biofabrication is a highly multidisciplinary field focused on generating biologically 

functional products from living cells, bioactive molecules, biomaterials, and subsequent tissue 

maturation processes1 (Figure 1.1). Many promising solutions for in vivo replacement or repair 

of damaged or diseased tissues2,3, toxicology modeling of drugs and vaccines4,5, modeling of 

diseases such as cancer6, and microphysiological systems7 have emerged due to research in this 

domain. Significant progress has been made over the past three decades in the fundamental 

science underlying these applications, and in doing so, a breadth of tissues and organs have been 

engineered, including dermal tissue8, bone9, hepatic tissue10, musculoskeletal tissue11, nerve 

tissue12, cardiac tissue13, vasculature14, and more. As these therapies advance towards clinical 

translation, a shift from laboratory-scale prototyping to scalable manufacturing must occur15. As 

such, there is a growing demand for biofabrication processes capable of reliable, reproducible, 

and scalable manufacturing of tissue engineering constructs. Herein, we introduce a new 

manufacturing process, 3D-Melt blowing (3DMB), for scalable tissue engineering scaffold 

fabrication.  

 

Figure 1.1: Schematic of biofabrication considerations 
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1.1 Clinical motivation 

Musculoskeletal tissues play essential roles in supporting the function of human joints. 

Ligaments, tendons, cartilage, and menisci comprise load-bearing soft tissues found in the knee 

joint, a highly evolved biomechanical interface (Figure 1.2). These tissues were present in 

hominids millions of years ago, while the evolution of the knee joint to its current forms in 

support of dedicated bipedalism can be traced back nearly as far16. In the modern era, such 

tissues support innumerable activities of our everyday lives. One critical duty assigned to these 

tissues is maintaining joint mechanical homeostasis, a feat performed by simultaneously guiding 

movement, stabilizing the joint under loading, and limiting positional extrema17ï20. In doing so, 

tissues of the knee synchronize to dissipate and transfer biomechanical forces generated by 

seemingly unremarkable, everyday movements. Activities like walking, standing up, and 

climbing stairs are generally immemorable to those with healthy joints; however, each applies 

loads of 200-350% body weight to the knee21. 

 

Figure 1.2: Superior view of the right tibial plateau, showing ligaments, cartilage, and menisci 
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Musculoskeletal tissues are prone to injury and disease because of the load-bearing roles 

they unwaveringly play22,23. Damage to these tissues is common across sedentary and active 

populations, though older populations, and those with physically demanding occupations such as 

active duty military members, are at significantly greater risk24. Healing of such musculoskeletal 

tissue damage is largely dictated by the pathophysiology of the injured tissue, the extent of 

damage, and the treatment modality. Due to reduced metabolic rates, oxygenation, and 

vascularization, tissues like tendons and ligaments generally have prolonged healing periods25. 

For example, injury caused by mildly overloading a tendon can favorably heal with appropriate 

rest over several weeks or result in degeneration and chronic damage if load-bearing activity is 

resumed too quickly25. In the meniscus, tissue vascularization is zonally heterogeneous, 

comprising highly and moderately vascularized zones and an avascular region19. Healing 

responses depend upon vasculature to supply reparative biofunctional motifs; thus, healing 

capacity is also zonally-dependent in the meniscus. The vascularized zones of the meniscus can 

often promote healing when injured, lending these injuries to more favorable clinical outcomes. 

However, healing is limited if the avascular region is damaged, necessitating a surgical 

intervention19. 

While orthopedic surgeries treating musculoskeletal injuries are commonly performed in 

the US, their clinical outcomes, especially in the longer term, can be unsatisfactory. For example, 

the meniscus tear is the most common knee injury in the US, and the meniscectomy, comprising 

either full or partial removal of a damaged knee meniscus, is the most commonly performed 

orthopedic surgery26,27. The benefits of meniscectomy have been widely debated. Removing the 

damaged tissue generally alleviates the pain and short-term biomechanical dysfunction resulting 

from the injury. Still, the procedure is highly associated with long-term osteoarthritis of the local 
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articular cartilage28. The source of increased incidence of cartilage degradation is hypothesized 

to be two-fold. First, reductions in intraarticular cartilage contact area, and thus increases in peak 

load contact stress, are directly related to the amount of meniscus removed. In cadaveric tests, 

removing the entire meniscus resulted in a 72% decrease in contact area and a 235% increase in 

stress, whereas partial removal resulted in a 10% decrease and 65% increase, respectively29. 

These results support the supposition that the meniscus protects the underlying cartilage by 

dissipating compressive loads along its circumferentially aligned fibers while modulating and 

redirecting biomechanical loads through the knee joint. Aside from a biomechanical role, the 

healthy meniscus takes a physiological role within the knee joint by nourishing and lubricating 

the local cartilage, providing holistic biofunctional motifs that promote healing16,28. Therefore, 

removing meniscus tissue not only overloads the articular cartilage but also undermines the 

healing of subsequent articular cartilage damage. 

Another treatment modality for severe musculoskeletal tissue injuries is the replacement 

of the damaged tissue with an implant. The implant could take the form of an allograft from a 

same-species donor30,31, a xenograft from a different species32,33, a non-resorbable artificial 

construct34,35, or an autograft from the patientôs own tissues36. Few replacement strategies can 

completely restore the original functionality and homeostasis of the native joint, though each has 

advantages and limitations. Allograft transplants benefit from biofunctional schema similar to the 

recipientôs native tissue, though the size, fit, and biomechanical properties must be carefully 

matched, a consideration complicating suitable donor availability30,35. Furthermore, doubts have 

been raised regarding the efficacy of meniscus allograft transplantation in preventing the onset of 

knee osteoarthritis, likely due to patient-specific physiology and the role a native meniscus plays 

in nourishing the underlying cartilage37,38. While more readily sourced than allografts, 
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Xenografts pose similar anatomical and biomechanical considerations, though with the added 

challenges of stronger host immunogenic responses due to dissimilar exogenous biomolecular 

components39. Non-resorbable artificial implants can recapitulate some native musculoskeletal 

tissue biomechanical properties, though they are often limited in lifespan due to fatigue and their 

non-regenerative nature. This necessitates further research to formulate a biomimetic 

combination of material properties, geometry, and stability boundary conditions to replace a 

tissue like the meniscus34. Finally, while autologous tissue sources are often suitable for 

applications in tendon or ligament repair36, this strategy proves challenging for meniscus 

replacement due to its unique biomechanical, biofunctional, and physiological schema40ï42. 

 

1.2 Musculoskeletal tissue engineering and biofabrication 

Aside from traditional surgical approaches detailed above, the multidisciplinary fields of 

tissue engineering and biofabrication have presented emerging solutions for musculoskeletal 

tissue regeneration. These range from cellular therapies that promote and support the hostôs 

native tissue healing cascade43, injectable hydrogels which can deliver growth factors and 

bioactive cues, or regenerate tissues in situ44, and 3D-tissue manufacturing approaches utilizing 

allo- or xenogenic decellularized biomatrices45,  bioprinted constructs46, or artificial scaffolds47.  

Scaffold-based tissue engineering traditionally comprises approaches utilizing a 3D 

substrate that serves as a functional blueprint for tissue maturation48. The scaffold acts as a 

framework upon which cells adhere, then directs cellular proliferation and extracellular matrix 

secretion (ECM) during tissue maturation11. Ideal scaffold morphology depends significantly 

upon the intended application, though there are some general properties that scaffolds must 

possess for desirable in vitro and in vivo performance. Scaffolds should be biocompatible, 
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bioresorbable, and support favorable cellular responses such as adhesion, proliferation, 

differentiation, and ECM secretion48,49. Ultimately, scaffolds and mature constructs should 

possess mechanical and physical properties that recapitulate the multiscale architecture and 

biomechanical function of the comparable native tissue analog47.  

Multiscale tissue schema play critical roles in modulating scaffold functionality. Native 

tissues are inherently multiscale constructs that harmonize across the macro, micro, and 

nanodomains, whose functional properties support the biomechanical and physiological roles 

they play50. For example, highly organized bundles of collagen molecules constitute a multiscale 

hierarchy within the ECM of tissues such as ligaments, tendons, and menisci16,51. The 

coalescence of nanoscale fibrils, microscale fibers, and macroscale fascicles produces high 

mechanical anisotropy, with greater stiffness and strength along the axis of loading in ligaments 

and tendons, supporting their role in regulating joint and skeletal movement. The circumferential 

alignment of meniscus collagen transfers compressive loads into hoop stresses along its 

circumference16. At the cellular level, interactions of multiscale structural and biochemical cues 

presented by the ECM modulate cellular alignment, proliferation, and further ECM production. 

At the sub-micron scale, topography and specialized molecules such as amino acids, proteins, 

ligands, and vesicles regulate cellular filopodial extension, receptor binding, adhesion, and 

intercellular communication52ï54. Even in an avascular tissue like cartilage, comprising only a 

single cell type, the multiscale constitution, and interplay of finely tuned biofunctional motifs 

such as heterogeneous arrangements of collagen throughout the tissue, and gel-like crosslinked 

proteoglycan matrix, synergistically produce resilience to compressive biomechanical loads and 

flexibility to dissipate them20. Hence, in engineering tissue substitutes, it is essential that the 

scaffold enables recapitulation of tissue multiscale form and features. 
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 Accordingly, a breadth of processes and biomaterials have been implemented in 

manufacturing engineered musculoskeletal tissues and their subcomponents3,55,56. These 

biofabrication processes can generally be categorized by their fundamental mechanisms. While 

few processes are independently capable of achieving biomimetic structure-function properties 

simultaneously across the nano, micro, and macro domains, each process has inherent 

advantages and limitations, resulting in process tradeoffs. For example, surface modification 

processes provide highly flexible platforms for imparting micro and nanopatterns to construct 

surfaces57, though seldom can these processes enable stand-alone macroscale construct 

fabrication. Fiber and fabric forming processes produce micro and nanoscale fibers or highly 

organized fabrics that mimic the architectures found in many tissues, but these lag in 

recapitulating complex macrogeometry fidelity58. Additive manufacturing processes, such as 3D 

printing, have garnered significant interest as they are easily implemented, fast, affordable, and 

have excellent control over biomaterial placement and macrogeometry of the final construct. 

However, these processes are often limited in recapitulating multiscale architectures59. Remote 

fields-based processes, such as acoustophoresis, are highly effective at organizing micro and 

nanoscale particles and cells into patterns within constructs. However, they must be hybridized 

with another process for material placement60. Traditional processes, such as solvent casting 

particulate leaching and freeze-drying, can efficiently produce constructs with spontaneously 

formed multiscale architectures but are often limited in direct control over such features61. 
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1.3 Fiber forming processes for tissue engineering and biofabrication 

Within the broader categories of biofabrication processes, fiber and fabric forming 

processes have received steadily growing interest over the last three decades for tissue 

engineering (Figure 1.3). Biocompatible fibers, their fabrication processes, and processes using 

them to manufacture multiscale constructs have garnered significant attention due to their unique 

properties such as high surface area to volume ratios, high construct pore density, and 

interconnectivity, and their capacity to mimic native musculoskeletal tissue extracellular 

matrices58,62,63. While structures comprising such fibers have been advantageous in one-of tissue 

engineering applications, advancement towards clinical translatability of these applications 

depends on developing cost-effective manufacturing systems with high processing efficiency, 

repeatability, and reliability. 
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Figure 1.3: Usage of terms "tissue engineering"  and ñtissue engineeringò with ñfiber,ò ñfabric,ò or ñtextileò 

in publication titles, abstracts, and author keywords, 1990-2020, generated using the Web of Science Core 

Collection. 
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Several fiber forming processes have been utilized for tissue engineering (Table 1.1). 

Examples include electrostatic fiber formation (EFF) (Figure 1.4A), solution blowing (Figure 

1.4B), melt spinning (Figure 1.4C), and melt blowing (Figure 1.4D). These processes utilize 

contrasting fundamental fiber formation principles, resulting in application-specific advantages 

and limitations. Electrospinning, a central EFF technology, achieves fiber formation by injecting 

viscoelastic polymer through a fine capillary to continuously feed a droplet at the nozzle tip. An 

electrical potential applied between the nozzle and collecting substrate generates electrostatic 

repulsion forces within the polymer droplet, resulting in the formation of a Taylor cone and 

emission of a continuous polymer jet, which accelerates towards the substrate. This jet undergoes 

a vigorous bending and whipping instability, which causes a substantial reduction in its diameter, 

forming micro and nanofibers as the solvent evaporates. EFF technologies are generally capable 

of producing such fibers at polymer throughputs in the range of 0.001 gram/nozzle/min64ï68.  

 

Table 1.1: Brief overview of key fiber formation processes for tissue scaffold manufacturing 

Process Process resolution Typical polymer throughput Reference 

Electrospinning >100 nm 0.001 g/nozzle/min 58 

Solution blowing >500 nm 0.01 g/nozzle/min 69 

Melt spinning >300 nm 1 g/nozzle/min 58 

Melt blowing >500 nm 0.4 g/nozzle/min 58 

 

Solution-blown fiber formation is achieved by injecting a viscous solution of polymer 

dissolved in a solvent through fine capillaries arranged in a fiber die, continuously feeding a 

droplet at the tip of each nozzle. Coaxial high-pressure gas jets draw a polymer jet from the 
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nozzle. The polymer jet undergoes a vigorous bending and whipping instability and a substantial 

reduction in its diameter due to the drag and frictional forces imparted by the coaxial gas jet. The 

solvent evaporates from this jet under ambient or heated conditions, producing micro or 

nanofibers which travel towards a collector and overlay to form fibrous constructs. This process 

can produce fibers in the range of 20 nm to several microns, at polymer throughputs in the range 

of 0.01 gram/nozzle/min, an order of magnitude greater than electrospinning70ï73. 

In melt spinning, fiber production is accomplished by extruding molten polymer 

filaments through capillaries in a spinneret and subsequently into a temperature-controlled gas. 

The filament is wound around a high-speed take-up roll system. The take-up rolls mechanically 

draw the fiber, further reducing its fiber diameter. Conventional melt spinning processes can 

produce microfibers and yarns at polymer throughputs near 1 gram/nozzle/min74,75. Modified 

approaches such as seaïisland conjugated melt spinning with a solvent system can produce true 

nanofibers76,77.  

In comparison, melt blowing is a process wherein a viscous polymer melt is extruded 

through fine nozzles arranged within a fiber die. Polymer exiting the capillaries is then drawn 

away from the die via frictional forces imparted by high-speed air jets at high temperature, 

forming a micro or nanofiber. Fibers subsequently cool under ambient conditions and travel 

towards the collector, where they form webs as they overlay one another and fuse together. Melt 

blowing is typically capable of producing micro and nanofibers with polymer throughputs near 

0.4 gram/nozzle/min, significantly greater than electrospinning78ï80.  
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Figure 1.4: Schematic diagrams of (A) EFF, (B) solution blowing, (C) melt spinning, and (D) melt blowing, 

specifically 3D-Melt blowing80. 

 

Each of the processes mentioned above proves advantageous in various applications 

while limited in others. Melt spinning, owing to its capacity to produce strong, continuous 
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polymer filaments and yarns, is widely used in the industrial-scale manufacturing of surgical 

sutures81. However, due to its inherent low dimensionality, the melt spinning process is generally 

disfavored for tissue engineering applications requiring net 3D-macrogeometries, though some 

have modified the process to produce geometries like tubes82,83. Electrospinning is particularly 

well suited to the fabrication of fibrous tissue engineering scaffolds as these constructs comprise 

porous micro and nanoarchitectures with similar length-scale as the underlying architecture of 

native tissues, providing a scaffold for cells that supports cellular metabolic activity and 

extracellular matrix secretion58.  Like many melt-based processes, melt electrospinning is 

generally limited to thermoplastics. In contrast, solution electrospinning is limited to volatile 

polymer-solvent systems, which can leave harsh residuals entrapped within the fabricated 

constructs. While excelling in reproducing native tissue microarchitecture, EFF processes 

typically lag in recapitulating the 3D-macrogeometry of anatomical constructs and face 

scalability issues wherein the design of industrial-scale systems becomes convoluted due to the 

electrical field interference of multiple nozzles. While needleless electrospinning generally 

improves EFF system polymer throughput, it typically lags in precise die geometries resulting in 

inconsistent polymer feed rates and heterogeneous fiber diameter distributions 84.  

Solution blowing enables inherently scalable micro- and nanofiber production and has 

per-nozzle polymer throughputs that are an order of magnitude greater than electrospinning. 

Solution blowing, like electrospinning, is particularly flexible in processing a wide range of 

materials, particles, and various biomedical additives whose thermolability prevents their use in 

other fiber-forming processes relying on polymer melts. Furthermore, fabrication of industrial 

fiber dies becomes less convoluted than electrospinning due to the facile nature of the polymer 
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fiber jet formation and fiber collection and is limited only by available die size and accelerating 

gas and polymer solution availability.  

Of these processes, melt blowing is relatively underexplored for tissue engineering 

applications compared to EFF processes, despite its potential in scalable fibrous scaffold 

fabrication. Melt blowing is particularly well suited to these applications because of its capacity 

to fabricate multiscale fibrous constructs with biomimetic fibrous microarchitectures like 

electrospinning, comprising attributes such as high surface area to volume ratios and high pore 

densities. Melt blowing is also inherently scalable and utilizes per nozzle polymer throughputs 

several orders of magnitude greater than electrospinning, multi-nozzle dies, and can process 

thermoplastic biopolymers similar to melt elctrospinning80.  

 

1.4 Research objectives 

Based on melt blowing and additive manufacturing principles, we recently developed a 

new fibrous tissue scaffold manufacturing process, 3DMB80. In this process, the fibers are 

produced by a conventional melt blowing process with annular nozzles, which comprise a 

polymer capillary with coaxial surrounding air outlet, and are aggregated by a novel 3D collector 

system (Figure 1.5). The 3DMB collector comprises a high-speed rotating mandrel positioned 

beneath the die by an industrial 6-axis CNC robot, allowing precise control over mandrel 

position, fiber deposition location, and surface speed. The mandrel can comprise different 

geometries like 3D printed cavities biomodeled from patient-specific medical imaging (Figure 

1.5A) or other attachments like a flat plate (Figure. 1.5B). This dissertation characterizes the 

new process-structure-function relationships engendered by this novel manufacturing platform 

for tissue engineering.  
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Our 3DMB system can process thermoplastic biopolymers such as polycaprolactone 

(PCL) and polylactic acid (PLA) to produce biomimetic multiscale fibrous scaffolds80. The 

3DMB system can also be hybridized to concurrently manufacture polymer scaffolds coated with 

bioactive hydrogels85. Preliminary studies with PCL have demonstrated that scaffold critical 

quality attributes (CQA) such as fiber diameter, fiber alignment, porosity, and mechanical 

properties are modulated by 3DMB collector process parameters (Fig. 1.5C), including the 

distance from the die to the collector as measured from the die face on a plumb line to the 

collector surface (DCD), fiber deposition offset (FDO), or location relative to the edge of 

collector rotation expressed as a percentage of collector diameter, and the surface velocity of the 

collector (SVC)80.  

Comprehensive investigation of the interrelationships between 3DMB process 

parameters, fibrous scaffold morphology, mechanical attributes, and ultimately biofunctional 

considerations such as cellular responses and biofunctional critical quality attributes is needed. 

Accordingly, this dissertation characterizes these process-structure-function relationships using 

computational modeling, designed experiments, multimodal analyses, and statistical approaches. 
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Figure 1.5: 3DMB collection system schematics (A) biomodeled cavity collector (B) 3DMB flat plate collector 

(C) 3DMB drum collector, and schematic of 3DMB collector parameters: die-collector-distance (DCD), fiber 

deposition location (FDO), surface velocity of the collector (SVC).  

 

Research objectives (O) and subtasks (ST) of this dissertation are outlined below. 

O1: Elucidate the fundamental physical mechanisms governing 3DMB fiber formation and 

collection using computational modeling. 

ST 1.1: Develop a 2D computational fluid dynamic (CFD) model of annular melt 

blowing to characterize effects of parameters related to the polymer-air interface of 

3DMB on polymer jet velocity, whipping instability, and fiber diameter. 
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ST 1.2: Simulate fiber motion in the 3DMB collection process to characterize the effects 

of 3DMB parameters on fiber alignment. 

ST 1.3: Model the non-isothermal interaction of multiple 3DMB air jets and the 3DMB 

collector using a 2D CFD model. 

O2. Characterize process-structure relationships associated with the 3DMB process and 

fabrication of fibrous tissue engineering scaffolds using design of experiments (DOE), with PCL 

as a model biopolymer. 

ST 2.1: Characterize the effects of key 3DMB process parameters (DCD, FDO, SVC) on 

the fiber diameter and fiber alignment of scaffolds.  

ST 2.2: Characterize the effects of key 3DMB process parameters (DCD, FDO, SVC) on 

2D and 3D porosity of scaffolds.  

ST 2.3: Characterize the effects of key 3DMB process parameters (DCD, FDO, SVC) on 

scaffold tensile and compressive mechanical properties for the full design space and the 

effects of fatigue on mechanical responses of contrasting morphologies. 

O3. 3. Evaluate biofunctionalization aspects pertaining to 3DMB scaffolds in vitro, especially 

relationships between scaffold morphology, cellular responses, tissue maturation, and resultant 

scaffold biomechanical properties. 

ST 3.1: Study the effects of 3DMB scaffold surface modification by alkaline etching on 

fiber morphology. 

ST 3.2: Assess the effects of alkaline etching on scaffold tensile and compressive 

mechanical properties for the design space of ST 2.3 and the effects of fatigue on 

mechanical responses of contrasting morphologies.  
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ST 3.3: Characterize the effects of different 3DMB scaffold cell seeding strategies on 

viability and adhesion, using contrasting scaffold morphologies. 

ST 3.4: Characterize relationships between contrasting 3DMB scaffold morphologies 

from O2 and cellular viability and metabolic activity over 2-weeks in dynamic cell 

culture. 

ST 3.5: Evaluate 3DMB structure-function relationships for the two most contrasting 

scaffold morphologies from the O2 design space, especially those relationships pertaining 

to markers of chondrogenic differentiation, extracellular matrix formation, and 

biomechanical responses in a 6-week dynamic culture.  
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Chapter 2: Modeling Annular Melt Blowing  and 3DMB Processes 

2.1 Chapter introduction 

Melt blowing processes (Figure 2.1), owing to their ability to manufacture a wide variety 

of microfibrous morphologies efficiently, have been utilized in diverse applications ranging from 

tissue engineering scaffolds80,86, adsorbent media87ï89, and filtration media90,91. The architecture 

of melt-blown webs and their fibrous critical quality attributes like fiber diameter, fiber 

alignment, and pore morphology interplay with their applications80,89,92. These critical quality 

attributes are modulated by the interrelationships between melt blowing process parameters and 

the resultant air and polymer jet responses, which must be engineered to manufacture useful 

articles for their application.  

 

 

Figure 2.1: Melt blowing schematic with a cross-section of annular melt blowing die 
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Unfortunately, the polymer and air jets' attributes in both 3DMB fiber formation and 

collection are challenging to empirically resolve online during manufacturing. First, the size 

scale at which the polymer jet exists is relatively small, while simultaneously, the velocity scale 

at which the polymer jet moves is quite large, making resolution of jet motion difficult, even for 

modern equipment. Strategies like high-speed, high-resolution photography93 or laser Doppler 

vibrometry (LDV)94 have been used to characterize melt blowing polymer jet attributes. The 

parameter design space used in industrial melt blowing often produces fiber jet motion with size 

and velocity scales that these methods cannot resolve95. Further, seeding the polymer for LDV 

poses many challenges on its own, making this strategy suboptimal. Other strategies like hotwire 

anemometry96 or particle image velocimetry97 have been utilized to characterize melt blowing 

air-jet attributes. However, the results depend highly on the localized melt blowing conditions 

and the one-of-a-kind melt blowing equipment used. Further, in characterizing attributes of either 

jet, any device placed under the melt blowing die would be contaminated with molten polymer; 

thus, such approaches must necessarily neglect the polymer jet's presence. Even so, successful 

implementation of any of these strategies to study melt blowing online during manufacturing is 

not cheap or easy, requiring both high-cost equipment and specialized training.  

Modern computing has primarily driven advancement in the formulation and solution of 

melt blowing simulations. Initial approaches centered upon one-, two-, and three-dimensional 

(3D) series of beads connected by viscoelastic spring-damper elements representing a fiber and 

successive approximation of solutions to systems of equations describing fundamental melt 

blowing aerodynamics and rheological dynamics with no terminal boundary condition98ï100. 

Meanwhile, the development of CFD simulations was ongoing. Strategies employing CFD 

simulations initially approximated the air jet's flow and temperature fields over the melt blowing 
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domain and subsequent numerical approximation of the fiber jet dynamics in auxiliary 

models101,102. Such models neglected the polymer jet's fundamental interaction with the air jet, 

given that the air jet flow field is solved independently and then used to approximate the polymer 

jet attributes in a separate model. With this method, the interrelationships between the polymer 

jet's motion and the air jet are lost. Other CFD models have utilized a fixed domain boundary 

condition to represent the axisymmetric flow of polymer for approximating the interaction 

between polymer and air jets103. The polymer jet and air jet share a moving free surface 

interface; thus, the effects of the polymer jet on the air jet and vice-versa in those models were 

diminished. Even recently, many models of melt blowing are based on the fundamentals 

mentioned above, comprising a series of beads104 or 3D numerical models with stochastic 

components105. The formulation and solution of these systems of quasilinear boundary value 

problems formulated with partial differential equations are nontrivial, requiring complex 

mathematical formulations and equally complex numerical approximation schema.  

These same models are generally employed in modeling melt blowing fiber collection but 

with added terminal boundary conditions106,107. These boundary conditions generally comprise 

specifying the translational velocity of the collector and freezing the fiber motion upon reaching 

the collector surface either entirely or in all directions except the direction of collector motion. 

These added specifications allow for studying the collected fiber laydown patterns and fiber mat 

attributes such as basis weight. One shortcoming of such models is that they generally neglect 

the accelerating air-collector surface interaction. The complex air flow dynamics caused by the 

collector are thus lost. However, this flow field determines critical local environmental 

conditions that the fiber would experience and could affect fiber cooling, bonding, and thus 
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morphology. Understandably, it would be challenging to resolve the bluff body problem of the 

high-speed air flow across the 3DMB collector using these models.  

As such, two gaps exist in modeling melt blowing. The first gap exists for a fiber 

formation model that is easily implemented, accurate and resolves the critical interaction 

between the polymer and air jets. To address this gap, here we develop a new approach to model 

annular melt blowing. Unlike the models mentioned above, this model can resolve the moving 

interface between the polymer and attenuating air jet. Such multiphase modeling develops a 

more accurate representation of the air and polymer jets' motion because the free surface 

interface between the fluids is incorporated into the model formulation. This is to say that the 

air's effect on the polymer and vice versa is captured in this model. Modeling this effect is 

essential for accurately representing the polymer jet's whipping instability and estimating the 

resultant fiber diameter.  

To do so, we first develop a model that couples multiple fluids through free surface 

interfaces to represent the flows of the polymer and the air in the melt blowing process. Once the 

multiphase model is formulated, we assign relevant boundary conditions and approximate 

solutions to the multi-fluid transport equations across a discretized mesh of computer-aided 

design geometry using a commercial software package, ANSYS Fluent (ANSYS, Canonsburg, 

PA). The approximated solution simulates annular melt blowing using relevant fiber formation 

parameters such as polymer viscosity, polymer throughput, and attenuating air throughput. The 

effects of these parameters on fiber motion, whipping instability, and fiber diameter were 

computationally characterized. Then, the relationships between these parameters and fiber 

diameter were also experimentally validated. 
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The second gap exists for modeling 3DMB fiber collection. No single model can capture 

the entire dynamical fiber collection system, so to address this gap, we synergistically utilize 

three separate models to study the fundamental components of the 3DMB collection system and 

the effect of processing conditions on fiber motion. Preliminary studies with the 3DMB system 

have demonstrated that collection processing conditions affect the fiber alignment and laydown 

patterns. Thus it is essential to elucidate these process-structure interactions in silico and validate 

them empirically in Chapter 3. 

First, we utilize a basic spring-damper model to study the effects of 3DMB collection 

process parameters on fiber motion. This model utilizes a series of viscoelastic elements hanging 

in space and fixed at one end, representing an already formed fiber, and imparts acceleration on 

the terminal viscoelastic element to simulate acceleration the fiber would experience when 

interacting with the collector. The second model implements CFD simulation to study the effects 

of 3DMB fiber collection parameters on a highly dispersed discrete particle phase, representing 

the polymer jet and its interactions through a moving boundary condition, simulating the rotating 

collector. Lastly, we develop a rotating bluff body CFD simulation to study the effects of fiber 

collection process parameters on the thermal flow field caused by the high-temperature air jet. 

With these three models, we can predict the expected fiber mat attributes such as fiber alignment 

and fiber mat porosity. 
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2.2  Annular melt blowing fiber formation  CFD modeling 

2.2.1 Model and methods 

2.2.1.1 Multiphase CFD model 

Fiber formation in the melt blowing process fundamentally relies on coalescent flows of 

two fluids: a molten polymer and high-velocity air. The melt blowing nozzle geometry (Figure 

2.2) governs these fluids' initial interactions. The annular nozzle, a common melt blowing nozzle 

configuration, comprises a capillary through which the molten polymer is extruded and a 

surrounding coaxial opening through which high-pressure air flows, drawing the polymer from 

the capillary tip. In this study, the CFD model utilized a two-dimensional (2D) representation of 

an annular die with geometry. The air was supplied from two parallel rectangular inlets, 

reflecting a cross-section of the annular air gap. In contrast, the polymer was provided from a 

single rectangular inlet, centered between the air inlets, reflecting the polymer capillary cross-

section. The coaxial attenuating air flows from the respective inlets at high velocity, while the 

polymer flows from the separate inlet at low velocity. Near the polymer capillary tip, the 

attenuating air accelerated the polymer via frictional drag forces, forming a fine jet that traveled 

through the remaining domain. The CFD domain was set as a 2D rectangular planar geometry 

reflecting the area directly beneath the fiber die where the fiber diameter is primarily reduced 

and providing sufficient space to observe the whipping instability of the polymer jet. 

A CFD model formulation comprising of two Eulerian fluid flows was chosen for its 

ability to model separate and nonpenetrating phases and a sharp interface between them. This 

was applied to simulate the air and polymer jets as a two-phase flow using a volume of fluid 

method. In this method, a sharp, non-dispersive boundary was assigned between the fluids and 

allowed for the formulation of individual phase velocities and temperatures. The volume fraction 
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of a phase was defined as the proportion of space occupied by that phase in a computational 

domain element. The volume fraction, when mapped across the geometry, tracked the interface 

between the two phases. 

The laws of conservation of mass and momentum were applied to each phase individually. 

The volume ÏÆ phase ή, Vq, was then defined by eq. (1): 

ὠ ‌Ὠὠ

 

 (1) 

 

where ‌  was the volume fraction of phase q. 

 

 

Figure 2.2 (A) Bottom-up photograph of an annular melt blowing nozzle; (B-D) schematics (bottom-up view, 

cross-sectional view) and dimensions of the annular nozzle used in this study. 
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The following continuity, eq. (2) must be satisfied such that the sum of the volume fraction of the 

n phases in each element is 1. 

‌ή ρ

ὲ

ήρ

 (2) 

The effective density of phase q, ”ȟ was defined by eq. (3): 

”  ‌” (3) 

where ” was the physical density of phase q.  

Fluid transport in the domain, as the volume fraction, was approximated by the solution of a 

continuity equation, eq. (4): 

ρ
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where ”  was the phase reference density, or the volume-averaged density, of the ή  phase in 

the solution domain, ὺᴆ the velocity of phase q, and ά  the mass transfer from phase p to q, and 

vice-versa, ά  the mass transfer from phase q to p. Because the fluids were treated as immiscible 

and inert, no mass was transferred between them. A momentum conservation equation further 

governed the flow, eq. (5): 
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 Ὂᴆ Ὂᴆ ȟ Ὂᴆȟ Ὂᴆ ȟ Ὂᴆȟ  

(5) 



 

26 

 

where p was the pressure shared by all phases, Ὣᴆ the acceleration due to gravity, ὑ  an interphase 

momentum exchange coefficient, Ὂᴆ an external body force, Ὂᴆ ȟ a lift force, Ὂᴆȟ a wall 

lubrication force, Ὂᴆ ȟ a virtual mass force, Ὂᴆȟ a turbulent dispersion force, and †ӶӶ the qth phase 

stress-strain tensor given by eq. (6) with ‘ and ‗ as the shear and bulk viscosity of phase q. No 

lift, turbulent dispersion, or wall lubrication models were modified from default. Virtual mass 

force modeling to study the accelerating polymer phase was included and unmodified from the 

default option. 

†ӶӶ  ‌‘ ὺɳᴆ  ɳὺᴆ ‌ ‗
ς

σ
‘ ẗɳὺᴆὍ֞ (6) 

The overall turbulence model for melt blowing simulations should be chosen based upon 

the amount of expected turbulent kinetic energy in the system. Less complex modeling schema 

are needed when an annular die is implemented as the directions of the 2D air-jet flows are 

parallel. Thus, turbulent kinetic energy and turbulent mixing are lower than inset dies, where the 

air flows are significantly directed towards each other. The k-epsilon model has shown to be 

sufficient for modeling the turbulent regimes of annular melt blowing108; therefore, we chose the 

two-equation k-epsilon mixture turbulence model as defined by eqs. (7) and (8): 

‬

‬ὸ
”Ὧ ẗɳ”ὺᴆὯ ẗɳ ‘

‘ȟ
„

Ὧɳ Ὃȟ ”‐ ʌ  (7) 

Ћ

Ћὸ
”‐ ẗɳ”ὺᴆ‐

ẗɳ ‘
‘ȟ
„

‐ɳ
‐

Ὧ
ὅ Ὃȟ  ὅ ”‐ ʌ  

(8) 

where k was the turbulence kinetic energy, Ң the rate of turbulence dissipation, ‘ȟ  the turbulent 

viscosity for the mixture, and „ and „ the turbulent Prandtl numbers. The Ὃȟ  term represented 
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the generation of turbulence kinetic energy for the mixture, ʌ , ʌ were additional source terms 

for turbulence between phases, and constants ὅ  = 1.44, ὅ  = 1.92.  

The terms ” , the mixture density, ‘ , the molecular viscosity, and ὺᴆ, the mixture 

velocity, were calculated from eqs. (9-11): 

”  ‌” (9) 

‘  ‌‘ (10) 

ὺᴆ  
В ‌”ὺᴆ

В ‌”
 

(11) 

where ‌, ”, ‘, ὺᴆ were the volume fraction, density, viscosity, and velocity of the i th phase, 

respectively.  

 

2.2.1.2 Simulation study 

The CFD model was set up in ANSYS in a multistep procedure to capture the process 

physics described above. First, the 2D annular melt blowing nozzle geometry was defined. The 

remaining spatial domain was then defined wherein the polymer, and air-jet motion would 

typically exist. A structured mesh was applied across this space, and relevant boundary 

conditions were specified. Subsequently, solutions to the multiphase fluid flow governing 

equations in Section 2.2.1.1 were approximated to model the fiber formation process.  
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2.2.1.3 Model geometry and mesh generation 

The annular die geometry from a Biax die (Biax Fiberfilm, Waterloo, WI) (Figure 2.2), 

commonly used in melt blowing, was utilized. The CFD domain was set as a 2D rectangular 

planar geometry, 10 x 50 mm (Figure 2.3A). The 2D nozzle geometry and specifications were 

translated to DesignModeler, the built-in CAD package in ANSYS (Figure 2.3B). A 

quadrilateral structured mesh with a specified element size of 0.1 mm was generated across the 

computational domain, providing high spatial efficiency discretization (Figure 2.3C). The 

resultant 100,000 element mesh was significantly refined compared to previous works101. 
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Figure 2.3: CFD model geometry (A) computational domain and geometry with walls (black) and pressure 

outlets (orange) (B) close up view of annular melt blowing nozzle with air inlets (blue) polymer inlet (green) 

(C) nozzle geometry with 0.1 mm quadrilateral mesh 

 

2.2.1.4 Model boundary conditions 

Three melt blowing process parameters: polymer viscosity and mass throughput 

(calculated as velocity), and the attenuating air velocity, were considered and varied in a full 

factorial design with PCL (Mw 43,000) as the model material. PCL is a thermoplastic that is 

widely utilized in medical applications using a variety of processes, including melt blowing80. 

The parameter levels (Table 2.1) were determined based upon estimated PCL density of 1.145 

g/cm3, and dynamic viscosities bracketing those of PCL melted to 120°C 109. The polymer 
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velocity boundary condition was calculated based on mass throughput rates utilized in melt 

blowing PCL with the Biax die.  Gravity was specified as -9.8 m/s2 in the y-direction. The 

polymer inlet was set as a velocity inlet with initial volume fractions of polymer = 1 and air = 0. 

All material parameters for the air were standard material properties from the ANSYS materials 

database. The air inlets were set as velocity inlets, with initial volume fractions of polymer = 0 

and air = 1. Surface tension modeling between the viscous polymer fluid and the air was 

included but not modified, wherein the surface tension coefficient was approximated as 0.1 

N/m110. The left, right, and bottom boundaries were set as pressure outlets with ambient pressure 

= 0 Pa, while all other boundaries were defined as walls. 

 

Table 2.1: Fiber formation model boundary conditions matrix for polymer and air parameters 

Polymer Viscosity (Pa-s) Polymer Velocity (m/s) 
Attenuating Air  Velocity 

(m/s) 

8 0.01 30 

10 0.02 97 

12 0.03 135 

 

2.2.1.5 Solution method 

Simulations were built and executed on a PC (Dell Precision Tower 7810, Dell, Round 

Rock, TX) running a Windows 10 64-bit operating system. The PC utilized 40 processing cores, 

2.2 GHz each, with 64 GB RAM. ANSYS Fluent was run in 2D-double precision, using all 40 

cores of the PC. 
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Finite-element discretization was used to approximate solutions to fluid flow governing 

equations. To do so, Fluent utilized several discretization schema. First, a phase-coupled 

SIMPLE algorithm was utilized for pressure-velocity coupling, wherein the velocities are 

coupled by phases in a segregated fashion. The least-squares cell-based spatial discretization for 

gradient evaluation was implemented, as was the Pressure Staggering Option (PRESTO!) 

pressure discretization scheme. Other discretization methods included first-order upwind for 

momentum, compressive for volume fraction, first-order upwind for turbulent kinetic energy, 

and first-order upwind for turbulent dissipation rate. First-order implicit was utilized for the 

transient formulation. No high-order term relaxation was utilized.  

An automatic hybrid method was utilized for model initialization. Airflow fields were 

initially solved to convergence in a single-phase model using a velocity-specific time step size, 

1000 time steps, and a maximum of 10 iterations per step (Table 2.2). Heterogeneous time step 

sizes were necessary to ensure low Courant number and numerical stability while minimizing 

computational expense, as defined by eq. (12): 

ὅ ὥ
ῳὸ

ῳὼ
 (12) 

where a was the fluid velocity, ῳὸ was the time step size, and ῳὼ was the distance between mesh 

elements. 
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Table 2.2: Initial air flow field solution time step sizes 

Air Velocity  (m/s) Time Step Size (s) 

30 1e-4 

97 1e-5 

135 1e-5 

 

After the air flow approximation, the secondary phase polymer flow was initialized. This 

is not to suggest that the polymer and air flows were solved separately. The airflow regimes are 

highly transient due to the initial impulse of high velocity from the inlet; thus, it was first 

necessary to establish convergent air responses before introducing the low-velocity polymer and 

modeling the multiphase interactions. Vice-versa, if the polymer was introduced before the 

attenuating air, the surface tension of the fluid would dominate and lead to unstable fluid 

aggregation and rapid model divergence. In essence, once a convergent air flow field was 

established, the polymer phase was initialized to form the multiphase model. Multiphase model 

solution convergence was achieved using a polymer velocity specific time step size, number of 

time steps, and ten iterations per step, to rapidly achieve ~10-4 convergence of all residual 

variables, as detailed in Table 2.3. Again, heterogeneity was utilized to maintain low Courant 

number, improve numerical stability, and minimize computational expense.  
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Table 2.3: Multiphase solution time step sizes and number of steps 

Polymer Velocity (m/s) Time Step Size (s) Number of Steps 

0.01 1e-3 200 

0.02 1e-4 1000 

0.03 1e-4 1000 

 

2.2.1.6 Model validation 

Two approaches were utilized to validate this model. First, we used an existing melt 

blowing apparatus to manufacture PCL fibers at select parameters using the die geometry shown 

in Figure 2.2. Briefly, PCL (Mw 43000, Polysciences Inc, Warrington, PA) was melted to 

120°C and extruded at 0.1 gram/nozzle/min through the Biax fiber fabrication die utilizing a 

custom 3D melt blowing system80. High pressure, 140°C attenuating air was provided by an 

industrial air-process heater (Backer Hotwatt, Danvers, MA) and forced through the Biax die at 

various volumetric throughputs. Digital micrographs were obtained from these samples, and the 

average fiber diameter and standard deviation for each were determined by measuring at least 10 

fibers utilizing ImageJ software.  

To further validate this model, a common annular melt blowing geometry100,111 (Figure 

2.4) was sourced from literature and utilized to construct a multiphase model following Section 

2.2.1.1. Boundary conditions were drawn from literature as follows111,112: polymer density = 

0.598 g/cm3, polymer viscosity 38.37 Pa-s, initial polymer velocity = 0.049 m/s, attenuating air 

velocity = 110 m/s, and surface tension coefficient = 0.7 N/m. The solution to this multiphase 

flow model was approximated as in Section 2.2.1.5. Polymer velocity streamline data was 

isolated to estimate the fiber diameter, which was compared to that empirically observed in 
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literature. A linear regression was fit to the predicted vs. actual fiber diameter data for both 

validation methods. 

 

 

Figure 2.4: Computational validation annular melt blowing (A) geometry and (B) dimensions 

 

2.2.1.7 Multiphase multi -nozzle model extension 

The models mentioned above comprise single melt blowing nozzle geometries and 

relevant domains. These models are adequate to study fundamental processing conditions of the 

melt blowing process; however, very few melt blowing die systems comprise single nozzles in 

practice. More typically, these systems comprise multiple nozzles arranged in linear arrays. As a 

proof of concept, the single nozzle multiphase melt blowing model above was scaled to include a 

geometrically accurate cross-section of a 3x3 nozzle Biax Fiberfilm die.  

Briefly, the die comprised three melt blowing nozzles, each comprising a polymer 

capillary surrounded by a concentric air outlet. A dead nozzle, i.e., a nozzle with no polymer 

capillary, bracketed the row of melt blowing nozzles (Figure 2.5). As in previous simulations, 

this geometry was translated to ANSYS DesignModeler and supplied with a 30 x 115 mm 
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rectangular domain. Due to the larger domain, as compared to the single nozzle multiphase fiber 

formation model, a larger element size was chosen to ensure computational tractability and 

solution feasibility. The resultant model was meshed with a 0.2 mm quadrilateral mesh with 

three-iteration refinement along the melt blowing die face resulting in an approximately 0.05 mm 

quadrilateral mesh element size in that region.  

 

 

Figure 2.5: Multinozzle die geometry (A) bottom-up micrograph (B) schematic 
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2.2.2 Results and discussion 

2.2.2.1 Simulated multiphase jet characteristics 

CFD simulations were employed to model the multiphase air, and polymer flow fields 

through a representative 10 x 50 mm melt blowing domain. Air jet velocity contours 

(representative examples in Figure 2.6) were isolated from multiphase models for each 

combination of attenuating air velocity, polymer velocity, and viscosity (Table 2.1). In all 

simulations, the air was issued from the inlets at the respective boundary condition velocity and 

traveled along the polymer nozzle. The air jets displayed varying degrees of convergence below 

the nozzle, with little near-nozzle convergence observed in the lowest air velocity (Figure 2.6A). 

Increasing air velocity produced greater air-jet convergence and impingement of the polymer jet 

beneath the nozzle (Figure 2.6B, C). This is critical for melt blowing fiber formation because 

polymer jet deformation and acceleration are primarily modulated by drag forces imparted by the 

attenuating air. The modeled air jets were asymmetric about an axis through the polymer nozzle 

from the polymer and air jets' convergence point to the bottom outlet, resultant from polymer jet 

interaction. Such interactions between the polymer jet and the airflow field were noted in each 

simulation, which highlights the importance of using a multiphase model to analyze the process. 

While native and inherent to the multiphase model, these interactions would otherwise be 

challenging to fully capture in other models such as the spring-damper model. In the spring-

damper model, the air flow field is solved via CFD, exported, and used to model the fiber motion 

through a numerical model, neglecting to capture the effect of the polymer fiber on the air flow. 
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Figure 2.6: CFD air jet velocity contours near the melt blowing nozzle with initial polymer velocity, viscosity 

= 0.02 m/s, 10 Pa-s 

 

Polymer jet velocity streamlines (representative examples in Figure 2.7) were isolated 

from multiphase models for observation and further analysis. The polymer was issued from the 

respective inlet and, to various degrees, subsequently accelerated across the domain-dependent 

upon the processing conditions. Velocity decompositions were isolated from the polymer 

velocity streamlines in the principal X- and Y-directions. Various degrees of whipping instability 

were observed in X-velocity plots, wherein the values oscillated between positive and negative 

across the domain. Positive X-velocity corresponded to movement along the positive X-axis and 

vice-versa. Given that the polymer material was issued through the nozzle at a constant flow rate 
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and assumed constant density, mass balance can be applied to estimate the polymer jet diameter 

at a given position by rearranging eq. (13): 

“
Ὀ

τ
ὠ  ὗ (13) 

where D was the polymer jet diameter, V was the polymer velocity, and Q was the polymer flow 

rate. This equation was solved for polymer jet diameter based on the maximum polymer 

streamline Y-velocity in the region 20 mm below the polymer nozzle, the region of polymer jet 

acceleration and characterized by polymer jet isothermal stability98. 

 

Figure 2.7: Representative polymer velocity streamlines for three levels of air velocity with initial polymer 

velocity, viscosity = 0.02 m/s, 10 Pa-s 
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2.2.2.2 Effect of processing conditions on simulated polymer jet whipping instability  

As previously mentioned, polymer jet whipping instability is a fundamental phenomenon 

in the melt blowing process that affects fiber entanglement and microarchitecture of the final 

melt blown web. In theory, the critical velocity, U*, required to produce perturbation of 

coalescent free liquid jets and initiate whipping instability is defined by eq (14):  

Ὗᶻ
‌

”ὥ
 (14) 

where Ŭ was the jet surface-tension coefficient, ” was the air density, and ὥ was the radius of 

the unperturbed jet. For this study, Ŭ was approximated for PCL at 120°C as 0.1 kg/m2 110, ” = 

1.225 kg/m3, and ὥ = 0.15 mm, the radius of the polymer nozzle in this study. Ὗᶻ for this 

system was calculated to be 23 m/s, suggesting an increasing magnitude of whipping instability 

for attenuating air velocities above this value. 

Figure 2.8 summarizes the polymer jet X-velocities for processing conditions comprising 

polymer viscosity (8, 10, 12 Pa-s), initial polymer velocities (0.01, 0.02, 0.03 m/s), and 

attenuating air velocities (30, 97, 154 m/s). Whipping instability was observed in these 

simulations as the oscillation of polymer streamline X-velocity, taking on positive and negative 

values. Various degrees of whipping instability were observed across the ranges of processing 

parameters. Parameter combinations with 30 m/s attenuating air velocity produced the least 

whipping instability in the study, aligning with the theory that limited whipping instability would 

be observed for air velocities near Ὗᶻ, 23 m/s as previously calculated.  
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Figure 2.8: Simulated polymer jet X-velocities grouped by processing conditions 

 

Accordingly, increasing X-velocity whipping amplitude was observed uniformly across 

all processing parameters as the attenuating air velocity was incremented from 30 m/s to 97 and 

154 m/s (Figure 2.9). This trend can be attributed to the increase in drag forces imparted by the 

attenuating air due to increasing velocity differential between the air and polymer, the result of 

which is increased whipping instability as velocity increases above Ὗᶻ. Minor differences in the 

primary whipping region's length were observed in simulations with appreciable whipping 

instability. Lower viscosities produced longer whipping regions as the rheological forces 
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resisting deformation decrease with decreasing viscosity, particularly for simulations with initial 

polymer velocity = 0.02 m/s. However, these effects were generally mixed when holistically 

considering all simulations. Future sensitivity studies may model more contrasting levels of 

polymer viscosity to study the effect of this parameter on whipping region length. Initial polymer 

velocity did not appear to affect the resultant polymer jet whipping instability. This suggests that 

this parameter did not modulate the primary drag forces between the air and polymer jets, 

confirming that the primary processing condition driving the onset of whipping instability is the 

air jet velocity. 

 

 

Figure 2.9: Maximum peak-to-peak X-velocity whipping amplitude for all simulations 

 



 

42 

 

2.2.2.3 Effect of processing conditions on estimated fiber diameter 

Figure 2.10 displays the estimated fiber diameters, as calculated from eq. (13), mapped 

across the polymer viscosities (8, 10, 12 Pa-s), initial polymer velocities (0.01, 0.02, 0.03 m/s), 

and attenuating air velocities (30, 97, 154 m/s). From this plot, the initial polymer velocity 

through the polymer capillary and the attenuating air velocity were the primary factors governing 

the resultant fiber diameter. Reducing the polymer velocity (i.e., decrementing the polymer mass 

throughput through the capillary) produced finer fiber diameters for a given air velocity due to 

the same drag force from the air acting on a decremented fiber mass, the result of which was 

greater drawing and diameter reduction. Likewise, increasing the accelerating air velocity (i.e., 

increasing the attenuating air throughput) produced finer fibers, an effect attributable to the 

increment in the drag forces upon the polymer jet with increasing velocity differential between 

air and polymer. The result of this was greater polymer acceleration and more diameter 

reduction. Accordingly, the largest fiber diameters were observed at the highest level of initial 

polymer velocity, 0.03 m/s (0.15 gram/nozzle/min), and the lowest level of attenuating air 

velocity, 30 m/s (35 l/min). The finest fibers were produced in a similar vein at the lowest 

polymer velocity, 0.01 m/s (0.05 gram/nozzle/min), and the highest attenuating air velocity, 154 

m/s (175 l/min). No observable trends in fiber diameter were attributable to changes in the 

polymer viscosity, but future studies may consider levels of this parameter with greater contrast 

to elucidate such effects. 
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Figure 2.10: Estimated fiber diameters for all processing conditions 

 

2.2.2.4 Model validation 

As previously described, two different annular die geometries ï one from our 

experimental setup (Figure 2.2) and one from literature (Figure 2.4) ï were used for validation 

to show the versatility and robustness of the multiphase model. Figure 2.11 shows the predicted 

vs. actual fiber diameters for both die geometries. Empirically observed trends show decreasing 

fiber diameter with increasing attenuating air velocity and decreasing polymer velocity, which 

correlated overall with the observed trends in simulation data. For polymer velocity = 0.02 m/s 

and viscosity = 10 Pa-s, the fiber diameters were estimated by the multiphase model to be 5.8 µm 

and 7.2 µm at attenuating air velocities of 97 and 154 m/s, respectively. Empirical measurements 

of PCL fibers manufactured at these parameters yielded corresponding fiber diameters of 5.7 ± 

2.6 µm and 7.5 ± 0.75 µm. At polymer velocity = 0.03 m/s, viscosity = 10 Pa-s, and attenuating 
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air velocity = 30 m/s, the fiber diameters estimated by the multiphase model and as measured 

empirically for melt-blown PCL fibers were 41 µm and 52 ± 10 µm, respectively.  

Utilizing the annular melt blowing die geometry and processing conditions sourced from 

literature, the multiphase model predicted the fiber diameter to be 22.6 µm, while empirically, 

these processing conditions produced fibers with an approximate diameter of 19 µm111. Overall, 

the simulation results matched closely with empirical data for various processing conditions and 

two different die geometries, with R2 = 0.9561. This R2 indicated that the model outcomes 

correlated closely with the experimental outcomes.  

 

 

Figure 2.11: Predicted vs. actual fiber diameter for select simulations (error bars show 1 standard deviation, 

standard deviation was not available for the 39 Pa-s, 0.049 m/s, 100 m/s data point which was sourced from 

literature)  
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2.2.2.5 Simulated multi-nozzle jet characteristics 

CFD simulation was employed to model the multiphase air and polymer flow fields of a 

representative cross-section of the multinozzle 3DMB die through a 30 x 115 mm domain. Air 

jet velocity contours (Figure 2.12) were isolated from multiphase models for the relevant 

boundary conditions. The air was issued from the inlets at the respective boundary condition 

velocity and traveled along the polymer nozzles, as was observed in the single-nozzle simulation. 

Herein, the modeled air jets maintained similar velocity profiles to the single nozzle simulation 

throughout the domain. The dead nozzles on either end of the die geometry were observed to 

have higher velocity than the inner nozzles due to the absence of the polymer jet, the acceleration 

of which is an energy sink. The air jets from the dead nozzles also essentially shield the inner 

nozzles from the ambient environment, while the inner jets draw the polymer away from the die. 

Throughout the domain, the modeled air jets were asymmetric about an axis through the polymer 

nozzle due to the characteristic whipping instability of the polymer jets, as was observed in the 

single-nozzle study. This again highlights the importance of using a multiphase model to analyze 

the process. 

Using eq. (13) and similar assumptions from Section 2.2.2.1, the fiber diameter was 

estimated. To briefly recap, the polymer jet velocity was calculated in the 20 mm region near the 

die, a zone wherein general polymer isothermal stability is observed, and then was used to solve 

for the estimated fiber diameter based on a constant mass throughput of polymer at an assumed 

density. The estimated fiber diameter for this simulation was 7.14 µm, matching closely to the 

fiber diameter observed for similar parameters in the single-nozzle melt blowing fiber formation 

simulation. This shows that while the multi-nozzle simulation is more representative of the actual 
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melt blowing system, the single-nozzle simulation is equally sufficient for modeling melt-blown 

fiber diameters.   

 

Figure 2.12: Multiphase multi -nozzle (A) air flow field contours and (B) polymer velocity streamlines 
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2.3 Numerical simulation of fiber motion in the 3DMB collection process 

 As previously mentioned, the melt blowing system relies on two subsystems: fiber 

formation and fiber collection. The polymer fiber is a high aspect ratio and heterogeneously 

viscoelastic mechanical system. Modeling this material using standard finite element analyses is 

particularly challenging. The large size scale of the macro-domain in which the length of the 

fiber exists (~15-20 cm) and the micro-domain in which the diameter of the fiber exists (1-10 

µm) makes resolving the macro-domain with a micron-scale mesh computationally infeasible. 

Furthermore, materials in CFD are viscous, though not elastic, posing challenges in 

programming materials with a combination of each property.  

Another strategy in modeling viscoelastic materials is to treat them as a network of 

masses connected by spring-damper elements. This method has been utilized to model soft or 

viscoelastic objects for a variety of simulation applications113ï115, including melt-blown fiber, as 

previously discussed. Herein, we simulate an already formed fiber hanging from the fiber die by 

modeling a spring-damper series system fixed at one point (Figure 2.13A) and hanging in space 

as the melt-blown fiber would be fixed at the fiber die and existing in the space between the die 

and collector. We then qualitatively model the effect of additional directional velocities applied 

to the terminal mass and study the resultant motion of the system as that force is transmitted up 

through the series of springs and dampers. The directional velocities are applied in such a way to 

simulate the tangential collector velocity as determined by the 3DMB fiber deposition offset and 

surface velocity of the collector (Figure 2.13B). 
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Figure 2.13: (A) Schematic representation of spring-damper model, and (B) collector velocity decomposition 

by FDO 

 

2.3.1 Model and methods 

2.3.1.1 Numerical model 

First, the mass elements are given kinematic and mechanical initial conditions as in eq. 

(15): 

ὼ, ώȟὺ , ὺ , k, Ä  = ὧ ὧ ὧ ὧ ὧ ὧ  (15) 

where i indexed the set of masses, ὼ and ώ  were the initial x and y positions of the ith mass 

element, and likewise ὺ  and ὺ  were the ith initial x and y velocities, the spring coefficient, k, 

and damping coefficient, d, and ὧéὧ were constants. The values of the spring constant and 

damping coefficient, while representing the viscoelasticity of the fiber, have less significance 

quantitatively due to the complex nature of the fiber rheological properties, crystallinity, and 

dynamics, though suffice to qualitatively model the kinematics of a viscoelastic material.  

Then, the total force experienced by the ith mass is given by eq. (16): 
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Ὂ = Ὂ Ὂ Ὂ Ὂ Ὂ  (16) 

where Ὂ  and Ὂ  were the forces experienced by the ith mass from the neighboring springs: 

above and below, respectively. Likewise,  Ὂ  and Ὂ  were the damping forces experienced by 

the ith mass from the neighboring dampers. Ὂ  was the force of gravity. For the terminal mass, 

the i+1 th forces were considered zero. 

The ith spring force, Ὂ , and damping force, Ὂ , were calculated using Hookeôs law and 

velocity-based damping as given by eqs. (17) and (18) respectively: 

Ὂ  Ὧὰȟ  (17) 

Ὂ  Ὠᴁὺᴁ (18) 

where ὰȟ  was the distance between the ith and i+1th masses, and ὺ, the velocity of the ith 

mass. 

 

2.3.1.2 Solution procedure 

Kinematic and mechanical initial conditions were specified for each mass, taking the 

spring constant, k = 1, and damping coefficient, d = 1. A finite differences method was adopted 

to approximate the kinematic equations of motion of the mass elements. Briefly, the time domain 

was discretized with ῳὸ = 0.1s. The total force on each mass, as described by eq. (16), was 

calculated for the time step. 

The acceleration of the ith mass, ὥ, was resolved directionally using Newtonôs second 

law, eqs. (19) and (20) respectively: 

Ὂ   άὥ  (19) 

Ὂ   άὥ  (20) 
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The velocity of the ith mass was resolved directionally as in eqs (21) and (22): 

ὺ   ὺ ὥῳὸ (21) 

ὺ   ὺ ὥῳὸ (22) 

The velocity of the terminal mass, ά , was determined in such a way that it was proportional 

in magnitude to the collector surface velocity while its principal x- and y-components were 

determined by the fiber deposition offset. For example, at FDO = 50%, the y-component was 

zero while the x-component was positive. Likewise, at FDO = 90%, both the x- and y- 

components were positive, while at FDO = 16%, the x-component was positive, and the y-

component was negative.  

Like solving for the velocity, a finite difference approximation was made for the position 

of each mass given by eqs. (23,24): 

ὼ = ὼ ὺῳὸ (23) 

ώ = ώ ὺῳὸ (24) 

Three contrasting collection process parameter combinations were selected for modeling. 

These combinations corresponded to collector kinematic extrema, modulating the added velocity 

of the terminal mass element as given in Table 2.4. 

 

Table 2.4: FDO, SVC combinations and unit velocity vector assigned to terminal mass 

FDO, SVC = 16%, 160 m/min 
x = 0.67 

y = -0.75 

FDO, SVC = 50%, 160 m/min 
x = 1 

y = 0 

FDO, SVC = 90%, 700 m/min 
x = 0.61 

y = 0.73 
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2.3.2 Results and discussion 

In melt blowing, the fiber whipping motion primarily determines the laydown pattern on  

the collector. To minimize the whipping instability, the speed generated by the collectorôs 

drawing forces needs to match the velocities of the fiber, a key advantage of the 3DMB systemôs 

variable, high-velocity collector. MATLAB numerical simulations were utilized to qualitatively 

model the viscoelastic nature of a 3DMB fiber interacting with the 3DMB cylindrical collector. 

Simulated fiber motion solutions were plotted in dimensionless space (Figure 2.14).  

 

Figure 2.14: MATLAB fiber collection numerical simulation results for simulated parameter combinations 
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The simulated fiber motion was largely dependent on the 3DMB collection parameters. 

Across all simulations, the fiber was drawn in the direction of collector rotation. The directional 

changes experienced by the fiber depended on both the FDO and SVC parameters. Specifically, 

the FDO modulated the directional velocities imparted by the collector, i.e., the magnitudes of 

the x- and y-vectors comprising the decomposition of the tangential velocity vector at the 

deposition location on the collector surface. The x-component of the tangential collector velocity 

was greater at FDO = 50% vs. FDO = 16%, suggesting the fiber deposited at the 50% level 

would be pulled significantly more in the x-direction. In the simulations, the fiber was drawn 

more in the x-direction at FDO = 50% than at FDO = 16%, holding the SVC constant at 160 

m/min. Further, the FDO = 16% position resulted in fiber drawing that exceeded the boundary of 

the collector, suggesting that while significant fiber alignment could be produced at this location, 

the added forces of collection may make collection at this point challenging. 

In comparison, the FDO, SVC = 90%, 700 m/min simulation produced significantly more 

drawing in the x-direction when compared to FDO, SVC = 50%, 160 m/min simulation, 

suggesting that significant fiber alignment would occur at this combination. Furthermore, the 

deposition point was well within the boundaries of the collector, meaning that fiber collection 

should not be challenging at this point. This demonstrates that while the ratios of the x- and y-

components of the SVC are governed by the FDO, their magnitudes are governed by the SVC, 

highlighting the synergistic relationship between these two parameters in modulating fiber 

motion. This is to say that the FDO needed to be sufficiently high to produce fiber alignment and 

support fiber collection, while the SVC determined the amount of fiber alignment produced at 

each FDO level. 
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2.4 Discrete phase CFD modeling of 3DMB fiber collection 

While the 3DMB system comprises two continuous phases as described in the fiber 

formation model, continuous multiphase modeling of the interaction of the continuous polymer 

phase with the rotating collector proved challenging due to the low volume fraction of the 

comprehensive model domain occupied by the polymer fluid and highly dispersed nature of the 

micron-scale fiber. Enhancing the mesh to resolve the polymer jet was computationally 

infeasible due to the large domain size. The numerical model more realistically captured the 

viscoelastic properties of the polymer but was difficult to implement due to the coding of custom 

fundamental physical equations, as compared to a CFD model based on a commercial solver 

such as Fluent. Furthermore, the parameterization of the numerical model was challenging 

because many assumptions and simplifications were made to keep the equations tractable; as 

such, the spring and damping constants of the system had limited physical translatability. 

Because of these limitations, discrete phase modeling (DPM) was chosen for its ability to model 

a highly dispersed jet of discrete particles within a continuous phase and track their motion. 

While the polymer jet is technically continuous, it is similarly highly dispersed within the 

domain and occupies a similarly low volume fraction. Here, we assume that the trajectory of the 

discrete particle jet will suffice for modeling the responses of a continuous but highly dispersed 

polymer jet. The application of DPM also allows for enhanced wall-fluid interactions pertaining 

to fluid accretion and acceleration, providing more realistic modeling of the 3DMB collection 

process. 
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2.4.1 Model and methods 

2.4.1.1 Discrete phase model 

The continuous air phase mass balance was given by eq. (25): 

‬”

‬ὸ
​ẗ”όᴆ Ὓ   (25) 

where t was time, ί  was the fluid source, ɟ was the fluid density, and όᴆ was the fluid velocity 

vector. The discrete phase particle trajectories were determined by eq. (26): 

Äό

Äὸ
Ὂ όᴆ όᴆ

Ὣᴆ” ”

”
 (26) 

where όᴆ was the particle velocity,  Ὂ was the drag force imparted by the fluid upon the 

particles, ” was the particle density, and Ὣᴆ was gravitational acceleration. Turbulence modeling 

in this system followed the k-Ů mixture turbulence model described in eqs. (7) and (8). 

Furthermore, rotating reference frame modeling was adopted to resolve the complex interface of 

the rotating collector with the continuous and discrete phase. The motion of the steadily rotating 

reference frame was described by eq. (27): 

 ʖᴆ ʖÁ  (27) 

where ‫ᴆ  was the steady angular velocity relative to the adjacent ambient cell zone reference 

frame, was the magnitude of angular velocity and Á was a unit vector in the direction of ‫ 

rotation. Momentum balance of fluid interacting with the rotating reference frame was 

accomplished with eq. (28): 

‬

‬ὸ
”ὺᴆ  ɳẗ”ὺᴆὺᴆ ”ςʖᴆ  ὺᴆ ʖᴆ  ʖᴆ  Òᴆ  ”ɳ ẗɳ† Ὂᴆ (28) 
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where ὺᴆ was the relative velocity of the fluid compared to the collector, † was the viscous 

stress calculated using the relative velocities, and Ὂᴆ was other additional body forces such as 

gravity.  

 

2.4.1.2 Model geometry and mesh generation 

The CFD domain was set as a 2D rectangular planar geometry with dimensions 400 x 

400 mm (Figure 2.15A). The annular die geometry from the 3DMB system was utilized and 

translated to CAD geometry in DesignModeler. The polymer inlet and the air inlets protruded 

approximately 0.3 mm from their respective neighboring faces to prevent boundary condition 

translation errors when sending the geometry to the solver due to their small size compared to the 

domain (Figure 2.15B). A quadrilateral structured mesh with a specified element size equal to 1 

mm was generated across the computational domain, providing high spatial efficiency. The 

collector was modeled as a circular rotating zone in 2D (ø 208 mm) and was positioned beneath 

the fiber die. This is representative of a collector geometry that is commonly used in the 3DMB 

system. The position of the 2D collector within the model geometry was dictated by the DCD 

and FDO parameters, while the angular velocity of the rotating reference frame zone was 

governed by SVC.  
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Figure 2.15: Exemplar comprehensive 3DMB CFD model (A) computational domain and geometry with walls 

(red) and pressure outlets (yellow), DCD = 150 mm, FDO = 90%, and (B) dashed inset of A, close up view of 

annular melt blowing geometry with 1) air inlets 2) polymer inlet.  

 

2.4.1.3 Model boundary conditions 

Two contrasting, feasible 3DMB collection parameter combinations were chosen for 

modeling. Boundary conditions largely followed Section 2.2.1.4 and are listed in Table 2.5. 

Briefly, relevant gravity, PCL material viscosity, and density were specified for the discrete 

phase particles. All parameters for the air material were as standard material properties from 

ANSYS materials database. The air inlets were initialized with 97 m/s. The polymer inlet was 

initialized with a 0.024 m/s velocity particle injection comprising ø 1 x 10-6 mm diameter 

particles. The angular velocity of the rotational mesh zone was set according to the 3DMB SVC 
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parameter. The left, right, and bottom boundaries were set as standard pressure outlets. All other 

boundaries were defined as walls.  

 

Table 2.5: Comprehensive CFD model boundary conditions for polymer, air , and collector variables 

Polymer viscosity 8 Pa-s 

Polymer density 1.145 g/cm3 

Polymer throughput 0.1 g/nozzle/min 

Air throughput 110 l/min 

DCD, FDO, SVC 

150 mm, 50%, 160 m/min 

150 mm, 90%, 700 m/min 

 

 

 

2.4.1.4 Solution procedure 

As no interaction was assigned between the discrete phase and the continuous phase, the 

models were solved simultaneously. Simulations were run as time-dependent. A coupled 

pressure-velocity algorithm, Green-Gauss cell-based spatial discretization for gradient, standard 

pressure discretization scheme, first-order upwind for momentum, turbulent kinetic energy, and 

turbulent dissipation rate schema were used. First-order implicit was utilized for the transient 

formulation. No high-order term relaxation was utilized. 

An automatic hybrid method was utilized for model initialization. Airflow fields and 

particle trajectories were solved together. Convergence was achieved with ȹt = 1e-3 s, 200 time 

steps, and a maximum of 10 iterations per step. Due to the transient nature of the calculation and 

particle accretion, the convergence of residual variables was near 10-2. Further time step and 

mesh optimization may improve convergence in the future. 
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2.4.2 Results and discussion 

Discrete phase modeling was employed to study the effects of 3DMB parameters on fiber 

motion. Model convergence was achieved over approximately 30 min of simulation run time. As 

a model of the interaction of polymer and collector, two contrasting combinations of FDO and 

SVC were utilized to study design space extrema. The first: DCD, FDO, SVC = 150 mm, 50%, 

160 m/min, and the second: DCD, FDO, SVC = 150 mm, 90%, 700 m/min. Schematic collector 

velocity vector decompositions are shown in Figure. 2.16A,B respectively. It was observed that 

the FDO, SVC = 50%, 160 m/min surface velocity vector lay only in the x-direction, which 

agreed with the previously discussed numerical collection model. Thus, the ability of the SVC to 

influence fiber velocity at this FDO was only in that plane, meaning that sufficient SVC was 

required to minimize the whipping instability of the fiber. This suggests that the normal force 

resisted fiber y-velocity at this FDO at the collector surface. In contrast, the FDO, SVC = 90%, 

700 m/min velocity vector comprised significant x- and y-components, suggesting that at this 

FDO, the collector interacted with the fiber in both x- and y-directions. These observations 

suggested that the FDO, SVC = 90%, 700 m/min fiber collection parameters can accelerate the 

polymer jet in x- and y-directions more than the 50%, 160 m/min parameters, and thus balance 

the polymer y-velocity with a combination of surface speed and collector normal force.  
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Figure 2.16: Schematic of collector velocity vector decompositions for (A) FDO = 50%, SVC = 160 

m/min (B) FDO = 90%, SVC = 700 m/min 

 

Figure 2.17 displays the velocity pathlines of the discrete polymer phase for each fiber 

collection parameter set, decomposed in the x- and y-directions. As the polymer stream approached 

the collector, its path deviated significantly from the vertical plane containing the polymer nozzle 

and point on the collector directly beneath the die. This phenomenon was also observed in the 

numerical collection model and demonstrates that the rotation of the collector influences the 

surrounding airflow fields and thus the trajectory of the polymer through space, even away from 

the actual collector surface. This effect is further compounded because particle-particle 

interactions were not included in the discrete phase model, meaning that this effect is entirely 

attributable to the turbulent air flow fields caused by the collector rotation. In contrast, the 

numerical collection model neglected the air flow fields in the system, studying only a continuous 

viscoelastic element essentially in a vacuum, highlighting the role of collector motion on the 

Y 
X 

Y 
X 
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deposition point deviation. This suggests that both the air flow fields and the collector motion 

dictate whether collection is feasible at a given parameter combination. We expect that collection 

at low levels of FDO will prove challenging because any deviation in the positive x-direction will 

result in the fibers missing the collector surface entirely. 

Figure 2.17A shows the x-velocity of the polymer as it was deposited at FDO, SVC = 50 

mm, 160 m/min. Particles emitting from the die took on minimal x-velocity. As the polymer 

reached the collector, its x-velocity matched the SVC, suggesting the normal force of the collector 

surface was sufficient to collect the particles. This was expected as the interaction between the 

modeled polymer and air jets was no longer a single continuous interface, the modeling of which 

would not capture the characteristic whipping instability of melt-blown fiber. Such tradeoffs in 

model resolution and macroscale representation of the system and thus the model's fidelity in 

capturing continuous fiber behavior were accepted. In Figure 2.17B, the polymer y-velocity for 

this parameter combination showed a large negative value as the particles were drawn away from 

the die, as was expected due to the frictional and drag forces imparted by the high-velocity air. The 

y-velocity of the particles gradually became more positive, slowing as they traveled towards the 

collector, as the direction of the positive y-axis was opposite the trajectory of the particles. This 

was because the drawing forces of the air diminished as the distance from the die increased. At the 

collector surface, the particles reached a small negative y-velocity value as they were accelerated 

in the direction of collector rotation due to the deviation from the top-dead-center deposition point. 

This highlights that the motion of the polymer fiber was influenced by the direction and magnitude 

of the surface velocity of the collector, i.e., the FDO and SVC modulate fiber motion and 

collection.  
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Figure 2.17: x- and y-velocity contour plots from comprehensive CFD modeling of (A,B) DCD, FDO, SVC = 

150 mm, 50%, 160 m/min (C,D) DCD, FDO, SVC = 150 mm, 90%, 700 m/min 

 

Figure 2.17C shows the velocity pathlines of the discrete polymer jet for FDO, SVC = 

90%, 700 m/min. Polymer x-velocity was observed to take on increasing positive values as the 

particles approached the collector. Once near the collector, the polymer was further accelerated 

along the x-direction, reaching a maximum magnitude at the deposition point near 700 m/min. 

While this deviated from the basic trigonometric decomposition of collector x-velocity, this is not 

unexpected when considered with the numerical collection model results. In the numerical 
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collection model, the deposition point of the polymer deviated significantly from the expected 

deposition point directly below the fiber die. In Figure 2.17D, the polymer y-velocity 

demonstrated a large negative value as the polymer was drawn away from the die and then 

gradually became more positive as it traveled towards the collector. Upon reaching the collector, 

the fiber was slightly accelerated in the positive y-direction to nearly 0 m/min. This suggested that 

the force of the collector at this point was primarily in the x-direction, again, as was observed in 

the numerical collection model. This model highlights the interplay between the SVC and FDO, 

as the numerical collection model did, but also demonstrates the effects of the collector surface on 

the airflow near the die and the resultant effect on polymer jet motion. The net effect demonstrated 

by this model is that the fibers are pulled into orientation along the collector surface as the FDO 

and SVC increase. 

 

2.5 Modeling multi -nozzle non-isothermal airflow  

Fluid flows around bluff bodies have been studied extensively in fundamental and 

applied research. The fluid flow patterns depend on the fluid characteristics such as turbulence, 

velocity, viscosity, angle of attack, and characteristics of the bluff body such as size, shape, 

orientation, and movement in rotation or translation. Even simple and static bodies such as a 

sphere produce complex flow patterns in these scenarios. The study of such interactions has 

wide-ranging applications in aerospace engineering, projectile motion, vehicle design, 

geophysical design, architecture, and oceanography, to name a few.  

Bluff body problems, and their foundation in aerodynamics, have been investigated 

mathematically, computationally, and experimentally. The concept of air resistance or drag can 

be attributed experimentally to both Aristotle in the classical period and Galileo in the 1500s. 

Since then, fluid flows around objects have been modeled mathematically by Newton in the 
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1600s, Kirchoff in the 1800s, and more. As mathematical models progressed, so did numerical 

and computational methods, leading to CFD simulations, especially those concerning basic 

shapes such as circular cylinders and rectangular prisms. As such, there is a depth of historical 

precedent and literature surrounding modeling fluid flows past these bluff bodies with rotation. 

Even so, the literature focuses primarily on bluff bodies fully immersed in the high-velocity 

primary fluid, for example, a projectile traveling at high velocity towards a target, a vehicle 

driving, etc.  

In 3DMB, the airflow pattern is governed not only by the fiber fabrication parameters but 

also the collector boundary conditions such as shape and surface velocity. Studying the resultant 

flow field is central to investigating the characteristics of the resultant fiber mat. In particular, we 

hypothesize that fiber cooling plays a key role in modulating the scaffold morphology and is 

primarily modulated by the collector processing conditions. Thus, it is critically important to 

study the thermal flow fields resultant from the collector bluff body problem for this system. 

Given the uniqueness of the 3DMB system, there is a gap in modeling the high-speed 

rotating collector system as a rotating cylindrical bluff body immersed in a primary fluid but also 

with a directionally specific high velocity primary fluid jet aimed at the collector surface. This is 

complex in that the non-isothermal interactions are now three-fold: the jet with the ambient 

environment, the bluff body with the ambient environment, and the jet with the bluff body. 

 

 

 

 

 



 

64 

 

2.5.1 Model and methods 

2.5.1.1 Bluff body CFD model 

Herein, we simulated the temperature flow field through the 3DMB domain and its 

interaction with the rotating collector using computational fluid dynamics. First, we specified the 

simulation domain in 2D. High temperature and velocity air was supplied by a dimensionally 

accurate 2D cross-section of the 3DMB fiber die; the mass balance was given by eq. (29): 

‬”

‬ὸ
​ẗ”όᴆ Ὓ   (29) 

where t was time, ί  was the fluid source, ɟ was the fluid density, and όᴆ was the fluid velocity 

vector.  

The general momentum conservation was then given by eq. (30): 

Ћ

Ћὸ
”ὺᴆ ẗɳ”ὺᴆὺᴆ ὴɳ ẗɳ†֞ ”Ὣᴆ  Ὂᴆ (30) 

Where p was the pressure, Ὣᴆ the acceleration due to gravity, Ὂᴆ the external body forces or model-

dependent source terms. The stress tensor †֞ is given by eq. (31): 

†֞  ‘ ὺɳᴆ  ɳὺᴆ
ς

σ
ẗɳὺᴆὍ (31) 

where ‘ is the molecular viscosity, I is the unit tensor.  

The fluid thermal energy was modeled with eq. (32): 

‬

‬ὸ
”Ὁ ​ẗὺᴆ”Ὁ ὴ ​ẗὯ ​Ὕ  Ὤὐᴆ †֞ ẗὺᴆ  Ὓ (32) 

where Ὧ  was the effective conductivity of the fluid, ὐᴆ is the diffusion flux of the fluid j, and 

the right-hand side represents the energy transfer due to conduction, species diffusion, and 
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viscous dissipation, with Ὓ the heat of chemical reaction or other additional user-defined heat 

sources.  

Model turbulence again plays a key role in simulating fluid flow. In this instance, the 

Ὧɀshear stress transport (SST) model was chosen. This turbulence formulation is a ‫ 

combination of the Ὧɀ‐ and Ὧɀ,turbulence models. In this model, the free-stream conditions ‫ 

or those upstream of the bluff body, are independent of the surface of interest. To model the fluid 

flows in this region, the Ὧɀ‐ model is sufficient116. Meanwhile, modeling the interaction of the 

fluid with the bluff body requires a robust fluid-wall turbulence formulation. To model this 

interaction, typically, the Ὧɀmodel would be chosen116. The ὯɀSST turbulence formulation ‫ ‫ 

is an ideal combination of these two models: freestream conditions are modeled using Ὧɀ‐ and 

wall interactions are modeled with Ὧɀand the models are coupled with cross-diffusion, as ,‫ 

defined in eq. (33) and (34): 
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where Ὃ  and Ὃ  are the generation of turbulent kinetic energy due to mean velocity gradients, 

and the generation of the specific dissipation of turbulent kinetic energy. Here, determines the ‫ 

scale of the turbulence, while k determines the energy of the turbulence. Meanwhile, ῲ and ῲ 

represent the diffusivity of k and respectively, while ὣ and ὣrepresent the dissipation of k ‫ 

and due to turbulence itself. Ὀ ‫  is a cross-diffusion term between the Ὧɀ‐ and Ὧɀ.models ‫ 
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2.5.1.2 Geometry and mesh generation 

The CFD domain was set as a two-dimensional rectangular planar geometry with a size of 400 x 

400 mm (Figure 2.15A). Multi-nozzle geometry based on 2D cross-section of the multi-nozzle 

3DMB die was utilized and translated to CAD geometry in DesignModeler, as in Figure 2.5. 

The collector was modeled as a circular rotating wall in 2D (ø 208 mm), as in Figure 2.15A. The 

position of the 2D collector within the model geometry was governed by the DCD and FDO, 

while the angular velocity of the rotating collector surface was governed by SVC. A triangular 

structured mesh with a specified element size of 3 mm was generated across the computational 

domain, providing high spatial and computational efficiency, with 3-iteration refinement near the 

melt blowing die face and collector surface resulting in 0.75 mm mesh element size in those 

regions (Figure 2.18).  

 

Figure 2.18: Thermal CFD model mesh 
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2.5.1.3 Boundary conditions 

Model parameters for the air material were taken as standard material properties from 

ANSYS materials database. The air inlets were initialized at 97 m/s and 140°C, corresponding to 

110 l/min air throughput at that temperature. The surrounding die face was given a temperature 

boundary condition of 140°C. The left, right, and bottom boundaries were set as standard 

pressure outlets, and all other boundaries were defined as walls initialized with ambient 

temperature of 27°C. Five contrasting 3DMB collection parameter combinations were chosen for 

modeling, which showcased the positional and rotational design space extrema of the system.  

 

Table 2.6: 3DMB multi -nozzle thermal model boundary conditions for air and collector 

Air throughput 110 l/min 

Air temperature 140°C 

DCD, FDO, SVC 

 

150 mm, 16%, 160 m/min 

150 mm, 50%, 160 m/min 

150 mm, 90%, 160 m/min 

150 mm, 90%, 700 m/min 

200 mm, 50%, 160 m/min 

 

2.5.1.4 Solution procedure 

Airflow and temperature fields were solved simultaneously within ANSYS Fluent. 

Simulations were run as time-dependent. The semi-implicit method for pressure-linked equation 

pressure-velocity algorithm, least squares cell-based spatial discretization for gradient, pressure 

staggering option pressure discretization scheme, first-order upwind for momentum, turbulent 
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kinetic energy, and turbulent dissipation rate schema were used. First-order implicit was utilized 

for the transient formulation. No high-order term relaxation was utilized. 

An automatic hybrid method was utilized for model initialization. Convergence was 

achieved with ȹt = 1e-4 s, 1000 time steps, and a maximum of 20 iterations per step. 

Convergence of residual variables was near 10-3. Further time step and mesh optimization may 

improve convergence in the future. 

 

2.5.2 Results and discussion 

Single-phase non-isothermal CFD modeling was employed to study the effects of 3DMB 

parameters on the resultant thermal flow fields surrounding the 3DMB collector. Five 3DMB 

collection parameter combinations were chosen for modeling to highlight the basic relationships 

between DCD, FDO, SVC, and temperatures at the collector surface. Air was issued from the 

fiber die at a throughput of 110 l/min and temperature of 140°C and traveled through space 

towards the collector. A zone of high temperature was observed in the upstream, before 

interaction with the collector, produced by the inner three melt blowing nozzles with cooler air 

along the periphery of the jet resulting from the interaction of the dead nozzle air jets on either 

end of the die with the ambient temperature environment (Figure 2.19). Based on this 

simulation, it is highly evident that the dead nozzles shield the inner nozzles from the ambient 

temperature environment, maintaining the high temperature inside this air curtain for a greater 

length of the domain than would be observed without them. The dead nozzles thusly play an 

essential role in regulating the conditions of the inner melt blowing nozzles.  
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Figure 2.19: Representative upstream 3DMB thermal air flow field 

 

Downstream jet spreading around the bluff body was governed by the deposition point 

upon the 3DMB collector, i.e., the FDO parameter. We observed that high and low FDOs 

produced asymmetric jet temperature spreading, with thermal flow predominantly along the 

periphery, or localized edge, of the collector (Figure 2.20A, C). The result is that there was 

significantly less collector surface area (and thus fiber mat) exposed to the high-temperature jet 

at high and low FDO, reducing thermal energy transfer from the air to the melt-blown fiber 

enhancing fiber cooling.  Meanwhile, deposition at FDO = 50% produced generally symmetric 
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temperature flow fields across the collector surface (Figure 2.20B) with a nearly symmetric 

high-temperature field which would largely hinder fiber cooling.  

 

Figure 2.20: Temperature flow fields for simulations with DCD = 150 mm, SVC = 160 m/min, FDO = (A) 

90% (B) 50% (C) 16% 

 

In comparison, increasing the SVC from 160 m/min to 700 m/min at FDO = 90% had a 

minor but observable effect on the spreading characteristics of the air jet (Figure 2.21). The 

temperature flow field was generally asymmetric, as previously described. Still, there was more 

spreading in the direction of the collector rotation than at the same DCD, FDO with low SVC, 

and less spreading along the collector surface on the localized periphery. This is indicative of the 

collectorôs effect on the airflow around it. Increasing the SVC increases the frictional drag 

experienced by the fluid flowing across the surface, affecting the jet spreading. 
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Figure 2.21: Temperature flow field for DCD, FDO, SVC = 150 mm, 90%, 700 m/min 

 

In comparison, changing the DCD from 150 mm to 200 mm had little effect on the 

observed jet spreading of the temperature flow field (Figure 2.22). However, the peak air 

temperature at the collector surface was reduced from approximately 100°C to approximately 

70°C, though the overall temperature profile remained generally similar. This observable 

decrease is attributable to the cooling produced by additional flight time of the air jet and 

exposure to the ambient environment in reaching the surface.  
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Figure 2.22: Temperature flow field for DCD, FDO, SVC = 200 mm, 50%, 160 m/min 

 

The aforementioned temperature flow field simulations were used to derive numerical 

plots of the temperature near the collector surface (Figure 2.23). From these plots, we observed 

that the greatest temperatures and longest exposure to the high-temperature airflow was produced 

by the FDO = 50% simulations, especially at DCD = 150 mm. In the DCD, FDO, SVC = 150 

mm, 50%, 160 m/min simulation, the air temperature near the collector surface was 

approximately 100°C for almost the entirety of the collector circumference. In comparison, at 

DCD, FDO, SVC = 200 mm, 50%, 160 m/min, the temperature near the collector surface was 

between 70°C and 80°C, a significant reduction. In contrast, the temperature near the surface was 

the lowest at FDO = 16%, ranging between 27°C and 50°C, meaning the fiber there would 

experience significantly less residual heating, and thus more cooling, caused by the continuous 

melt blowing process air jets. This could deleteriously affect the inter-fiber bonding of mats 
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produced at these parameters. Similarly, at FDO = 90%, the temperature was near 80°C for a 

portion of the circumference but was otherwise between ambient conditions and 60°C. We 

conclude that changing the 3DMB collector parameters modulates the localized environments 

the collected fiber mats experience. In working with a polymer such as PCL, whose softening 

point is 60°C, we predict that samples produced at FDO = 50% will be continually heated by the 

melt blowing air jets past the softening point of the material. This will result in dense constructs 

that are less porous as the fibers will melt together, closing inter-fiber spaces, have greater 

measured fiber diameters as the fibers will lose their round fibrous attributes, and form more 

amorphous bulk-like structures or films.  
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Figure 2.23: Temperature flow field plots around the collector surface for non-isothermal bluff body 

simulations 
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2.6 Chapter summary 

In this chapter, we modeled fiber formation in annular melt blowing and various 3DMB 

fiber collection system components. Fundamental equations governing each model, geometrical 

considerations of the models, and relevant boundary conditions were highlighted. The results 

comprised one model that could be used to predict the fiber diameter produced in a single nozzle 

annular melt blowing process and then showed that it can be extended to multiple nozzles with 

sufficient computing power. Two models synergistically highlighted the effects of 3DMB 

collection parameters on simulated fiber motion and expected fiber alignment and collection 

feasibility, while another model elucidated the effects of the processing parameters on the air 

temperature flow fields around the collector, which would affect the fiber mat temperature and 

thus fiber mat morphology.  

These models gave us insight into the underlying process physics behind melt blowing and 

3DMB collection. Primarily, the PCL fiber diameter estimates from the fiber formation model 

were in the range of ~7-8 µm at relevant, practical 3DMB boundary conditions. This highlights 

the capability of this process to produce fibers relevant to tissue engineering at scalable throughput 

that was orders of magnitude higher than comparable processes. Further, this model showcased 

the role of the attenuating air velocity in the melt blowing process and its effect on the resultant 

fiber whipping instability that would affect fiber entanglement and laydown patterns. The 

numerical 3DMB collection model demonstrated that the FDO and SVC played central roles in 

modulating the trajectory of the polymer jet and thus the expected fiber alignment of the product. 

The discrete phase 3DMB collection model highlighted the role of FDO and SVC in a similar vein 

and the effect of the collector rotation on the airflow field near the collector surface. The key 

finding was that spinning the collector drum faster created a layer of high-velocity air near its 



 

76 

 

surface which impaired fiber collection at low values of FDO. The 3DMB thermal model 

showcased the role of the collection parameters in modulating the air jet spreading and temperature 

near the collector surface. Primarily, this model demonstrated that at FDO = 50%, the air 

temperatures at the collector surface would likely be incompatible with maintaining the 

morphology of collected PCL fibers as it far exceeded the softening point of the material.  

Overall, the central, unifying conclusion from this multimodal modeling was that the FDO 

and SVC primarily modulate the relationships between the polymer fiber and air jets and the 

3DMB collector, while small increments in DCD are unlikely to affect the collected scaffold 

morphology significantly.  
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Chapter 3: Experimental Characterization of 3DMB Process-Structure Relationships 

3.1 Chapter introduction 

As was observed in the multimodal modeling performed in Chapter 2, the interaction of 

the collector with the melt-blown fiber is central to the formation of 3DMB constructs. In the 

3DMB system, the collector not only acts as a substrate or mold onto which the melt-blown 

fibers are deposited, but its position and motion with respect to the fiber die affect the multiscale 

attributes of the manufactured scaffold. The whipping and buckling of the melt-blown fibers 

results in multiscale architectures with random fiber orientations. However, the fibers can be 

pulled into orientation along the direction of collector rotation with sufficient surface speed. 

Furthermore, the collected fibers are still exposed to the melt blowing air jet temperatures, and 

the temperature near the collector surface could be significantly greater than the softening point 

of the material, depending on the collection parameters. 

Based on these models, we hypothesized that 3DMB collection process parameters would 

modulate the morphological critical quality attributes and mechanical properties of the fibrous 

constructs produced by 3DMB. Computational modeling and pilot experimentation highlighted 

the effects that DCD had on resultant fiber multiscale attributes. From these studies, we 

hypothesized that increasing the DCD parameter may reduce the fiber speed at the collector, 

which would then increase fiber alignment for a given SVC and would reduce the temperature of 

the air at the collector surface. In the process modeling, we observed that the FDO governed the 

interaction between the collector surface and fiber and the temperature of the collected fiber mat. 

We expect that this parameter will modulate the fiber alignment and the overall morphology of 

the collected fiber mat. The computational models also highlighted that the SVC modulated the 

fiber trajectory, varying the degree to which fibers were pulled along the collector surface. 
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Further, we expect scaffolds with greater fiber alignment to produce greater tensile mechanical 

anisotropy and have greater stiffness and strength relative to their weight than scaffolds with less 

fiber alignment. Preliminary experimental studies have supported many components of these 

hypotheses by demonstrating that DCD, FDO, and SVC collection parameters modulate the 

fibrous microarchitecture of scaffolds and their mechanical properties.  

This chapter focuses on experimental characterization of the effects of these key 

parameters on scaffold critical quality attributes. A designed experiment with fully crossed levels 

of DCD, FDO, SVC was conducted. Samples of each larger scaffold were multimodally 

analyzed (Figure 3.1). Briefly, scanning electron microscopy (SEM) and custom image analysis 

scripts were used to quantify scaffold attributes, including fiber diameter, fiber alignment, and 

2D porosity. X-ray microscopy (nanoCT) and 3D modeling were used to quantify 3D porosity of 

select groups. Additionally, tensile and compressive stiffness and strength were characterized 

using a universal testing machine (UTM) and standardized test methods, while tensile and 

compressive fatigue properties were also characterized for select groups. Process-structure 

relationships were analyzed with ANOVA and regression modeling when appropriate.  
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Scanning Electron 

Microscopy 
X-Ray Microscopy Tensile Testing Compressive Testing 

 
 

  

  

 

 

Figure 3.1: Schematic of 3DMB process-structure experimental methods 

 

3.2 Materials and methods 

3.2.1 3DMB scaffold fabrication and experimental design 

PCL (43 kDa, Polysciences, PA) was melted to 120°C and extruded through a fiber 

fabrication die (Biax FiberFilm, WI). The die comprised a 3x3 grid of nozzles (  0.30 mm each) 

with polymer throughput of 0.10 g/nozzle/min, surrounded by an additional row of dead nozzles 

with no polymer throughput, only attenuating air (Figure 3.2). The role of the dead nozzles is to 

shield in inner polymer nozzles from ambient conditions, as elucidated in the thermal bluff body 

modeling in Section 2.5. The extruded PCL was drawn with 140°C air from an air process heater 

(Backer Hotwatt, MA) at a total throughput of 110 l/min, distributed across all 25 air nozzles of 

the die. The resulting fibers were collected on a rotating drum ( 208 mm) of which the 
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rotational axis and cylindrical apex were positioned relative to the fiber fabrication die by an 

industrial 6-axis robot (Denso, Japan) through programmable logic control.  

 

 

Figure 3.2: Bottom-up micrograph of 3 x 3 melt blowing Biax die 

 

A full factorial experiment (Table 3.1) was designed, comprising two levels of DCD, 

three levels FDO, and three levels of SVC (Figure 1.5C). As previously mentioned, DCD was 

measured vertically from the fiber deposition location on the collector directly beneath the 

central row of nozzles to a plane containing the bottom face of the fiber fabrication die. FDO was 

measured from a plane tangent to the leading edge of the drum rotation to a plane extended from 

the center of the fiber fabrication die and related as a percentage of the collector diameter. SVC 

was measured using a non-contact digital photo tachometer. In practice, some parameter 

combinations (low FDO, high SVC) were unable to produce fibrous scaffold morphologies due 

to their location on the extremities of the parameter design space. This was not unexpected 
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because similar effects were observed in the computational models in Sections 2.3.2 and 2.4.2, 

wherein certain combinations of 3DMB parameters produced fiber motion incompatible with 

fiber mat collection.  

  

Table 3.1: Levels of DCD, FDO, SVC used in 3DMB process-structure DOE 

DCD (mm) 150, 200 

FDO (% collector diameter) 16, 50, 90 

SVC (m/min) 160, 415, 700 

 

3.2.2 Effects of 3DMB parameters on fiber diameter 

3.2.2.1 SEM imaging and analysis 

A biopsy kit (DePuy Synthes, Warsaw, IN) was used to collect ø 8 x 3 mm punches (n = 

6) from each 640 mm x 150 mm fiber mat for SEM imaging. The six punches were collected 

from random locations on each fiber mat. Three of these samples were used to analyze the fiber 

diameter of the outmost layer of the fiber mat, hereafter referred to as the ñtopò of the fiber mat, 

and three were used to analyze the fiber diameter of the layer closest to the collector surface or 

ñbottomò of the fiber mat. 

The ø 8 mm fibrous PCL samples were sputter-coated with a 60:40 ratio of gold to 

palladium for 90 s at 29 mA DC and 0.05 Torr (Denton Vac, Moorestown, NJ) and visualized via 

SEM at 5 kV accelerating voltage (Phenom Pro, Phenom, Netherlands). Three micrographs were 

captured of each sample at 450x magnification, at different locations, and saved as .TIF files, for 

n = 9 images per side, per treatment combination. 
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450x micrographs were then processed with ImageJ (NIH, Bethesda, MD). The SEM 

information bar was first cropped from the image (Figure 3.3A). Micrographs were then 

binarized with an Otsu thresholding algorithm (Figure 3.3B). The Otsu algorithm segments an 

image into a binary, black and white image by separating constituent pixels of the micrograph 

into two classes: foreground and background, by selecting a binarizing level that minimizes the 

intra-class pixel intensity variance. This effectively segments clear, in-focus fibers into the white 

foreground class and porous space into the black background class.  

Each binarized micrograph was then used to produce a unique distance map in ImageJ 

(Figure 3.3C). The distance map is an image where each foreground class pixel has been 

replaced by a pixel whose greyscale intensity is equal to the Euclidean distance from that 

foreground pixel to the nearest background pixel, i.e., the edge of that object. The distance map 

effectively contained the fiber radii along the center of each fiber strand and extraneous data 

relating to the fiber edges. 

In ImageJ, each binarized micrograph was also used to produce a unique skeletonized 

image (Figure 3.3D). The skeletonized image comprised foreground class objects which were 

eroded, starting from their edges, until only single-pixel width objects remained. The 

skeletonized image was, in essence, a roadmap that approximately traversed of the center of each 

fiber in the image. Combining this image with the distance map proved useful for approximating 

fiber diameter 117.  

A MATLAB (Mathworks, Natick, MA) script was developed to process the distance map 

and skeletonized image for each micrograph. The MATLAB code extracted and stored the 

greyscale intensities of pixels from each unique distance map only where active, non-zero pixels 

existed on the corresponding unique skeletonized image. In other words, this script stored only 
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the distance from the center of the fiber to its edge, an approximation of the fiber radius. This 

script then produced a distribution of fiber radii for the entire image. These values were then 

converted to fiber diameters with multiplication by two and then converted to metric units using 

the original SEM micrograph scale bar. The result comprised a comprehensive distribution of 

fiber diameters from each original SEM micrograph. 

 

 

Figure 3.3: Fiber diameter image analysis example (A) original SEM image, cropped (B) Otsu binarized 

image (C) distance map image (D) skeletonized image 
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3.2.2.2 Statistical analysis 

The mean of each micrographôs fiber diameter distribution was chosen as a representative 

measure of central tendency, as that measure has been studied extensively in electrospinning118ï

122. Implementation of a standard multi-way ANOVA by each treatment factor (DCD, FDO, 

SVC) was not possible due to the incomplete factorial design precipitated by the high SVC, low 

FDO combinations wherein collection of fibrous constructs was not possible. Instead, a one-way 

ANOVA by treatment combination was developed to test for factor significance, as in eq. (35): 

ὣ ‘ Ὕ ‭  (35) 

where Ὥ1 =װ,é,15 3DMB parameter combinations producing fiber mats, Ὦװ  1st, 2nd, 3rd punch of 

the ὭὸὬ treatment combination fiber mat, ὣ was the mean response of the ὮὸὬ punch within the 

ὭὸὬ fiber mat, ‘ was the overall mean response, Ὕ was the effect of the ὭὸὬ combination of 

process parameters, ‭ was the random error of the ὮὸὬ punch within the ὭὸὬ fiber mat. 

A custom SAS (Cary, NC) code was developed to analyze this ANOVA model using 

designed contrasts to elucidate the impact of the DCD, FDO, and SVC factors on mean fiber 

diameter. The alpha used for determining statistical significance was Ŭ = 0.01. This conservative 

alpha level was used to reduce the risk of a Type I Error, accounting for the assumption that the 

variation between each of the three punches of a sample mat was representative of the variation 

that would have been observed if separate replicate fiber mats had been manufactured and 

sampled. 

Differences in the observed fiber diameter between the top side of samples and the 

bottom side of samples were elucidated utilizing ANOVA by the side of the sample and the 

parameter combination using eq. (36): 

ὣ ‘ † ‍ ‎ ‭  (36) 
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where i = 1,é,15 3DMB parameter combinations producing fiber mats, j = 1,2 corresponding to 

the top or bottom side of the scaffold, and k = 1st, 2nd, 3rd punch of the jth side of ὭὸὬ treatment 

combination fiber mat. ὣ was the mean response of the ὮὸὬ side of the ὭὸὬ fiber mat, ‘ was the 

overall mean response, † was the effect of the ὭὸὬ combination of process parameters, ɓ was the 

effect of the jth side of the ith fiber mat, ‎ was the interaction between the ith parameter 

combination and jth side, and ‭ was the random error of the kth punch of ὮὸὬ side within the ὭὸὬ 

fiber mat. Ŭ = 0.01 was utilized as above. 

 Eta-squared was utilized as a measure of effect size for the ANOVA in eq. (17) as 

defined by eq. (37): 

–  
ὛὛ

ὛὛ
 (37) 

where ὛὛ  was the sum of squares of the effect tested, and ὛὛ  was the total sum of 

squares of all effects in the model. – was thus defined as the proportion of variance accounted 

for by each factor in an ANOVA. A value of – near zero meant a low proportion of the overall 

variance is associated with that effect and indicates a small effect size. A value of – near 1 

indicated a large effect size. Tukey Honest Significant Difference post hoc test was utilized to 

elucidate treatment combinations with significant differences. 

 

3.2.2.3 Regression analysis 

An empirical model for the prediction of scaffold fiber diameter, in terms of the 3DMB 

parameters (DCD, FDO, SVC), was developed. A multiple linear regression model was fit to the 

data based on eq. (38): 
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ὣ  ‍  ‍ὈὅὈ‍ὊὈὕ ‍ὊὈὒ ‍Ὓὠὅ‍Ὓὠὅ

‍ ὈὅὈὊὈὕ  ‍ ὈὅὈὛὠὅ ‍ ὊὈὕὛὠὅ

‍ ὈὅὈὊὈὕ Ὓὠὅ 

(38) 

where ‍é‍ are constants. Backward selection analysis was utilized to assess the contribution 

of the predictor parameters to the overall variance, wherein parameters with p > 0.25 were 

initially excluded, and sequentially, the remaining parameters were assessed by p-value for 

impact on the quality of model fit. Exclusion criteria of p > 0.05 was specified therein. The 

significance of the remaining parameters were evaluated after removing a non-significant 

predictor. The iterative elimination of parameters continued until only significant parameters 

remained, wherein the multiple correlation coefficient (adjusted R square) and regression 

coefficients were evaluated. 

 

3.2.3 Effects of 3DMB parameters on fiber orientation 

3.2.3.1 SEM imaging and analysis 

Sample collection, preparation, and imaging of top and bottom (n = 3 each) followed the 

same protocol from Section 3.2.2.1. Three micrographs were captured of each punch at 200x 

magnification, at different locations, and saved as .TIF files, for a total of n = 9 images per side, 

per treatment combination. The micrographs were then analyzed in ImageJ. The SEM 

information bar portion of the image was first cropped. The OrientationJ plugin123,124 was used to 

quantify the comprehensive angular coherency of fibers in each micrograph as follows. Angular 

coherency is a measure of image anisotropy based on the image structure tensor ╙, given by eq 

(39): 

╙●  ύ● ● Ὢ●
 

ᴙ

Ὢ●ÄὼÄὼ (39) 
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where w is a nonnegative isotropic observation window centered at ●. ╙, due to the convolution 

of ύ and Ὢ, is considered a smoothed version of the following matrix, eq. (40): 

Ὢ ● Ὢ ●Ὢ ●

Ὢ ●Ὢ ● Ὢ ●
 

(40) 

The eigenvalues and eigenvectors of (40), ‗ , Ὡᴆ  and ‗ , Ὡᴆ , then carry essential 

information pertaining to the distribution of the gradient within the window w. The angular 

coherency, C, is a measure of the rotational symmetry of ύ defined by eq. (41) 

 π ὅ  
 

 
 ρ 

(41) 

If ὅ is close to 0 then w is rotationally symmetric with no orientation, if ὅ is close to 1 then an 

eigenvector of w is aligned with one of the gradient directions of w, and w is rotationally 

asymmetric, i.e., has a predominant orientation. Utilizing the gradient at each pixel and ὅ, the 

intensity and orientation of the edges of the constituent fibers were calculated from SEM images. 

The overall angular coherency of the entire image was derived from the distribution of local 

coherencies at all pixels on a scale of 0 to 100%. Angular coherency positively corresponds to 

fiber alignment, wherein greater angular coherency indicates a higher proportion of fibers 

oriented along a principal direction (Figure 3.4). 
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Figure 3.4: Exemplar angular coherency images with (A) low angular coherency (B) high angular coherency 

 

3.2.3.2 Statistical analysis 

Statistical analysis followed from Section 3.2.2.2. Briefly, a SAS code was developed to 

test custom contrasts between scaffold fabrication parameter combinations to elucidate the 

primary effects of the DCD, FDO, and SVC parameters on 3DMB fiber orientation. The alpha 

used for determining statistical significance was Ŭ = 0.01. Multi-way ANOVA again was utilized 

to detect differences between the top and bottom samples with Ŭ = 0.01. 

 

3.2.3.3 Regression analysis 

An empirical model for the prediction of scaffold angular coherency, in terms of the 

3DMB parameters (DCD, FDO, SVC), was developed, as in Section 3.2.2.3. Briefly, backward 

selection analysis was utilized to assess the contribution of the predictor parameters to the overall 

variance. The iterative elimination of parameters continued until only significant parameters 

remained, wherein the multiple correlation coefficient (adjusted R square) and regression 

coefficients were evaluated. 
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3.2.4 Effects of 3DMB parameters on scaffold 2D porosity 

3.2.4.1 SEM imaging and analysis 

Sample collection, preparation, and imaging of top and bottom (n = 3 each) followed 

similarly from Section 3.2.2.1. Three micrographs were captured of each punch at 200x 

magnification, at different locations, and saved as .TIF files, for a total of n = 9 images per side, 

per treatment combination. The micrographs were then analyzed in ImageJ. The SEM 

information bar was cropped out. Fibers in the foreground of the image were segmented from the 

background using a binarizing threshold. Once segmented, the area of the region covered by the 

fibers was calculated and subtracted from the total area of the cropped micrograph. Porosity was 

calculated as the remaining area divided by the total area of the micrograph and multiplied by 

100 to render a percentage. 

 

3.2.4.2 Statistical analysis 

Statistical analysis followed from Section 3.2.2.2. Briefly, an ANOVA by scaffold 

fabrication parameter combination was formulated. A SAS code was written to test custom 

contrasts between treatment combinations to elucidate the primary effects of the DCD, FDO, and 

SVC parameters on 3DMB 2D porosity. Alpha used for determining statistical significance was 

Ŭ = 0.01. Multi-way ANOVA was again utilized to detect differences between the top and 

bottom samples, with Ŭ = 0.01. Tukey HSD was utilized as post hoc analysis. 
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3.2.4.3 Regression analysis 

An empirical model for the prediction of scaffold 2D porosity, in terms of the 3DMB 

parameters (DCD, FDO, SVC), was developed, as in Section 3.2.2.3. Briefly, backward 

selection analysis was utilized to assess the contribution of the predictor parameters to the overall 

variance. The iterative elimination of parameters continued until only significant parameters 

remained, wherein the multiple correlation coefficient (adjusted R square) and regression 

coefficients were evaluated. 

 

3.2.5 Effects of 3DMB parameters on scaffold 3D porosity 

3.2.5.1 NanoCT sample preparation, imaging, and analysis 

A custom ø 25 mm biopsy punch was used to collect representative punches (n = 

1/treatment) of selected groups manufactured at contrasting process parameters and resulting 

fibrous morphologies.  

Samples were individually mounted vertically upon a pin, wherein one end of the pin was 

partially embedded in the sample, the other fixed in place by a proprietary carrier (Figure 3.5). 

The carrier was then loaded into an X-ray microscope (Zeiss, San Rafael, CA) and retained 

magnetically. The X-ray beam source was set to 15 mm from the axis of sample rotation and 

centered on the sample. The X-ray detector was set to 70 mm from the axis of sample rotation 

and utilized a 4x objective lens. Resultant voxel resolution was approximately 1 µm3 across the 

scan window. 1501 X-ray micrograph projections were collected at 60 kV, 5.0 watt, and 8 s 

exposure time, with pixel binning of 2. No X-ray filter was utilized.  
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Figure 3.5: nanoCT machine configuration 

 

After collection, radiographs were reconstructed in proprietary Zeiss software and 

exported as Digital Imaging and Communications in Medicine (DICOM) files. DICOM files 

were loaded into Materialise Mimics (Materialise NV, Leuven, Belgium) for 3D modeling. 

Density-based thresholding was used to segment the polymer fibers from the surrounding air 

(Figure 3.6A,B). Samples of the 3D model were selected and exported as stereolithography 

(.STL) files. Each .STL was analyzed using MeshMixer software (Autodesk, San Rafael, CA), 

wherein the 3D porosity of the sample was calculated using the bounding box and model 

volumes (Figure 3.6C) as in eq. (42): 

σὈ ὴέὶέίὭὸώ Ϸ   ρ
ὓέὨὩὰ ὠέὰόάὩ

ὄέόὲὨὭὲὫ ὄέὼ ὠέὰόάὩ
ρππ 

(42) 
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Figure 3.6: Reconstructed nCT scan cross-sections (A) axial and (B) coronal, with highlighted subsampled 

regions of interest (C) exemplar reconstructed 3D fiber model with bounding box 

 

3.2.5.2 Statistical analysis 

The effect of scaffold fabrication parameter combination on scaffold porosity was 

analyzed with one-way ANOVA. The effect of each process parameter was elucidated by Tukey 

post hoc test: specific contrasts were identified wherein the parameter of interest varied and the 

remaining parameters were held constant (Figure 3.7). 
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Figure 3.7: Selected nCT contrasts to highlight the effects of 3DMB collection parameters on 3D porosity 

 

 

3.2.6 Effects of 3DMB parameters on scaffold monotonic tensile properties 

3.2.6.1 Sample preparation and testing 

An ASTM D-1708 compliant microtensile die (Qualitest, Ft. Lauderdale, FL) was used to 

punch dog bones with gage dimensions 5 x 22 mm at different locations from larger 3DMB fiber 

mats. Punches were taken with the gage section parallel to the direction of collector rotation (n = 

6), hereafter referred to as parallel samples, and with the gage section perpendicular to the 

direction of collector rotation (n = 6), hereafter referred to as perpendicular samples.   

Uniaxial, monotonic, tensile testing was performed on an Instron UTM (Norwood, MA) 

with a 500 N load cell. Sample gage dimensions were measured and input into the Bluehill 

software (Instron), and the mass of the sample was recorded. The sample was loaded into the 

UTM using metallic vice clamps. The sample was pre-loaded to 0.01 N and tested at a constant 

displacement rate of 10 mm/min to failure while stress and strain were recorded125. The elastic 
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modulus and ultimate tensile strength were calculated as the slope of the linear region of the 

stress-strain curve and the maximum tensile stress of the stress-strain curve.  

Sample tensile properties were normalized to the sample mass for calculations of stiffness 

and strength to weight. Given that no individual sample could be tested in both parallel and 

perpendicular directions due to the destructive nature of the test, resultant mechanical anisotropy 

of a parameter combination was evaluated by dividing the average tensile stiffness or strength in 

the parallel direction by the average tensile stiffness or strength in the perpendicular direction. It 

followed that isotropy would yield a ratio of 1; ratios greater than 1 demonstrated enhanced 

mechanical properties along the parallel direction. 

 

3.2.6.2 Statistical analysis 

Statistical analysis followed from Section 3.2.2.2. Briefly, an ANOVA by scaffold 

fabrication parameter combination was formulated. A SAS code was written to test custom 

contrasts between treatment combinations to elucidate the primary effects of the DCD, FDO, and 

SVC parameters on 3DMB tensile properties. Statistical significance was determined with Ŭ = 

0.01.  

 

3.2.6.3 Regression analysis 

An empirical model for the prediction of scaffold tensile stiffness and strength to weight 

ratios, in terms of the 3DMB parameters (DCD, FDO, SVC), was developed, as in Section 

3.2.2.3. Briefly, backward selection analysis was utilized to assess the contribution of the 

predictor parameters to the overall variance. The iterative elimination of parameters continued 
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until only significant parameters remained, wherein the multiple correlation coefficient (adjusted 

R square) and regression coefficients were evaluated. 

 

3.2.7 Effects of 3DMB parameters on scaffold monotonic compressive properties  

3.2.7.1 Sample preparation and testing 

A biopsy kit was used to collect ø 8 mm punches from random locations in each fiber mat 

(n = 6) for compressive testing. Compressive testing was performed with an Instron UTM with 2 

kN load cell. Sample gage dimensions were measured and input into Bluehill software; then, the 

sample was loaded between platens fixed in place by metallic vice clamps, attached to the load 

cell and machine. The top platen was lowered to the height of the sample. The sample was pre-

loaded to 0.01 N and tested at a constant displacement rate of 1 mm/min to 50% strain while 

stress and strain were recorded 126ï128. The compressive modulus was calculated as the slope of 

the linear region of the stress-strain curve, and the stress at 50% strain was recorded.  

 

3.2.7.2 Statistical analysis 

Statistical analysis followed largely from Section 3.2.2.2. Briefly, an ANOVA by 

scaffold fabrication parameter combination was formulated. A SAS code was written to test 

custom contrasts between treatment combinations to elucidate the primary effects of the DCD, 

FDO, and SVC parameters on 3DMB compressive properties. Statistical significance was 

determined with Ŭ = 0.01. 
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3.2.7.3 Regression analysis 

An empirical model for the prediction of scaffold compressive stiffness and strength to 

weight, in terms of the 3DMB parameters (DCD, FDO, SVC), was developed, as in Section 

3.2.2.3. Briefly, backward selection analysis was utilized to assess the contribution of the 

predictor parameters to the overall variance. The iterative elimination of parameters continued 

until only significant parameters remained, wherein the multiple correlation coefficient (adjusted 

R square) and regression coefficients were evaluated. 

 

3.2.8 Effects of cyclic fatigue on scaffold monotonic tensile responses 

3.2.8.1 Sample preparation and testing 

Sample preparation followed largely from Section 3.2.6.1. Briefly, dog bones with gage 

dimensions 5 x 22 mm were punched at different locations from larger 3DMB fiber mats 

fabricated with contrasting parameters (Table 3.2), with the gage section parallel to the direction 

of collector rotation (n = 3). 

Cyclic, uniaxial tensile fatigue testing was performed on an Instron UTM with a 500 N 

load cell. Sample gage dimensions were measured and input into the Bluehill software, and the 

mass of the sample was recorded. The sample was loaded into the UTM using metallic vice 

clamps. The sample was pre-loaded to 0.01 N, then a load of 20% of the mean UTS for each 

group, as calculated in Section 3.2.6.1, was applied at 1 Hz frequency for 5,000 cycles. The 

extent to the which the samples were loaded was chosen as a relevant load that normal tendon 

experiences in vivo in the human knee joint, as has been used extensively in the fatigue testing of 

ex vivo tissues129,130, while the cycle frequency was chosen to match that of a typical human 

walking gait131,132. After completing 5,000 cycles, the sample was immediately tested in uniaxial 
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monotonic tension following the method in Section 3.2.6.1 to elucidate the effect the cyclic 

fatigue had on scaffold monotonic tensile response. Briefly, the tensile modulus was calculated 

from the linear region of the stress-strain curve, and ultimate tensile strength was recorded. 

 

Table 3.2: Fatigue testing 3DMB parameter combinations 

DCD, FDO, SVC 

150 mm, 90%, 700 m/min 

200 mm, 50%, 415 m/min 

 

3.2.8.2 Statistical analysis 

A two-way ANOVA with factors for the scaffold fabrication parameter combination, 

whether the sample experienced cyclic fatigue, and their interaction was utilized with Ŭ = 0.05. 

Significant differences between groups were identified by Tukey post hoc test.  

 

3.2.9 Effects of cyclic fatigue on scaffold monotonic compressive responses 

3.2.9.1 Sample preparation and testing 

Sample preparation followed largely from Section 3.2.7.1. Briefly, a biopsy kit was used 

to collect ø 8 mm punches (n = 3) from different locations from larger 3DMB fiber mats 

manufactured with contrasting parameters (Table 3.2). 

Cyclic, uniaxial compressive fatigue testing was performed on an Instron UTM with a 2 

kN load cell. Sample gage dimensions were measured and input into the Bluehill software, and 

the mass of the sample was recorded. The sample was loaded into the UTM between custom 

compression platens. Compressive load was applied up to 15% strain with cycle frequency of 1 
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Hz. This level of strain was chosen as it is the maximum deformation that normal cartilage 

experiences in vivo in the human knee joint133,134, while the cycle frequency was chosen to match 

that of a typical human walking gait. After completing 10,000 cycles, the sample was 

immediately tested in uniaxial monotonic compression following the method in Section 3.2.7.1 

to elucidate the effect the cyclic fatigue had on monotonic compressive properties. Briefly, the 

compressive modulus was calculated from the linear region of the stress-strain curve, and stress 

at 50% strain was recorded. 

 

3.2.9.2 Statistical analysis 

A two-way ANOVA with factors for the scaffold fabrication parameter combination, 

whether the sample underwent cyclic fatigue, and their interaction was utilized with Ŭ = 0.05. 

Significant differences between groups were identified by Tukey post hoc test.  

 

3.3 Results and discussion 

3.3.1 3DMB fiber mat characteristics 

Figures 3.8 and 3.9 display representative SEM micrographs and respective mean fiber 

diameters and angular coherencies produced across the 3DMB process parameter design space 

(Table 3.1). Sample morphologies were highly variegated, ranging from fibrous to more bulk-

like porous materials. 

From these micrographs, several trends were apparent. Increasing the SVC while holding 

the FDO constant typically produced scaffolds with greater angular coherency. This was in 

agreement with the computational modeling results, which had highlighted that increasing the 

collector speed to match or exceed, the fiber speed would pull the fibers into alignment. 
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Increasing the FDO from 16% to 50% produced low angular coherency and greater fiber 

diameters, with less defined fibrous architectures, while changing the FDO from 50% to 90% 

produced high angular coherency and smaller fiber diameters and pronounced fibrous 

morphologies. This observation generally aligns with our expectations based on the 

computational modeling that the FDO modulates the relative directional velocities of the 

collector, which can modulate fiber alignment. Furthermore, the FDO modulates the temperature 

flow fields around the collector, observably changing the scaffold morphology: the computed 

temperatures estimates at FDO = 50% were higher than the softening point of the PCL, in 

contrast to lower temperature estimates at 16% and 90%. Changing the DCD from 150 mm to 

200 mm, however, did produce any discernable differences in fibrous morphologies for a given 

FDO and SVC combination.  

Collection of fibrous scaffolds was challenging at combinations of high SVC and FDO = 

16% and 50%. The result was that three parameter combinations were unable to produce fibrous 

constructs. At 16% FDO, the y-velocity of the collector was in the same direction as the y-

velocity of the fiber, as was observed in computational modeling, thus adding drawing forces and 

reducing the fiber diameter. Though because the fiber was further accelerated along its initial 

trajectory, significant trajectory deviation was expected in the direction of collector rotation 

based on the comprehensive collection models. 
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Figure 3.8: Representative SEM micrographs of 3DMB fibrous microarchitectures for DCD = 150 mm and 

respective mean fiber diameter (FD) and angular coherency (AC) 
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Figure 3.9: Representative SEM micrographs of 3DMB fibrous microarchitectures for DCD = 200 mm and 

respective mean fiber diameter (FD) and angular coherency (AC) 
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3.3.2 Effects of 3DMB parameters on fiber diameter 

Figures 3.10 and 3.11 summarize the fiber diameters of the top of the scaffold samples and 

the bottom, respectively. In general, the samples exhibited contrasting fiber diameters across the 

design space. The smallest fiber diameters (5.9 ± 0.37 µm) were observed in the DCD, FDO, SVC 

= 150 mm, 90%, 700 m/min group while the largest fiber diameters (11.2 ± 0.59 µm) were 

observed in the DCD, FDO, SVC = 150 mm, 50%, 160 m/min group.  

The effect of the FDO on both top and bottom fiber diameter was significant (both p < 

0.0001). The trend was not unilateral in that increasing the FDO from 16% to 50% increased the 

fiber diameter, whereas increasing it from 50% to 90% decreased the fiber diameter. In total, 

changing the FDO value towards the 50% position increases the fiber diameter. This aligns with 

the computational modeling wherein the primary forces modulated by the FDO are, in fact, the 

directional x- and y-velocity of the fiber and collector. At the 90% FDO collection point, the 

polymer was accelerated primarily in the x-direction of the collector rotation, adding to the fiber 

velocity and thus reducing its diameter. At 50% FDO, the polymer velocities were relatively 

balanced by the collector normal force, with little acceleration upon initial deposition, the result 

of which produced minimal additional fiber drawing.  

Furthermore, the thermal bluff body modeling highlighted the role of the FDO in 

modulating the temperatures near the collector surface: the temperature was the greatest and well 

above the softening point of PCL, at FDO = 50% and significantly lower at FDO = 16, 90%. 

Given the previous qualitative analysis of the SEM images in this chapter, it is highly likely that 

the collector localized temperature caused by the 3DMB air jets is a significant factor in 

modulating the resultant fiber diameter, despite having no fundamental effect on the fiber 

formation or drawing mechanics. 
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The SVC had a significant effect on both top and bottom fiber diameter (both p < 

0.0001), wherein increasing SVC universally reduced fiber diameter. The directional velocities 

of the collector added increasing drawing forces to the fiber at all FDO values as SVC increased 

beyond 415 m/min and thus produced smaller fibers. In comparing to electrospinning, this 

contrasts to results wherein increasing the surface speed of the collector did not add further fiber 

drawing forces to electrospun fibers up to 415 m/min surface speed135. While these two 

relationships appear contradictory, the nature of the argument is highly dependent upon the 

wholistic system parameters which dictate the fiber fabrication attributes like fiber speed. What 

these results highlight is that the surface speed must exceed the fiber speed to add drawing forces 

to the fiber and reduce the fiber diameter. 

The effects of the DCD on top and bottom fiber diameter were not significant (p = 0.29, p 

= 0.267, respectively). Fiber speed was unlikely modulated to a significant degree at the two 

levels of DCD in this DOE, and any effect of the minor difference was largely overshadowed by 

the effects of the SVC and FDO. Furthermore, the differences in localized temperature fields 

near the collector were observable in the computational modeling but did not produce 

significantly different fiber diameters. 
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Figure 3.10: Mean fiber diameters of the top of scaffold samples 

 

 

Figure 3.11: Mean fiber diameters of the bottom of scaffold samples 
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Figure 3.12 shows the plot of each sampleôs top vs. bottom fiber diameter, with the 

reference identity line of y = x. If both measures of fiber diameter were identical for a sample, 

the data point would lie precisely on this line. The ANOVA by side and treatment combination 

showed that the interaction of scaffold side and parameter combination on fiber diameter was 

significant (p = 0.0007). This significant effect produced – = 0.018, indicating the effect size 

was minimal. Furthermore, using the identity line (y = x) as the model, the coefficient of 

determination for the data (R2=0.88) indicated a reasonably good fit. This suggests that the top 

and bottom fiber diameters were closely correlated. The post hoc analysis highlighted a 

significant difference between the top, and bottom fiber diameters only at the DCD, FDO, SVC = 

200, 16%, 415 m/min parameter combination. The fibers comprising the bottom of this scaffold 

(which were deposited first) were smaller than those on the top and thus experienced more 

drawing force imparted by the collector. The reduction in drawing force on fibers near the top of 

the scaffold is attributable to sporadic fiber collection that would have discontinuously applied 

the drawing forces as the scaffold aggregated, producing greater fiber diameters, resulting in the 

heterogeneity.  
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Figure 3.12: Identity plot of top vs. bottom fiber diameter, colored by parameter combination 

 

 Regression analysis highlighted and confirmed similar results as the ANOVA. The null 

hypothesis that all regression coefficients were equal to 0 was rejected with F = 0.001. The 

resultant empirical model for the 3DMB scaffold fiber diameter is eq. (43): 

&ÉÂÅÒ $ÉÁÍÅÔÅÒ АÍ  ρσȢςυ πȢπςφὊὈὕ πȢππρὊὈὕ πȢππσὛὠὅ (43) 

Resultant coefficients suggest that FDO, FDO2, and SVC were good predictors of the fiber 

diameter, while terms including DCD were not. The resultant adjusted R2 = 0.93 suggested a 

good fit for the data. 
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3.3.3 Effects of 3DMB parameters on fiber alignment  

Figures 3.13 and 3.14 display the angular coherencies of the top of the scaffold samples 

and the bottom, respectively. In general, contrasting angular coherencies were observed in the 

fiber samples. The lowest angular coherency (5.4 ± 2.6%) was observed in the DCD, FDO, SVC 

= 150 mm, 50%, 150 m/min group, while the highest angular coherency (81.2 ± 4.4 %) was 

observed in the DCD, FDO, SVC = 150 mm, 90%, 700 m/min group. This followed the general 

results of the computational modeling, where it was observed that fiber alignment would be 

higher at high values of FDO and SVC and reduced at low SVC. The ANOVA showed that the 

FDO had a significant effect on both top and bottom angular coherency (both p < 0.0001), 

wherein angular coherency was reduced as the FDO approached 50%. Given the computationally 

observed energy minimizing curvature of the polymer fiber, wherein the deposition point of the 

fiber on the collector was significantly offset from the preset value of the FDO, the primary 

acceleration affecting the fiber at the 90% FDO value was in the x-direction. This is corroborated 

by the experimental results wherein the greatest angular coherency was observed at 90% FDO. 

At the 50% FDO, angular coherency was lowest, as the fiber whipping instability determined the 

fiber laydown patterns. At the 16% FDO value, the x- and y-velocity balance could pull the 

fibers enough to align them but also accelerated them away from the collector surface, again 

supported by the fact that collection was challenging at 700 m/min SVC. 

SVC generally had a significant effect on top and bottom angular coherency (both p < 

0.0001), whereby increasing this parameter resulted in greater angular coherency. Increasing this 

parameter increased the respective magnitude of directional velocities of the collector and thus 

the forces responsible for fiber alignment. This follows other relationships observed in 

electrospinning135. 
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Interesting to point out, though, is that increasing the SVC at the 16% FDO resulted in 

less angular coherency at DCD = 150 mm. This is because some fibers essentially bounced off 

the collector since the directional velocities imparted accelerations to the fibers away from the 

collector surface, as was observed in computational modeling. However, as those fibers 

continued to deposit, some parts of the fiber may adhere to the collector. Due to the continuous 

nature of the fibers, this could then aggregate some of the fiber that had previously been 

deflected off, pulling random fibers from the ambient environment which previously did not 

experience any interaction with the collector. This resulted in a more random deposition. This 

effect became increasingly evident as the SVC increased and is the same phenomenon 

responsible for preventing scaffold collection at even higher SVC values for this FDO. 

The effects of the DCD on the top and bottom angular coherency were not significant (p 

= 0.97, p = 0.27, respectively). This follows that the dif ferences in fiber velocity between the 150 

and 200 mm DCD levels were negligible compared to the collector velocity.  

 

Figure 3.13: Mean angular coherencies of the top of scaffold samples 
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Figure 3.14: Mean angular coherencies of the bottom of scaffold samples 

 

Figure 3.15 shows the plot of each sampleôs top vs. bottom angular coherency, with the 

reference identity line of y = x. As with the fiber diameter, there is a clear, noticeable 

relationship wherein the data is primarily organized about the identity line. With the identity line 

as a model for the data, the coefficient of determination was R2=0.95, suggesting a good model 

fit. Multi -way ANOVA identified the manufacturing parameter combination as significant on 

fiber diameter (p < 0.0001), comprising – = 0.98, suggesting that this factor accounted for 98% 

of the total variance. Scaffold side and the interaction between side and parameter combination 

were not significant at Ŭ = 0.01 (p = 0.014 and p = 0.047, respectively).  
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Figure 3.15: Identity plot of top vs. bottom fiber angular coherency, colored by parameter combination 

 

Regression analysis highlighted similar results as the ANOVA. The null hypothesis that 

all regression coefficients were equal to 0 was rejected with F < 0.0001. The resultant empirical 

model for the 3DMB scaffold angular coherency is eq. (44): 

!ÎÇÕÌÁÒ #ÏÈÅÒÅÎÃÙ Ϸ  ςςȢσ  πȢυφὊὈὕ πȢπςὊὈὕ πȢπσὛὠὅ (44) 

Resultant model coefficients suggest that FDO and SVC were good predictors of the scaffold 

angular coherency, while DCD was not. The resultant adjusted R2 = 0.92 suggested a good fit for 

the data. 
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3.3.4 Effects of 3DMB parameters on scaffold 2D porosity 

Figure 3.16 and 3.17 summarize the 2D porosity of the top and bottom of the scaffold 

samples, respectively. In general, contrasting 2D porosities were observed across the design 

space. The lowest levels of porosity were observed in the DCD, FDO, SVC = 150 mm, 50%, 150 

m/min group (30 ± 1.5%) while the highest porosity was observed in the DCD, FDO, SVC = 200 

mm, 90%, 700 m/min group (44 ± 3.6%). DCD had a significant effect on top and bottom 

porosity (both p < 0.0001), wherein scaffolds with DCD = 200 mm had overall, marginally 

greater porosity than those produced with DCD = 150 mm. This is likely due to the marginally 

different temperature profiles as observed in the computational modeling. By moving the 

collector 50 mm further from the die (increasing the DCD), the temperature near the collector 

surface was marginally lower. Thus, residual heating of collected fiber mats by the continuous 

melt blowing air jet was reduced by a marginal extent. This likely produced slightly less inter-

layer bonding and residual softening of the fibers, producing fractionally more inter-layer and 

inter-fiber pore space within a layer. 

FDO had a significant effect (both p < 0.0001) wherein porosity decreased as FDO 

approached 50% from either 16 or 90%. As was observed in the computational modeling, the 

FDO modulates the ambient air temperature local to the collector surface. As fibers deposited, 

they remained warmer and experienced more inter-fiber bonding and adhesion at FDO = 50% 

than other levels. As they fused together, the pore space between fibers decreased, and the fibers 

themselves lost their cylindrical morphology, as we observed in the SEMs. The confluence of 

these factors produced greater fiber diameters, with less inter-layer pore space and inter-fiber 

pore space within a layer. This suggests that the modulation of airflow around the collector by 

the FDO parameter is a critical element for fabricating porous fibrous morphologies using PCL.  
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The SVC had a significant effect on both top and bottom porosity (both p < 0.0001), 

wherein greater SVC produced more porosity. This parameter modulated both fiber diameter and 

fiber alignment. Smaller, more organized fibers produced more pores, hence the greater porosity. 

Given the homogeneous fiber diameter distribution observed in the high SVC samples, the fiber 

packing potential decreased due to this homogeneity, lending these scaffolds higher porosity. 

While 2D porosity is a crude approximation of a 3D variable, these results show that 3DMB 

collector parameters affect the general pore architectures of 3DMB fiber mats. 

 

 

Figure 3.16: Mean 2D porosity of the top of scaffold samples 
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Figure 3.17: Mean 2D porosity of the bottom of scaffold samples 

 

Figure 3.18 shows the plot of each sampleôs top vs. bottom 2D porosity, with the 

reference identity line of y = x. ANOVA by parameter combination and side (Ŭ = 0.01) indicated 

that the effect of 3DMB parameter combination was significant (p < 0.0001, – = 0.87). As 

previously discussed, it follows that the scaffold manufacturing parameters had a large effect on 

2D porosity, and it follows that the – indicates the parameters modulate a significant proportion 

of the variability. Scaffold side was significant, though with a very small effect size (p = 0.007,  

– = 0.009). No significant interaction effect was detected (p = 0.013,  – = 0.03). 

Using the identity line as a model for the data, R2 = 0.58. While this value would 

otherwise suggest that the one-sided 2D porosities are not great predictors of each other, this can 

be attributed to the variability of the sample data, especially in samples drawn from mats 

fabricated at DCD, FDO, SVC = 150 mm, 16%, 415 m/min. As already discussed, this parameter 

combination lay at the extremity of the physical design space and was not necessarily 

representative of true 3DMB fiber collection because of the intermitted collection and collection 
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of fibers from the ambient environment. Despite the data variability, the general trend about the 

identity line shows that these two factors are relatively good predictors of each other.  

 

 

Figure 3.18: Identity plot of top vs. bottom 2D porosity by sample 

 

Regression analysis produced similar results as the ANOVA. The null hypothesis that all 

regression coefficients were equal to 0 was rejected with F < 0.0001. The resultant empirical 

model for the 3DMB scaffold 2D porosity is eq. (45): 

ς$ 0ÏÒÏÓÉÔÙ Ϸ

 ςπȢφχ πȢπτὈὅὈπȢπςὊὈὕ πȢππυὊὈὒ

πȢπρὛὠὅπȢπππρὊὈὕὛὠὅ 

 

 

(45) 
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Resultant model coefficients suggest that DCD, FDO, and SVC were all good predictors 

of the scaffold 2D porosity. The resultant adjusted R2 = 0.96 suggests an excellent fit for the 

data. 

 

3.3.5 Effects of 3DMB parameters on scaffold 3D porosity 

3D porosity is a more accurate measure of the sample porosity than the porosity 

determined from 2D images, though it is more challenging to capture. We utilized nanoCT to 

study the true 3D porosity of these scaffolds using some designed contrasts. One-way ANOVA 

identified 3DMB parameter combination as a significant factor (p < 0.0001), highlighting 

significant differences in the sampled 3D porosities. Figure 3.19 shows nanoCT 3D 

reconstruction models of samples manufactured with FDO, SVC = 50%, 160 m/min and 

contrasting DCD: (A) 150 mm (B) 200 mm. A sponge-like architecture with few individual 

fibers was observed at 150 mm compared to more fibrous nature of the 200 mm samples. The 

respective mean porosity of the 150 mm samples was 47 ± 0.9% compared to the 200 mm 

samples, which had mean porosity of 66 ± 0.5%. Tukey post hoc identified these samples as 

significantly different (p < 0.0001), and it is quite evident by the reconstructed models that these 

are indeed contrasting. As previously discussed, the computational modeling highlighted the role 

of DCD in modulating the temperature of the continuous melt blowing air jets at the collector 

surface and how this temperature can residually warm the polymer and soften it. The resultant 

morphologies of fibers that are kept well above their softening point are the dense, non-fibrous 

structure observed in (A), where the fibers have melted together to form a porous bulk construct. 

In contrast, moving the collector further from the die (B) results in a mat that is more fibrous and 

more porous because the air jet temperature has cooled more before reaching the collector 
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surface. As previously highlighted, this is a key consideration in manufacturing fibrous and 

porous 3DMB constructs. 

 

 

Figure 3.19: nanoCT reconstructions of select samples with FDO, SVC = 50%, 160 m/min 

DCD = (A) 150mm, (B) = 200 mm 

 

Figure 3.20 shows nanoCT 3D reconstruction models of fiber samples manufactured 

with DCD, SVC = 150 mm, 160 m/min and contrasting FDO: (A) 90% (B) 50% (C) 16%. 

Organized fibrous structures were observed at 90% and 16% FDO while a disorganized sponge-

like architecture was observed at 50% FDO. The mean porosity of the samples fabricated at 90% 



 

117 

 

and 16% were similar (72 ± 0.7%, 72 ± 0.6%, respectively), which was in contrast to the porosity 

of the samples manufactured at 50% FDO (47 ± 0.9%). Tukey post hoc identified the porosity at 

FDO = 50% as significantly different from the 90 and 16% (p < 0.0001), while the 90 and 16% 

samples were not significantly different (p = 1). These results highlight the role of the FDO in 

modulating airflow and temperature profiles at the collector surface, and in turn, how that can 

affect scaffold morphology and porosity. 

Figure 3.21 shows nanoCT 3D reconstruction models of samples manufactured with 

DCD, FDO = 150 mm, 50% and contrasting SVC: (A) 160 m/min (B) 700 m/min. Samples 

fabricated at 160 m/min had porosity of 47 ± 0.9%, which was significantly different (p < 

0.0001) than the porosity of samples manufactured at 700 m/min (76 ± 0.7). The higher surface 

speed preserved the fibrous nature of the melt-blown material, creating more inter-layer porosity 

and inter-fiber space as they overlaid. The 160 m/min group formed a non-fibrous sponge-like 

architecture, as the fibers here were too warm and fused together, minimizing the inter-layer and 

inter-fiber pore space. This is clearly attributable to the increase in surface speed which provided 

additional cooling by higher rates of convective heat transfer from the polymer to the ambient 

environment.  
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Figure 3.20: nanoCT reconstructions of select samples with DCD, SVC = 150 mm, 160 m/min and  

FDO = (A) 90%, (B) 50%, (C) 16% 
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Figure 3.21: nanoCT reconstructions of select samples with DCD, FDO = 150 mm, 50% and  

SVC = (A) 160 m/min, (B) 700 m/min 

 

Figure 3.22 shows nanoCT 3D reconstruction models of samples manufactured with 

DCD, FDO = 150 mm, 90% and contrasting SVC: (A) 160 m/min (B) 700 m/min. 160 m/min 

samples had a porosity of 72 ± 0.6% which was significantly different (p < 0.0006) than the 78 ± 

2% porosity of 700 m/min samples. Fiber cooling was not a limitation at this DCD, FDO 

combination, so the differences in porosity are primarily attributable to the different fiber 

diameters observed in these samples. Polydispersity of fiber diameters, as observed in the 160 
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m/min samples, increases the packing potential of the fibers since smaller fibers can fill the gaps 

formed by overlaid larger fibers, decreasing the porosity.  

 

 

Figure 3.22: nanoCT reconstructions of select samples with DCD, FDO = 150 mm, 90% and  

SVC = (A) 160 m/min, (B) 700 m/min 

 

These results holistically reflect the results observed in the computational modeling from 

Chapter 2 and highlight the role of the DCD, FDO, and SVC in modulating the porosity of 3D 

melt-blown samples. 
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3.3.6 Effects of 3DMB parameters on scaffold monotonic tensile properties 

3.3.6.1 Tensile stiffness to weight, parallel to collector rotation 

Figure 3.23 shows the tensile stiffness to weight ratios of the 3DMB samples tested 

parallel to the collector rotation. Overall, the highest stiffness to weight ratio was observed in the 

DCD, FDO, SVC = 150 mm, 90%, 700 m/min group (206 ± 13 MPa/g). The lowest ratio was 

observed in the DCD, FDO, SVC = 150 mm, 16%, 415 m/min group (96 ± 14 MPa/g), likely 

because this parameter combination fiber collection resulted in a highly porous sample with low 

fiber alignment. ANOVA showed that the FDO had a significant effect on scaffold stiffness to 

weight ratios (p < 0.0001) as did the SVC (p < 0.0001), though the DCD did not (p = 0.16). 

These results generally follow the trend of angular coherency of the samples, which corroborates 

the expectation that high fiber alignment along the principal direction of tensile loading should 

produce greater stiffness per unit weight, as observed in electrospun scaffolds as well136.  

An underlying factor in the analysis is the fiber microarchitecture, as the highest stiffness 

to weight ratios were observed not only in a highly aligned, low diameter, high porosity fiber 

sample (150 mm, 90%, 700 m/min), which was expected, but also in a low alignment, large-

diameter fiber, low porosity sample (150 mm, 50%, 160 m/min). In the latter, despite its low 

angular coherency along the principal direction of loading, the fibers were highly bonded 

isotropically within and between layers, thus distributing uniaxial load throughout the entire 

scaffold. This microarchitecture thusly formed a high strength near-bulk material with low 

porosity. In comparison, the sample with highly aligned fibrous matrix was stiff in this direction 

because the fibers were aligned with the load. This highlights the interplay between fiber and 

pore microarchitecture and how these attributes can be multilaterally tuned to produce specified 

mechanical properties. 
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Figure 3.23: Tensile stiffness to weight ratios, parallel to collector rotation 

 

Regression analysis reflected some components of the ANOVA analysis. The null 

hypothesis that all regression coefficients were equal to 0 was rejected with F = 0.0076. The 

resultant empirical model for the 3DMB scaffold tensile stiffness to weight ratio parallel to 

collector rotation is eq. (46): 

4ÅÎÓÉÌÅ 3ÔÉÆÆÎÅÓÓ ÔÏ 7ÅÉÇÈÔ -0ÁȾÇ  116.3 + 0.7FDO (46) 

Resultant model coefficients suggest only FDO was a good predictor of the scaffold 

tensile stiffness to weight ratio parallel to the collector rotation. However, the resultant adjusted 

R2 = 0.39 suggests that this model was a poor fit for the data. However, this model holistically 

captures the general trend of the data, while the low R2 value can be attributed to the high 

variance in the data. 
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3.3.6.2 Tensile strength to weight, parallel to collector rotation 

Figure 3.24 summarizes the tensile strength to weight ratios of the 3DMB samples, tested 

parallel to the collector rotation. The greatest strength to weight was observed in the DCD, FDO, 

SVC = 150 mm, 90%, 700 m/min group (15.8 ± 0.4 MPa/g) while the lowest was observed in the 

DCD, FDO, SVC = 150 mm, 50%, 415 m/min group (6.1 ± 0.1 MPa/g). ANOVA showed that the 

FDO had a significant effect on the strength to weight in this direction (p < 0.0001) as did the SVC 

(p < 0.0001), though the DCD did not (p = 0.014). These results generally follow the trend of the 

angular coherency measurement as well as other microarchitecture analyses. Intuitively, more 

highly aligned fibers produced greater strength to weight ratios when pulled along the direction of 

alignment in comparison to heavier, isotropic samples. 

 

Figure 3.24: Tensile strength to weight ratios, parallel to collector rotation 

 

Regression analysis reflected the results of the ANOVA analysis. The null hypothesis 

that all regression coefficients were equal to 0 was rejected with F < 0.0001. The resultant 
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empirical model for the 3DMB scaffold tensile strength to weight parallel to the collector 

rotation is eq. (47): 

4ÅÎÓÉÌÅ 3ÔÒÅÎÇÔÈ ÔÏ 7ÅÉÇÈÔ -0ÁȾÇ  3.4 + 0.06FDO + 0.0001FDO2 + 

0.003SVC + 0.0001(ὊὈὕὛὠὅ)  
(47) 

Resultant model coefficients suggest that FDO and SVC were good predictors of the 

scaffold tensile strength to weight ratio parallel to collector rotation, and DCD was not. The 

resultant adjusted R2 = 0.88 suggests that this model was a good fit for the data. 

 

3.3.6.3 Tensile stiffness to weight, perpendicular to collector rotation 

Figure 3.25 shows the tensile stiffness to weight ratios of the 3DMB samples, tested 

perpendicular to the collector rotation. The highest stiffness to weight (156 ± 7 MPa/g) was 

observed in the DCD, FDO, SVC = 150 mm, 50%, 160 m/min samples. This was unsurprising 

given the isotropic nature of the matrix observed in the SEM analyses and its porous bulk-like 

structure that produced high stiffness to weight when tested parallel to collector rotation. Likewise, 

the lowest stiffness to weight in this direction (6.1 ± 0.1 MPa/g) was observed in the DCD, FDO, 

SVC = 150 mm, 90%, 700 m/min group. This was also unsurprising, given the highly anisotropic 

fibrous matrix aligned with collector rotation in this group. Given the temperature profiles 

predicted in the CFD modeling, the 150 mm, 90%, 700 m/min parameter combination produced 

low inter-fiber bonding while producing highly aligned fibers; thus, it follows that pulling 

perpendicular to the fiber alignment should prove highly compliant. Thusly, it was expected that 

this sample would demonstrate the lowest stiffness to weight in this direction.  

ANOVA highlighted that the FDO (p < 0.0001), SVC (p < 0.0001), and the DCD (p = 

0.004) had significant effects on this metric. This followed the trend of the angular coherency 

measurement as well as the CFD modeling. Again, intuitively more highly aligned fibers along the 
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direction of collector rotation produced lower stiffness to weight ratios when pulled perpendicular 

to the primary axis of orientation. The effect of the DCD could be attributed to differences in 

temperature at the different DCD levels, wherein the DCD = 150 mm enhanced bonding between 

adjacent fibers as the air temperature was greater there, resulting in greater stiffness. As the DCD 

increased or the collector moved further from the die, the air temperature decreased, producing 

less inter-fiber bonding and thus lower stiffness. 

 

 

Figure 3.25: Tensile stiffness to weight ratios, perpendicular to collector rotation 

 

Regression analysis highlighted similar results as the ANOVA. The null hypothesis that 

all regression coefficients were equal to 0 was rejected with F < 0.0001. The resultant empirical 

model for tensile stiffness to weight ratio perpendicular to collector rotation is eq. (48): 

4ÅÎÓÉÌÅ 3ÔÉÆÆÎÅÓÓ ÔÏ 7ÅÉÇÈÔ -0ÁȾÇ 

ρυυȢω  πȢυυὊὈὕ πȢπφὊὈὕ πȢπφὛὠὅ 
(48) 
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Resultant coefficients suggest again that FDO and SVC were good predictors of this 

mechanical property. The resultant adjusted R2 = 0.81 suggests a moderately good fit for the 

data. 

 

3.3.6.4 Tensile strength to weight, perpendicular to collector rotation 

Figure 3.26 shows the tensile strength to weight ratios of the 3DMB samples, tested 

perpendicular to the collector rotation. Again, the greatest ratio was observed in the DCD, FDO, 

SVC = 150 mm, 50%, 160 m/min group (8.2 ± 0.2 MPa/g) while the lowest was observed in the 

DCD, FDO, SVC = 200 mm, 90%, 160 m/min group (1.4 ± 0.1 MPa/g). In general, the FDO = 

90% groups had the lowest strength to weight ratios. ANOVA showed that the FDO had significant 

effect on this metric (p < 0.0001) as did the SVC (p < 0.0001), while the DCD did not (p = 0.22). 

These results follow again from the fiber matrix microarchitectures and the temperature profiles; 

more highly aligned fibers produced lower strength to weight ratios when pulled perpendicular to 

their orientation, while isotropic bulk structures had greater and nearly equivalent strength in all 

directions. 
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Figure 3.26: Tensile strength to weight ratios, perpendicular to collector rotation 

 

Regression analysis revealed similar results as the ANOVA. The null hypothesis that all 

regression coefficients were equal to 0 was rejected with F < 0.0001. The resultant empirical 

model for the 3DMB scaffold tensile strength to weight ratio perpendicular to collector rotation 

is eq. (49): 

ὛὸὶὩὲὫὸὬ ὸέ ύὩὭὫὬὸ ὓὖὥȾὫ

 χȢρρ πȢπςχὊὈὕ πȢππρὊὈὕ πȢππςὊὈὕ 
(49) 

Resultant coefficients suggest that only FDO was a good predictor of the fiber diameter, 

while terms including SVC and DCD were not. The resultant adjusted R2 = 0.73 suggests a 

moderate fit for the data, likely explained by the high variance within some of the sample data. 
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3.3.6.5 Tensile anisotropy ratios 

In summary, the stiffness and strength anisotropy ratios can be found in Figures 3.27 and 

3.28, respectively. The observed trends confirm that scaffolds with greater fiber alignment 

demonstrated greater mechanical anisotropy in both stiffness and strength. Scaffolds with high 

fiber alignment generally demonstrated the greatest strength and stiffness along the axis of 

alignment, relative to their weight, throughout the design space. Previous results demonstrated that 

3DMB parameters affected the scaffold microarchitectures, while these results show that the 

microarchitecture attributes modulate the tensile properties of the scaffold. 

 

 

Figure 3.27: Tensile stiffness to weight anisotropy ratios of 3DMB scaffolds 
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Figure 3.28: Tensile strength to weight anisotropy ratios of 3DMB scaffolds 

 

3.3.7 Effects of 3DMB parameters on scaffold monotonic compressive properties 

3.3.7.1 Compressive stiffness to weight ratios 

Figure 3.29 summarizes the compressive stiffness to weight ratios of the 3DMB samples. 

The greatest stiffness to weight ratio was observed in the DCD, FDO, SVC = 150 mm, 50%, 415 

m/min group (62 ± 22 MPa/g). The lowest ratio was observed in the DCD, FDO, SVC = 200 

mm, 90%, 700 m/min group (2.6 ± 0.6 MPa/g). ANOVA showed that the FDO and DCD had 

significant effects on scaffold compressive stiffness to weight ratios (both, p < 0.0001) though 

the SVC did not (p = 0.0115). Samples fabricated at FDO = 50% had significantly greater 

compressive stiffness than those at FDO = 16 and 90%. Meanwhile, samples fabricated with 

DCD = 150 mm tended to have equivalent or greater stiffness to weight than samples at the 200 

mm level.  

These results reflect the results from the microarchitectural analyses, wherein the samples 

fabricated at FDO = 50% that had exhibited high architectural isotropy with low porosity 
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demonstrated high stiffness in both compression and tension. In contrast, the aligned matrices 

produced at FDO = 90% were comprised of highly porous, microfibrous layers resulting in 

behavior that was highly compliant in compression. These results are explained by the 

modulation of the fiber temperature by the DCD and FDO parameters as elucidated in the 

computational modeling and the resultant changes to scaffold microarchitecture therein. Samples 

with isotropic, bulk-like structures with low porosity produced greater stiffness in compression 

than aligned fibrous samples, which is very unsurprising, especially when the SEM and nCT 

analyses are considered.  

 

 

Figure 3.29: Compressive stiffness to weight ratios of 3DMB scaffolds 

 

Regression analysis failed to reject the null hypothesis with F=0.013. This is likely 

attributable to the high variance of some sample data and few differences observed between 

various sample groups. 
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3.3.7.2 Compressive strength to weight ratios 

Figure 3.30 shows the compressive strength to weight ratios of the 3DMB samples. The 

greatest strength to weight ratio was observed in the DCD, FDO, SVC = 150 mm, 50%, 160 

m/min group (63 ± 8.6 MPa/g). As expected, the lowest ratio was observed in the DCD, FDO, 

SVC = 200 mm, 90%, 700 m/min group (4.2 ± 1.7 MPa/g). ANOVA showed that the DCD, 

FDO, and SVC had significant effects on scaffold compressive strength to weight ratios (p = 

0.006, p< 0.0001, p < 0.0001 respectively). Samples fabricated at DCD = 150 mm had equivalent 

or greater compressive strength to weight than those at the 200 mm level. Samples fabricated at  

FDO = 50% again tended to have greater strength to weight than samples at either 90 or 16%. 

Samples fabricated at low SVC, holding other parameters constant, had strength to weight ratios 

greater than samples at high SVC. These results are explained by the modulation of the fiber 

temperature and inter-fiber and inter-layer bonding as elucidated in the computational modeling 

and the resultant changes to scaffold microarchitecture produced by these phenomena. Samples 

with isotropic, bulk-like structures with low porosity produced greater strength in compression 

than aligned fibrous samples, aligning in general with the stiffness results and logic therein. The 

significance of the SVC highlights that additional fiber cooling can be produced by increasing 

this parameter which could modulate the inter-fiber and inter-layer bonding, as well as increasing 

fiber alignment, sample porosity, and loft, all of which will reduce the compressive strength of 

the material. 
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Figure 3.30: Compressive strength to weight ratios of 3DMB scaffolds 

 

Regression analysis revealed similar results as the ANOVA. The null hypothesis that all 

regression coefficients were equal to 0 was rejected with F < 0.0001. The resultant empirical 

model for the 3DMB scaffold compressive strength to weight ratio is eq. (50): 

ὛὸὶὩὲὫὸὬ ὸέ ύὩὭὫὬὸ ὓὖὥȾὫ

 φτȢω  πȢρωὊὈὕ πȢπςὊὈὕ πȢππςὛὠὅ 
(50) 

Resultant coefficients suggest that FDO and SVC were good predictors of the fiber 

diameter, while terms including DCD were not. The resultant adjusted R2 = 0.82 suggests a 

moderately good fit for the data. 
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3.3.8 Effects of cyclic fatigue on monotonic tensile responses of contrasting scaffold 

morphologies 

3.3.8.1 Effect of fatigue on monotonic tensile strength  

Contrasting scaffold morphologies exhibited different responses in their strength to 

weight metric after cyclic tensile fatigue (Figure 3.31). We observed that the highly aligned 

group (FDO, DCD, SVC = 150 mm, 90%, 700 m/min) experienced a ~7 MPa/g reduction in 

strength to weight after the 5,000 fatigue cycles. In comparison, there was little observable effect 

of the fatigue on the strength to weight of the unaligned group (200 mm, 50%, 415 m/min). This 

was reflected in the ANOVA, which identified a significant interaction effect between scaffold 

fabrication parameter combination and fatigue cycling (p<0.0001). Tukey post hoc identified 

significant differences between the strength to weight of the highly aligned sample before and 

after fatigue (p<0.0001), while there was no significant difference in the unaligned group 

(p=0.94). This is largely attributable to the differences in scaffold fiber diameter and alignment. 

In the highly aligned sample, each fiber experienced greater stress and provided little compliance 

due to the alignment of the fibers with the load and low interfiber bonding. The result was that 

the stresses applied to the entire sample were proportionally transferred to each of the fibers, 

while the net effect was a significant reduction in their strength. In the unaligned group, force 

transmittance through the randomly oriented and highly bonded fibers was largely enhanced, 

reducing the stress that each fiber experienced as the load was dispersed isotropically. The 

unaligned fibers were able to transmit the force more efficiently throughout the isotropic 

architecture and thus experienced less fatigue overall and remained unchanged in strength.  

Furthermore, the unaligned group had fibers with greater diameter than the aligned group. 

Given the differences in the loading between the groups, as each was loaded to 20% of their 
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mean UTS, itôs also feasible that the force applied to the fibers in each sample was not 

proportional to the fiber cross-sectional area, despite being proportional to the sample UTS. The 

larger fibers of the less aligned group would have experienced less stress in combination with the 

isotropic architecture compared to the smaller fibers in the aligned group, which due to their 

smaller fiber cross-sectional area, would have experienced more stress. Thusly, this produced the 

heteroscedastic strength responses to the fatigue. Furthermore, the aligned samples had greater 

porosity than the unaligned samples. Thus, the true cross-sectional area of the microtensile 

sample was lower, meaning that the total stress on the sample was higher than expected; and 

perhaps could explain the reduction in strength after fatigue. In general, these results highlight 

that anisotropic fibrous structures do not necessarily perform better than isotropic fibrous 

structures when stressed along the principal direction of fiber orientation. 

 

Figure 3.31: Tensile strength to weight of contrasting groups after cyclic fatigue 
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3.3.8.2 Effect of fatigue on monotonic tensile stiffness  

While differences in group responses were observed for the scaffold strength to weight 

after fatigue, the effect of fatigue on scaffold stiffness was less apparent (Figure 3.32). In the 

stiffness to weight of the highly aligned group, no difference was observed before and after 

fatigue. Meanwhile, a slight increase in scaffold stiffness to weight was observed upon 

inspection of the unaligned group after fatigue. However, ANOVA revealed that the only 

significant factor was the scaffold fabrication parameter combination (p<0.0001), while the 

fatigue and their interaction were not significant (p = 0.06, 0.21, respectively). This revealed that 

while the scaffold morphologies were significantly different, and their strength responses to 

fatigue were significantly different, their stiffness responses to fatigue were not significantly 

different. This is likely because the fatigue cycling did not change the scaffold microarchitecture 

or polymer chemistry, the primary modulators of scaffold stiffness. 
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Figure 3.32: Tensile stiffness to weight of contrasting groups after cyclic fatigue 

 

3.3.9 Effects of cyclic fatigue on monotonic compressive responses of contrasting scaffold 

morphologies 

3.3.9.1 Effect of fatigue on monotonic compressive strength  

The compressive strength to weight ratios of selected groups before and after 10,000 

fatigue cycles of 15% strain are shown in Figure 3.33. The ANOVA results highlighted that the 

only significant factor was the scaffold fabrication parameter combination (p < 0.0001). This was 

unsurprising, as these samples possessed contrasting morphologies. The cyclic fatigue did not 

have a significant effect (p = 0.2774), a favorable response as the samples withstood repeated 

elastic deformation without a significant loss in strength. No interaction effect was observed (p = 

0.4242), indicating that both scaffold groups responded to the fatigue in similar fashions. 
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Figure 3.33: Compressive strength to weight ratios before and after fatigue 

 

3.3.9.2 Effect of fatigue on monotonic compressive stiffness  

The compressive stiffness to weight ratios of selected groups before and after of 10,000 

fatigue cycles of 15% strain are shown in Figure 3.34. Following the same trend as the 

compressive strength, DCD, FDO, SVC = 200 mm, 50%, 415 m/min sample was stiffer per unit 

weight compared to the 150 mm, 90%, 700 m/min samples. The ANOVA highlighted that the 

only significant factor was the scaffold fabrication parameter combination (p < 0.0001). The 

cyclic fatigue did not significantly affect the stiffness to weight (p = 0.8650), a favorable 

response as the samples withstood repeated elastic deformation without a significant loss in 

stiffness. No interaction effect was observed (p = 0.6674). 
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Figure 3.34: Compressive stiffness to weight ratios before and after fatigue 
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3.4 Chapter summary 

The experimental characterization of 3DMB process-structure relationships has 

demonstrated that the FDO and SVC collector parameters are primarily responsible for modulating 

changes to scaffold morphology and mechanical properties. FDO and SVC had significant effects 

on scaffold mean fiber diameter and fiber angular coherency. All three parameters had significant 

effects on 2D porosity while contrasting 3D porosities were observed between high FDO, SVC, 

and low FDO, SVC samples. In terms of mechanical properties, FDO and SVC were significant 

in modulating scaffold tensile stiffness and strength to weight ratios, wherein significant 

anisotropy was observed and attributed to the contrasting scaffold microarchitectures. Tensile 

strength after cyclic fatigue was not affected in isotropic samples with high inter-fiber and 

interlayer bonding, while highly anisotropic fibrous samples lost a significant amount of strength. 

Tensile stiffness was not significantly modulated by the fatigue. Compressive strength and 

stiffness responses were not significantly affected by fatigue. The microarchitectures observed 

were relevant to musculoskeletal tissue engineering. Scaffolds demonstrated fiber diameters in the 

range of collagen fibers found in these tissues and high organization and anisotropy similar to the 

native tissue microenvironment. The stiffnesses of 3DMB samples were in the range of nervous 

tissue and cartilage, though lower than native tendons and ligaments50. While PCL was used as a 

model biopolymer, we expect similar process-structure relationships between 3DMB parameters 

and scaffold microarchitectures would follow for other biopolymers. 
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Chapter 4: 3DMB Scaffold Biofunctionalization Considerations 

4.1 Chapter introduction  

The previous chapterôs impetus was to study the interrelationships between 3DMB 

manufacturing process parameters, PCL biomaterial morphology, and scaffold mechanical 

properties. However, investigating the structure-function relationships between scaffold 

morphologies, biofunctional considerations, and cellular responses are essential components of 

engineering 3DMB for tissue scaffold manufacturing. Therefore, this chapter is dedicated to 

investigating those components.  

The fiber diameters observed in the 3DMB design space fell into the range of 6-12 ɛm, a 

range relevant to musculoskeletal tissue engineering137. Fiber alignment, measured by angular 

coherency, ranged from randomly oriented fibers with angular coherency near 10% to highly 

organized and aligned fibers with angular coherency near 90%, recapitulating the diverse 

multiscale architectures of many musculoskeletal tissues like tendon and cartilage. Scaffold 

porosity ranged from 46-80%, while mechanical properties varied in stiffness, strength, and 

anisotropy. 

While the 3DMB parameters had significant effects on scaffold attributes, it is essential 

to characterize relationships between scaffold microarchitectures and cellular responses like 

adhesion, viability, proliferation, and extracellular matrix secretion to support translatable tissue 

manufacturing. Others have shown that these scaffold attributes have significant effects on the 

aforementioned cellular responses118,137ï139; thus, a comprehensive investigation of 3DMB 

structure-function relationships is important. 

This chapter aims to experimentally characterize the interrelationships between scaffold 

critical quality attributes, biofunctionalization aspects, and cellular responses using designed 
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experiments and statistical approaches. The first key cellular response studied is cellular 

adhesion. Preliminary studies have demonstrated that cellular adhesion to 3DMB scaffolds is 

modulated mainly by micro- and nanoarchitecture and surface wettability, as these pertain 

directly to cellular protein adhesion. PCL, an aliphatic polyester, comprises monomers attached 

by ester bonds forming polymer chains and thus faces some biofunctionalization issues 

pertaining to its strong hydrophobicity, limiting cellular adhesion. As such, PCL owes its 

bioresorbable properties to the fact that the ester bonds between monomers can be broken 

through hydrolysis. Engineering the cleavage of this bond would produce carboxyl and hydroxyl 

groups at the end of exposed monomer chains, which would enhance the hydrophilicity of the 

3DMB scaffolds140. Though PCL hydrolysis occurs slowly in a physiological environment like 

the human body, it can be accelerated under alkaline conditions. 

Hydrolytic degradation faces a fundamental tradeoff. By improving the hydrophilicity of 

the scaffold, the cleavage of the ester bonds could cause changes to the mechanical properties of 

the PCL fibers. The hydrolysis conditions must be investigated to minimally affect the integrity 

of the scaffold while still supporting strong cellular adhesion. Hence, the first study characterizes 

the interrelationships between process parameters related to 3DMB scaffold hydrolytic 

degradation by alkaline surface modification using sodium hydroxide (NaOH), PCL fiber 

morphology, and scaffold tensile and compressive properties.  

The second study in the chapter focuses primarily on the interrelationships between 

scaffold alkaline hydrolysis, different scaffold seeding strategies, and observable cellular 

adhesion to these scaffolds using human adipose-derived stem cells (hASCs) using contrasting 

3DMB scaffold morphologies. This study is essential in determining a viable seeding strategy for 

the third and fourth studies. 
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The third study characterizes the 2-week cellular viability and metabolic activity of hASCs 

seeded on contrasting scaffold morphologies in dynamic culture, as identified using the scaffold 

critical quality attributes identified in Chapter 3. This study screens 3DMB morphologies for 

especially favorable responses, which were selected for use in the final study. 

The final study comprised a 6-week dynamic culture of contrasting 3DMB scaffolds using 

hASCs with induced chondrogenic differentiation. The effects of scaffold morphology on initial 

cellular responses, markers of chondrogenic differentiation, and the effects of newly formed ECM 

on the biomechanical properties of tissue constructs were therein characterized. 

 

4.2 Materials and methods 

4.2.1 Effects of NaOH surface modification on 3DMB PCL fiber morphology 

4.2.1.1 3DMB scaffold fabrication and sample collection 

3DMB scaffold fabrication generally followed Section 3.2.1. PCL (43 kDa) was melted to 

120°C and extruded through a fiber fabrication die at a polymer throughput of 0.15 g/nozzle/min. 

The extruded PCL was drawn with 140°C air from an air process heater (Backer Hotwatt) at a total 

air throughput of 110 l/min. The resulting fibers were collected on a rotating drum (ø50 mm), of 

which the rotational axis and cylindrical apex were positioned relative to the fiber fabrication die 

by an industrial 6-axis robot. DCD, FDO, SVC were 150 mm, 90%, 700 m/min. 

Sample collection followed Section 3.2.2.1. Briefly, a biopsy kit (DePuy Synthes, Warsaw, 

IN) was used to collect ø8 mm punches of the fiber mat for NaOH treatment and subsequent 

scanning electron microscopy imaging.  
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4.2.1.2 NaOH surface modification 

A 10 M stock solution of NaOH was mixed using dry NaOH pellets (Thermo Fisher 

Scientific, Waltham, MA) and DI water. This solution was further diluted to either 1 or 5 M. Each 

solution was distributed into 10 and 50 ml test tubes. One ø8 mm scaffold sample was added to 

each tube, and the cap was replaced. Test tubes were maintained at either 27°C on the benchtop or 

in a 50°C water bath for 1 h, with intermitted agitation. After 1 h, samples were thoroughly rinsed 

in DI water to remove the remaining etchant and given 48 h to dry before SEM imaging (n = 1). 

 

Table 4.1: Experimental design for 3DMB PCL scaffold NaOH surface modification 

Temperature (ÁC) NaOH Concentration (M) Volume 

27 1 10 ml 

50 5 50 ml 

 

4.2.1.3 SEM imaging 

SEM preparation followed Section 3.2.2.1. Briefly, samples were sputter coated with 

gold-palladium for 90s and imaged at 5 kV accelerating voltage. Representative micrographs 

were captured of each punch at 2650x magnification and saved as .TIF files. 

 

4.2.2 Effects of NaOH surface modification on scaffold monotonic tensile properties 

4.2.2.1 3DMB scaffold fabrication and sample collection 

3DMB scaffold fabrication followed Section 3.2.1. DCD, FDO, SVC were varied 

according to the experimental design of Table 3.1. Samples were acquired following Section 

3.2.6.1. Punches were taken with the gage section parallel to the direction of collector rotation (n 

= 6). 
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4.2.2.2 NaOH surface modification 

50 ml of 2.5 M  NaOH was distributed into 50 ml test tubes. One microtensile sample 

was added to each tube, submerged with a custom 3D printed jig, and the cap was replaced. Test 

tubes were maintained in a 50°C water bath for 1 h, with intermitted agitation. After 1 h, test 

tubes were retrieved from the water bath, and samples were thoroughly rinsed in DI water to 

remove the remaining etchant and given 48 h to dry. 

 

4.2.2.3 Evaluation of tensile mechanical properties 

Testing generally followed Section 3.2.6.1. Briefly, the sample was pre-loaded to 0.01 N 

and tested at a constant displacement rate of 10 mm/min to failure while stress and strain were 

recorded125. The elastic modulus (E) and ultimate tensile strength (UTS) were calculated as the 

slope of the linear region of the stress-strain curve and the maximum tensile stress of the stress-

strain curve. Sample tensile properties were related to the sample mass for calculations of 

stiffness and strength to weight. 

 

4.2.2.4 Statistical Analysis 

Differences between mechanical properties of untreated 3DMB PCL and NaOH-treated 

PCL were analyzed by two-way ANOVA (Ŭ = 0.05), with factors for scaffold parameter 

combination and NaOH treatment. Tukey post hoc was used to identify significant differences 

between treatment combinations with Ŭ = 0.05.  
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4.2.3 Effects of NaOH surface modification on scaffold monotonic compressive properties 

4.2.3.1 3DMB scaffold fabrication and sample collection 

3DMB scaffold fabrication followed Section 3.2.1. Samples (n = 6) were acquired 

following Section 3.2.7.1. 

 

4.2.3.2 NaOH surface modification 

NaOH treatment followed Section 4.2.2.2. Briefly, samples were submerged in 50 ml of 

2.5 M  NaOH in separate 50 ml test tubes and maintained in a 50°C water bath for 1 h with 

intermitted agitation. Samples were thoroughly rinsed in DI water upon removal from the water 

bath and given 48 h to dry before testing. 

 

4.2.3.3 Evaluation of compressive mechanical properties 

Testing followed Section 3.2.7.1. In short, the sample was pre-loaded to 0.01 N and tested 

at a constant displacement rate of 1 mm/min to failure while stress and strain were recorded. The 

compressive modulus was calculated as the slope of the linear region of the stress-strain curve, 

and the stress at 50% strain was recorded. Sample properties were related to the sample mass for 

calculations of stiffness and strength to weight.  

 

4.2.3.4 Statistical analysis 

Differences in compressive responses of untreated and NaOH-treated PCL scaffolds were 

analyzed by two-way ANOVA (Ŭ = 0.05), with factors for scaffold parameter combination and 

NaOH treatment. Tukey post hoc was used to identify significant differences between treatment 

combinations with Ŭ = 0.05.  
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4.2.4 Effects of cyclic fatigue on NaOH-treated scaffold monotonic tensile responses 

4.2.4.1 3DMB scaffold fabrication and sample collection 

3DMB scaffold fabrication followed Section 3.2.1. Samples of contrasting morphologies 

(Table 3.2) were acquired following Section 3.2.8. Punches were taken with the gage section 

parallel to the direction of collector rotation (n = 3). 

 

4.2.4.2 NaOH surface modification 

NaOH treatment followed Section 4.2.2.2. In summary: samples were treated with 50 ml 

of 2.5 M NaOH solution at 50°C for 1 h. Samples were then thoroughly rinsed in DI water to 

remove the remaining etchant and given 48h to dry.  

 

4.2.4.3 Cyclic fatigue and evaluation of resultant mechanical properties 

Testing generally followed Section 3.2.8.1. The sample was pre-loaded to 0.01 N, 

thereafter a load of 20% UTS as calculated from the results of Section 3.3.6.2 was applied for 

5,000 cycles at 1 Hz frequency while stress and strain were recorded. After 5,000 cycles, the 

sample was tested for monotonic tensile responses using the method described in 3.2.6.1. The 

elastic modulus (E) and ultimate tensile strength (UTS) were calculated as the slope of the linear 

region of the stress-strain curve and the maximum tensile stress of the stress-strain curve. Sample 

tensile properties were related to the sample mass for calculations of stiffness and strength to 

weight.  
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4.2.4.4 Statistical analysis 

Effects of fatigue on tensile properties of 3DMB PCL and NaOH modified PCL were 

compared utilizing a three-way ANOVA (n = 3, Ŭ = 0.05) with factors for scaffold parameter 

combination, fatigue cycling, and NaOH surface modification. Tukey post hoc was used to identify 

significant differences between treatment combinations with Ŭ = 0.05.  

 

4.2.5 Effects of cyclic fatigue on NaOH-treated scaffold monotonic compressive responses 

4.2.5.1 3DMB scaffold fabrication and sample collection 

Samples of contrasting morphologies (Table 3.2) were acquired following Section 3.2.7.1. 

ø8 mm punches were taken for testing (n = 3). 

 

4.2.5.2 NaOH surface modification 

NaOH treatment followed Section 4.2.2.2. Briefly, samples were treated with 2.5 M NaOH 

at 50°C for 1 h, then thoroughly rinsed with DI water and allowed to dry prior to testing. 

 

4.2.5.3 Cyclic fatigue and evaluation of resultant mechanical properties 

Testing generally followed Section 3.2.9.1. The sample was pre-loaded to 0.01 N; 

thereafter, the scaffold was compressed to 15% strain for 5,000 cycles at 1 Hz frequency. After 

5,000 cycles, the sample was tested for monotonic compressive responses using the method 

described in Section 3.2.7.1. The compressive modulus (E) was calculated as the slope of the 

linear region of the stress-strain curve, and stress at 50% strain was recorded. Sample responses 

were related to the sample mass for calculations of stiffness and strength to weight.  
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4.2.5.4 Statistical analysis 

Effects of fatigue on compressive responses of 3DMB PCL and NaOH modified PCL were 

compared utilizing a three-way ANOVA with factors for scaffold parameter combination, fatigue 

cycling, and NaOH modification with Ŭ = 0.05. Tukey post hoc was used to identify significant 

differences between treatment combinations with Ŭ = 0.05.  

 

4.2.6 Effects of NaOH treatment and different  seeding strategies on initial hASC adhesion 

to 3DMB scaffolds in vitro 

4.2.6.1 3DMB scaffold collection and experimental design 

Samples of contrasting fiber mats manufactured at DCD, FDO, SVC = 150 mm, 50%, 

160 m/min, and 150 mm, 90%, 700 m/min were collected using an ø8 mm biopsy punch. An 

experimental design (Table 4.2) was then followed: 

 

Table 4.2: Cellular adhesion study experimental design 

NaOH Modification : 0 M, 50°C 2.5 M, 50°C 

Seeding Strategy: 
droplet 

pipetting 
200x gravity  

centrifugation 

media presoak 

& droplet 

pipetting 

 

4.2.6.2 NaOH surface modification 

 Samples were treated with NaOH or DI water, following Section 4.2.2.2. Briefly, 

samples were submerged in test tubes containing 50 ml 2.5 M NaOH or 50 ml DI water (n = 9 / 

group) and incubated in a water bath at 50°C for 1 h. Samples were then thoroughly rinsed in DI 

water to remove the etchant and allowed to dry for 48 h.  
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4.2.6.3 Cell culture and analysis 

 P1 hASCs (R7788115, Thermofisher) were expanded in 175 cm2 tissue cultured treated 

flasks (Thermofisher) with 2% serum mesenchymal stem cell growth media (Thermofisher) 

supplemented with 2% penicillin-streptomycin (Thermofisher), hereafter referred to as growth 

media. Cells were passaged at 80% confluency utilizing trypLE express (Gibco) and reseeded in 

new 175cm2 tissue culture treated flasks (Thermofisher Scientific) at 20% confluency, until P5.  

Scaffold disks were sterilized in 70% ethanol for 30 min, then rinsed thoroughly with 

sterile phosphate buffered saline (PBS) and allowed to dry overnight, then transferred to a 48-

well plate. Seeding was performed one of three ways: drop-by-drop pipetting, 12 h growth media 

presoak followed with drop-by-drop pipetting, or centrifugation of the scaffold submerged in a 

cell suspension.  

 First, P5 cells were harvested from 175 cm2 tissue culture flasks using trypLE, which was 

then neutralized with growth media. Total cell quantity was analyzed by sampling 10 µl of this 

suspension (n = 2) and the use of a hemocytometer. The remaining cell suspension was 

centrifuged at 200x gravity for 6 min at ambient temperature. The supernatant was aspirated, 

leaving only the cell pellet. The cell pellet was resuspended in a calculated amount of growth 

media to a concentration of 2.5 x 105 hASC / 175 µl media.  

Drop-by-drop seeding was accomplished by adding 175 µl of the above cell suspension 

drop-by-drop to each scaffold in a non-tissue culture treated 48-well plate for a total cell quantity 

of 2.5 x 105 hASC.  

 Seeding of the pre-soaked scaffolds was accomplished in a two-step procedure. After 

sterilization and transferring to a non-tissue culture treated 48-well plate, scaffolds in the 

presoaked group were first incubated in 1 ml of growth media at 37°C, 5% CO2 for 12 h. After 
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12 h, the excess media that was not absorbed by the scaffolds was aspirated. The scaffolds were 

then seeded drop-by-drop with 2.5 x 105 P5 hASC in 175 µl media, as previously detailed. 

 The centrifugation seeding method requires the full submersion of the scaffold in a cell 

suspension. Therefore 175 µl of the 2.5 x 105 P5 hASC/175 µl media cell suspension was diluted 

to a total volume of 1.8 ml using growth media in 2 ml cryopreservation vials (CELLTREAT, 

Pepperell, MA). One scaffold was added to each cryovial. The cryovials were then centrifuged at 

200x gravity for 6 min at ambient temperature. Scaffolds were then carefully retrieved with 

sterile forceps and transferred to a non-tissue culture treated 48-well plate. 

 After seeding with each method as detailed above, scaffolds were incubated for 3 h at 

37°C, 5% CO2. Then, scaffolds were carefully supplemented with 1 ml growth media and 

incubated for 24 h. After 24 h, scaffolds from each group (n = 3) were assayed using Live/Dead 

(Invitrogen, Carlsbad, CA) for fluorescent detection of viable and nonviable cells. 

 

4.2.7 Effects of 3DMB scaffold morphologies on 2-week hASC in vitro responses 

4.2.7.1 3DMB sample selection and collection 

Hierarchical cluster analysis was utilized to group 3DMB scaffold morphologies 

manufactured in Section 3.2.1 into five clusters by minimizing intracluster variance and 

maximizing intercluster variance. Each of the five clusters comprised scaffold morphologies 

whose mean fiber diameters (FD), angular coherencies (AC), and 2D porosities were similar to 

the other cluster members. Still, each cluster holistically possessed attributes that were 

significantly different from the others. One representative scaffold morphology from each cluster 

was selected for further in vitro testing to elucidate the responses of hASC to the broad range of 
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3DMB morphologies that were manufactured, hereafter referred to as samples A, B, C, D, and E, 

as outlined in Table 4.3. 

 

Table 4.3: Contrasting scaffold groups as identified by hierarchical cluster analysis 

Group Label DCD, FDO, SVC Mean FD, AC, 3D-Porosity 

A 150 mm, 16%, 415 m/min 8.2 µm, 31%, 82% 

B 150 mm, 50%, 160 m/min 11 µm, 5%, 47% 

C 150 mm, 90%, 700 m/min 5.9 µm, 82%, 78% 

D 200 mm, 50%, 415 m/min 9.1 µm, 22%, 72% 

E 200 mm, 90%, 160 m/min 7.8 µm, 66%, 76% 

 

Sample collection followed Section 4.2.6.1, wherein ø 8 mm disks were sectioned from 

larger samples. 

 

4.2.7.2 Bioplotted scaffold fabrication 

Additively manufactured PCL scaffolds were fabricated as detailed in previous works by 

this group11,141 and utilized as a control group. Briefly, scaffolds were designed as ø8 x 3 mm 

cylinders with 16 layers, each approximately 160 ɛm thickness, with 200 µm interstrand spacing 

in an alternating 0°-90° laydown pattern, and a 100% interconnected porous network. PCL (Mw 

= 43 kDa, Polysciences Inc.) pellets were melted to 120°C and then extruded using a 3DBioplotter 

(EnvisionTec, Gladbeck, Germany) with 200 ɛm internal diameter nozzle at an extrusion pressure 

of 0.6 N/mm2 and print head travel speed of 1.2 mm/s. These scaffolds are hereafter referred to as 

the bioplotted (BP) group.  
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4.2.7.3 NaOH surface modification 

Following the protocol of Section 4.2.6.2, all scaffolds were treated with 2.5 M sodium 

hydroxide for 1 h at 50°C to enhance cellular adhesion, then thoroughly rinsed with DI water to 

remove remaining etchant and dried for 48 h.  

 

4.2.7.4 Cell culture and analysis 

P1 hASCs (Thermofisher) were expanded until P3 as in Section 4.2.6.3. Scaffolds were 

sterilized in 70% ethanol for 30 min, then rinsed thoroughly with sterile PBS and allowed to dry 

overnight, then transferred to an untreated 48-well plate. Cell seeding was performed in a non-

treated 48-well plate using a multi-step procedure. First, 3.75 x 105 P3 hASCs in 275 µl of 

growth media were seeded on one side of each scaffold (n = 5 / treatment combination) utilizing 

the droplet pipetting method (Section 4.2.6.3) and incubated for 3 h at 37°C, 5% CO2. Then 1 ml 

of growth media was added to each well, and scaffolds were incubated for 24 h. Scaffolds were 

then transferred to a new non-treated 48-well plate and inverted, using sterile tweezers. The 

previous 48-well plate was reserved for analysis. Scaffolds were again seeded with 3.75 x 105 

cells on the newly exposed side, incubated for 3 h, supplemented with 1 ml fresh growth media, 

and incubated for 24 hours.  

At that time (Day 1), samples were transferred to a new non-treated 24-well plate (the old 

48-well plate was reserved for later analysis) and supplemented with 2 ml of fresh media, and 

incubated on an orbital rocking table at 80 RPM agitation to prevent localized media exhaustion. 

Growth media was changed every two days. 

Samples of each morphology were assessed for cell viability using Live/Dead assay 

(Invitrogen) on Days 1, 15. In parallel, the cellular metabolic activities of scaffolds from each 
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group (n = 3) were assessed via alamarBlue assay (Thermo Fisher Scientific) at Days 1, 2, 4, 6, 

8, 11, 15. Significant factors affecting metabolic activity were analyzed using a two-way 

ANOVA by time point and scaffold group with Ŭ = 0.05, and differences between samples 

identified by Tukey post hoc test Ŭ = 0.05.  

During the multi-day seeding process, the 48-well plates where scaffolds had been seeded 

were immediately assayed with Live/Dead to identify cells that did not adhere to the scaffold. 

Image analysis in ImageJ was utilized to evaluate the area of each well (n = 5) covered by cells, 

and thus relative differences in cell seeding efficiency between scaffold morphologies. 

Significant factors affecting seeding efficiency were analyzed similarly as above. 

 

4.2.8 Effects of 3DMB scaffold morphologies on 6-week hASC in vitro chondrogenic 

differentiation, ECM formation, and biomechanical responses 

4.2.8.1 3DMB sample selection and collection 

Two contrasting scaffold groups which elicited favorable cellular responses in the 2-week 

cell culture study were selected from those utilized in Section 4.2.7, as outlined in Table 4.4. 

 

Table 4.4: Contrasting 3DMB morphologies selected for 6-week culture 

Group Label DCD, FDO, SVC Mean FD, AC, 2D-P 

C 150 mm, 90%, 700 m/min 5.9 µm, 82%, 39.9% 

D 200 mm, 50%, 415 m/min 9.1 µm, 22%, 36% 

 

Sample collection followed Section 4.2.6.1, wherein ø 8 mm disks were sectioned from 

larger samples. Additionally, compressive and microtensile samples were punched from the 
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larger 3DMB mats to evaluate biomechanical responses, as detailed in Sections 4.2.2.1 and 

4.2.3.1.  

 

4.2.8.2 Bioplotted scaffold fabrication 

Additively manufactured ø8 x 3 mm PCL scaffolds were fabricated as detailed in Section 

4.2.7.2 and are hereafter referred to as the bioplotted (BP) group.  

 

4.2.8.3 NaOH surface modification 

Following the protocol of Section 4.2.6.2, all samples were treated with 2.5 M sodium 

hydroxide for 1 h at 50°C to enhance cellular adhesion, then thoroughly rinsed with DI water to 

remove remaining etchant and allowed to dry for 48 h before seeding with cells. 

 

4.2.8.4 Cell culture and analysis 

Cell culture preparation generally followed Section 4.2.6.3. P1 hASC were expanded to 

P3 and seeded onto ethanol sterilized ø8 mm disc samples for compression testing following 

protocols described in Section 4.2.3.3 and biochemical analyses. Microtensile samples were 

seeded with 1.5 x 106 hASC in 1.1 ml media in ø50 mm non-treated Petri dishes using the same 

multi-step procedure. On Day 1, disc samples were transferred to new 24-well plates and 

supplemented with 2 ml of fresh media. Microtensile samples were transferred to new ø50 mm 

Petri dishes and supplemented with 12 ml fresh media. All samples were incubated on an orbital 

rocking table at 80 RPM agitation to prevent localized media exhaustion. Growth media was 

changed on Days 2, 4, and 6. On Day 7, the growth media was removed, and scaffolds were 
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cultured in chondrogenic differentiation media (Gibco) for the remaining 5 weeks, with media 

changes every 5 days. 

Samples of each morphology (C, D, BP) were assessed for cell viability using Live/Dead 

assay on Days 1 and 7 (n = 1). In parallel, the metabolic activities of seeded scaffolds from each 

group (n = 3) were assessed via alamarBlue assay at Days 1, 3, 7, 12, 17. Significant factors 

affecting metabolic activity were analyzed using a two-way ANOVA by time point and scaffold 

group with Ŭ = 0.05, and differences between treatment combinations identified by Tukey post 

hoc test (Ŭ = 0.05). 

 

4.2.8.5 Scaffold histology and evaluation 

Scaffolds were removed from the culture media after 6 weeks and transferred to 10% 

neutral buffered formalin, and fixed for 48 h. At this point, samples were visualized with a 

dissecting microscope (Leica Microsystems, Wetzlar, Germany). Then, samples were submerged 

in PBS with a progressively increasing sucrose content. First samples were submerged for 24 h 

in 15% w/v sucrose in PBS; then in 30% w/v sucrose in PBS for 24 h, where they remained until 

they were cryosectioned. 

Scaffolds were prepared for sectioning as follows. Briefly: samples were blotted dry and 

embedded in Cryomatrix embedding resin (Epredia, Kalamazoo, MI) under approximately -25 

mmHg pulsating vacuum. This resin is much stiffer than typical OCT solutions, more closely 

matching the mechanical properties of the 3DMB scaffolds and thus providing better support 

during cryosectioning. Embedded samples were flash-frozen over a slurry of dry ice and 70% 

ethanol, then transferred to a cooler containing dry ice.  
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Samples were loaded into a cryostat (Leica) and sectioned at 10 µm using the Cryojane 

Tape-Transfer System (Leica). Briefly, an adhesive tape window (Leica) was applied to the face 

of the resin block using a weighted roller. The tape was lifted at the same rate that the blade 

simultaneously cut through the sample, resulting in the transfer of the section to the adhesive side 

of the tape. The tape (and sample) were then mounted on a UV-adhesive coated slide (Leica) 

with the sample facing the adhesive. The slide was then exposed to high-intensity UV light using 

the Cryojane system to cure the adhesive and fix  the sample to the slide. After 1 min, the tape 

was carefully peeled off, leaving the sample mounted on the slide. Slides were stored at -80°C 

until staining. 

To stain the slides, they were first dipped in DI water to remove the excess Cryomatrix 

resin. Then samples were stained with Gomori trichrome (Agilent, Santa Clara, CA) to identify 

cell nuclei (black), cytoplasm (red), and collagen (blue). After staining, slides were air-dried for 

10 min, cleared with Clear-Rite (Eprida), and coverslips mounted using Permount mounting 

medium (Fisher). Slides were imaged at 10x. 

 

4.2.8.6 Evaluation of chondrocalcin expression by western blot and analysis 

Expression of chondrocalcin, a polypeptide secreted by chondrocytes and highly 

synthesized in cartilage142,143, was determined using western blot144ï148 after 3 and 6 weeks in 

culture (n = 3 / group / time point). First, samples were homogenized in 100 µl 1x NuPAGE LDS 

sample buffer (Invitrogen) using a bead mill (Fisher) with speed 6 m/s for 30 s to release and 

lyse the cells from each scaffold. Homogenates were then centrifuged at 14,000 RPM for 1 min 

to pellet the debris and separate the supernatant. Then, samples were denatured for 10 min at 
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95°C and centrifuged at 14,000 RPM for 5 min. The supernatant was collected and treated as 

total protein content lysate from each sample.  

SDS-PAGE was utilized to separate lysate proteins by size. Equal amounts of protein 

from each sample were loaded into separate wells of 12-well NuPAGE Bis-Tris protein gels with 

4 to 12% polyacrylamide gradient, as was 3 µl of a standard protein ladder (LI-COR, Lincoln, 

NE) for band identification. Proteins were separated by size through electrophoresis for 1 h at 

180 V in 1x MOPS running buffer (Thermofisher). After electrophoresis, the separated proteins 

were transferred to 0.45 µm nitrocellulose membranes (Thermofisher) with a wet-transfer 

module in 1x transfer buffer (Thermofisher) with 10% methanol at 0.2 amps for 1 h. Membranes 

were blocked with 4% BSA in 1x tris buffered saline (TBS) (Thermofisher) for 1 h on a rocking 

plate. Blocking buffer was removed, and membranes were incubated for 12 h at 4°C on a rocking 

plate with primary antibodies: mouse monoclonal to ɓ-actin (1:1000, #4970, Cell Signaling 

Technology, Danvers, MA), rabbit monoclonal to Collagen II with high chondrocalcin 

specificity (1:1000, ab188570, Abcam, Cambridge, UK), diluted in 1% BSA in tris buffered 

saline plus tween (TBS-T).  

Samples were then thoroughly washed in 1x TBS-T and incubated for 1 h at room 

temperature on a rocking plate with secondary antibodies: Goat anti-Mouse IgG (1:5000, LI-

COR) and Goat anti-Rabbit IgG (1:5000, LI-COR), diluted in 1% BSA in TBS-T. Membranes 

were then washed thoroughly with TBS-T and then with TBS and were then imaged with LI-

COR Odyssey system at appropriate fluorescent channels.  

Expression of ɓ-actin for each lane in each gel was compared to the maximal protein 

expression to produce a normalization ratio; the normalization ratio was then used to normalize 

the expression of Chondrocalcin. Data was analyzed using two-way ANOVA by time point and 
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scaffold group (Ŭ = 0.05). Significant differences between samples were identified by Tukey post 

hoc test (Ŭ = 0.05).  

 

4.2.8.7 Evaluation of total collagen content by hydroxyproline assay and analysis 

Total collagen content was evaluated by colorimetric quantification of hydroxyproline. 

Hydroxyproline is a nonproteinogenic amino acid, and in mammals is found only in collagen and 

elastin. When quantified from tissue sample hydrolysate, hydroxyproline is a direct measure of 

the total collagen content. A hydroxyproline colorimetric assay kit (Sigma) was utilized. 

Scaffolds were first digested in papain. 1 ml solution of 1.9 mg/mL lyophilized papain powder in 

Hibernate E minus calcium media (Brainbits, Springfield, IL) was added to each sample in a 

centrifuge tube. The sample and papain digestion solution were homogenized using a bead mill 

(Fisher) operating at a shaking speed of 6 m/s for 30 s. Homogenized samples were then 

incubated at 60°C for 12 h in a water bath to complete the digestion. Then, 100 uL of digest from 

each sample (n = 3 / time point / scaffold morphology) was mixed with 100 uL concentrated 

hydrochloric acid (12 M) and hydrolyzed at 120°C for 3 h. Hydrolyzed samples were centrifuged 

at 10,000x g for 3 min, and 20 uL of supernatant was transferred to a 96-well plate. Gradated 

volumes of 0.1 mg/ml hydroxyproline standard were added to separate wells of the plate to 

produce a standard curve of known hydroxyproline content. The plate was then dried in a rotary 

oven at 60°C for 1 h to evaporate the solvents. 100 uL of chloramine T in oxidation buffer was 

added to each well and incubated at 27°C for 5 min; then 100 uL of 4-

(dimethylamino)benzaldehyde perchloric acid/isopropanol solution was added to each well and 

incubated for 90 min at 60°C. The absorbance of each well at 560 nm was then measured and 

compared to the absorbance of the prepared hydroxyproline standard curve to quantify the total 
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hydroxyproline content of the well. This amount was then used to calculate the total collagen 

content of each sample.  

Data was analyzed using two-way ANOVA by time point and scaffold group (Ŭ = 0.05). 

Significant differences between samples were identified by Tukey post hoc test (Ŭ = 0.05).  

 

4.2.8.8 Dimethylmethylene blue assay for sulfonated glycosaminoglycans quantification 

Sulfonated glycosaminoglycans (sGAGs) can be detected by induction of metachromasia 

when solubilized and bound to 1,9-dimethylmethylene blue (DMMB) salt. sGAG secretion over 

time was determined spectrophotometrically by the DMMB assay149ï152 after 3 and 6 weeks in 

culture (n = 3 / group / time point).  

First, the DMMB reagent was prepared. Briefly, 16 mg of 1,9-dimethylmethylene blue 

dye (Sigma Aldrich, St. Louis, MO) was mixed with 1 L of DI H2O
 containing 3.04 g glycine 

(Sigma), 1.6 g NaCl (Sigma), and 95 ml 0.1 M acetic acid (Sigma). After thoroughly mixing, the 

sample was filtered using a 0.22 µm polyethersulfone membrane filter. 

100 µl of digested sample was reacted with 1 ml DMMB solution in a 24-well plate and 

gently agitated. The absorbance of each well at 525 nm was immediately measured using a plate 

reader. Sample absorbance was compared to the absorbance of a standard curve produced using 

bovine trachea chondroitin sulfate A (Sigma) and then related to the total digestion volume to 

determine total scaffold sGAG content. 

Data was analyzed using two-way ANOVA by time point and scaffold group (Ŭ = 0.05). 

Significant differences between samples were identified by Tukey post hoc test (Ŭ = 0.05).  
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4.2.8.9 Evaluation of scaffold biomechanical properties and analysis 

 After 6-weeks of dynamic chondrogenic culture, scaffold monotonic mechanical 

properties were evaluated. Cultured microtensile samples (acellular and cellular) were tested in 

monotonic tension following Section 3.2.6.1 (n = 3 / group). Briefly, samples were loaded into a 

UTM and tested to failure at a constant displacement rate of 10 mm/min while stress and strain 

were recorded. The elastic modulus and ultimate tensile strength were calculated as the slope of 

the linear region of the stress-strain curve and the maximum tensile stress of the stress-strain 

curve.  

Cultured compressive discs (acellular and cellular) were tested in monotonic compression 

following Section 3.2.7.1 (n = 3 / group). Briefly, samples were loaded into a UTM and tested at 

a constant displacement rate of 1 mm/min to 50% strain while stress and strain were recorded. 

The compressive modulus was calculated as the slope of the linear region of the stress-strain 

curve, and the stress at 50% strain was recorded.  

Data was analyzed using two-way ANOVA by cellular/acellular group and scaffold 

fabrication parameter combination (Ŭ = 0.05). Significant differences between samples were 

identified by Tukey post hoc test (Ŭ = 0.05).  

 

4.3 Results and discussion 

4.3.1 Effects of NaOH surface modification on 3DMB PCL fiber morphology 

Surface modification by NaOH treatment had noticeable effects on fiber morphology 

(Figure 4.1). Two overarching surface morphologies were observed. The first was a smooth 

surface, with no noticeable changes relative to the control sample. The second was a rough 

surface with noticeable fractal patterned cracks and fissures. The smooth surface was 
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characteristic of low temperature, low NaOH concentration treatment. The rough surface was the 

result of the increased concentration and temperature treatment. As the concentration increased 

from 1 to 5 M, holding temperature constant, increased surface roughness was observed. Such 

differences were more subtle at 27°C than at 50°C. When the temperature was increased from 

27°C to 50°C, the surface roughness of the 5 M samples increased. No changes were observable 

between the 1 M 27°C and 50°C samples. No differences were observed between the 10 ml and 

50 ml samples for a given temperature or concentration. The NaOH treatment had a greater 

effect on the surface morphology of smaller fibers at the 5 M concentration, owing to their large 

surface area to volume ratio providing more exposure to the etchant while simultaneously less 

mass for the NaOH to degrade, producing a higher etching rate. 

This surface roughness was caused by the hydrolytic degradation of the PCL material. 

Given that there is an abundance of PCL substrate, the degradation reaction was limited by the 

supply of hydroxide ions in solution; hence increasing the concentration of ions resulted in more 

etching. Also, increasing the temperature of the solution increased the average kinetic energy of 

the solution molecules, increasing the proportion of those molecules possessing required 

activation energy for the hydrolysis reaction to occur upon collision with the PCL. Hence, 

increasing the temperature of the etchant increased the surface roughness of the PCL when 

saturated with etchant molecules. In summary, increasing either the etchant concentration or the 

etchant temperature resulted in more surface roughness of the PCL fibers. Ideally, the surface 

etching parameters should increase the hydrophilicity of the PCL material without deleteriously 

affecting the fibrous structure comprising the scaffold morphology. Henceforth, NaOH treatment 

intensity within this design space ensures that the scaffold is completely treated but not fully 

degraded, and thus for ensuing studies, a 2.5M concentration at 50°C was utilized. 
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Figure 4.1: Representative SEM micrographs of the effects of varying NaOH concentrations, volumes, and 

temperatures on 3DMB scaffold fibrous morphology 

 

4.3.2 Effects of NaOH surface modification on scaffold monotonic tensile properties 

4.3.2.1 Effect of NaOH on monotonic tensile stiffness to weight ratios 

The tensile stiffness to weight ratios of the 3DMB samples treated with 2.5M NaOH and 

tested parallel to the collector rotation are shown in Figure 4.2. Overall, general trends followed 

those from Section 3.3.6.1 wherein the greatest stiffness to weight ratio was observed in the 

DCD, FDO, SVC = 150 mm, 90%, 700 m/min group (235 ± 37 MPa/g). The lowest ratio was 

observed in the DCD, FDO, SVC = 150 mm, 16%, 415 m/min group (93 ± 22 MPa/g), again 

because at this collection point, the angular coherency was low and true scaffold aggregation 

proved challenging, producing a disorganized and non-uniform sample. ANOVA by 3DMB 

parameter combination and NaOH treatment revealed a significant interaction effect between 

these two factors (p = 0.036). The interaction of these factors suggested that the effect of the 

sodium hydroxide treatment on scaffold stiffness depended on the 3DMB parameter combination 
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and thus the scaffold morphology. Tukey post hoc test identified numerous significant 

differences between scaffolds with different manufacturing parameter combinations, but no 

significant differences between an untreated and treated pair manufactured at the same parameter 

combination, highlighting that the NaOH treatment did not affect scaffold stiffness. The 

significant interaction effect is primarily attributable to the fact that some scaffold stiffnesses 

appeared to increase slightly after treatment, but not to a significant extent. In contrast, others 

minutely decreased similarly, likely due to minor variations in the fiber mat from which the 

samples were punched.  

 

 

Figure 4.2: Stiffness to weight ratios of untreated and 2.5M NaOH-treated 3DMB PCL samples 

 

4.3.2.2 Effect of NaOH on monotonic tensile strength to weight ratios 

Tensile strength to weight ratios of the 3DMB samples treated with 2.5M NaOH and 

tested parallel to the collector rotation are shown in Figure 4.3. Overall, general trends followed 

those from Section 3.3.6.2 wherein the greatest strength to weight ratio of the NaOH-treated 
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samples was observed in the DCD, FDO, SVC = 150 mm, 90%, 700 m/min group (11.3 ± 1.6 

MPa/g), a decrease of 4.6 MPa/g from the untreated analog. The lowest ratio was observed in the 

DCD, FDO, SVC = 150 mm, 16%, 415 m/min group (5.3 ± 0.26 MPa/g). ANOVA showed a 

significant interaction effect between scaffold parameter combination and NaOH treatment (p < 

0.0001). Tukey post hoc was utilized to identify significant differences between the untreated 

and treated samples. Overall, the NaOH treatment did not significantly affect the strength to 

weight ratios for a majority of the groups. However, the effect was significant on the most 

porous samples with the smallest fibers, especially samples fabricated at FDO = 90%, and high 

levels of SVC. This intuitively followed the observations of Section 4.3.1, wherein smaller fibers 

experienced greater hydrolytic degradation than larger fibers and thus experience a greater 

reduction in their strength. 

 

 

Figure 4.3: Strength to weight ratios of untreated and 2.5M NaOH-treated 3DMB PCL samples 
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4.3.3 Effects of NaOH surface modification on scaffold monotonic compressive properties 

4.3.3.1 Effect of NaOH on monotonic compressive stiffness to weight ratios 

The compressive stiffness to weight ratios of the 3DMB samples treated with 2.5M 

NaOH are shown in Figure 4.4. The results followed those from Section 3.3.7.1 wherein the 

greatest stiffness to weight ratio was observed in the DCD, FDO, SVC = 150 mm, 50%, 415 

m/min group (58.9 ± 2.7 MPa/g). The lowest ratio was observed in the DCD, FDO, SVC = 200 

mm, 90%, 160 m/min group (2.2 ± 1.8 MPa/g). The results generally followed the trend of 

angular coherency, suggesting that scaffolds with higher fiber alignment are more compliant in 

compression. This is largely due to the highly robust isotropic structures manufactured at FDO = 

50% and the highly porous, anisotropic architectures manufactured at FDO = 90%, with 

increasing SVC. ANOVA by 3DMB parameter combination and NaOH treatment revealed that 

only scaffold manufacturing parameter combination had a significant effect (p < 0.0001). This 

highlights again that scaffold morphology plays a key role in modulating mechanical responses, 

but the NaOH treatment did not deleteriously affect the scaffold mechanical integrity. 
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Figure 4.4: Compressive stiffness to weight ratios of untreated and 2.5M NaOH-treated samples 

 

4.3.3.2 Effect of NaOH on monotonic compressive strength to weight ratios 

The compressive strength to weight ratios of the 3DMB samples treated with 2.5M 

NaOH are shown in Figure 4.5. The greatest strength to weight ratio was observed in the DCD, 

FDO, SVC = 150 mm, 50%, 160 m/min group (57.7 ± 4.3 MPa/g). The lowest ratio was 

observed in the DCD, FDO, SVC = 200 mm, 90%, 700 m/min group (4.4 ± 1.3 MPa/g). This is 

unsurprising as the compression metric was observed to correspond largely with the angular 

coherency measurements again, suggesting that scaffolds with higher fiber alignment are weaker 

in compression. ANOVA by 3DMB parameter combination and NaOH treatment revealed a 

significant interaction effect between these two factors (p = 0.038). This suggested that the effect 

of the sodium hydroxide treatment on scaffold strength depended on the 3DMB parameter 

combination and thus the scaffold morphology. Tukey post hoc test again identified numerous 

significant differences between different parameter combinations but no significant differences 

between an untreated and treated pair manufactured at the same parameter combination. This 
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shows that the NaOH treatment did not affect scaffold compressive strength, while the 

significant interaction effect is again attributable to the fact that some scaffold strengths appeared 

to increase slightly after treatment, but not to a significant extent, while others minutely 

decreased, again not to a significant extent, due to random variability within the fiber mat. 

 

 

Figure 4.5: Compressive strength to weight ratios of untreated and 2.5M NaOH-treated samples 

4.3.4 Effects of cyclic fatigue on NaOH-treated scaffold monotonic tensile responses 

4.3.4.1 Effects of cyclic fatigue on NaOH-treated scaffold monotonic tensile stiffness to 

weight ratio 

The role of NaOH in modulating the tensile stiffness to weight ratios of fatigued samples 

was examined (Figure 4.6). ANOVA revealed a significant interaction effect between scaffold 

morphology, cyclic fatigue, and NaOH treatment (p < 0.0001). It was observed that the DCD, 

FDO, SVC = 150 mm, 90%, 700 m/min samples were significantly more compliant after NaOH 

treatment and cyclic fatigue, compared to NaOH-treated scaffolds in monotonic tensile testing, 
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as well as the untreated group with the same morphology after fatigue. As elucidated in the SEM 

analysis in Section 4.3.1, scaffolds with smaller fibers and higher porosity, like those comprising 

this group, are generally more affected by the NaOH treatment than scaffolds with larger fibers 

and lower porosity due to their lower surface area to mass ratio. As the NaOH surface 

modification degrades the polymer structure, the resultant difference in stiffness after cyclic 

fatigue is largely attributable to the scission of links between polymer chains reducing the overall 

resilience of the scaffold fibers. No differences were identified in the stiffnesses of DCD, FDO, 

SVC = 200 mm, 50%, 415 m/min groups regardless of NaOH treatment or fatigue. 

 

 
 

Figure 4.6: Tensile stiffness to weight ratios before and after fatigue and NaOH treatment 
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4.3.4.2 Effects of cyclic fatigue on NaOH-treated scaffold monotonic tensile strength to 

weight ratio 

The role of NaOH in modulating the tensile strength to weight ratios of fatigued samples 

was examined (Figure 4.7). ANOVA revealed a significant interaction effect between scaffold 

morphology, cyclic fatigue, and NaOH treatment (p = 0.01). A uniform reduction in tensile 

strength to weight was observed in both scaffold morphologies after NaOH treatment and cyclic 

fatigue. Both morphologies were significantly weaker after NaOH treatment and cyclic fatigue 

than NaOH-treated scaffolds in monotonic tensile testing. The DCD, FDO, SVC = 200 mm, 

50%, 415 m/min NaOH-treated and fatigued samples were also significantly weaker than the 

untreated and fatigued samples; while no difference was detected between 150 mm, 90%, 700 

m/min untreated and fatigued vs. treated and fatigued. This initially  appears contradictory to 

previous results suggesting that the smaller fibers should be more affected by the NaOH than the 

larger fibers. However, decomposing this effect: we observe that both untreated and treated 150 

mm, 90%, 700 m/min groups experienced significant decreases in tensile strength to weight after 

fatigue, suggesting that these scaffolds were generally not resistant to the fatigue to begin with. 

Regardless of whether the samples were treated with NaOH, their strength after fatigue was 

lower. In comparison, the 200 mm, 50%, 415 m/min group was resistant to the fatigue when 

untreated, though the NaOH treatment did reduce the strength to weight after fatigue. This is not 

inconsistent with previous results because the NaOH still does affect the polymer chemistry of 

the unaligned samples. However, the reduction in strength is largely exacerbated by the fatigue. 

This is to say that while neither factor significantly affects the strength of this group individually, 

their combination does, which highlights the key interrelationships between scaffold material 

properties and surface functionalization strategy and the tradeoffs therein.  
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Figure 4.7: Tensile strength to weight ratios before and after fatigue and NaOH treatment 

 

4.3.5 Effects of cyclic fatigue on NaOH-treated scaffold monotonic compressive responses 

4.3.5.1 Effect of cyclic fatigue on NaOH-treated scaffold monotonic compressive stiffness 

The role of NaOH in modulating the stiffness to weight ratios of fatigued samples was 

examined. NaOH-treated scaffolds showed similar responses to the untreated group after fatigue 

(Figure 4.8). The DCD, FDO, SVC = 200 mm, 50%, 415 m/min sample was stiffer per unit 

weight in compression compared to the 150 mm, 90%, 700 m/min samples even after NaOH 

treatment which aligns with earlier results and inferences. This was reflected in the ANOVA 

results, which revealed that the only significant factor was the scaffold fabrication parameter 

combination (p < 0.0001). The cyclic fatigue did not have a significant effect (p = 0.9629), nor 
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did the NaOH treatment (p = 0.6896). No interaction effect was observed (p = 0.6877), 

indicating that both scaffold groups responded to the fatigue in similar fashions. 

 

Figure 4.8: Compressive stiffness to weight ratios before and after fatigue and NaOH treatment 

 

4.3.5.2 Effect of cyclic fatigue on NaOH-treated scaffold monotonic compressive strength 

The effect of NaOH treatment on compressive strength after fatigue was also tested. 

NaOH-treated scaffolds showed similar behavior under fatigue compared to the non-treated 

scaffolds. There was no major decrease in strength to weight ratios of either of the scaffold 

groups (Figure 4.9). The DCD, FDO, SVC = 200 mm, 50%, 415 m/min sample was again 

stronger per unit weight when compared to the 150 mm, 90%, 700 m/min samples, even after 

NaOH treatment. ANOVA revealed again that the only significant factor was the scaffold 
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fabrication parameter combination (p < 0.0001). The cyclic fatigue did not have a significant 

effect (p = 0.3167), nor did the NaOH treatment (p = 0.06). No 2nd or 3rd order interaction effects 

were significant (NaOH with parameter combination, p = 0.10; NaOH with fatigue, p = 0.315; 

parameter combination x fatigue, p = 0.55; NaOH x parameter combination x fatigue, p = 0.38), 

indicating that both scaffold morphologies, regardless of NaOH treatment, responded to the 

fatigue in similar ways. 

 

Figure 4.9: Compressive strength to weight ratios before and after fatigue and NaOH treatment 
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4.3.6 Effects of NaOH treatment and different seeding strategies on initial hASC adhesion 

 The effect of the previously detailed NaOH surface modification and three different 

seeding strategies were evaluated qualitatively using two contrasting 3DMB morphologies. The 

NaOH surface modification significantly enhanced initial cellular responses in both scaffold 

morphologies. In one group comprising highly aligned, small diameter fibers (DCD, FDO, SVC 

= 150 mm, 90%, 700 m/min), the apparent seeding efficiency was observably improved by the 

NaOH, as shown by the representative Live/Dead images in Figure 4.10. However, the viability 

appeared proportionately similar between treated and untreated.  
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Figure 4.10: Representative Live/Dead images of hASC seeded with different methods on untreated and 

NaOH-treated 3DMB scaffolds manufactured at DCD, FDO, SVC = 150 mm, 90%, 700 m/min, after 24h. 

 

In comparison, the responses of cells to larger and disorganized 3DMB scaffolds (150 

mm, 50%, 160 m/min) were enhanced in both viability and adhesion (Figure 4.11). 

Improvements in cellular adhesion in both groups can be explained primarily by the modulation 
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of scaffold hydrophobicity by cleavage of ester bonding between PCL unit chains via the 

alkaline etching. Adsorption of glycoproteins from the cell membrane, the primary interaction 

between cells and biomaterial, is largely enhanced on hydrophilic scaffold surfaces140,153. The 

heteroscedastic changes in cell viability observed between scaffold morphologies is due to the 

available scaffold surface area. While itôs true that the surface area to volume ratio of small 

fibers is greater than that of larger fibers (0.38 ± 0.002 /mm vs. 0.14 ± 0.004 /mm) as revealed by 

nanoCT of these samples, the total available surface area for cellular adhesion was significantly 

greater in scaffolds with larger fibers (23.0 ± 3.5 mm2 vs. 9.1 ± 1.7 mm2 per 0.4 x 0.4 x 1 mm 

rectangular prism section). The availability of surface area is key in modulating these initial cell 

responses, as others have demonstrated in electrospun materials154.  

The effects of three seeding strategies - pipetting cell suspension drop-by-drop, 

presoaking scaffolds in media and then pipetting drop-by-drop, and centrifuging cell suspension 

ï on initial hASC responses were also evident in Figures 4.10 and 4.11. We observed that 

cellular adhesion was enhanced using the drop-by-drop and presoak methods in the untreated 

groups for both scaffold morphologies. The drop-by-drop method delivered cells in high density 

and low liquid volume, producing greater cellular densities and probability of adhesion to the 

scaffold compared to the larger volume of media used in the centrifugation method. The 

hydrophobic PCL material, in general, repels the aqueous cell suspension and hinders capillary 

action, while the exterior scaffold pores slowly fill via hydrostatic pressure. This prevented 

media and cells from infiltrating once the exterior pores were filled as hydrostatic pressure was 

at equilibrium. So, using a lower density cell suspension caused fewer cells to interact with the 

biomaterial, thus the low adhesion in this group.  
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No differences were observed between the seeding methods once the scaffold was 

rendered hydrophilic via the NaOH treatment, though again, as previously pointed out: the 

NaOH treatment significantly enhanced cellular adhesion.  

 

 

Figure 4.11: Representative Live/Dead images of hASC seeded with different methods on untreated and 

NaOH-treated 3DMB scaffolds manufactured at DCD, FDO, SVC = 150 mm, 50%, 160 m/min, after 24h. 
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4.3.7 Effects of 3DMB scaffold morphologies on 2-week hASC in vitro viabil ity and 

metabolic activity 

 As identified by hierarchical cluster analysis, five contrasting 3DMB scaffold 

morphologies and one bioplotted morphology were chosen for 2-week in vitro hASC culture. 

Scaffolds ranged in fiber diameter from 5.9 ï 11 µm, angular coherencies from 5 - 82%, and 3D 

porosities from 47.5 ï 81.7%, while the strand width of the bioplotted scaffold was ~200 µm 

with ~200 µm interstrand distance. Cell responses were evaluated across the two weeks in terms 

of cell viability and cell metabolic activity.  

After seeding, cellular adhesion efficiency was evaluated fluorometrically using the 

Live/Dead assay. Relative efficiencies, as a percentage of well plate area coverage by cells, are 

shown in Figure 4.12. Scaffolds from the A group had the most cell coverage of the well and 

thus the lowest seeding efficiency, as well as the greatest standard deviation, indicating high 

variance in responses of the scaffolds (10 ± 9%). The bioplotted group was a close second (8 ± 

3%). In general, Day 1 quantities of non-adherent cells were greater than on Day 2; Day 2 

seeding efficiencies were improved in almost all scaffold groups. ANOVA revealed that time 

point was a significant factor (p = 0.0003), as was scaffold group (p = 0.05), though their 

interaction was not. Tukey post hoc identified that Day 1 seeding efficiencies were significantly 

lower than at Day 2, as was confirmed by inspection of the data. This demonstrated that the 

incubation of scaffolds with media before seeding did make a statistically significant difference 

in cellular adhesion due to the uniform serum coating on the fibers, which would enhance 

cellular responses. Despite the significant primary effect of the scaffold group, Tukey post hoc, 

conservatively, did not identify any significant differences between the adhesion of cells seeded 

on different scaffold morphologies.  
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Figure 4.12: Relative unseeded cell coverage of wells after Days 1 and 2 

 

Representative Live/Dead images from Day 1 are shown in Figure 4.13. We observed 

that scaffolds from the A group had apparently lower cell density when compared to the other 

3DMB groups (Figure 4.13A). This was reflected in the seeding efficiency analysis, where this 

group had overall, observably greater variance in seeding efficiency compared to other groups. 

Other 3DMB morphologies (Figure 4.13B-E) were not observably different in that cells 

uniformly adhered to the scaffold fibers in high density, with approximate 95% viability. In 

contrast, the bioplotted scaffolds (Figure 4.13F) exhibited equivalent cell adhesion but lower 

viability (~50%). This is likely attributable to the large, interconnected pore architecture of these 

scaffolds promoting enhanced cellular infiltration while using too high of a cell seeding density. 

Cells likely experienced localized media exhaustion, and thus the viability upon seeding was 

lower. This, however, highlights the interplay between scaffold morphology and seeding 

parameters: while many of the 3DMB scaffolds are 70-80% porous, their microarchitecture 

comprises a tortuous network of irregular micropores which absorbs the media and filters the 
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cells as they are seeded while the bioplotted scaffolds comprise larger more organized pores 

which pose no challenge for cellular infiltration but also provide significantly less capillary 

action to retain the seeded cell suspension; hindering adhesion and viability at these parameters.  

 

 

Figure 4.13: Day 1 Live/Dead images of 2-week culture scaffolds (A) Group A (B) Group B (C) Group C (D) 

Group D (E) Group E (F) Bioplotted Group 
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 Figure 4.14 displays representative Live/Dead images after 2-weeks in dynamic cell 

culture. Scaffold responses were not majorly different between 3DMB groups after 15 Days. 

Overall, all 3DMB scaffolds had significant cell coverage across the scaffolds. Largely, cellular 

viability varied but to a certain degree: group A appeared to have lower viability (60%) 

compared to B (90%) and D (90%), and to a lesser degree C (70%) and E (70%). Differences in 

cellular viability appeared primarily attributable to fiber diameter and alignment: smaller fibers 

with greater angular coherency (groups A, C, E) fared worse than larger fibers with lower 

angular coherency (groups B, D). Bioplotted scaffolds exhibited approximately 70% viability, 

owing to their large strands providing ample surface area for cellular adhesion and large pores 

enhancing media exchange, a favorable result despite the poor seeding viability observed in this 

group. This showcases that 3DMB morphologies modulate the viability of hASC over two weeks 

while eliciting similar responses to the gold standard bioplotted scaffolds. 
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Figure 4.14: Day 15 Live/Dead images of 2-week culture scaffolds (A) A (B) B (C) C (D) D (E) E (F) 

Bioplotted 

 

 Metabolic activity of scaffolds was analyzed with the alamarBlue assay. Overall, cellular 

metabolic activity for each scaffold group increased over the first 4 to 6 days, stagnated, and 

reduced during days 11 and 15 (Figure 4.15). In general, the D scaffold group appeared to have 

the greatest variance in metabolic activity over time, which is unsurprising as the Live/Dead 

analysis elucidated the generally favorable response of hASC to these scaffolds over the two 
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weeks in culture. In general, scaffold groups did not exhibit observably different trends in 

metabolic activity. ANOVA highlighted a significant interaction effect between scaffold group 

and time point (p = 0.0068). Although Tukey post hoc test identified many significant 

differences between different scaffold morphology metabolic activities on different days, it 

revealed scant meaningful differences between scaffold groups on the same day. Primarily, the 

metabolic activity of group A scaffolds was greater than the bioplotted scaffolds on Day 6 (p = 

0.04). In comparison, the D group had significantly greater metabolic activity than the bioplotted 

scaffolds on Day 11 (p = 0.003).  

The downward trend in metabolic activity observed after Day 8 is likely due to 

confluency of the cells on the scaffold microarchitecture triggering downregulation of 

proliferation. Overall, despite the significantly different scaffold morphologies possessed by 

these scaffold groups, their hASC viabilities, and metabolic activities over two weeks in dynamic 

culture were remarkably similar and favorable, except for the especially favorable responses of 

group D.  

 

Figure 4.15: Metabolic activities of scaffold over 2-week culture 
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4.3.8 Effects of 3DMB scaffold morphologies on 6-week hASC in vitro responses 

4.3.8.1 Initial hASC viability  

Two contrasting 3DMB scaffold morphologies with favorable cellular responses were 

selected from results of the 2-week cell culture study: group C possessing high angular 

coherency (80 ± 5%), small fibers (5.9 ± 0.27 µm), high porosity (78 ± 2%), and group D with 

low angular coherency (20 ± 3%), larger fibers (8.8 ± 0.6 µm), lower porosity than C (73 ± 

0.3%). These scaffolds were cultured with hASC over 6 weeks to study their biomolecular 

responses and ECM formation, using bioplotted scaffolds as a control. Overall, we again 

observed remarkably similar in vitro results. 

Live/Dead images taken on Day 1 (Figure 4.16) revealed scant differences in cellular 

viability upon seeding. Both 3DMB scaffolds exhibited favorable cellular adhesion, as was 

observed in the 2-week study. Groups C and D (Figure 4.16 A,B and C,D, respectively) had 

viability near 95% with excellent superficial scaffold coverage upon inspection. Bioplotted 

scaffolds (Figure 4.16 E,F) appeared to have excellent seeding viability (95%) and scaffold 

coverage, contrasting with those results from the 2-week study. A possible explanation for this is 

variations in NaOH treatment efficacy downregulating cellular adhesion in the 2-week study 

while upregulating in the 6-week study. Such variation could be due to raw ingredient variation 

among the hygroscopic NaOH pellets used to make the stock solution or suboptimal processing 

conditions related to the surface modification treatment. It is also likely that a different design 

space than that of 3DMB scaffolds needs to be explored to reduce variation and increase right-

first-time NaOH treatment of the bioplotted scaffolds.  
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Figure 4.16: Live/Dead images of (A,B) group C (C,D) group D (E,F) bioplotted scaffolds at Day 1 of 6-weeks 

 

After 7 days in culture, cells had proliferated significantly. Both 3DMB groups, C and D, 

supported proliferation (Figure 4.17, A,B and C,D), wherein surface fibers had become fully 

confluent with cells and offered excellent cellular viability (~90% for both C,D). In a similar 

vein, the bioplotted scaffolds (Figure 4.17 E,F) supported excellent cellular proliferation and 

viability as well (~95%). The clearly visible pores on Day 1 became confluent with cells by Day 

7, with little change in cellular viability. These results showcase highly favorable viability and 

proliferation responses of hASC to all scaffold groups, regardless of 3DMB or bioplotted 

morphology. 
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Figure 4.17: Live/Dead images of (A,B) group C (C,D) group D, (E,F) bioplotted scaffolds at Day 7 of 6-weeks 

 

4.3.8.2 hASC metabolic activity over the first 17 days of culture 

 alamarBlue was utilized to quantify cellular metabolic activity over the first 17 days of 

culture. This analysis identified some differences between scaffold responses (Figure 4.18), 

while ANOVA revealed a significant interaction effect between scaffold and time point (p = 

0.0009). hASC metabolic responses in scaffolds of group C appeared high but stagnant for the 

first week in culture, compared to Group D and the bioplotted scaffolds, which had increasing 

metabolic activity over the first week. Group C and D were not significantly different on any 

day, while the bioplotted group was significantly lower than C on Day 1 (p = 0.0075) and D on 

Days 3 and 7 (p = 0.012 and 0.032, respectively). Cellular metabolic activity dropped over Days 

12 and 17 in all groups as chondrogenic differentiation media was introduced at Day 7, and no 

significant differences were observed between scaffold groups for those days. This drop in 

metabolic activity could indicate shifts in cellular metabolic pathways and processes as they 

redirect from growth to phenotypic change and ECM secretion.  


