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Abstract 

Modeling Diffusion-Based Transport for Drug Delivery From Fibrous Tissue 

Engineered Scaffolds 

Author:   Shawn Rottmann 

Thesis Advisor:  Chris Bashur, Ph.D. 

The development of advanced computing techniques has generated a shift out of the world 

contained solely in laboratories and into the world of computational modeling. These 

advanced methods help alleviate some of the burdens and overhead associated with the 

laboratory experience and allow researchers to garner substantial knowledge about the 

systems they work with. As tissue engineering researchers work at smaller and smaller scales 

(micro to nano), it becomes more difficult, costly, and time consuming to evaluate the effects 

of changes in the complex system. Tissue engineers are faced with trying to understand how 

factors such as biocompatibility, inflammatory response, cell infiltration and growth effect 

the long-term success of an engineered scaffold. The aims of this project were to develop a 

first-generation three-dimensional model designed to simulate the release of a stimuli (e.g., 

carbon monoxide, traditional synthetic drugs, growth factors) from an engineered fiber tissue 

scaffold, model the transport through fibrous material, and determine the fate of the material 

(via processes such as cellular uptake/consumption and vascular transport). That was 

accomplished through the creation of a two-part modeling system: one model that generates 

the simulated fibrous scaffold structure, and a second model that simulates the transport from 

the fibrous scaffold. The results of this two part model provide insight on the effects of 

changes in parameters such aa fiber diameter, fiber orientation, and diffusion mechanism on 

the concentration levels within the vasculature and the cells. For example, when simulating 

a vascular graft tissue scaffold, rotating the fiber mesh so that the fiber layers are 

perpendicular to the vasculature creates channeling that allows for faster diffusion of the 

stimuli into the vasculature. By contrast, when the fiber layers were parallel to the 

vasculature, minor disruptions in the diffusion path slowed diffusion across the scaffold. 

After additional validation studies, the foundation built by this modeling system allows 

researchers to explore these complex systems without the complications associated with lab 

work. Researchers could run thousands of perturbations before ever stepping foot into the 

lab, providing valuable insight and understanding that could help guide future work.  
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1 Introduction 

Significant advancements in the capabilities and power of computer systems have opened 

new avenues of research in the form of computational modeling. Computational modeling is 

the blending of mathematics, physics, and computer science with the intent to simulate and 

study the complex behavior of real world systems. Biological systems, for example, have 

very complex interactions and dependencies that make it difficult to understand how the 

perturbations in input parameters affect them. Modeling provides insight to researchers by 

allowing them to run thousands of simulated experiments in a relatively short amount of time 

and little overhead costs. The information these models provide to researchers is invaluable. 

As the field of tissue engineering is making rapid advancements, it is also pushing the limits 

of laboratory capabilities. The efforts dedicated to researching these complex systems 

require a significant investment of time, money, and resources. Typically, limitations mean 

that researchers are only able to focus on getting results that are isolated to their specific 

applications and area of interest. Many times, the parameters that they are interested in 

studying have a web of co-dependency, and researchers must go through elaborate efforts 

trying to isolate the variables. The ability to conceptualize and quantify the effects that 

variations in fiber parameters such as diameter, porosity, pore size, and distribution have on 

the surrounding native tissue would provide insight to the researcher prior to doing any 

laboratory work. For example, applications where tissue scaffolds are used as a vehicle for 

localized drug delivery, the way that a drug is incorporated within the scaffold, and the 

composition of the scaffold itself have important impacts on both the short and long-term 

success of a delivery strategy [1]. The effects on the cellular response from the delivery of 

bioactive compounds (e.g., CO and NO) are highly dependent on the local concentration of 

the species. It has been demonstrated that, at low to moderate levels, there are beneficial 

cellular responses and immune function [2], while higher concentrations may display 

oxidative stress that can be harmful to cells [3]. In this example, understanding the 
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concentration of the bioactive compound available to the cell (at a micro-scale) before 

beginning any experimental work help guide the research and allow for better focus and 

utilization of limited resources. 

The research outlined in this work aims to create the basic architecture for modeling the 

release of a bioactive compound of interest (COI) from a fibrous tissue scaffold, the transport 

of that COI via the transport medium (e.g., interstitial fluid), and the fate of that COI. The 

original intent of this research was to create a model capable of simulating the release of 

carbon monoxide from engineered tissue comprised of poly(D,L-lactic-co-glycolic acid) 

(PLGA) fibers impregnated with carbon monoxide releasing compounds, and then determine 

the local concentrations/dosages in the cellular structures and into the surrounding 

vasculature. Therefore, the short-term goal for this model (and the main focus of this 

research) is to model the release of carbon monoxide from an engineered vascular graft 

scaffold, observe diffusion driven transport through interstitial fluid, and predict the cellular 

and vascular uptake. However, the architecture developed during this effort will provide a 

framework the can easily be expanded to simulate a large variety of systems (see more details 

in the Future Work section of this paper). To show the flexibility of this system, this project 

also demonstrates the model’s ability to handle delivery of traditional drugs as well. The 

creation of this model system had two major areas of development. The first area of 

development was to create a tool that allowed the users to generate a three-dimensional 

representation of the fibrous structure (see Fiber Structure Model). The tool also has the 

ability to embed cells within the fiber structure.  

The three-dimensional fiber structure provides the foundation for the physical structure used 

in the fiber diffusion transport model. The fiber diffusion transport model was the second 

phase of development performed under this research. The transport model simulates the 

release of a COI from the fiber structure and diffuses it through the interstitial fluid until it 

either leaves the domain or is absorbed by a cell. The design of this modeling system allows 

for flexibility in the parameterization of the model and the mechanisms driving transfer rates. 

This enables the model to be purposed in a variety of different engineered tissue scaffold 

applications.  
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1.1 Background 

While the modern-day tissue engineering field is relatively new, the concept of tissue 

grafting and tissue transplanting dates as far back as the ancient Egyptians, where they 

believed that exchange could occur between species to form creatures such as the sphinx [4]. 

Transplant surgery dates as far back as the early Indians, where a surgeon, Sushruta, 

performed some of the first documented successful nose transplants as early as 1000 B.C. 

[5]. With today’s medical advancements and improved surgical techniques, tissue transplants 

have become common practice for many major organ groups such as liver, kidney, blood 

vessel, and the heart. Depending on the type of replacement required, surgeons have few 

options of source tissue. The main options for source tissue are autografts (tissue from the 

same individual’s body), allografts autografts (tissue from the same species), or xenografts 

autografts (tissue from a different species), each with their own set of complications. While 

autografts have the least chance of rejection, it requires the patients to have an additional 

surgery, which increases the complexity and wait times for both the surgery and recovery. 

With allogeneic vascular grafts, for example, complications arise primarily from issues with 

immune-acceptance (e.g., thrombosis and intimal hyperplasia) and availability of the grafts 

[6]. Attempts to create solutions to these problems have led to the rise of the field of tissue 

engineering.  

Tissue engineering is a multidisciplinary field focused on the development of engineered 

artificial biological implants for the purpose of repairing/enhancing tissue and organ function 

[7]. Tissue engineering evolved from the field of biomaterials development and refers to the 

practice of combining scaffolds, cells, and/or biologically active molecules into functional 

tissues. The goal of tissue engineering is to assemble functional constructs that restore, 

maintain, or improve damaged tissues or even whole organs. For this to happen, the 

engineered tissue must encourage cell infiltration and subsequent cell growth. While this can 

be accomplished in different ways, for this project, the focus will be through the localized 

delivery of bioactive compounds. In vitro, these compounds are transported through the fiber 

scaffold via a fluid known as culture medium; in vivo, they are typically transported through 

the interstitial fluid. Engineered tissues must be designed to act as scaffolds that provide a 

suitable and native-like environment for cell growth, organization, and proliferation. 

Evidence has shown that the microstructure of the scaffold is critical to cell attachment and 
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penetration depth as well as the transport and availability of important bioactive compounds. 

The microstructure of a tissue engineered scaffold is characterized by parameters such as 

porosity, pore size and distribution, surface area, deformability, and tortuosity. However, 

none of these parameters can be used to define the permeability of a scaffold by itself. For 

example, two scaffolds with the same porosity do not always show similar transport because 

of the series of complex interactions between various parameter groups [8]. To date, it has 

only been possible to grow a functional tissue in the laboratory with a thickness of only a 

few hundred micrometers. It is believed that this limited growth is due to the constraint of 

the transport of critical nutrients to the more remote inner layers of the scaffold [9].  

These complex relationships make it difficult to predict the transport capabilities of the tissue 

engineered scaffold, thus making it more difficult to predict the long-term success of an 

engineered tissue design. Relying on drug delivery models is problematic as they tend to be 

empirically derived and begin to breakdown outside of the conditions they were created to 

simulate. Mathematical transport models, however, are becoming powerful tools in the study 

of tissue growth outcomes. While traditional transport models for engineered tissue scaffolds 

are used to study the effects of nutrient diffusion from a source residing external to the fiber 

scaffold, the same transport principles apply through the fiber scaffold for the internal 

sources of bioactive stimuli this project is focused on.  

This research effort aims to develop a first-generation three-dimensional model designed to 

simulate the release of a COI (e.g., carbon monoxide, growth factors, traditional synthetic 

drugs) from an engineered tissue fiber scaffold, model the transport through fiber material, 

and determine the fate of the material (via processes such as cellular uptake and vascular 

transport).  

1.1.1 Inflammatory Response 

While the effects of a COI on the inflammatory response is beyond the scope of this project, 

after implantation, it is critical to know how the fate of the stimuli modulates the 

inflammatory response. Therefore, it is important to at least have some understanding on 

what the inflammatory response is with respect to tissue engineering. The inflammatory 

response occurs when tissues are damaged by trauma, toxins, heat, or other causes (e.g., 

foreign bodies). The damage causes a disruption to the normal anatomical structure and 
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function of organ tissue and causes a release of chemicals including histamine, bradykinin, 

and prostaglandins. In the case of tissue implantation, there is a disruption in the local 

system’s homeostasis that initializes a chain of intricate events to return the system to 

homeostasis.  

The inflammatory response has slight variation between tissue types. The paragraph below 

outlines the basic response for skin tissue. Immediately after tissue injury occurs, ruptured 

cell membranes release inflammatory factors (e.g., thromboxanes and prostaglandins) that 

induce vasoconstriction through the contraction of vascular smooth muscle. The 

vasoconstriction temporarily cuts off blood flow to the damaged area and allows for an 

accumulation of inflammatory cells, various types of growth factor, and clotting agents. 

Vasoconstriction only lasts a few minutes before vasodilation occurs allowing new blood to 

enter the injury site. Along with this comes the release of pro-inflammatory species (e.g., 

serotonin), as well as clotting factors that begin the formation of a blood clot (composed of 

fibronectin, fibrin, vitronectin, and thrombospondin) [10].  The research this project is 

supporting is interested in the effects that CO has in this stage of the inflammatory response. 

High dosages of CO acts by promoting the expression of the pro-inflammatory cytokines 

[11]; however, at appropriate doses, it has been shown to have an anti-inflammatory response 

[12].  

As the body progresses into the inflammatory stage of the response, fibrin, and fibronectin 

link together and form a plug that traps proteins and particles and prevents further blood loss. 

This plug is multifaceted in that it serves as the main structural support for the wound until 

collagen is deposited; it is the infrastructure that migratory cells use to crawl across the 

matrix, and it also acts as an anchor for platelets to adhere to it. During this stage, the body 

begins recruiting cells to begin cleaning up the damaged tissue area. Cell recruitment is 

performed through the secretion of growth factors, such as TGF-β, TGF-α, heparin-binding 

epidermal growth factor, fibroblast growth factor, and collagenase.  

By the third day, the proliferation stage begins and is characterized by fibroblast migration 

and deposition of a newly synthesized extracellular matrix. This new matrix replaces the 

provisional network composed of fibrin and fibronectin. Fibroblast begins to proliferate 

profusely, creating the components of granulation tissue, which acts as the base for new 
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tissue and new blood vessel formation for skin tissue. The migration of keratinocytes across 

the wound site can be stimulated chemically (by compounds such as carbon monoxide and 

nitric oxide) [13]. New epithelial cells form at the wound edges to replace them and to 

provide more cells for the advancing healing edge. They begin proliferating at the edges and 

continue migrating across the wound until they meet in the middle and cease movement 

because of contact inhibition. When the keratinocytes have finished migrating, they secrete 

the proteins that form the new basement membrane and reestablish their desmosome anchors 

to the basement membrane. At this time, the basal cells begin to divide and differentiate in 

the same manner as they do in normal skin to reestablish the strata found in re-epithelialized 

skin [14]. This is another critical point where the inflammatory process could be sensitive to 

the effects of drug delivery. For example, CO appears to promote endothelial cell 

proliferation, but reduce the proliferation of smooth muscle cells [15]. 

The inflammatory response is a complex mechanism and while each tissue may have slight 

variations in the response mechanism, they are each significantly controlled by the timing 

and dosages of specific COIs. Researchers must be able to understand how the release profile 

from the fiber scaffold translates to the dosage levels in the cells and vasculature. The fiber 

diffusion transport model can provide this type of useful information that researchers can 

use when designing tissue engineer scaffolds.  

1.1.2 Engineered Tissue Scaffolds 

The etymology for the word tissue is rooted in an Old French word “tisser”, meaning 

something that is woven. The first documented biological reference of this dates back to the 

early 1800s by the father of histology - French anatomist Marie-François-Xavier Bichal – 

referring to the organizational layers of cells. The biological usage of the term tissue is used 

to describe the cellular organization of a group of specialized cells that create the functional 

building block of an organ system.  

Animal tissue is broken down into four classifications: 1) connective tissue – a fibrous tissue 

responsible for giving shape to organs and holding them in place; 2) muscle tissue – a 

contractile tissue that provides the driver of motion for the organs, 3) nervous tissue – the 

main tissue component of the nervous system which regulates and controls the bodily 

functions, and 4) epithelial tissue – a series of cells linked by semi-permeable, tight junctions 
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that create a protective barrier. Each of these groups, and even subsets within these groups, 

have their own set of unique characteristics that must be considered when trying to create 

their synthetic counterparts. These considerations guide the engineers as they draft the 

requirements for an engineered tissue scaffold. As part of the design process, the engineers 

must carefully evaluate the requirements for biocompatibility, biodegradability, mechanical 

properties, as well as scaffold architecture, and manufacturing techniques [16].  

The evaluation of the biocompatibility of implantable tissue requires an understanding of the 

inflammatory and healing response in the body towards biomaterials. David Williams 

defines biocompatibility as “the ability of a material to perform with an appropriate host 

response in a specific application” [17]. Whether a material is considered biocompatible 

depends on time, context, and a subjective interpretation of the researcher [5]. This makes 

the evaluation of biocompatibility rather complex because the conditions that affect 

biomaterials “acceptance” by the body are highly anatomically dependent. In the case of 

tissue engineering, this means that the surrounding cells must eventually adhere, migrate, 

and proliferate throughout the scaffold. For example, different sites for implantation can 

have drastically different inflammatory responses. It is a widely held view that synthetic 

vascular grafts have much better biocompatibility in high flow situations, but integrate far 

less effectively under low flow conditions [17]. This is related to the phenomena of re-

stenosis and hyperplasia, both of which are largely dependent on blood flow induced shear 

stresses.  

Much like biocompatibility, the considerations for biodegradability are highly dependent on 

the application and location of implantation in the body. In tissue engineering, it is desirable 

to have a degradable scaffold that is eventually replaced by the body’s native tissue. The 

duration the synthetic scaffold must remain is dependent on the location and function of the 

tissue in the body. For example, it may be desirable for placement in hard bone to have quick 

degradation times, allowing the body to restore the structural integrity, which is highly 

critical for load bearing function of the tissue. Similarly, if soft tissue does not degrade 

quickly, it may induce a foreign body response and not integrate as well. Another important 

consideration for biodegradability are degradation products of the scaffold because they have 

potential to affect the inflammatory response and the biocompatibility. For example, poly 

(D,L-lactide-co-glycolide) (PLGA)  is considered a relatively biocompatible, non-toxic, non-
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inflammatory co-polymer; however, concerns have been raised when PLGA implants 

produce toxic solutions as a result of acidic degradation in applications where large amounts 

are used (such as in orthopedic applications) [18].  

Both the mechanical properties and scaffold architecture are typically designed to replicate 

the properties of the surrounding native tissue. While these designs do not identically 

replicate the native tissue, they must promote cell infiltration, proliferation, as well as 

vascularization in a similar fashion. For example, porosity plays a critical role in determining 

the success of cell attachment and growth, as well the structural integrity of the scaffold. 

While a high porosity will promote cell infiltration and attachment, it diminishes the load 

bearing capability of the structure. Conversely, low porosity will increase the strength of the 

system while limiting nutrient diffusion and cell migration [19]. Thus, it is important to 

optimize each of these scaffold properties. 

By accounting for these factors, researchers can develop scaffolds for very specific 

applications. For example, the primary objective of the model was to simulate a tissue 

engineered vascular graft designed to degrade and deliver antioxidant and anti-inflammatory 

agents locally.  

1.1.3 Vascular Grafts 

Every year over 1.4 million patients in the United States require some sort of arterial 

prostheses, at a cost of more than 25 billion dollars [20]. Therefore, there is a tremendous 

need to provide cheap, yet effective, prosthetic grafts. While autografts and allografts are 

viable options, their supply is limited. Developments in tissue engineering provide an avenue 

for satisfying the void. 

As with any tissue, vascular tissue has a specific set of functional requirements that an 

engineered scaffold must reasonably mimic. The engineered scaffold needs to maintain 

structural integrity and allow for the remodeling, repair, and construction of the replacement 

extra-cellular matrix. Additional requirements include evaluating the burst strength to 

prevent rupture under pressurized conditions. Elastomeric properties of the material are also 

important as the scaffold must handle cyclic loading while not allowing dilation. Fiber 
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material selection and the fabrication process are critical components in controlling these 

conditions.  

The choice of fiber material dictates much of the functional properties of the scaffold. 

Materials such as PLGA and poly -caprolactone (PCL) possess superior biocompatibility, 

favorable tissue composition, and attractive mechanical properties, particularly for vascular 

graft applications [21]. The typical fabrication of engineered vascular graft scaffolds 

includes methods based on molecular self-assembly, hydrogels, the solvent casting–

particulate leaching technique, thermally induced phase separation, and the electrospinning 

process. The fabrication technique must be able to reproduce fiber strands that are 

representative of the native extra cellular matrix diameter range (µm to nm) and allow the 

ability to fine tune scaffold properties such as composition, topography, and porosity.  

Electrospinning is a versatile technique for the fabrication of a three-dimensional network 

of microscale fibers that partially resembles the microenvironment of natural ECM [22]. The 

electrospinning process is based on the stretching of a viscoelastic solution into 

microfibers/nanofibers using high electrostatic force. The microfibers are created by 

pumping the fiber material solution through the syringe. A high DC voltage is applied to the 

solution as it exits the syringe, creating a repulsive force because of the like charges of the 

liquid. A large electric field is applied across the system, which causes a Taylor cone to form 

at the end of the syringe. A thin, narrow jet of liquid generates from the Taylor cone as it is 

attracted to a grounded electrode where the fibers are collected. As the liquid stream travels 

through the air towards the collector, most of the solvent evaporates from the solutions 

leaving just the fiber structure.  

The properties of the electrospun fibrous scaffold are affected by various parameters 

including density, viscosity, electrical conductivity, molecular weight, surface tension, 

applied voltage, flow rate, distance of the collector from the tip, and rate of rotation [23]. 

Tweaking these parameters allows the scaffold to be tuned, as shown in Table 1.  
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Table 1 — Effect of Electrospinning Parameters on Fiber Scaffold Morphology 

Parameter Change Effect 

↑ Applied Voltage  
↓ Fiber diameter initially, then ↑ after minimum 

fiber distance achieved (not monotonic) 

↑ Flow Rate ↑ Fiber diameter  

↑ Distance from ground 

electrode 
↓ Fiber diameter 

↑ Solution Density ↑ Fiber diameter, ↑ Porosity 

↑ Molecular Weight ↑ Fiber diameter, ↑ Porosity 

↑ Solution Conductivity ↓ Fiber diameter 

↑ Polymer Viscosity ↑ Fiber diameter 

↑ Rotation Speed ↑ Fiber organization 

 

The combination of using PLGA or PCL in the electrospinning process allows for the 

creation of suitable engineered vascular grafts. The scaffolds can be created to reasonably 

recreate the native ECM structures; however, this alone does not eliminate all problems 

associated with biocompatibility. To improve long-term viability of the vascular grafts, the 

scaffolds can also serve of vehicle to deliver localized dosages of a COI.  

Small-molecule drugs, growth factors, and other bioactive compounds are often added to 

either help promote cell/tissue infiltration and growth or to modulate the inflammatory 

response. Typical release strategies include very fast release, burst release, controlled 

release, and long-term release. The scaffold material, the type of COI, and the way it is 

incorporated into the scaffold have a critical impact on the success of the overall release 

strategy. For example, in a scenario where a growth factor may need to be delivered to act 

in the earlier stages of the inflammation process, a polyester fiber material that allows for a 

quick burst release would be most suitable.  
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1.1.4 Fiber Structure Model 

The ability to virtually recreate the structure of the engineered tissue is an important step to 

modeling the transport that occurs within and around the fiber structure. A well-known 

method for efficiently simulating the required microstructural fiber scaffold model is by 

using a well-known random sequential adsorption (RSA) algorithm. RSA is the common 

method of generating microstructure model of composites reinforced by short fibers in the 

literature [24]. For most applications of RSA, fibers are inserted into the unit cubic space 

sequentially and randomly so that they do not intersect; however, for the scale and 

application of this work, this is not a critical constraint. There are two main approaches that 

are used to represent a fiber in RSA applications. The first approach accounts for fibers as a 

line segment that is determined by two endpoints that embody the length and orientation of 

the fiber [25]. In the second approach, a line describes a fiber using the whisker position by 

its center point and two Euler angles [26]. The placement protocol for the fiber within in the 

domain can vary depending on the application. Below is an outline of the protocol used by 

Zhou, et al. [25] using a combination of MATLAB and ABAQUS.  

The basic fiber skeleton of their model is created in MATLAB, and the three-dimensional 

grid is added later in ABAQUS. This model was first initialized using the fiber parameter: 

fiber length, fiber diameter, fiber domain size, minimum distance between neighboring 

fibers, and desired volume fraction. The first endpoint of a fiber segment (P0) was generated 

randomly as one of the two fiber ends in the cubic domain space, along with random unit 

vector (OD1). The second endpoint of the line segment (P1) was generated from the first point 

plus the product of the fiber length multiplied times the direction unit norm, as shown in 

Equation 1.1.1. 

𝑃1 = 𝑃0 + 𝑙𝑒𝑛𝑔𝑡ℎ ∗
𝑂𝐷1

‖𝑂𝐷1‖
          1.1.1 

After the generation of the line segment, the endpoints were filtered with distance calculation 

function against all other line segments that reside in the domain. If the distance between the 

new generated line segment and an existing one was less than the diameter of the fiber, the 

line segment was thrown out and a new segment was created. If the fiber was successfully 

generated, its volume was added to the current total fiber volume for the domain space. Fiber 
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generation continued until the total fiber volume met or exceeded the required volume 

fraction threshold. After the fiber line segment skeleton was created, the position information 

for each fiber was converted into the actual geometrical fibers in ABAQUS code. 

The authors also used their model to generate particulate or particulate/fiber hybrid systems. 

When creating a hybrid system, the fiber network was created first. The particulate was 

represented using an ellipsoid, which was also for the both spheroids (long axis equal to short 

axis) and ellipsoids. Particulate interaction can be avoided only if the minimum distance 

between two long axes is greater than the short axis. The particulate was placed within the 

system in the same method as the fibers outlined above. 

When generating scaffold structures using randomly placed and oriented cylinders one must 

be careful to choose the appropriate random regime [27]. There are several different 

mechanisms that can describe the randomness of straight line paths through convex bodies. 

For example, surface radiator randomness (s-random) has a secant defined by a point on the 

surface of body and a direction which obtained randomly from independent uniform 

distributions; interior radiator randomness (I-random or ν-random) where the chord is 

defined by a point in the interior of the body and a direction, both from independent uniform 

distributions; mean free path randomness (µ-random) where the secant is defined by a point 

on a fixed plane and its direction with respect to the plane. Research emphasizes the usage 

of the µ-randomness mechanism when dealing with the placement of random lines in space, 

especially while replicating natural scaffolds that are truly random and exhibit uniform 

porosity [27]. The work outlined for this thesis focuses on manufactured scaffolds (i.e., 

electrospun) that are not truly random but have some level of organization that is 

characterized using the angular standard deviation. To recreate these structures a variation 

of the I-randomness mechanism was utilized where the chord direction did not use uniform 

distribution, but instead used a von Mises distribution to approximate the angular standard 

deviation [28].  

1.1.4.1 Fiber Orientation 

Methods for arranging three-dimensional overlapping fiber structures can be characterized 

by three orientation types [29]. The fiber structures formed by overlapping cylindrical fibers 

distributed randomly in 1, 2, or 3 directions. For one-directional (1-d) random fiber 



 

13 

 

structures, the individual fibers all have their axes parallel to each other, and their position 

was randomly distributed throughout the domain space. The two-directional (2-d) random 

fiber structures had their axes parallel to a single plane, with their positions and orientations 

randomly distributed on these planes. The three-directional (3-d) had their axes randomly 

positioned and oriented in the domain space. Figure 1 provides a comparison of the different 

fiber orientation distributions.  

 

Figure 1 — Representative image for the three different fiber orientation distribution as 

described by Tomadakis and Robertson [29]. Image used with permission of Sage Publishing. 

The fiber orientation distribution has a significant effect on the transport properties of the 

fiber scaffold [29]. Studies have shown that the particles diffuse faster in the preferred fiber 

directions [30]. This effect becomes more apparent as the fiber structure increases in network 

alignment or fiber volume fraction, assuming the particle size does not approach or exceed 
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pore size.  The fiber scaffold characteristic does not only affect the transport properties of 

the system, but it also affects the response of cell growth and infiltration. 

1.1.4.2 Fiber Diameter and Orientation Effects on Cellular Response 

The fiber scaffold characteristics not only effect the transport and dispersion of COI, but it 

also plays an important role in the cellular response. Cells typically make direct contact with 

the surrounding environment through focal adhesions. Because of this, adhesion and 

spreading of anchorage-dependent cells is a prerequisite for cell viability [31]. In cell culture, 

it has been shown that cells respond to changes in fiber diameter and fiber orientation. One 

of the driving factors in cell spreading is related to the orientation of the fiber scaffold. The 

effects of the topographical features of the fiber material regulating the spatial distribution 

of the cells’ adhesive contacts and the direction of spreading is a phenomenon known as 

contact guidance. For example, cell spreading tends to increase with more oriented fiber 

structures. Also, cell morphology is particularly sensitive to fiber diameter on fiber structures 

with randomly oriented fiber scaffolds. Submicron fiber diameters for randomly oriented 

fibers disrupt the focal adhesion points, causing an observable decrease in the overall cell 

area, aspect ratio, and length of the long axis [32]. While the cellular response to the fiber 

scaffold is beyond the scope of this project, it helps demonstrate the importance of recreating 

the scaffolds properly.  

1.1.5 Diffusion Transport Models 

Modeling the release and transport of a COI from a fiber scaffold is a complex task as it 

requires simulating multiple events simultaneously. The model must provide the ability to 

have profiled releases from the fiber or release capsule structures, transport the material 

through the transport medium, account for the loss due to cellular uptake/consumption, and 

loss to the surrounding vasculature. Another critical requirement is that the model must allow 

for the spatial resolution of the system to account for the detailed effects of the fiber structure 

(e.g., orientation, diameter, volume fraction).   

The current model constructs do not allow for the simulation of fiber as the source term and 

do not provide the spatial details to account for the direct effects of the fibers. While the 

work described in this section was primarily focused on nutrient transport from sources 

external to the fiber scaffolds, the same principles of diffusion-based transport apply to the 
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COIs detailed in this project released from fiber scaffolds and as they do to oxygen. The 

evolution of these models set the foundation for the transport employed in our model. 

This section of the thesis will also go into detail describing methods used to expand upon the 

simple diffusion model and account for effects of the cellular response on COI 

concentrations throughout the scaffold. While some of these details are beyond the scope of 

this project, the information is included because of its significance and will be referred to in 

the methods and future work sections of this paper. 

1.1.5.1 Simple Diffusion Model 

Empirical models perform relatively well for the specific cases they were designed to 

characterize [30]. However, when these models are expanded to account for important 

features not initially included in (or perhaps not important to) the original research, they 

quickly fall apart and become irrelevant. Historically, empirical models for cell growth on 

polymer scaffolds, such as those developed by Freed, et al. [33], did not account for the 

thickness of polymer scaffolds directly. This forced Galban and Locke [34] to abandon the 

empirical models of the time and begin developing a new model from fundamental 

principles. As part of their derivation, they defined the concentration field of the COI 

(neglecting any convection within the cell-polymer culture) using the molar form of the 

species continuity equation [35]: 

𝝏𝒄𝒊

𝝏𝒕
= 𝛁 ∙ 𝑫𝒊𝛁𝒄𝒊 + 𝑹𝒄𝒊

           𝒊 = 𝜶, 𝜷      1.1.2 

where ci is the concentration of the COI in phase i, t is time, Di is the effective bulk or void 

phase diffusion coefficient in the specific phase, and RCi is the rate of production (where 

cellular consumption is a negative production) of the COI in phase i (α is the cellular phase 

and β is the void phase). 

By assuming that the transport within the two phases occurs rapidly with respect to the 

cellular growth rate, Equation1.1.2 can be simplified using the pseudo-steady state 

approximation [36]. The approximation is only valid when the following constraints for Case 

I and Case II are satisfied [37]: 
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Case I:  
𝐷𝛼𝑡

𝑇2 ≫ 1   

Case II:  
𝑫𝒊𝒕

𝑳𝟐 ≫ 𝟏             𝒊 = 𝜶, 𝜷       1.1.3 

       

where L is half the length between two equally spaced cells that are seeded in the polymer. 

This was a semi-empirical derived parameter obtained from the specific arrangement of how 

the cells exist in the polymer matrix, where t represents half the polymer thickness. 

By expanding their model to incorporate some fundamental principles, Galban and Locke 

[34] could provide explanations to the variations observed in nutrient transport and cell 

growth due to changes in polymer thickness. However, their research suggested that it might 

be worth incorporating terms in the model to account for the variations in the growth kinetics. 

Particularly, they recommended the addition of inhibition or death factor terms. While these 

factors are important to the longer term development of our model, they are beyond the scope 

of the development effort covered by this project. The development of the theory to support 

these recommendations will continue to be discussed in this section to set the premise of 

future work outlined in the conclusions and future work section of this paper.   

Continuing the work of Galban and Locke, Lewis, et al. [38] developed a simple one-

dimensional model to investigate the interactions between the spatial and temporal oxygen 

profiles and cell distributions within a cartilaginous tissue construct. Lewis, et al., concluded 

that while the Galban and Locke model predictions compared to experimental data for the 

overall volume fraction of cells as a function of time, it lacked spatial information and did 

not account for detailed data. Lewis, et al., modeled the oxygen profile with a reaction-

diffusion equation in which the diffusion coefficient was assumed to be constant and the 

local rate of oxygen consumption was proportional to both oxygen concentration and cell 

density. Their model consists of two differential equations: a) one that handles the diffusion 

and the consumption of oxygen, and b) the other characterizes cell proliferation. The model 

equations are:  
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a) 
𝜕𝑐

𝜕𝑡
= D

𝜕2𝑐

𝜕𝑥2 − 𝛼𝛽𝑐𝑛 

b) 
𝝏𝒏

𝝏𝒕
= 𝜷𝒄𝒏         1.1.4 

where c denotes oxygen concentration, n is cell number density, and both α and β (kinetic 

constant for the specific rate of cell growth) are positive constants. The boundary and initial 

conditions for the above equation are defined as  

c = c0   at  x = 0,  
𝝏𝒄

𝝏𝒕
 = 0 at  x = L,  and  n = n0  at  t = 0    1.1.5 

While this problem is readily solvable using numerical procedures, the following 

dimensionless variables were introduced to aid in the analysis of the model. 

𝒙 = 𝑳�̅�,   𝒕 =
𝟏

𝜷𝒄𝟎
�̅�,    𝒄 = 𝒄𝟎�̅�,    𝒏 = 𝒏𝟎�̅�     1.1.6 

This transforms the model to become 

𝜹
𝝏�̅�

𝝏�̅�
= 𝜸

𝝏𝟐�̅�

𝝏�̅�
− �̅��̅�         1.1.7 

with  

�̅� = 𝟏  at  �̅� = 𝟏, 
𝝏�̅�

𝝏�̅�
= 𝟎  at  �̅� = 𝟏,   �̅� = 𝟏  at  �̅� = 𝟎    1.1.8 

with the only two parameters in the model being 

𝜸 =
𝑫

𝜶𝜷𝒏𝟎𝑳𝟐
   and  𝜹 =

𝒄𝟎

𝜶𝒏𝟎
      1.1.9 

The parameter γ measures the rate at which oxygen diffuses across the scaffold relative to 

the rate at which it is consumed, whereas the parameter δ measures the rate of proliferation 

relative to the oxygen consumption rate. 
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Lewis, et al. compared their results with the experimental data of Malda, et al. [39]. The 

results from this model proved to be a good representation of the data during the first two 

weeks. However, beyond that, the mechanisms that control cell growth and metabolism 

change, and these changes were not accounted for by the modeling. Experimental data 

showed that after fourteen days, the cell proliferation rate reduces dramatically with little 

growth near the outer surface of the scaffold and slow growth towards the interior. It was 

determined that cell-scaffold models that relied on diffusion for transport produced 

proliferation-dominated regions near the outer edge of scaffold (as a function of the oxygen 

consumption rate and cell number density). To better accommodate for this observation, the 

authors recommended including contact inhibition, cell senescence, inhibitor production, 

and phenotypic changes. One difference to note between these models that use an external 

source and the focus of this paper that utilizes the scaffold as the source, is that releases from 

the scaffold alleviate some of the problems (listed above) associated with cell crowding at 

the edges of the scaffold by providing a more homogenous distribution throughout the 

scaffold.  

1.1.5.2 Cellular Response in a Diffusion Model 

Dunn, et al. [40] expounded upon the foundations Lewis, et al. set with their model by 

introducing growth limiting functions such as contact inhibition. They determined that 

growth of cells in tissue culture can be modeled using the logistic law [41]. That is, up until 

the maximal cell density is obtained, the rate of cell growth remains proportional to the cell 

density modified by the logistic law. Therefore, the specific rate of cell growth is assumed 

to be proportional to the concentration of the limiting molecule (in this case oxygen), as 

represented by the equation below: 

𝝏𝒏

𝝏𝒕
= 𝜷𝒄𝒏 ∗ (𝟏 −

𝒏

𝒏𝒎
)        1.1.10 

 where nm is maximal cell density. 

As indicated by this model, a significant diffusion limitation occurs in cells growing in a 

three-dimensional scaffold. While diffusion alone will create a limitation on transport into 

the scaffold, the problem was exacerbated by the direct consumption of oxygen near the edge 

of the bulk fluid-scaffold interface that further limited oxygen diffusion into the inner core 
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of the scaffold. Taking this limitation into consideration will be important in the design of 

scaffolds, and utilizing computational models can aid in identifying methods for minimizing 

diffusion-reaction constraints. While this model showed good agreement with some of the 

experimental data scenarios, it was still lacking some critical biological processes that may 

still disrupt nutrient flow. For example, massive necrosis may occur in the event of cell death 

where cellular enzymes are released, triggering apoptosis. Another, unaccounted for 

disruption in nutrient transport can occur where excessive cell growth may create a transient 

convective flow in places that different cell layers intersect one another.  

Landman and Cai [42] extended the work of Lewis, et al. and Dunn, et al., and investigated 

a one-dimensional model of cell migration, cell proliferation, and oxygen concentration 

inside a vascularizing scaffold. Unlike Dunn, et al., they described a vascularized region of 

the scaffold from 0 < x < R(t), with the far boundary of the scaffold being fixed, insulated, 

and no diffusion flux creating the avascular region R(t) < x < L. Throughout the entire 

scaffold (0 < x < L), the conservation equation governing both diffusion and proliferation of 

cells is defined by the following equation: 

𝝏𝒏

𝝏𝒕
= 𝑫𝒏

𝝏𝟐𝒏

𝝏𝒙𝟐 + 𝝁(𝒄)𝒏 ∗ (𝟏 −
𝒏

𝒏𝒎
)       1.1.11 

The conservation equation for governing the transport and consumption of oxygen is divided 

into the step function: 

𝝏𝒄

𝝏𝒕
= 𝑫𝒄

𝝏𝟐𝒄

𝝏𝒙𝟐 + 𝜶𝝁(𝒄)𝒏,   R(t) < x < L   

c(x,t) = 1,   0 < x < R(t)     1.1.12 

With this model, they could consider the additional effects of vascular proliferation, different 

seeding regimes (homogeneous and heterogenous), cellular diffusion, and critical hypoxic 

oxygen concentration. 

By this point, a widely accepted mathematical model of formal general nutrient transport 

and cell proliferation through a scaffold had been developed. While this model included 

many of the features deemed important by researchers, it lacked the details of spatial 
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resolution and did not account for the specifics of the polymer scaffold structure. That is, the 

model can simulate the transport of nutrients to the cells (using a quasi-static, reaction 

diffusion equation), as well as the cell growth (by non-linear, time-dependent reaction 

diffusion equation) [9], but it does not distinguish how transport varies between the 

interstitial fluid and the fibers. The basis of this model is outlined by Shakeel and Raza [9] 

in the sections below. 

While cells require numerous nutrients to be delivered (in order to thrive), the model was 

simplified by reducing the transport portion of the model to include a single nutrient 

(typically oxygen). The transport related assumptions are that the transport medium is a non-

viscous, incompressible, and Newtonian fluid. Also assumed is that transport of the cells 

occurs only through passive diffusion. Based on these assumptions, the following 

conservation equation governing the transport and production (negative for consumption) of 

nutrient is defined as: 

𝝏𝒄

𝝏𝒕
= 𝑫𝒄

𝝏𝟐𝒄

𝝏𝒙𝟐 + 𝑮𝒄        1.1.13 

where Gc is the nutrient uptake rate.  

The boundary conditions for this equation assume a bath of nutrients at the boundary x = 0 

where that nutrient concentration is held constant at c0. It is also assumed that no flux of 

nutrient occurs at the center of the scaffold because of scaffold symmetry. With these 

assumptions, the boundary conditions are defined as: 

𝒄 = 𝒄𝟎 𝐚𝐭 𝒙 = 𝟎,
𝝏𝒄

𝝏𝒙
= 𝟎 𝐚𝐭 𝒙 = 𝑳       1.1.14 

A logistic growth model is used to simulate the change in cell density as a function of cell 

proliferation and population spreading via simple diffusion. The growth of cells is governed 

by the non-linear Fisher’s equation [9], described below:  

𝝏𝒏

𝝏𝒕
= 𝑫𝒏

𝝏𝟐𝒏

𝝏𝒙𝟐 + 𝑸𝒏        1.1.15 
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To simplify the model further, it is assumed that cell mortality rate (due to lack of nutrients) 

is negligible compared to cell growth and the cells cannot leave the model domain [9]. This 

means there are zero flux boundary conditions at both the boundaries. Therefore, the 

boundary and initial conditions are as follows: 

𝝏𝒏

𝝏𝒕
= 𝟎 𝐚𝐭 𝒙 = 𝟎, 𝐚𝐧𝐝 𝒙 = 𝑳, 𝒏(𝒙, 𝟎) = 𝒏𝟎     1.1.16 

Developing a mathematical model to simulate cell growth, including proliferation, cell death, 

crowding, etc., is an arduous undertaking. In fact, through much of the literature discussed 

in this survey, there have been several different approaches attempting to account for cell 

growth in different ways. In some of the later work, Galban and Locke [43] used a set of 

modified Contois, Moser and nth order heterogeneous models. Landman and Cai [42], as well 

as Lewis, et al. [38], consider different versions of a Heaviside step function. Malda, et al. 

[39], tested Michaelis-Menton type behaviors and conveniently, all these forms reduce to 

simple linear behavior at relatively small concentrations. For simplicity, the simple linear 

behavior was used to define the proliferation equation as [38]: 

𝑸𝒏 = 𝜷𝒄𝒏 ∗ (𝟏 −
𝒏

𝒏𝒎
)        1.1.17 

By correlating cell nutrient consumption directly to cellular growth, the nutrient 

consumption rate is given by: 

𝑮𝒏 = −𝜶𝒄𝒏         1.1.18 

One of the aims in tissue engineering is to create a scaffold environment that will be able to 

achieve a cell distribution similar to the native tissue in the final scaffold construct. The 

mechanisms primarily focused on by researchers described in this survey were nutrient 

transport and cell growth. The current iterations of these models show good agreement with 

experimental data in both cell penetration depth and cell density for a diffusion-only 

bioreactor scenario. Based on these constructs, it was found that for both uniform and non-

uniform initial cell seeding strategies, cells near the nutrient source grow rapidly in the initial 

stages of growth, but as the cell gets farther from the nutrient supply, cell growth is reduced.  
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While the generalized assumptions of these models work well for most applications, they do 

not account for detailed spatial resolution information that includes the effects of fiber 

scaffold structure. This limits the model’s ability to distinguish the differences created when 

the COI is released from the scaffold and transport around the fibers themselves. 

Additionally, these models assume that the COI source is external to the scaffold, creating a 

system where the transport depth is limited as a function of diffusion. As was observed in 

these models, the cells do not infiltrate deep into the scaffold partially due to the lack of 

resources. If the scaffold could act as a source and release COIs that prompt cell infiltration, 

the limitation of cell growth and infiltration may be overcome [1].   

1.2 Thesis Objectives 

To evaluate the effectiveness of using the fiber scaffold as a COI source, one must 

understand what the dosage levels are that enter the cells. This research project proposed that 

the development of a model that could account for the effects of the fiber structure on the 

release and transport of a COI to the cells would provide valuable insight in understanding 

these effects. The primary objective of this project was to create a modeling system that 

allows researchers to render a simulated three-dimensional fiber tissue scaffold with cells 

embedded in it, model the release of a bioactive compound of interest from a scaffold, 

transport that COI through the matrix via the transport medium (e.g., interstitial fluid), and 

analyze the fate of that COI. To accomplish this, two modeling tools needed to be created: 

one model to handle the generation of the three-dimensional fiber scaffold, and the other to 

perform the transport of the COI through the scaffold.  

The resulting system created by this objective is unique in several ways. Many of the current 

fiber transport models account for the bulk effects of the fiber scaffold, but do not account 

for the fiber-to-fiber level detail that is driven by parameters such as fiber orientation, fiber 

diameter, and porosity. This is significant because the particle transport models used by 

Stylianopoulos, et al. [30], and Tomadakis, et al. [29], showed that particles diffuse faster in 

the preferred fiber direction and that it was even more significant with an increase in network 

alignment or fiber volume fraction. Additionally, these models focus on the COI source 

residing external to the fiber scaffold, while the system developed for this project has the 

source internal to the fiber scaffold. The current transport models described above are 
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beneficial for nutrient transport application, but do not lend themselves to be versatile in 

applications where the scaffold is being used for localized drug delivery.  
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2 Theoretical and Computational Methods 

2.1 Fiber Model 

2.1.1 Fiber Structure Generator 

The development of the Fiber Structure Generator (FSG) focused around several distinct 

objectives. The primary objective of this work was to develop a tool that could reasonably 

recreate a three-dimensional fiber scaffold based on easily obtainable parameters of the 

original tissue scaffold. The tool would also be required to allow for minimal code 

maintainance and simplicty of incorporating new features in future development efforts. It 

was also desirable to have an easy method for visualizing the generated 3D structure and the 

capability of producing a voxelized structure to feed as input to the diffusion. Finally, 

considerations were made to select a system that could be done using readily available open 

source software, which enabled anyone to be able to have access to the tool without any 

additional financial burdens. Note, that the diffusion model does not require that this tool be 

used to generate the tissue scaffold; however, whatever system is used must be able to 

produce voxelized 3D structure in the format described under the diffusion model inputs.  

Initial development efforts consisted of writing all the code from scratch using Fortran 90. 

This code was able to produce the three dimensional structures; however, it was very limited 

in its capablilities and was a maintenance nightmare. This tool was limited in the structure 

shapes it could create, and the addition of any new shapes required algorithms to be 

developed to support the creation and manipulation of these shapes in three-dimensional 

space. Additionally, there was still the burden of visualizing the output, which required the 

use of 3D rendering software. It became apparent that this was not a long term solution that 

satisfied the objectives outlined above. 

The second (and current) development of the FSG leveraged the capabilities of the open 

source 3D creation suite Blender release 2.79. Blender supports virtually all 3D development 

efforts such as modeling, rigging, animation, simulation, rendering, compositing and motion 

tracking, even video editing and game creation. More importantly, advanced development 

effort can utilize Blender’s Application Program Interface (API) for Python (Blender release 
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2.79 supports Python 3.6) scripting to create customized applications and write specialized 

tools. Blender is released under the GNU General Public License (GPL, or “free software”). 

Blender alone satisified most of the objectives for the FSG; however, an automated method 

for creating the tissue scaffold and creating the voxelized input for the diffusion model was 

still needed. Python code was developed to generator a randomized fiber scaffold based on 

the fiber parameters listed in Table 2 below.  The Blender-Python API allowed for this code 

to be used to render the three-dimensional objets that composed the fiber scaffold. 

Table 2 — Fiber Structure Generator Input Parameters 

Fiber Parameters 

Parameter Definition 

Diameter Average diameter of fibers in the scaffold (µm) 

Diameter Standard 

Deviation 

Standard deviation of the fiber diameter in the scaffold (µm) 

Angle of Orientation Standard deviation of the fiber diameter in the scaffold, 

relative to the vertical axis of the image (degrees) 

Angular Standard 

Deviation 

Angular standard deviation of the fiber relative to the angle 

of orientation scaffold (degrees) 

Desired Volume Fraction Desired fraction of the total volume of the fibers relative to 

the volume of the domain space (range 0.0 – 1.0) 

Cell Parameters 

Parameter Definition 

Height The cell height above the fiber it is attached to (µm) 

Width The cell width perpendicular to the orientation of the fiber it 

is attached to (µm) 

Length The cell length parallel to the orientation of the fiber it is 

attached to (µm) 

Number of Cells The number of cells to be embed in the system. One cell will 

be attached to a random fiber (unitless) 
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Release Parameters 

Parameter Definition 

Homogeneous Release 

Distribution 

Toggle to enable the model to uniformly distribute the 

release compound throughout the fiber (True) or to use 

capsulated release compounds (False). 

Volume Fraction If Homogeneous Release Distribution is set to False, then 

this is the fraction of the total volume of the release capsule 

relative to the total volume of the fibers (range 0.0 – 1.0) (if 

homogeneous release distribution is False). 

 Diameter If Homogeneous Release Distribution is set to False, then 

this is the diameter of the release capsule sphere (µm)  

External Release If Homogeneous Release Distribution is set to False, then 

this is a toggle to have the release capsule be external to the 

fiber (True) or embed in the fiber (False). 

Domain Parameters 

Parameter Definition 

X Domain The width of the scaffold domain (µm) 

Y Domain The depth of the scaffold domain (µm) 

Z Domain The height of the scaffold domain (µm) 

Voxel Size The size of the voxel length, width, and height (µm)[a] 

[a] NOTE: This should be studied with respect to how voxel size maintains scaffold parameter 

integrity, as described in Fiber to Voxel Conversion section. 

The basic fiber characterization parameters diameter, diameter standard deviation, angle of 

orientation, and angular standard deviation were used to create the organizational frame of 

the fiber structure, while the volume fraction determined the quantity of fiber objects was 

required to create the structure.  

The model was initalized by creating a hollow body domain cube where all subsequently 

created objects (e.g., fibers, cells, release capsules) would be contained. This cube is of the 

dimensions defined by X,Y, and Z domain. The protocol to generate the fiber scaffold is 

described below: 
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1) A fiber seed is randomly placed at a location [x, y, z], where the x-coordinate, y-

coordinate, and z-coordinate are all independently selected using Python’s library 

random and using the uniform distribution function (random.uniform(a, b)). The 

uniform distribution function selects a pseudo random value between the lower 

bound of the domain (a) and the upper bound of the domain (b). 

 

2) The orientation of the scaffold is selected. The fiber orientation in the three 

dimensional space is generated by rotating the fiber about two different axes. The Φ 

orientation/angular standard deviation controls the rotation of the fiber about the x-

axis, while the theta orientation/angular standard deviation control the rotation of 

the fiber about the y-axis. The angle of rotation for both Φ and θ are selected 

independent of one another. The angle of rotation is selected using Python’s library 

random and using the Gaussian distribution function (random. vonmisesvariate (µ, 

κ)). The von Mises distribution function selects a pseudo random value where the 

mean is angle of orientation (µ) and the concentration parameter term (κ) is derived 

using the angular standard deviation (σ) by Equation 2.1.1 below. The von Mises 

distribution has been shown to be close approximation to the wrapped normal 

distribution typical used in for angular deviation calculations [28]. 

𝒌 =  
𝟏

𝝈𝟐      2.1.1 

3) The fiber diameter is assigned using Python’s library random and using the Gaussian 

distribution function (random.gauss(µ, σ)). The Gaussian distribution function 

selects a pseudo random value where the mean is input fiber diameter (µ) and 

standard deviation is the fiber diameter standard deviation (σ). 
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Figure 2 — This is a representation of how fibers are created and cells attached to the fiber. 

(Left) The fiber seed is place at an {x,y,z} location, with an rotation in the phi and theta 

directions. (Middle) The fiber has grown in both directions until intersecting the edge of the 

domain space. (Right) A cell has been attached to the fiber are an orientation of omega at length 

z along the fiber central axis. 

4) With the fiber parameters assigned, the fiber seed is then grown as a cylinder object in 

both directions until the fiber intersects the plane of the domain cube (as shown in Figure 

2). The length of the fiber is assigned as the distance between the two intersection points 

of the domain cube and the fiber cylinder. The volume of the fiber object is calculated 

from the length of the fiber and the fiber cross-sectional area.  

5) Steps 1-4 are repeated to created additional fiber objects until the total fiber fraction 

(𝑡𝑜𝑡𝑎𝑙 𝑓𝑖𝑏𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 / 𝑑𝑜𝑚𝑎𝑖𝑛 𝑐𝑢𝑏𝑒 𝑣𝑜𝑙𝑢𝑚𝑒) is greater than or equal to the desired 

volume fraction. After the fiber scaffold is created, cells are embedded into the scaffold. 

Only one cell can be attached to a fiber object. 

6) A fiber object is randomly selected from all the fiber objects using the random.uniform 

function. If the fiber object does not already have a cell attached to it, then it is a valid 

object for selection and the process proceeds with cell placement, if the fiber object does 

have a cell attached then another fiber object is selected. 

7) The cell placement is determined by a rotation angle (omega) about the central axis of 

the fiber and positional location [x, y, z] at the outer edge of the fiber diameter. 
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8) The rotation angle (omega) is generated using the random.uniform function with a 

rotation angle from 0 degrees to 360 degrees. The x, y coordinates (relative to the fiber) 

of the cell placement are calculated from the following equations: 

𝑥𝑐 =  − (
𝑐𝑒𝑙𝑙 𝐻𝑒𝑖𝑔ℎ𝑡 + 𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
) ∗ sin (

𝑜𝑚𝑒𝑔𝑎 ∗ 𝜋

180.0
) 

𝑦𝑐 =  (
𝑐𝑒𝑙𝑙 𝐻𝑒𝑖𝑔ℎ𝑡 + 𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
) ∗ cos (

𝑜𝑚𝑒𝑔𝑎 ∗ 𝜋

180.0
) 

9) The z coordinate (relative to the fiber) of the cell placement is generated using the 

random.uniform function to select a length along the fiber. 

10) An icosphere object is placed along the fiber at the [x, y, z] coordinates with the rotation 

omega about the z-axis. NOTE: An icosphere object is used because it allows flexibilty 

in the shape of the cell based on the input parameters defining the cell height, width, and 

length. The cell shape can easily be varied between sphere and ellipsoid with minor 

manipulation of input parameters. 

11) Repeat steps 6-10 until all the cells defined by the number of cells is completed. Figure 

3 provides an example representaion of the rendered fiber scaffold image. 

12) If homogeneous release is set to True, then the scaffold creation is complete; otherwise, 

the following steps are repeated for each fiber object in the scaffold.  

13) The number of release objects that must be placed for the fiber object is determined by 

the following equation: 

# 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑂𝑏𝑗𝑒𝑐𝑡𝑠 = (
𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗  𝐹𝑖𝑏𝑒𝑟 𝑉𝑜𝑙𝑢𝑚𝑒 

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑉𝑜𝑙𝑢𝑚𝑒
) 

14) The location and rotation around the central axis of the fiber for release object is 

determined in the same fashion as the cell placement outlined in steps 7-10. However, 

the x,y coordinates for the release objects are calculated by the following equation: 

𝑥𝑟 =  −𝑑1 ∗ sin (
𝑜𝑚𝑒𝑔𝑎 ∗ 𝜋

180.0
) 



 

30 

 

𝑦𝑟 =  𝑑1 ∗ cos (
𝑜𝑚𝑒𝑔𝑎 ∗ 𝜋

180.0
) 

where, 

if external release: 

𝑑1 = (
𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 + 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
) 

else: 

𝑑1 = 𝑟𝑎𝑛𝑑𝑜𝑚. 𝑢𝑛𝑖𝑓𝑜𝑟𝑚 (0.0,
𝑓𝑖𝑏𝑒𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟

2
) 

 

 

Figure 3 — This is an example image from the output of the fiber structure generation. The 

green icospheres are the cells embedded in the fiber scaffold (blue). 

2.1.2 Voxelized Fiber Structure  

At this point, the 3D rendering of the fiber scaffold has been created with the embedded cells 

and release capsule (if appropriate). The 3D rendering is not able to be directly fed into the 

diffusion model. The 3D rendering of the scaffold represents a continuous system that is 

impractical for modeling when using a numerical solver. In order to create a solvable 

solution, the system must be discretized, creating representative volumes for each point in 

space. These representative volumes are known as voxels. If the voxel resolution is 

reasonably below the size of the items of interest, then the voxel is a reasonable 
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representation of the continuous system. According to Torres, et al. [44], a reasonable voxel 

resolution is about 6:1 to 10:1, that is the object should be at least 6 to 10 times larger than 

the voxel edge length. For the purpose of this effort, the voxel size selection was a balance 

between providing a reasonable approxiamation of the system and allowing for a solvable 

solution space.   

The creation of the voxel space is also performed through Blender’s Python API. The 

protocol outlining the process for voxelizing the 3D rendered scaffold is described below: 

1) A voxel array is created over the whole domain cube. The size of each voxel is 

determined by the voxel resolution. Figure 4 provides an example of the voxelized 

domain space.  

  

Figure 4 — (Left) A representative 10 µm x 10 µm x 10 µm domain space. (Right) The domain 

space represented with 1 µm voxel resolution. 

2) A “REMESH” modifer is applied to each object in the 3D rendered scaffold (e.g., 

fiber objects, cell objects, and release objects). The “REMESH” modifers is set to 

use “SMOOTH” mode with the Octree Depth set to 7, 3, and 3 for fiber, cell, and 

release objects, respectively. By performing the remesh, the faces of the objects are 

mapped to create smaller faces and the vector normals for each face are recalculated. 
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This is particularly important when dealing with objects that have large or elongated 

faces. The vector normal of the face is used in the voxelization algorithm to 

determine if a voxel resides inside the object or external to it. If the centroid of the 

face is near tangential to the voxel (which can occur with large faces), the calculation 

to determine the relative direction of the voxel to the face becomes obscure and can 

lead to improper placement. Figure 5 shows the effects of the remesh has on a 

cylinder shape. 

  

Figure 5 — (Left) A representative domain space with a cylinder placed inside of it. The white 

lines show the outline of the existing faces. (Right) A representative REMESH modifier (with 

mode set to “SMOOTH”, and the Octree Depth set to 4) is applied to the cylinder. The white 

lines show the outline of the new faces resulting from the REMESH. 

3) The center point for each voxel in the domain voxel array is checked to see if it 

resides within the boundaries of each remeshed object. This is done by finding the 

closest point on the object to mesh (Pm{x,y,z}) to the voxel center point (Pv{x,y,z}). 

The determinant of the vector normal for this point on the mesh and the difference 

between Pm and Pv is calcaluted. Since the vector normal for each face on the object 

is pointed away from the obejct, if the determinant is greater than or equal to 0.0, 

then Pv exists at a behind the face and in turn resides within the object and must be 



 

33 

 

of that object type. Figure 6 shows the voxelization of the remeshed object from 

Figure 5.   

  

Figure 6 — (Left) A representative REMESH modifier (with mode set to “SMOOTH” and the 

Octree Depth set to 4 ) is applied to the cylinder. (Right) The voxel representation of the domain 

space with cylinder.  

4) Each voxel is only assigned one object classification type. If a voxel happens to have 

overlapping objects the assignment priority is: Cell > Release > Fiber. This priority 

removes the intersection of fibers running through the cells and also preserves the 

drug capsule space in a voxel.  

The output from the voxel data is written to an ASCII file using comma-separated delimiters. 

The file format is a list for each of the assigned voxels. NOTE: Any voxel that has not been 

assigned one of the three classifications listed above are excluded from the data file and are 

treated as the transport medium in the diffusion model. Each row of the file contains a single 

voxel worth of information, with the format: 

 [x coordinate], [y coordinate], [z coordinate], [object type] 
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The object type classification is: Fiber = 1, Cell = 2, and Release = 3 (NOTE: All voxels not 

classified 1-3 are defaulted to type 0 internally to the diffusion model and represent the 

transport medium). 

This file is known as the “voxel.dat” file, and it is an input for the fiber diffusion model. 

Next, a few “template” scaffolds created for testing the transport diffusion model are 

described. 

2.2 Scaffold Templates 

The scaffold templates are to be used as a baseline parameterization that represents a specific 

tissue fiber scaffold. The characterization of the scaffolds listed under this section were either 

obtained from literature sources, or they are made up using parameters that could be 

realistically recreated using standard fabrication methods. 

2.2.1 Scaffold 1 (S1) 

This fiber scaffold was fabricated by electrospinning 75/25 PLGA onto stationary 18 mm 

circular glass cover slips using a 22 gauge Teflon tipped needle with a 15 kV potential, a 

throw distance of 15 cm, and a syringe flow rate of 5 mL/h. The characterization of the 

scaffold was determined by analysis of SEM images. Fiber diameter and fiber orientation 

were derived from the SEM images using ImagePro Plus software (Media Cybernetics, 

Bethesda, MD), while the fiber diameter and angle of orientation (relative to the vertical axis 

of the image) was determined manually. For more details on this fiber, reference PLGA, 

stationary, 11% solution concentration from Bashur, et al. [32]. It is important to note that 

the fiber scaffold created by the FSG model purely represents the physcial structure size, 

shape and dimension, as they could be recreated with most electrospun materials. The 

material selection only comes into play when defining the rates for the transport definitions. 

Table 3 provides the fiber scaffold definition for Scaffold 1. 
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Table 3 — Characterization Parameters for PLGA, stationary, 11% Scaffold 

Fiber Parameters 

Parameter Value Units 

Diameter 0.76 µm 

Diameter Standard 

Deviation 
±0.36 µm 

Angle of Orientation 

(phi) 
0.0 degrees 

Angular Standard 

Deviation (phi) 
0.0 degrees 

Angle of Orientation 

(theta) 
0.0 degrees 

Angular Standard 

Deviation (theta) 
59.4 degrees 

Desired Volume 

Fraction 
30[a] % 

Release Parameters 

Parameter Value Units 

Homogeneous Release 

Distribution 
True  

[a] The volume fraction is assumed to be a reasonable 

volume fraction and is not referenced the article [32]. 

2.2.2 Scaffold 2 (S2) 

This fiber scaffold was fabricated by electrospinning 22% w/v PCL in 90% v/v chloroform 

and 10% dimethylformamide onto a slow rotating (i.e., 50-100 rpm) 1.6 mm aluminum rod  

using a 22 gauge Teflon tipped needle with a 11 kV potential, a throw distance of 15 cm, 

and a syringe flow rate of 3 mL/h. The characterization of the scaffold was determined by 

analysis of SEM images. Fiber diameter and fiber orientation were derived from the SEM 

images using ImagePro Plus software (Media Cybernetics, Bethesda, MD), while the fiber 



 

36 

 

diameter and angle of orientation (relative to the vertical axis of the image) was determined 

manually. For more details on this fiber reference PLGA, stationary, 11% solution 

concentration scaffold from Bashur, et al. [45]. The fiber scaffold created by the fiber 

generation model purely represents the physical structure size, shape and dimension, as they 

could be recreated with most electrospun materials. Table 4 provides the fiber scaffold 

definition for Scaffold 2. 

Table 4 — Characterization Parameters for PCL, 22.0% Scaffold 

Fiber Parameters 

Parameter Value Units 

Diameter 2.9 µm 

Diameter Standard 

Deviation 
±0.6 µm 

Angle of Orientation 

(phi) 
0.0 degrees 

Angular Standard 

Deviation (phi) 
0.0 degrees 

Angle of Orientation 

(theta) 
0.0 degrees 

Angular Standard 

Deviation (theta) 
52.5 degrees 

Desired Volume 

Fraction 
30[a] % 

Release Parameters 

Parameter Value Units 

Homogeneous Release 

Distribution 
True  

[a] The volume fraction is assumed to be a reasonable 

volume fraction and is not referenced the article [32]. 
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2.2.3 Scaffold 3 (S3) 

This fiber scaffold is not based on the characteristics of an actual fiber scaffold, but an 

interpretation of a fiber that could actually be created. The intent of this scaffold it to fill in 

the gap between the cahracteristics for Scaffold 1 and Scaffold 2 with respect to fiber 

diameter and angular standard deviation. Table 5 provides the fiber scaffold definition for 

Scaffold 3. 

Table 5 — Characterization Parameters for a Representative Fiber Scaffold 

Fiber Parameters 

Parameter Value Units 

Diameter 1.5 µm 

Diameter Standard 

Deviation 
±0.31 µm 

Angle of Orientation 

(phi) 
0.0 degrees 

Angular Standard 

Deviation (phi) 
0.0 degrees 

Angle of Orientation 

(theta) 
0.0 degrees 

Angular Standard 

Deviation (theta) 
10.0 degrees 

Desired Volume 

Fraction 
40[a] % 

Release Parameters 

Parameter Value Units 

Homogeneous Release 

Distribution 
True  

[a] The volume fraction is assumed to be a reasonable 

volume fraction and was selected to be different then S1 

and S2. 
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2.3 Fiber Diffusion Transport Model  

The fiber diffusion transport model was created to move a COI release from the fiber scaffold 

or release capsule and transport it through interstitial fluid to the cells or surrounding sinks. 

The selection of a diffusion based model is based on the premise that in the case of tissue 

implantation, where tissue damage has occurred, the local area will have little to no 

convection through it. This is because revascularization does not typically occur until after 

three days, as outlined in the section titled Inflammatory Response. While the development 

for this project is diffusion based, the model architecture should be readily expandable to 

account for convective properties in future work.  

 Although there are different diffusion regimes, the fiber transport diffusion model assumes 

that bulk diffusion is adequate. For the main fiber structures, pore size should be large 

enough to reasonably assume that the bulk diffusion is a good approximation. However, it is 

recognized that modeling transport through the fiber material itself (e.g., releasing through 

large fiber diameters) where small pores diameter (2 - 50 nm) may form would benefit from 

incorporating Knudsen diffusion [46]. Since Knudsen diffusion follows Fick’s Law of 

Diffusion, it could be easily implemented in the transport diffusion model. However, 

tracking pore formation in the fiber would be difficult to implement and for scope of this 

project, it will be generalized using a simplified controlled release equation established by 

Rothstein, et al. [47]. 

The fiber diffusion transport model was designed to allow the user flexibility in the run 

configuration the user wanted to model. This was accomplished by creating a system where 

the interactions could be independently defined and modified through an input parameter file 

known as the “MECH” file. Essentially, this file allows the user to reconfigure the diffusion 

system at any time to simulate a unique system. For example, one simulation that the user 

could simulate is the release of a fast diffusing gas such as carbon monoxide (described in 

Carbon Monoxide MECH Parameters (CO)). Another contrasting simulation could be a 

controlled release of the drug albumin from a decaying polymer scaffold (described in 

Albumin MECH Parameters (ALB)). 
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2.3.1 Boundary Interaction Types 

The transport model supports four voxel classifications as described in Table 6 below. 

Table 6 — Voxel Classification 

Type Definition 
Reference 

Color 

Reference 

Index 

Transport medium 

(e.g., interstitial 

fluid) 

The transport material that fills the 

void outside the fiber scaffold 
 0 

Fiber 
The representative material that 

makes up the scaffold 
 1 

Cell 
The representative volume for the 

cellular body 
 2 

Release 
The representative volume for a 

release capsule 
 3 

 

The boundary between two voxels is the point where transport can occur. The rate at which 

transport occurs is dependent on the classification of the two adjoining voxels and in the 

context of this research is referred to as the boundary interaction type. Figure 7 shows how 

the voxel boundary interactions are broken down.  
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Figure 7 — An example breakdown of the different boundary reaction types between voxels. 

The transport model supports twenty different boundary interaction types. A brief 

explanation of the ten boundary interaction types considered relevant to this research are 

listed below:  

1. Interstitial Fluid to Interstitial Fluid (ItI) – This boundary interaction type represents 

the interaction between two modeling voxels of interstitial fluid type. The rate at 

which concentration will be transferred across this boundary will be representative 

of a simple diffusion rate (e.g., Fick’s Law). 

2. Interstitial Fluid to Cell (ItC) – This boundary interaction type represents a model 

voxel of the interstitial fluid type to a cell membrane. The rate at which concentration 

will be transferred across this boundary will be representative of the cellular uptake 

across the cell membrane (e.g., cellular permeability). 

3. Interstitial Fluid to Sink (ItS) – This boundary interaction type represents a model 

voxel of the interstitial fluid type to a sink. A sink currently represents the edge of 

the modeling domain, where the model has six potential sinks, one for each face of 

the cube. The rate at which concentration will be transferred across this boundary 

will be representative of the tissue outside the scaffold (e.g., surrounding 

vasculature). 

Boundary Reaction Type: 

1. Fiber to Sink 

2. Fiber to Fiber 

3. Release to Fiber / Fiber to Release 

4. Fiber to Interstitial / Interstitial to 

Fiber 

5. Release to Interstitial / Interstitial to 

Release 

6. Interstitial to Interstitial 

7. Interstitial to Cell / Cell to Interstitial 

8. Cell to Cell 

9. Interstitial to Sink 

10. Cell to Sink 
9

3

4 5

6

8

7

10

2

0

1
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4. Fiber to Interstitial Fluid (FtI) – This boundary interaction type represents a model 

a voxel of the fiber material type to the interstitial fluid. The rate at which 

concentration will be transferred across this boundary will be representative of the 

rate the compound will diffuse through the fibers and partition to the interstitial fluid.  

5. Fiber to Fiber (FtF) – This boundary interaction type represents the interaction 

between two modeling voxels of a fiber material type. The rate at which 

concentration will be transferred across this boundary will be representative of 

diffusion for the release compound through the fiber material. It is possible for this 

rate to vary with degradation of the fiber and/or activation of the release compound. 

6. Fiber to Cell (FtC) – This boundary interaction type represents a model voxel of the 

fiber material type to the cell membrane. The rate at which concentration will be 

transferred across this boundary will be representative of the cellular uptake across 

the cell membrane.  

7. Cell to Cell (CtC) – This boundary interaction represents the interaction between 

two modeling voxels of cell types. This would simulate the transfer within a cell 

through simple diffusion in the cytosol or via other cellular mechanisms. 

8. Release to Interstitial Fluid (RtI) – This boundary interaction represents a model 

voxel of the release capsule to the interstitial fluid. The rate at which concentration 

changes will be dependent on the drug release characteristic and perhaps degradation 

of the capsule or externally stimulated release response. 

9. Release to Fiber (RtF) – This boundary interaction represents a model voxel of the 

release capsule to the fiber material. The rate at which concentration changes will 

be dependent on the drug release characteristic and perhaps degradation of the 

capsule. 

10. Fiber to Sink (FtS) – This boundary interaction type represents a model voxel of the 

fiber material type to a sink. A sink currently represents the edge of the modeling 

domain, where the model has six potential sinks, one for each face of the cube. The 

rate at which concentration changes will be transferred across this boundary will be 

representative of the tissue outside the scaffold (e.g., surrounding vasculature). 
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The boundary interaction types that are not currently used in the model are: 

1. Interstitial Fluid to Release 

2. Interstitial Fluid to Fiber 

3. Fiber to Release 

4. Cell to Interstitial Fluid 

5. Cell to Fiber 

6. Cell to Release 

7. Cell to Sink 

8. Release to Cell 

9. Release to Sink 

10. Release to Release 

 

2.3.2 Transport Definitions 

The transport model moves mass across these boundaries as a first order mass transport 

model. The change in concentration for one voxel can be expressed as: 

𝒅𝑪

𝒅𝒕
= ∑ (

𝝏𝑪

𝝏𝒕
)

𝑭𝒏

𝒏
𝒌=𝟎          2.3.1 

where Fn represents the number of face directions for which transport into and outside of 

the voxel can occur across. If transport was allowed across all faces, edges, and vertices then 

Fn would equal 27; however, for the purpose of this model, the transport will be limited to 

only the six faces of the voxels as shown in the Figure 8 below. The purpose for selecting 

the six directions is two fold. The first reason is that diffusive transport occurs across a 

surface area, using the edges and vertices as a direction for transport to occur across forces 

transport to be done through a line or a point. It also increases the computational burden as 

there are approxiamtely 20 times more transport equations that must be satisfied 

simultaneously. 
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Figure 8 — This image depicts the directions that transport can occur into and out of a voxel. 

The equation above can then be expanded to express the transport across each face: 

𝒅𝑪

𝒅𝒕
= (

𝝏𝑪

𝝏𝒕
)

𝑭𝟏
+ (

𝝏𝑪

𝝏𝒕
)

𝑭𝟐
+ (

𝝏𝑪

𝝏𝒕
)

𝑭𝟑
+ (

𝝏𝑪

𝝏𝒕
)

𝑭𝟒
+ (

𝝏𝑪

𝝏𝒕
)

𝑭𝟓
+ (

𝝏𝑪

𝝏𝒕
)

𝑭𝟔
   2.3.2 

Given that each face can represent a different boundary interaction type, it is possible that 

different transport equations define (
𝜕𝐶

𝜕𝑡
)

𝐹𝑛
 for each face. The model architecture allows for 

each of the boundary interactions type to be independently defined for each run through the 

“MECH” file. The “MECH” file provides the transport file the definition for reaction 

equation type (that is available in the model) for each boundary interaction type and the 

parameterization of that equation. Table 7 lists the all the equation types and their parameters 

that are currently available in the model. Another benefit to using this approach is that new 

transport equations can be easily added to the model. The only changes required in the model 

are the addition of a function to perform the rate calculation and the addition of an IF 

statement to enable the use of the function in the model.   

 

 



 

44 

 

Table 7 — Reaction Equation Types 

Equation 
Index 

Equation Type Equation Parameters 

-3 Sink Diffusion (depends on MECH)[a] (depends on MECH)[a] 

1 Constant 𝜕𝐶

𝜕𝑡
= A A = Constant (g/s*cm3) 

2 Sigmoid 

Logistic 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 

𝐷 = {

𝐴

1+exp𝑡−𝐵 
, 𝑥 < 0

            0.0, 𝐶 < 𝐶𝐹𝑛

         0.0, 𝑡 > 𝐵

  

A = Constant (g/s*cm2) 

t = time (s) 

B = exposure time (s) 

3 Sink Constant 𝜕𝐶

𝜕𝑡
= 𝐴𝑖, where i = 1,# sinks  A = Constant (g/s*cm3) 

4 Fick’s Law 𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 

D = diffusion 

coefficient (cm2/s) 

5 Non-analytic 

Sigmoid 

𝜕𝐶

𝜕𝑡
=

𝐴∗𝑡

1+𝑡
  

A = Constant (g/s*cm2) 

t = time (s) 

6 Fick’s Law 

(permeability) 
𝜕𝐶

𝜕𝑡
= 𝐻𝐷

∂2𝐶

𝜕𝑥2
 

𝐻𝐷 = 𝑃 ∗ 𝑑 

P = permeability 

coefficient (cm/s) 

d = membrane 

thickness (nm) 

H = partitioning 

coefficient 

D = diffusion 

coefficient (cm2/s) 

7 Fick’s Law with 

Erf[b] 
𝜕𝐶

𝜕𝑡
= 𝐷𝑒𝑓𝑓  

𝜕2𝐶

𝜕𝑥2
 

𝐷𝑒𝑓𝑓 = 𝐷 ∗ 𝜀(𝑡) 

𝐷 = 𝐴 ∗ 𝑅𝑃
𝑏 

𝜀(𝑡) =
1

2
[𝑒𝑟𝑓 (

𝑡 − �̅�

√2𝜎2
) + 1] 

�̅� =
−1

𝑘𝐶𝑤
𝑙𝑛 |

𝑀𝑤𝑟

𝑀𝑤𝑜
| 

Rp = Fiber Radius (µm) 

A = regressed 

diffusivity (cm2/s) 

b = scaling coefficient  

σ2 = variance in time 

required to form pores 

kCw = degradation rate 

(s-1) 

Mwr = initial molecular 

weight of material (Da) 

Mwo = average 

molecular weight of 

material (Da) 

t = time (s) 

Chemistry[c] Constant Decay 𝜕𝐶

𝜕𝑡
= 𝑅𝑐𝑖  

Rci  = degradation 

constant (g/s*cm2) 
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[a]  Sink diffusion equation type forces the model to use the like voxel-to-voxel boundary interact 

equation type.  For example, if a fiber voxel is transporting to the sink, the boundary 

interaction equation used would be the one defined for FtF. 

[b] Simple mathematical model that can predict the release of many different types of agents 

from bulk eroding polymer matrices without regression [47]. 

[c] Chemistry is not used for the transport of material across the boundary interaction, but is 

instead used as a loss term for the voxel.  

 

2.3.3 Chemistry 

As shown in previous transport diffusion model work, there is a net COI lost to different 

types of decay mechanisms. In Equation 1.1.2 (and subsequent refinements of this equation) 

the decay term is referred to as the rate of consumption (Rci), where i represents either the 

cellular or void phase. Expanding Equation 2.3.1 to include the rate of consumption, net 

loss of COI in a voxel can be defined to as: 

 
𝒅𝑪

𝒅𝒕
= ∑ (

𝝏𝑪

𝝏𝒕
)

𝑭𝒏

𝒏
𝒌=𝟎 + ∑ 𝑹𝒄𝒊

𝒊
𝒍=𝟎           2.3.3 

For this project, the diffusion transport model uses i to represent the interstitial, fiber, and 

cellular phase. The Rci term can be used to define any constant addition or loss term not 

accounted for by the transport, such as cellular consumption, chemical reactivity, and 

permanent binding.  

2.3.4 ODE Solver 

The voxel structure created for this model allows us to simplify the solution from a 

continuous function using partial differential equations (PDEs) to a discrete function of 

ordinate differential equations (ODEs). For example, the equation for Fick’s second law is 

expressed as: 

𝝏𝑪

𝝏𝒕
= 𝑫 

𝝏𝟐𝑪

𝝏𝒙𝟐          2.3.4 

The equation expresses Fick’s law as a function of gradient; however, in a discrete system, 

Fick’s Law can be expressed as a function of distance, as shown below. 

𝝏𝑪

𝝏𝒕
= 𝑫 

∆𝑪

∆𝒙
=  𝑫

𝑪−𝑪𝑵𝑩

𝑽𝒓𝒆𝒔
        2.3.5 
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where, 

C = voxel concentration 

CFn = neighboring voxel concentration 

Vres = voxel resolution 

 

To handle the task of solving the large system of banded ODEs generated by this transport 

model, the well-known Double-precision Livermore Solver for Ordinary Differential 

Equation (DLOSDE) was incorporated into the model (Center for Applied Scientific 

Computing Lawrence Livermore National Laboratory Livermore, CA). DLSODE solves 

stiff and non-stiff systems of the form 
𝑑𝑦

𝑑𝑡
=  𝑓(𝑡, 𝑦). In the stiff case, it treats the Jacobian 

matrix 
𝑑𝑓

𝑑𝑦
 as either a dense (full) or a banded matrix, and as either user-supplied or internally 

approximated by difference quotients. It uses Adams methods (predictor-corrector) in the 

non-stiff case, and Backward Differentiation Formula (BDF) methods (the Gear methods) in 

the stiff case. The linear systems that arise are solved by direct methods (LU factor/solve) 

[48] [49]. The transport model equation for this project utilizes DLSODE to solve a stiff 

system with an internally generated banded Jacobian matrix. The upper and lower half 

bandwidth are equal to the number of rows in the voxel domain by the number of columns.  

The model architecture developed for the transport model allows for a large variety of 

different diffusion applications to be created and tested. This is done through the selection 

of the rate equations defining the boundary interaction types and the parameterization of 

these equations. If a rate equation does not exist in the model for the system one would like 

to simulate, then (assuming it can be expressed as a first order ODE in a discrete system) the 

new equation can be added to the model by simply creating a function method to define the 

equation and updating an if/then condition to allow the model to use the new equation.  

Next are a couple of modeling mechanisms created to test the model.  

2.4 Carbon Monoxide MECH Parameters (CO) 

The parameterization for boundary interaction equations for the release of carbon monoxide 

(CO) from a PLGA scaffold in interstitial fluid is defined using data obtained from literature. 

Where values could not be obtained for carbon monoxide directly, surrogate species were 
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selected based on similarities in parameters such as hydrophobicity, water and lipid 

solubility, other transport properties, and data availability. For example, in the fiber-to-

interstitial reaction defined for the CO MECH below, no readily obtainable data for carbon 

monoxide was found. However, data for the carbon dioxide (CO2) was found, and while CO2 

is not directly comparable to CO, the ratio between the partitioning coefficients for two 

molecules was used to scale the rate to be more appropriate for CO [50]. The partitioning 

coefficient would also be used scale the diffusivity for the fiber to interstitial bound layer. 

The boundary interaction equation definition and the supporting parameter values are listed 

in Table 8. 

2.5 Albumin MECH Parameters (ALB) 

The parameterization for boundary interaction equations for the release of albumin from a 

PLGA scaffold in interstitial fluid is defined using data obtained from literature. Where 

values could not be obtained for albumin directly, surrogate species were selected based on 

similarities in parameters such as hydrophobicity, water and lipid solubility, other transport 

properties, and data availability. The boundary interaction equation definition and the 

support parameter values are list in Table 9. 
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Table 8 — Carbon Monoxide MECH Definition 

Boundary 

Interaction 

Type 

Equation 

Type 

Equation Parameters Value 

ItI Fick’s Law 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 D (cm2/s) 3.0 x 10-5 [a] 

ItC 
Fick’s Law 

(permeability) 

𝜕𝐶

𝜕𝑡
= 𝐻𝐷

∂2𝐶

𝜕𝑥2
 

𝐻𝐷 = 𝑃 ∗ 𝑑 

P (cm/s) 42 [b] 

d (nm) 4.0 [c] 

ItS (treat as ItI) 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 D (cm2/s) 3.0 x 10-5 [a] 

FtI Fick’s Law 
𝜕𝐶

𝜕𝑡
= 𝐻𝐷 

𝜕2𝐶

𝜕𝑥2
 HD (cm2/s) 4.45 x 10-8 [d] 

FtF Fick’s Law 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 D (cm2/s) 1.0 x 10-7 [e] 

FtC 

(choose rate 

limiting for 

FtI or ItC) 

𝜕𝐶

𝜕𝑡
= 𝐻𝐷

∂2𝐶

𝜕𝑥2
 

𝐻𝐷 = 𝑃 ∗ 𝑑 

P (cm/s) 42 [b] 

d (nm) 4.0 [c] 

FtS (treat as FtF) 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 D (cm2/s) 1.0 x 10-7 [e] 

CtC 
Fick’s Law 

(w/ chemistry) 

𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
− (𝑅𝐶∝) 

D (cm2/s) 3.0 x 10-5 [a] 

RCα (g/s*cm3) 1.0 x 10-6 [f] 

RtI N/A    

RtF N/A    

[a]  Carbon monoxide in water (collapsed gas bubbles in water) 2.43 x 10-5 cm2/s at 30°C, while 

3.62 x 10-5 cm2/s at 40°C [51]. 

[b]  Oxygen permeability coefficient for the plasma membrane is about 42 cm/s [52]. O2, NO, N2, 

and CO behave quite similar in terms of water and lipid solubility, as well as partition 

coefficients, therefore the O2 permeability is being used as a surrogate for CO. 

[c]  An overall bilayer membrane thickness of 4 nm, with 3 nm being strongly hydrophobic and 

the rest being composed of the polar heads [53]. 

[d] The rate from [d] was scaled by the oil to water (How = 4.47) partitioning coefficient and 

hydrophobicity. Since we are considering the opposite direction of travel (e.g., oil to water), 

the inverse for the partitioning coefficient was used multiplied time two, since PLA has a 

contact angle of 61° compared to 126° for polyethylene.  

[e]  CO2 diffusivity is about 2.0 x 10-7 cm2/s for PLA and 1.0 x 10-7 cm2/s for PLGA [50]. CO2 is 

being used as a surrogate for CO in fiber diffusivity. 

[f] The Rcα is used as the rate of cellular consumption. The rate of CO consumption by the cell is 

currently unknown, but a moderate level of consumption is being applied to prevent build up 

in the cell, without significantly perturbing the system.  
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Table 9 — Albumin MECH Definition 

Boundary 

Interaction 

Type 

Equation 

Type 

Equation Parameters Value 

ItI Fick’s Law 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 D (cm2/s) 5.3 x 10-6 [a] 

ItC 
Fick’s Law 

(permeability) 

𝜕𝐶

𝜕𝑡
= 𝐻𝐷

∂2𝐶

𝜕𝑥2
 

𝐻𝐷 = 𝑃 ∗ 𝑑 

P (cm/s) 5.0 x 10-6 [b] 

d (nm) 4.0 [c] 

ItS (treat as ItI) 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
 D (cm2/s) 5.3x 10-6 [a] 

FtI (treat as FtF) See FtF See FtF See FtF 

FtF 
Fick’s Law 

Erf 

𝜕𝐶

𝜕𝑡
= 𝐷𝑒𝑓𝑓  

𝜕𝐶

𝜕𝑥
 

𝐷𝑒𝑓𝑓 = 𝐷 ∗ 𝜀(𝑡) 

𝐷 = 𝐴 ∗ 𝑅𝑃
𝑏 

𝜀(𝑡) =
1

2
[𝑒𝑟𝑓 (

𝑡 − �̅�

√2𝜎2
) + 1] 

�̅� =
−1

𝑘𝐶𝑤
𝑙𝑛 |

𝑀𝑤𝑟

𝑀𝑤𝑜
| 

A (cm2/s) 2.071 x 10-15[d] 

b 2.275[d] 

σ2  1.0 x 104 [e] 

kCw (s-1) -4.69 x 10-7[f] 

Mwr (Da) 17[d]  

Mwo (Da) 
9500[d] 

FtC 

(choose rate 

limiting for 

FtI or ItC) 

See FtI See FtI See FtI 

CtC Fick’s Law 
𝜕𝐶

𝜕𝑡
= 𝐷 

𝜕2𝐶

𝜕𝑥2
− (𝑅𝐶∝) 

D (cm2/s) 5.3x 10-6 [a] 

RCα 

(g/s*cm3) 
1.0 x 10-8 [g] 

FtS (treat as FtF) See FtF See FtF See FtF 

RtI N/A    

RtF N/A    

[a]  The mutual diffusion coefficient of BSA in phosphate-buffered 1.5 M NaCl at pH 7.4 

and 22°C with a range of 5.3 x 10-7 – 5.6 x 10-7 cm2/s for the hydrodynamic volume 

fraction of 0-0.11 [54]. 

[b]  Transport of albumin through the entire endothelial cell is 5.0 x 10-6 cm/s under no shear 

stress. Since the transport in the model is only referencing one of the cell membranes 

and the fact that the transport through the cytoplasm is relatively fast (therefore 

negligible to the transport time through the cell), this rate is scaled by half [55]. 

[c]  An overall bilayer membrane thickness of 4 nm, with 3 nm being strongly hydrophobic 

and the rest being composed of the polar heads [53]. 

[d]  The values listed were extracted from the work done by Rothstein, et al., for the release 

rate of BSA due to the erosion of PLGA [47]. 

[e] Assuming coefficient of variance for the time of pore formation of 1.0 x 104 to provide 

a reasonable profile for testing purposes. 

[f]  kCw was calculated using the equation kCw = -ln(Mw/Mo)/t with data from molecular 

weight change in time for PDLGA 50/50 [56].  
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[g] The Rcα is used as the rate of cellular consumption. The rate of albumin consumption by 

the cell is currently unknown, but a low level of consumption is being applied to prevent 

build up in the cell, without significantly perturbing the system. 

2.6 Model Output 

This section is to briefly describe the model output of the transport model and to explain 

some of the features that will be discussed in the results and discussion section. The example 

model used in this section was created to be a simplified model that could be used for 

illustrative purposes and does not necessarily reflect realistic parameterization of the model.  

The output from the model comes in two forms. One form provides output from the summed 

concentration for each of the voxel types and the sinks with respect to time, as well as the 

number of each voxel type in the domain space. This allows for the plotting of the total 

concentration per voxel type in time (Figure 9). Dividing the total concentration for a voxel 

type by the number of voxels provides an average concentration per volume in time (Figure 

10). The benefit of using the data for this output is that it provides an easy way to see the 

overall trends occurring in the system. The average concentration plots can be used to 

compare systems that are dissimilar to one another because it normalizes the data to a per 

volume basis. 
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Figure 9 — Total concentration output generated from the fiber diffusion transport model for 

a representative model using the CO MECH and Scaffold 1 (CO:S1). The diffusion parameter 

for this simulate were modified to highlight different features. 

 

Figure 10 — Average concentration output generated from the fiber diffusion transport model 

for a representative model using the CO MECH and Scaffold 1 (CO:S1). The diffusion 

parameter for this simulate were modified to highlight different features. 
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The second output format is the three-dimensional concentration data written to a two-

dimensional comma separated file. This data allows for the three-dimension data to be 

displayed in two-dimensional form. The data format is such that the x-axis is represented by 

the row of the files, and the y-axis is represented by the columns. For the z-axis, imagine the 

voxel cube is sliced by layers, then the top layer is stretched to the left, with all subsequent 

layer laid next to it. Figure 11 visualizes a three-dimensional voxelized fiber structure with 

one cell being decomposed into the two-dimensional format. Figure 12 displays the same 

example data for the fiber structure as Figure 11; however, this figure comes directly from 

the comma separated data file and was created in Microsoft Excel using conditional 

formatting.   

 

Figure 11 — A visualization of the three-dimensional voxel output format. Essentially, the 

format reflects the voxel cube laid out layer by layer, starting with the top layer first. The image 

in this display represents the voxel fiber structure, where blue is the fiber and green is the cell. 

 

Figure 12 — The same voxel layer breakdown as shown in Figure 11, with data directly from 

the comma separated output file displayed in Excel using conditional formatting. 



 

53 

 

This same display format can also be utilized to display concentration heat maps of the output 

data. For the concentration data, a new dimension for time must also be accounted for. This 

is done by repeating the format displayed in Figure 12 vertically for each output time. 

Figure 13 provides an example of the transport from the fibers to the interstitial fluid and 

eventually to the cells and surrounding vasculature. In the concentration heat map, red 

represents high concentration and green represents low/zero concentration.  

In this example output, the MECH was created to exacerbate certain characteristics to help 

demonstrate certain effects in the model. Figure 13 shows that initially all the concentration 

of the COI is bound up in the fiber structure. As diffusion begins, the concentration begins 

leaving the fiber (yellow gradient).  The cell shape (green in the middle of the yellow on the 

left side of the top layers) becomes apparent in the earlier time steps as the concentration 

gradient forms around it. This is because cellular uptake and cell to cell diffusion (D = 5.0 x 

10-7 cm2/s) are slower than the diffusion through the interstitial fluid (D = 3.0 x 10-5 cm2/s). 

By the five-minute (300 s) mark, the effects of the vascular sink (which is on the front face 

of the cube or the lower edge of the output file) become apparent as a gradient forms across 

the cube (green on the bottom up through the yellow gradient). After one day (86,160 

seconds), the concentration gradient has mostly left the interstitial fluid to the sink, and the 

remaining concentration is bound up in the cell and fiber (the two yellow circles).  
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Time (s) Concentration Output (g/cm3) 

t = 0 

 

t = 1 

t = 2 

t = 3 

t = 4 

t = 5 

t = 6 

t = 7 

t = 300 (5 min) 

 

t = 86160 (1 day) 

 

Figure 13 — Example output from a representation fiber transport diffusion model, using the 

fiber structure in the example for Figure 12. The diffusion parameter for this simulate were 

modified to highlight different features. 
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3 Results and Discussion 

The simulation results presented here demonstrate the effectiveness of the modeling system 

created for this project. This section tests and explores the functionality of both the fiber 

generation model and the fiber diffusion model.   

3.1 Fiber Generation Model 

3.1.1 Fiber Scaffold 

The main purpose of the fiber generation model is to create the representative three-

dimensional fiber scaffold and convert it to the voxel form that feeds the fiber diffusion 

model. The parameterization for the scaffolds used for testing are based on the fiber 

characteristics defined under the methods sections. Figure 14 below shows a comparison 

between simulated fiber scaffolds and the SEM image of the scaffold that the characteristics 

were obtained from.  

 SEM Image Simulated Scaffold 
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Figure 14 — Side-by-side comparison of the SEM images and the simulated scaffolds. The top 

row is the scaffold definition for PLGA Scaffold 1 with a 25 µm x 25 µm cross sectional area. 

The image source is Bashur, et al. [32], and is used with permission from Elsevier.  The second 

row is the scaffold definition for PCL Scaffold 2 with a 25 µm x 25 µm cross sectional area; the 

image source is Bashur, et al. [45]. 
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3.1.2 Fiber to Voxel Conversion 

The output from the fiber generation model seems to produce results that strongly resemble 

the original SEM image; however, it is difficult to quantify how well they compare, 

especially since it is based on a two-dimensional image. Regardless of how well the fiber 

generation model can render the three-dimensional model, it would not provide any benefit 

if it were not able to convert that to the voxel form while preserving the details. There is a 

careful balance between creating a system with too low of a voxel resolution and too high of 

a voxel resolution. If the voxel resolution becomes too low, then one will not be able to 

match the contours of the objects very well. Conversely, if the resolution is too high, one 

runs the risk of exponentially increasing the domain size and the computational burden that 

is associated with it. This could mean the difference in running the fiber diffusion transport 

model in a few minutes to a few hours or even days. Figure 15 shows the comparison of the 

15 µm x 15 µm x 15 µm three-dimensional rendering for the Scaffold 1 (S1) definition and 

the voxel representation of it after conversion. Also, included in this image is a superimposed 

image for direct comparison. 

To assess the effectiveness of the method created to convert the rendered objects to voxels, 

conversion to voxel form was evaluated at several variations of voxel resolution. Each was 

evaluated on both the scaffold definitions PLGA Scaffold 1 and PCL Scaffold 2.  Table 1 

shows a comparison of the rendered fiber volume and the voxel fiber volume. Similar to the 

results of Torres, et al. [44], a loss of fidelity with large voxel size was observed. Also 

observed for smaller voxel sizes was an increase in error of the fiber volume. Torres, et al., 

attributes this to an error in composition determination within the voxel.  For the simulations 

performed using the scaffold definitions outlined in the methods section, a voxel resolution 

of 0.5 µm was selected. 
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Figure 15 — This a 15 µm x 15 µm x 15 µm representation of the PCL Scaffold 2. This 

figure shows the comparison of the original of the 3D rendering to the voxel 

representation. The voxel resolution was 0.5 µm. Each row of this figure provides a view 

from a different angle. 



 

58 

 

Table 10 — Comparison of Total Fiber Volume Between Rendered Scaffold and Voxel 

Scaffold  

Scaffold 1 

Diameter 

(µm) 

Dia. Std. Dev 

Deviation (µm) 

Voxel 

Res. (µm) 

Render 

Volume 

(µm3) 

Voxel 

Volume 

(µm3) 

Dia. / 

Voxel 

Res 

Rendered to 

Voxel Volume 

Ratio 

0.76 ±0.36 1.0 1017.82 832.00 0.76 0.81 

0.76 ±0.36 0.5 1021.33 819.00 1.52 0.80 

0.76 ±0.36 0.25 1017.96 809.22 3.04 0.79 

0.76 ±0.36 0.1 1022.88 789.89 7.60 0.77 

Scaffold 2 

Diameter 

(µm) 

Dia. Std. Dev 

Deviation (µm) 

Voxel 

Res. (µm) 

Render 

Volume 

(µm3) 

Voxel 

Volume 

(µm3) 

Dia. / 

Voxel 

Res 

Rendered to 

Voxel Volume 

Ratio 

2.9 ±0.6 1.0 1015.37 797.00 2.9 0.78 

2.9 ±0.6 0.5 1015.88 890.25 5.8 0.87 

2.9 ±0.6 0.25 1152.53 878.84 11.6 0.76 

2.9 ±0.6 0.1 1027.63 812.74 29.00 0.79 

Scaffold 3 (reduced fiber volume fraction to 0.1) 

Diameter 

(µm) 

Dia. Std. Dev 

Deviation (µm) 

Voxel 

Res. (µm) 

Render 

Volume 

(µm3) 

Voxel 

Volume 

(µm3) 

Dia. / 

Voxel 

Res 

Rendered to 

Voxel Volume 

Ratio 

1.5 ±0.31 1.0 108.17 97.00 1.5 0.89 

1.5 ±0.31 0.5 119.20 107.5 3.0 0.90 

1.5 ±0.31 0.25 101.61 92.70 6.0 0.91 

1.5 ±0.31 0.1 113.88 100.92 15.0 0.88 
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The high percentage of fiber volume loss on conversion of the rendered objects to voxel form 

can likely be attributed to overlap amongst the rendered fibers. The total render volume is 

calculated from the sum of the individual fiber volumes, whereas the voxel volume is the 

sum of the voxels labeled as fiber voxels. Since each voxel is only counted once, when 

multiple fibers overlap a single voxel, the voxel volume is only counted once. For this reason, 

it was believed that fiber volume of the rendered scaffolds was an over estimation of the total 

fiber volume. To see if this was indeed true, the Scaffold 3 parameters were run using a 

reduced fiber volume fraction value of 0.1 instead of 0.4. This was done to create scaffolds 

with little or no fiber overlap. As the rendered to voxel volume ratio reflects, this helped 

improve the preservation of the fiber volume and confirmed that low rendered voxel to 

volume ratio for the S1 and S2 comparison was due in part to the fiber overlap.  

3.1.3 Model Fiber Orientation 

The fiber orientation and organization plays a critical role in both the scaffold characteristics 

and cell behavior. The ability to control these parameters, and replicate them in the model is 

crucial for the development of tissue engineered scaffolds. Figure 16 shows the recreation 

of the fiber orientation distributions outlined in  

When generating scaffold structures using randomly placed and oriented cylinders one must 

be careful to choose the appropriate random regime . There are several different mechanisms 

that can describe the randomness of straight line paths through convex bodies. For example, 

surface radiator randomness (s-random) has a secant defined by a point on the surface of 

body and a direction which obtained randomly from independent uniform distributions; 

interior radiator randomness (I-random or ν-random) where the chord is defined by a point 

in the interior of the body and a direction, both from independent uniform distributions; mean 

free path randomness (µ-random) where the secant is defined by a point on a fixed plane and 

its direction with respect to the plane. Research emphasizes the usage of the µ-randomness 

mechanism when dealing with the placement of random lines in space, especially while 

replicating natural scaffolds that are truly random and exhibit uniform porosity . The work 

outlined for this thesis focuses on manufactured scaffolds (i.e., electrospun) that are not truly 

random but have some level of organization that is characterized using the angular standard 

deviation. To recreate these structures a variation of the I-randomness mechanism was 
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utilized where the chord direction did not use uniform distribution, but instead used a von 

Mises distribution to approximate the angular standard deviation .  

Fiber Orientation section. 

 1-D 

 

 2-D 

 

 3-D 

 

Figure 16 — The FSG output for three fiber orientation distributions: 1-D, 2-D, and 3-D, as 

described by Tomadakis and Robertson [29]. 

Additionally, fiber orientation affects other scaffold properties such as porosity, pore 

volume, and density. Figure 17 helps visualize some of the effects that variations in fiber 

orientation has on these parameters. The organization of a fiber structure is determined by 

the randomness of the fibers with respect to one another. In these images, the fiber scaffolds 

with higher angular standard deviations have more randomness in the individual fiber 

orientation which creates more space around each fiber and the adjacent fibers. Ultimately, 

fiber alignment directly effects how the porosity of the scaffold. When the fibers are more 

aligned with respect to one another (i.e., smaller angular standard deviation), they can be 

more densely packed. Resulting in a lower porosity because there is less space between 

adjacent fibers.  
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Figure 17 — Scaffold renderings for four different fiber angular standard deviation 

values range from highly randomized to aligned. The fiber characteristic parameters 

for these images are defined by Scaffold 1, with exception of the angular standard 

deviation. The angular deviations used were 52.5°, 30.0°, 10.0°, and 0.0°. 

3.2 Fiber Diffusion Transport Model 

3.2.1 Diffusion Validation 

Internal evaluation of the model was performed to verify the model algorithms were properly 

developed and that the diffusion rate equations were implemented correctly. For the purpose 

of testing, a specialized voxel domain was created. The domain was 1 µm x 1 µm x 100 µm; 

at one end of the domain space a “fiber” voxel was created; and the rest of the domain was 

considered interstitial. The transport boundary equations for the all the interaction types were 

defined as a simple Fick’s Law (Equation Index 4 under Transport Definitions) with all the 

52.5° 30.0° 

10.0° 0.0° 

Highly Randomized 

Highly Aligned 
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diffusion coefficients set the same. This forced the system to apply the same diffusion rate 

throughout the column. The test model was run using multiple COIs covering a range of 

diffusion coefficients. Table 11 provides the list of COIs and their associated diffusion 

coefficients. For each simulation, the model was run until diffusion carried the COI across 

the 100 µm, and a concentration was observed on the far end of the domain space. The 

diffusion times for each of these runs is listed under the “Simulated Time (s)” column in 

Table 11.  

Table 11 — Diffusion Rate Testing at 100 µm 

COI 
Diffusion 

Coefficient (cm2/s) 

Expected 

Time (s) 

Simulated 

Time (s) 

Fractional 

Error 

H+ 9.31 × 10-5 0.54 0.66 0.22 

Na+ 1.33 × 10-5 3.76 5.00 0.32 

CO 3.00 × 10-5 1.67 1.82 0.09 

Albumin 5.30 x 10-6 9.43 11.00 0.17 

Hemoglobin 6.90 × 10-7 72.46 75.00 0.35 

DNA 1.30 × 10-8 3846.15 4307.00 0.22 

 

To validate these runs, Einstein’s approximation equation for diffusion time was used to 

calculate the expected times. This equation is a finite difference solution for approximating 

the time it takes a given molecule to diffuse an average distance in one dimension. Equation 

3.2.1 shows that the diffusion time increases with the square of diffusion distance. 

𝒕 ≈
𝒙𝟐

𝟐∗𝑫
          3.2.1 

In all cases, the model showed slightly slower diffusion rates across the 100 µm range.  

However, the error between the expected and the simulated time is reasonably small and can 

possibly be attributed to systematic error. This could possibly be an artifact of the 

computation methods used to solve the system. The faster rates of diffusion create a much 

stiffer computational solution space that must be solved. To keep runtimes reasonable, the 
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model must solve this stiff solution space by either loosening the tolerances or significantly 

reducing the time step of the solver. The reduction in step size could be so significant that 

the runtime will be impractical; however, loosening the tolerances introduces slight errors 

into the system. Concessions are made in both cases, allowing for a solvable solution space.  

3.2.2 CO in Scaffold 1 (CO:S1) 

A run was created for carbon monoxide using the scaffold definition for Scaffold 1 and the 

carbon monoxide MECH parameters. The fibers in the scaffold were homogenously loaded 

at an initial concentration of 0.00536 g/cm3. The domain space for this simulation was one-

day of transport time using a 10 µm x 10 µm x 10 µm grid with a 0.5 µm voxel resolution. 

The simulated scaffold is shown below in Figure 18.  

Due to the fast nature of CO diffusion in the scaffold, the initial changes in the system happen 

rapidly. The initial concentration is bound up in the fibers and released quickly into the 

interstitial fluid, creating a spike in the interstitial concentration within the first five seconds 

of starting the simulation. Figure 19 shows that around the 10 second mark, the system 

begins to relax and things begin to change less rapidly. By two minutes, the effects of the 

surrounding vasculature become apparent, and by about 10 minutes the system is mostly 

driven by the loss of cellular consumption and the surrounding vasculature. 

 

Figure 18 — Simulated Scaffold for CO:S1 1 at 10 µm x 10 µm x 10 µm grid with a 0.5 µm voxel 

resolution. 
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Figure 20 gives a summary of the concentration heat map across time. Since transport of 

CO happens relatively quickly regarding all the boundary definitions used in this simulation, 

CO is dispersed throughout the system within the first five seconds. Within the first second 

of transport, both the cells and the interstitial fluid already contain, on average, five percent 

of the initial CO concentration in the system. One hour after the initial release, the effects of 

the surrounding vasculature become visually apparent. At this time, over 85% of the original 

concentration has already been removed from the system into the surrounding vasculature, 

and the cell concentration is about 20 times greater than the interstitial fluid. After six hours, 

less than one half of one percent of the initial concentration of CO remained in the fiber, and 

90% of was transported to the surrounding vasculature. 
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Figure 19 — The total concentration (top) and average concentration (bottom) profiles for 

CO:S1.  
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Time (s) Concentration Output (g/cm3) 

Voxel grid 
 

t = 0 

 

t = 1 

t = 5 

t = 30 

t = 3600 (1 hr) 

t = 21600 (6 hr) 

Figure 20 — A summary of the concentration heat map for CO:S1. 

Given a fiber scaffold loading 0.2% w/w CORM / PLGA, the initial concentration in the 

fiber would be approximately 0.00536 g/cm3 (as shown in Figure 19, Average 

Concentration). As a result of this release value, the average concentration in the cell for this 

fiber scaffold at saturation levels appears to be around 1.01 x 10-3 g/cm3. Determining the 

effects of this concentration at the cellular level is difficult. Studies show that the borderline 

safe level of CO inhalation is approximately 500 ppm [1]; however, translating this value to 

a dosage at the cellular level is complicated.  In fact, a search of the literature returned no 

methods to derive cellular concentration from an inhalation quantity (for CO or any suitable 

surrogates). It is hoped that future laboratory work and further development of this model 

will provide insight into understanding the correlation between inhalation levels and cellular 

concentrations.  

3.2.3 Albumin in Scaffold 1 (ALB:S1) 

A run was created for albumin using the scaffold definition for Scaffold 1 and the albumin 

MECH parameters. The fibers in the scaffold were homogenously loaded at an initial 

concentration of 0.00536 g/cm3. The domain space for this simulation was 29.5 days of 

transport time using a 10 µm x 10 µm x 10 µm grid with a 0.5 µm voxel resolution. The 

simulated scaffold is shown above in Figure 18.  
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Time 

(days) 
Concentration Output (g/cm3) 

Voxel grid 
 

t = 0 

 

t = 1 

t = 5.5 

t = 15.5 

t = 29.5 

Figure 21 — A summary of the concentration heat map for ALB:S1. 

The diffusion for albumin is slow compared to what was observed for CO. The concentration 

heat map (Figure 21) shows that most of the system concentration remains bound up in the 

fiber after 36 hours. While the concentration and time dependent profiles for CO:S1 (Figure 

19) and ALB:S1 (Figure 22) are significantly different, it is worth noting that in both 

scenarios the cell reaches saturation at the same time the interstitial fluid concentration reach 

maximum levels. For CO, the quick release from the fibers causes the interstitial 

concentration levels to quickly spike (until the surrounding vasculature begins removing it 

from the system), whereas the slow release of albumin causes the interstitial fluid levels to 

be driven by an equilibrium between the release rate and the loss to the surrounding 

vasculature. Another interesting thing to note is that the difference in the cellular saturation 

level is approximately 1 x 10-2 g/cm3, which is also the difference in cellular consumption 

rate between the two runs.  
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Figure 22 — The total concentration (top) and average concentration (bottom) profiles for 

ALB:S1.  
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3.2.4 Effects of Fiber Axes Orientation: CO:S1 Rotated 90° (CO:S1_90) 

This simulation is almost identical to the CO:SC1 simulation except for the axes orientation 

of the fibers. In CO:SC1, the fiber axes orientation was parallel to the surrounding vascular 

face, wherein CO:S1_90, the fiber axes orientation is perpendicular to it. Figure 23 shows 

the difference between the two scaffolds being used for the comparison.  

  

Figure 23 — A comparison between the scaffolds used for CO:S1 (left) and CO:S1_90 (right). 

The vascular face is for this image is coming out of the page. 

While a visual comparison of the concentration heat maps from CO:S1 (Figure 20) and 

CO:S1_90 (Figure 24) do not appear to be significantly different from one another, an 

analysis of the raw concentration data shows that there is a variation between the two 

simulations. Figure 25 shows that the scaffold with the fiber axes orientation parallel to the 

vascular face has a delayed response to vascular uptake. This means that the concentration 

remains in the domain longer for CO:S1 when compared to CO:S1_90. Figure 25 shows 

that the fiber concentration was 15% lower for CO:S1_90 and the interstitial fluid 

concentration remained lower for approximately six hours. These differences result in a five 

percent difference in the cellular concentration levels, with CO:S1_90 having a lower 

concentration.  
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Time (s) Concentration Output (g/cm3) 

Voxel grid 
 

t = 0 

 

t = 1 

t = 5 

t = 30 

t = 3600 (1 hr) 

t = 21600 (6 hr) 

Figure 24 — A summary of the concentration heat map for CO:S1_90. 

 

Figure 25 — A comparison of the average concentration between CO:S1 and CO:S1_90. 

Since the axes orientation of the fibers in CO:S1_90 are parallel to the vascular faces, 

diffusion occurs between the channels of the fiber planes. In Figure 24, channels of higher 

concentration can be seen forming pathways to the vascular sink even at one second. The 

particle diffusion work of Stylianopoulos, et al. showed agreement with these results, where 
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they demonstrated that the diffusion occurred faster in the preferred direction of the fibers. 

By contrast, in CO:S1, the fiber structures disrupt this diffusion, forcing it to diffuse around 

the objects, and ultimately slowing down diffusion into the vasculature. 

3.2.5 Effects of Fiber Diameter: CO Scaffold 2 (CO:S2) & Scaffold 3 (S3) 

The main difference in the scaffold definition between S1 and S2 is the fiber diameter. S3 

has a fiber diameter that falls between the diameter used in S1 and S2, but it also has 

increased fiber orientation and volume fractions. One thing to note is that the difference in 

fiber diameter significantly reduces the number of fibers required to achieve the fiber volume 

fractions. This contrast is shown in Figure 26. 

   

Figure 26 — A comparison between the scaffolds used for CO:S1 (left), CO:S2 (middle), and 

CO:S3 (right). 

The larger fiber diameter slows down the release of the CO from the fibers because it must 

diffuse through the fiber longer before it can enter the interstitial fluid. This is apparent by 

comparing the fiber concentration between Figure 20 and Figure 27 at t = 21600 s (6 hr), 

where S2 shows a much higher concentration is still bound up in the fibers. This observation 

will only hold true in scenarios where the fiber structural integrity remains intact and 

degradation does not occur. Certain fiber materials naturally breakdown overtime within the 

body through heterogeneous degradation where hydrolytic degradation or autocatalysis 

occurs. Typically, autocatalysis occurs in acid materials which can cause faster decay inside 

the fiber than the exterior. This degradation form nanosized channels throughout the fiber 

scaffold that allow the COI to be released and enter the interstitial fluid much faster than if 

it were traveling through the fiber material itself.  In turn, this causes an increased release 

rate that would not correlate with the results found in this study. In these cases, the model 



 

72 

 

MECH would be updated to handle the autocatalysis of larger fiber diameters. Travel 

through the nanopores would likely be a function of Knudsen diffusion and may need to be 

handled independently from the rest of the system. 

Time (s) Concentration Output (g/cm3) 

Voxel grid 
 

t = 0 

 

t = 1 

t = 5 

t = 30 

t = 3600 (1 hr) 

t = 21600 (6 hr) 

Figure 27 — A summary of the concentration heat map for CO:S2. 

Figure 29 confirms this by showing the slow change in the fiber concentration in time 

between S1 and S2. The effects of a decreased release rate also means that the interstitial 

fluid concentration may not have the same magnitude of the initial concentration spike, but 

it does cause a more sustained release and a long term increase in interstitial fluid 

concentration. In spite of the significant changes in the fiber and interstitial fluid 

concentration, after about 300 seconds, the cellular concentration is nearly identical between 

the two simulations. Although the accumulation of concentration is slower in the S2 scaffold, 

eventually the system reaches similar saturation levels within the cells. However, S3 shows 

something a bit different. The cellular saturation level is a bit higher. In Figure 28, it appears 

that this could be attributed to a couple of different contributing factors. First, the interstitial 

concentration is somewhat elevated, which will drive the saturation level in the cell up. The 

elevated concentration may be caused by the “wall” of fibers that surround the cell creating 

a barrier that slows the path of diffusion out to the vasculature. Another reason the S3 cell 

may have elevated concentration is because the cell is deeply nestled in the fibers, creating 

a greater surface area for fiber to cell interaction. Since the concentration in the fiber is so 

high and is going directly into the cell the concentration, it is not being diluted into the 

surrounding interstitial fluid. 
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t = 21600 (6 hr) 

Figure 28 — A summary of the concentration heat map for CO:S3. 

 

Figure 29 — A comparison of the average concentration between CO:S1, CO:S2, and CO:S3. 
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4 Conclusions  

The model system developed under this project was focused on providing researchers with 

a way to render a simulated three-dimensional fiber tissue scaffold with cells embedded in 

it, model the release of a bioactive compound of interest from the scaffold, transport that 

COI through the matrix via the interstitial fluid, and analyze the fate of that COI. In spite of 

this model system being in the early stages of development, it is already demonstrating the 

ability to distinguish differences in transport as a result of variations in the scaffold and COI 

parameters. It is even sensitive enough to shows differences due to the rotation of a highly 

random scaffold and fiber orientation.  

The first challenge was to develop a method for recreating fiber scaffolds from easily 

obtainable scaffold characteristic parameters. The parameters the current fiber generation 

model uses are the fiber diameter, fiber standard deviation, fiber orientation, and fiber 

angular standard deviation. With these parameters, the fiber generation is able to produce a 

simulated scaffold that strongly resembles the original SEM image that the characteristic 

parameters were derived from and it can create scaffold that fit all three of the fiber 

orientation distributions.  

The second challenge was to create a transport model that could handle the task of solving 

the diffusion system, while maintaining the ability of being highly adaptable. The fiber 

diffusion transport model uses LSODE to solve a large system of first-order diffusion ODEs. 

The creation of the MECH file and its supporting architecture allows the model parameters 

and transport equations to be easily reconfigured for modeling of new tissue engineering 

applications. The current run times of the transport model are a bit slow, and the domain 

space cannot currently handle a full recreation of the full fiber scaffold. However, the model 

is still able to provide meaningful results.   

Even in the small domain spaces, the model is demonstrating the effects due to variations in 

the run metrics. As expected, the model showed that aligning the axes of the fibers 

perpendicular to the vascular sink face resulted in faster diffusion out of the system. The 

model also showed that, with a standard diffusion based release profile, an increase in the 
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fiber diameter slowed the net release of the COI into transport medium. The differences 

between the diffusion extremes represented in testing (CO and albumin) were quite distinct. 

The CO runs showed that the level of CO in the system had dropped two to three orders of 

magnitude in less than two hours and the cells reached saturation level within a few minutes 

(where cellular consumption was driven by CO binding to heme). By contrast, the albumin 

system hardly lost any of the albumin even after 36 hours, and the cellular uptake had not 

even achieved saturation. As the model efficiencies improve, it would be nice to be able to 

carry out the albumin run over longer time domains to see how the system levels out.  

Perhaps the biggest hindrance for the existing model system is the computational runtime 

and the spatial/temporal domain scale. The runtime is a function of three things: the size of 

the system, the stiffness of the ODEs, and the duration of the simulated time. A significant 

increase in any two of these items will drastically increase the computational runtime. For 

CO, the rate equations were relatively fast, which ultimately created a system of stiff ODEs. 

This forced the domain space to be relatively small to allow the model run in an acceptable 

amount of time (6 - 18 hours on a Windows laptop).  The same is true for the albumin run. 

While the system was not as stiff, it requires a considerable length in the simulated time 

domain to observe any changes in the system which created long run times (24 - 48 hours). 

Additionally, the spatial domain in these runs did not exceed the ten-micron range. Ideally, 

the model should handle ranges more on the order hundreds of microns to reasonably convey 

a full scaffold structure. The solution to these problems are likely multifaceted. The model 

code will need at least some level of optimization to increase model runtime efficiencies. 

The computations could also be set up to run on High Performance Computing machines 

(HPC). If these modifications cannot allow the model to handle a large enough domain space, 

the full-scale tissue scaffold may need to be simulated using a multiscale modeling approach, 

where output of the current model would provide the Representative Volume Equivalents 

(RVE) for the next scale of the modeling system. 

Overall, the model system developed for this project provides an excellent foundation for 

future development efforts to expound upon. These development efforts can focus on 

increasing the model efficiencies and expanding capabilities. As researchers learn to 

understand the benefits of computational models, systems like this one will become 

extremely valuable components to future development efforts. 
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5 Future Work 

Since this model is all new development, the gap between the current capabilities and the 

future potential of the model is quite large. The current capabilities of the model include 

some of the critical components required to demonstrate the effectiveness of the model, but 

lack some of the sophistication to handle more complex systems. The future development 

efforts for the model can be broken down into five distinct categories. These categories are 

fiber scaffold generation, model efficiencies, release characterization, transport phenomena, 

and cellular response. 

5.1.1 Fiber Scaffold Generation 

The current FSG only allows for the creation of fiber scaffolds that have overlapping fiber 

members and it does not have any constraints on the amount of allowable overlap. In some 

circumstances, there may be constraints that do not allow for overlapping fibers. The fiber 

generation model should be expanded to allow the users to control the amount of allowable 

overlap. This can be done by implementing some of the methods outlined by Zhou, et al. 

[25] and incorporating u-randomness mechanism outlined by Tomadakis, et al. [27].  

Cell placement in the FSG also need some enhancements. The current cell placement method 

does not account for the effects on the cell from the surrounding fibers and conversely the 

cells effects on the fibers. As cells migrate through the fiber scaffold, distortion will occur 

on both the cell and fiber scaffold. The FSG should account for these distortions. This may 

be achievable through Blenders Soft Body Physics, but would need further exploration to 

see if it is possible.  

5.1.2 Model Efficiencies 

As mentioned earlier, the transport diffusion model runtime is a hindrance on the 

expandability of the model system. The model code should be profiled to determine where 

the most significant computational burdens occur in the code. These areas should undergo 

some level of optimization to increase model runtime efficiencies. LSODE, is well known 

for its abilities and level of accuracy, but it also known that it can place a significant 

computational burden on the system when run for large, stiff systems. Less robust solvers 
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may be another avenue to reduce runtime, but would need to be evaluated to see if they 

provide an adequate solution. Leveraging the power of HPCs will also provide benefits for 

reducing model runtime.  

If these modifications cannot allow the model to handle a large enough domain space, the 

full-scale tissue scaffold may need to be simulated using a multi-scale modeling approach, 

where output of the current model would provide the RVE for the next scale of the modeling 

system. This approach will likely only increase the overall model runtime as multiple 

systems will be run, but it may allow for expansion to larger spatial domains. 

5.1.3 Release Characterization  

The use of drug delivery systems in the transport model is limited to the simple diffusion 

or a bulk eroding polymer release fitting diffusion equation using the Erf function. The 

drug delivery methods are much more complicated than these two methods allow. New 

algorithms should be added to support different delivery methods capable of characterizing 

release profile spanning at least very fast, burst, controlled, and extended or long-term 

availability, as discussed by Bashur, et al. [1]. 

5.1.4 Transport Phenomena 

The current model only accounts for bulk diffusion; however, different diffusion regimes 

may play a role in the release and transport of COI material. For example, Knudsen 

diffusion, as outlined by Tomadakis and Rupani [46], maybe important in modeling the 

release of COI from large fiber diameters when degradation creates nanopores through the 

fiber scaffold. Modifying the model to handle the pore formation and incorporating 

Knudsen diffusion may be necessary to accurately simulate the effects of fiber degradation.  

One important environmental effect, not handled in the model, is an external pressure 

gradient or convective force that would drive transport across the scaffold. While this is not 

important for the area of research focused on in this project, it would be particularly 

important for trying to characterize the system for healthy tissue (where it is vascularized) 

or in circumstance where it may experience localized edema (hydrostatic pressure) [57].  
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5.1.5 Cellular Response 

While this work included a decay term that can be used to represent cellular consumption or 

perhaps chemistry, it is just a place holder until a more elaborate implementation can be 

incorporated.  The decay rate only allows for the addition of a loss term to a voxel and does 

not account for where that lost concentration goes, other than storing in a general sink for 

mass balance. Under certain conditions, the degradation products or byproducts from this 

decay process could have detrimental effects on long term cell viability. Tracking the fate of 

these products could be crucial for some systems.  

In some circumstances, it may also be important to understand the fate of the COI within the 

cell. The current model framework could be expanded upon to allow for new voxel type 

classifications that could represent cellular features such as mitochondria. This would allow 

for transport to occur through the cell (via cellular processes) and into the mitochondria, 

where it could be consumed by pathways such as cellular respiration.  

Perhaps, one of the more complicated model enhancements is the ability to simulate cell 

infiltration, proliferation, and death. The discussion in Cellular Response in a Diffusion 

Model begins to shed some light on the problems with modeling these effects on the fate of 

the COI, but what is not considered by those models is the physical reconstruction of the 

system because of them. Since the model developed for this project accounts for the spatial 

details and location of each cell, any change in the cell location, number, placement, etc., 

affects the spatial details within the model. That means the model must be able to 

dynamically change the voxel properties dynamically.   
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