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Abstract 

 

Cardiovascular disease is a predicament that affects the entire world. Complications arise 

due to inadequate blood supplied to the heart muscle, which leads to scar tissue formation 

and ventricular dilation. One of the proven methods to promote cellular regeneration is the 

implantation of seeded scaffolds using stem cell therapy. Electrospinning has been selected 

to manufacture scaffolds due to the providing a suitable structure to promote cultivation of 

cells. Each application requires a set of criteria to be met in a seeded scaffold. In cardiac 

applications, the mechanical properties and matrix structure need to align with the native 

tissue.  

In this thesis, the optimal process parameters to attain electrospun helical fibers are 

determined. Secondly, the material behaviors of helical scaffolds are examined under 

different loading schemes. Lastly, numerical modeling for the experimental data is 

evaluated.   
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Notations 

 

Ψ Strain energy density function 

𝐼𝑖 Invariant of Cauchy-green deformation tensor 

J Deformation tensor 

𝜆𝑖 Principal stretches 

𝜇0 Shear modulus 

𝜆m locking stretch 

𝜀 Strain 

𝜀 ̇ Rate of strain 

𝐽𝑒𝑙 Elastic volume ratio 

𝐾0 Bulk modulus 

𝐺∞ long term shear modulus  

𝜏𝑖 Relaxation time 
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1.  Introduction  

1.1 Cardiac failure impact 

Cardiovascular disease is a predicament, affecting approximately 26 million people globally 

each year [1]. In North America, variations of heart disease are the leading cause of death 

[2]. In the United States, one out of every four deaths are caused by heart disease, 655,000 

people per year [3]. As of 2016, 85.6 million adults Americans had at least one type of 

cardiovascular disease. During the same period, it was estimated that more than 6.2 million 

were living with some form of heart failure. Statistical analysis predicts that this will  

increase to up to 8 million by 2030 [1]. 

Heart failure costs healthcare an estimated US$108 billion globally per year, which 

accounts for 1-2% of global healthcare budgets. The spending is spread unevenly worldwide, 

with 28% of spending occurring in the United States, 7% in Europe, and the remaining 65% 

spread among the rest of the world [4]. This high cost is because heart failure is the leading 

cause of hospitalization in both North America and Europe, accounting for 1 million 

admissions. Patients with preliminary diagnosis of heart failure account for 1-2% of patient’s 

admissions. Meanwhile early post-discharge mortality and readmission rates have remained 

constant [5]. 

Life as a heart failure patient is difficult; patients suffer decreasing quality of life. 

Some therapies can provide varying degrees of improved quality of life, but many patients 

still experience recurring hospitalizations [4]. Many studies have examined the effect of 

exercise on heart failure patients and have concluded that anaerobic exercise has to be 
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tailored to the patients, which in turn complicates the recovery process [6]. Moreover, older 

patients generally face difficulties in exercise due to reduced mobility [4]. 

1.2 What is cardiovascular disease and heart failure? 

Heart failure is a complex syndrome that does not have a clear diagnostic path. Many 

symptoms or causes combined can lead to heart failure [7]. Heart failure may be defined as 

a pathophysiological state at which adequate amount of blood to supply the body is not 

delivered to the heart [8]. The main cause of blood delivery restriction is due a partial 

blockage of the artery as seen in figure 1.1. Due to blood delivery restriction to a certain 

group of cells cardiomyocyte and endothelial cell death occur rapidly. Furthermore, cell 

death triggers an inflammatory response and subsequently cytokine secretion. The following 

phase is spread of cell death and a mild natural cardiac regeneration effort is commenced. 

The last phase, which leads to heart failure, is the scar tissue formation leading to excessive 

stiffening of cardiac tissue and left ventricular dilation [9]. The phases of heart failure are 

summarized in figure 1.2. 
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Figure 1.1 (a) Deceased cardiac tissue due to a heart attack, (b) blocked artery restricting blood flow and thus oxygen 

deliveredit captiony to the tissue [3]. 

 

Figure 1.2 Three phases of myocardial infraction;the three phases may be summarized as: inflammatory phases, 

proliferative phases, and maturation phases [9]. 
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Cardiac muscle is different from other skeletal muscles in the human body. While 

conventional skeletal muscle undergoes a degree of regeneration, the cardiac muscle 

regeneration rate is significantly lower [10], [11]. Due to lower cellular regeneration of the 

cardiac muscle, it was observed that the rate is insufficient to achieve complete recovery [8]. 

Along with one of the methods mentioned earlier, the scientific community agreed that 

another approach is necessary. From this, a novel branch of research named Tissue 

Engineering (TE) was derived. Electrospinning is one of the most popular techniques 

utilized in TE, and this method has been selected to meet the research objectives here. 

1.3 Research objectives 

This thesis aims to develop a better understanding of the behavior of electrospun helical 

fibers for cardiac tissue engineering. The objectives are met through multiple studies, each 

designed to fulfill one of them. The specific research objectives are:  

i. Optimize electrospun helical fiber production. 

A parameter sensitivity study is conducted to examine the effect of the varying process 

parameters. The objective of the study is to optimize the helical fiber production. Fibers 

are characterized using an optical microscope and an image analysis software to 

determine the fiber morphologies and diameters. 

ii. Characterize the behavior of helical fibred scaffolds.  

Scaffolds are prepared based on the optimal parameters obtained from the sensitivity 

study. Samples were processed for testing using a Rheometer with tensile fixtures. A 

comparison between electrospun samples and solid polymeric samples are conducted to 
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determine the properties more akin to the native cardiac tissue. Three different loading 

schemes was used to determine the stress relaxation, recovery and softening. Sample 

recovery after conditioning was also explored after 24-hour recovery period. Finally, 

coupons are tested to failure to examine the material response,  

iii. Develop a numerical model to predict the scaffold response under different 

loading conditions. 

The hyperelastic behavior of the material attained from mechanical characterization was 

evaluated against existing theoretical hyperelastic models. Stable models for each case tested 

is analyzed with respect to the experimental data to determine the accurate models. 

Furthermore, experimental viscoelastic response is utilized to establish a theoretical model 

using Pony series functions.  

1.4 Thesis outline 

Chapter 2 expands on the literature review, including tissue engineer (TE) field, the 

methods utilized in TE. This chapter also covers the criteria to achieve a successful scaffold. 

The electrospinning technique has been selected as a suitable method to address the research 

questions raised, which are highlighted in intensive literature review in the following 

subsection. Understanding the mechanical properties of the native heart tissue is crucial to a 

scaffold with similar mechanical properties to the heart; this is also covered in the literature 

review. The methodology for the studies conducted are outlined in Chapter 3. Results of 

studies conducted focusing on the manufacturing of the helical fibered scaffold are stated 

and discussed in Chapter 4. The chapter is divided into studies, a sensitivity study and a 

temperature-controlled study. Chapter 5 highlights the behaviour characterization of the 
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helical electorspun scaffolds. Chapter 6 discusses the numerical modeling of the scaffolds. 

The accuracy of the of the model compared with test results are stated in the chapter. 

Conclusions and future remarks are provided in Chapter 7. 

.
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2.  Literature review 

2.1 Introduction to tissue engineering 

Tissue engineering is a developing field that involves both principles of engineering and life 

sciences. The main objective of utilizing this discipline is to develop an engineered method 

to aid with recovery, maintenance and improvement of native tissue [12]. This discipline 

emerged out of the lack of donor organs and the various complications related to a 

transplanting procedure [13]. Researchers have explored various methods to achieve the 

objectives outlined. Cardiac tissue engineering research can be divided clearly into paths. A 

group of researchers aims to increase the level of cardiac muscle repair through stem cell 

therapy [14]. Meanwhile, another research path is examining the effects of utilizing various 

materials to promote cardiac tissue repair [15]. A more prevalent method is to develop a 

scaffold for cell seeding. Scaffolding cells has been widely successful in promoting 

regeneration of different types of human tissues via seed cells on scaffold, the most common 

of them being human bone tissues [16]. The same path has been adapted for cardiac muscle 

regeneration. A recent study was successful in stimulating and producing cardiac patches 

made from biomaterials [17].  

2.2 What is a scaffold? 

A scaffold is an engineered patch that allows the seeding of a stem cell derived 

cardiomyocytes. The materials of the scaffold can vary widely depending on the production 

method of the scaffold. Although, most of the materials used in Tissue Engineering have the 

same basic criteria, they vary from polymers to hydrogels [18]. The basic objective of a 
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scaffold is to mimic the cell environment or extracellular matrix (ECM). With the goal 

defined clearly, the engineering process needs to consider various aspects and design 

elements to achieve a functional scaffold, which can be visualized in figure 2.1 [17]. Design 

elements can be met by using different manufacturing techniques and solutions. 

 

Figure 2.1 Seeding scaffold with stem cells obtained from cardiomyocytes for the scaffold to be utilized in in-vivo 

implantation [19]. 

 

2.3 Successful scaffold criterion 

A cardiac scaffold has set off criteria in order to be successful in terms of witnessing 

sufficient cellular growth for implantation. While achieving cellular growth is crucial, other 

criteria are also essential for a successful scaffold. The materials utilized in the fabrication 

technique must be biocompatible, and depending on the application, the material must be 
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biodegradable as well. There are some significant advantages of utilizing tissue engineering 

for cellular based transplantation approach. One of the major advantages, is providing a 3D 

environment that mimics the natural Extra Cellular Matrix (ECM) of the cardiac tissue. The 

environment of the scaffold should provide some key aspects for the cardiac cells, which 

can be seen in figure 2.2 [20]. 

 

Figure 2.2 Bottlenecks encoutred in cardiac tissue engineering [20]. 

Achieving an ECM environment in a scaffold is the main challenge facing the 

scientific community now. A fibrous structure has been identified to be crucial for cell 

organization, survival, and function of the cardiac cells. Developing a successful scaffold 

environment should allow the seeded cardiac cells to mature and grow by supplying 

nutrients to all layers of cells and scaffolds; this is known as vascularization. Achieving a 
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fully vascularized scaffold between the various layers of scaffold is still a challenge. Most 

of the contribution can be classified under two methods.  

The first method utilizes a patterned sample mold to shape the scaffold accordingly 

[21]. The other methods follow a post processing procedure, in which the scaffold was 

modified post-production to incorporate channels and vents to allow the flow of nutrients 

[22]. Another aspect to consider is to manufacture a scaffold with an environment that allows 

for electromechanical integration or conductivity between the cells. The cells develop 

electromechanical integration within the scaffold, which in turn leads to integration between 

the scaffold and the cardiac muscle.  It was suggested that aligned structures promote higher 

levels of cardiomyocytes development and maturity[23].  

2.4 Electrospinning in tissue engineering 

Electrospinning, with all its numerous modifications and setup variations, has been used in 

the field of tissue engineering for a long time. While its applications are not limited to solely 

organ regeneration, it also has been utilized in tissue repair, with scaffolds for skin repair 

application being the most common application. The versatility of this process is the reason 

why it can be widely molded to a variety of applications, with minor modifications to the 

technique and parameters. Moreover, electrospun scaffolding has the advantage of being 

easily manipulated with several post-processing procedures. Modifications done to the 

scaffolds may include nanoimprinting lithography and laser ablation. These modifications 

are done to the scaffold to increase the cell and nutrient infiltration in the scaffold [24]. 
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This technique has several advantages beyond the wide adoption seen in the TE field. 

One advantage unique to electrospinning is that the fibrous scaffold provides a similar 

structure to the natural ECM found in most native tissues, ranging from bone to cardiac 

muscle [24]. A study highlighted the functions of a native ECM to cells and compared them 

to engineered scaffolds, with the several core functions of ECM being fulfilled by the 

scaffolds. The functions can be divided into several crucial roles of architecture, biological 

and mechanical properties [17]. 

2.5 Electrospinning in cardiac TE applications  

The literature has explored various methods to manufacture electropsun cardiac scaffold to 

achieve a cardiac patch with a higher success rate. Selection of the polymer is the first step 

when it comes to designing an engineered scaffold. Electrospinning materials may be 

classified as natural or synthetic materials. The advantage of utilizing natural materials is 

the environment provided by the scaffold resembles the natural environment for the cells 

and thus increases the probability of them to cultivate and develop. However, most natural 

materials are expensive and not readily available. Another disadvantage of natural materials 

is that they tend to be physically and chemically unstable. Synthetic materials are more 

stable, cheaper, and readily available. The properties of synthetic materials can be tailored 

according. Various properties may be manipulated include mechanical properties, toxicity, 

biocompatibility, and degradability.  

A major disadvantage in synthetic materials is the lack of natural essential cues 

present in natural materials, which hinders their performance regarding cell seeding and 

tissue organization [25].  A review paper has compiled an intensive summary about both 
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types of materials and stated their respective advantages, disadvantages and common 

applications [26].  

Another aspect for scaffolds to obtain similar structure is fibre diameter alignment 

with native tissue structure. It was observed via Scanning Electron Microscopy (SEM) that 

the heart muscle structure can be classified into three distinct fibre types, each with a unique 

function. The outer fibre is Parietal pericardium (Epimysial fibres), which surrounds the 

entire heart muscle with the function of preventing excessive stretching. Following that is 

the Epicardium (Perimysial fibres), the main function of this type of fibre is to connect 

adjacent muscle bundles and is responsible for the anisotropic contraction of the heart.  

           Lastly, there is the Endocardium (Endomysial fibres), which are small fibrils that 

surround the cardiomyocytes. Each type of fibre has a unique diameter size. The average 

fibre diameters with highest percentage of natural presence are 0.15 µm for Endomysial 

fibres, 1.5µm for Perimysial fibres and 2.5 µm for Epimysial fibres.  

The authors conducted a study examining a scaffold based on each diameter of the 

native tissue structure and concluded that Epimysial fibres promoted CMs spreading and 

proliferation, while scaffold based on Endomysial fibres provided mechanical structure in 

line with the native cardiac tissue. Thus, it was suggested that a hybrid scaffold with fibre 

diameters between Epimysial and Endomysial fibre sizes is the optimal size to facilitate cell 

growth and vascularization [27].  
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Figure 2.3 Schematic representing the role of Epicardium during the cardiac muscle (a) diastole and (b) systole [28]. 

A crucial point that is often overlooked when manufacturing electrospun engineered 

scaffold is the mechanical properties of the scaffold. Scaffold with similar properties to the 

native tissue will lead to higher probability of success. The properties of the scaffold can be 

controlled by manipulating the fiber structures of the scaffold and selecting suitable 

materials. While a hybrid solution, combining both natural and synthetic material will 

provide relatively comparable properties and suitable environment for the cells to cultivate 

[29]. The most common method of altering the fiber structure to achieve better cellular 

alignment is substituting the flat collector to a rotating drum collector. Utilizing a rotating 

collector will lead to aligned fibers [30]. A highly aligned fiber structure will result in an 

aligned cellular structure and thus leading to anisotropic beating of the cultivated 

cardiomyocytes. However, natural aligned synthetic fibered scaffold result in larger stiffness 

value range from 50MPa to 4,000MPa when compared to the native tissue with a stiffness 

(a) (b) 
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range of 200kPa to 500kPa [31]. This leads to a conclusion that random oriented fibers offer 

a more suitable stress range for cardiac scaffolds.  

Native cardiac tissue expands up to 20% of its sedentary size during the systole 

segment of pumping blood, with a rate up to 200 beats per minutes. Due to the anisotropic 

nature of the muscle, the force is generated and engineered scaffolds needs to withstand the 

generated force [25]. A recent study concluded that straight fiber does not provide adequate 

stretching to meet the natural cardiac tissue criteria and thus explored helical fiber 

production and adaptability for cardiac TE application, implementation of helical fibers in 

scaffolds can be seen in figure 2.4 [28]. Furthermore, the literature has explored various 

modifications to the electrospinning process to manufacture helical fibers for different 

applications. The modifications focused mainly on alternating the collector to generate a 

buckling force [32]. Due to the buckling phenomena being unpredictable and the 

electrospinning process being a random process in nature, obtaining a scaffold of entirely 

helical fibers is a challenge.  

Nevertheless, some parameters may be altered to increase the buckling probability 

in the process. A study explored the effects of some parameters on the buckling of fibers. 

The author concluded that two types of buckling patterns may be observed, two dimensional 

and three dimensional and both patterns are influenced by the distance that the fibers travel 

before deposition [33]. Another study demonstrated that the effect of increasing the polymer 

concentration in electrospinning solution led to an increased helical fiber production in a 

scaffold [28]. 
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Figure 2.4 Illustration of cardiac cells during diastole and systol; (a) utilizing a helical fiber promotes increased 

stretching, (b) CMs on straight fibers does not have an ability to stretch adequately [28]. 

 

2.6 Electrospinning setup and process 

The setup of a conventional electrospinning process is elementary yet versatile in obtaining 

varying results. There are three crucial components to the setup, a high voltage power 

supply, a needle, and a collector. The high voltage power supply is connected to the needle 

using a high voltage graded cable to endure the voltage and current supplied. A successful 

electrospinning process requires a blunt needle, with the desired gauge size. Any conductive 

material may be selected as the collector. However, the shape and size of the collector will 

vary the structure of resulting electrospun fibers. While tip to collector distance (TDC) is 

the distance from the end of the blunt needle, or the spinneret to the collector, it has a major 

effect on the fiber morphology. The electrospinning setup schematic can be seen in the figure 

2.5. The following subsection expands on the electrospinning process parameters.  

 

(a) 

(b) 
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Figure 2.5 Schematic of vertical electrospinnig setup [34] . 

Electrospinning theory is rudimentary as the setup. High voltage sourced from a 

power supply creates forces that act on the solution resulting in the electrospun fibers. DC 

voltages utilized may vary between 1 to 30Kv depending on the solution and desired fibers 

structure. The high voltage supply induces evenly distributed charges on the surface of the 

needle. Thus, charges on the needle result in two forces, electrostatic repulsion force 

between the surface charges of the solution and an electric force exerted by the external 

electric fields [35]. The formation of the Taylor cone and forces acting on the droplet can be 

visualized in figure 2.7 (a) and (b).   

High voltage power 

supply 

Syringe pump 

TDC 
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Figure 2.6 (a) Taylor cone formation due to forces generated on a solution drop at the needle tip, (b) summation of 

forces required for Taylor's cone formation [36], [37]. 

As the electric forces increase and reach a certain value that surmounts the surface 

tension forces of the solution a cone shape is produced, known as the Taylor cone. A Taylor 

Cone is produced from positively charged solution; a jet is produced from the cone’s peak. 

The forces from the electric field, generated by the high voltage connect to the needle, 

increase, the jet continues to stretch further at high velocity. The word spinning in 

electrospinning is derived from the next stage in the process. As the jet is stretched with high 

velocity it is forced into a whipping and spinning motion, which result in long thin fibers 

[38].  

Conventional electrospinning process will generate random mat of fibers. However 

some modifications to the process may be introduced to generate different results [30]. 

Forces generated on the solution will control the fiber diameter. To vary the fiber diameter, 

either the solution characteristics or the amount of voltage utilized in the process has to be 

altered [26]. 

(a) (b) 
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Classification of the stable jet induced via an Electrospinning process is divided into 

four sections. The first section is known as the base section, which is identified when the 

solution jet is emitted from the needle. The next section is the jet section. The key aspect of 

this section is obtaining a continuous jet, which is subsequently divided into many fibres in 

the following section. Thirdly, the continuous jet is affected by various forces, causing the 

jet to be unstable. The instability of the jet will cause it to start a whipping motion, which in 

turn results in a spinning motion of the continuous fiber. Hence, the name of this section is 

identified as the instability section and the name of the electrospinning process. Finally, the 

unstable jet reaches the collector in a section known as the collection section [38] . 

The base section of the electrospinning process has two key identification criteria. A 

jet is drawn from the liquid solution and is emitted from the needle tip. Due to the forces 

acting on the surface of the solution emitted from the needle tip, a conical shape is formed. 

The cross-section area of the conical shape may differ according to the properties of the 

solution used and the size of the spinneret. A jet is discharged from the Taylor cone when 

the electric force exceeds the surface tension force of the solution due to the electric field 

[28].  

During the jet section the fiber is emitted from the end of the Taylor cone created 

during the initiation of the base section. The electrical forces maintain a constant discharge 

of the solution to achieve a continuous jet. The initial decrease of diameter occurs during 

this stage of the process. A decrease in diameter of a jet is inversely proportional and driven 

mainly by the flow rate of the solution. Mass per time is also considered as a main factor of 
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determining the diameter of a continuous jet. As the flow rate decreases, the diameter of the 

jet increases maintaining a constant mass per time during the entire process [40].   

Instability forces cause whipping or spinning motion in the continuous fiber, which 

in turn leads the fiber to be stretched and its shape to altered resulting in nano-diameter sized 

fibers. In several cases the forces acting on the jet may lead to the jet being split into multiple 

jets, which is known as splaying [41].  

Due to the forces acting on the continuous jet, any excess charges require a 

substantial duration to be redistributed along the length of the jet. The bottom end of the jet 

generated extremely high velocity due to the Coulomb forces repelling each other during the 

stretching and solidification of the jet. A whipping or spinning motion, which drives the 

fiber into loops, is generated due to the immense velocity of the jets. As the jet moves closer 

to the collector, the loops generated by the jet grow larger in diameter and stretched the jet 

even further decreasing the fiber diameter [40]. 

The final section of the process is the collection region. The key identification of the 

collection region is the jet being motionless and deposited on the collector. Depending on 

the solution used for the electrospinning process the solvent evaporates and the polymer 

fiber is present on the collector [39]. However, if the process utilized an abrasive or a 

harmful solvent for life cells, the scaffold should be rinsed with water to eliminate any traces 

of chemicals and ensure cell survivability. 
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2.7 Electrospinning parameters  

The electrospinning process is rudimentary, however there are numerous parameters to be 

optimized to ensure the satisfactory results are met according to the application at hand. 

Different parameter will have different effects on the fibers produced. Moreover, further 

examining and understanding the parameters aid in exploring the process in more depth and 

will prevent future errors from occurring throughout the procedure.  

The process parameters are mainly categorized into three groups: solution 

parameters, process parameters and ambient parameters. Controlling each parameter with 

respect to the process leads into the desired fiber morphology and scaffold structure.  

2.7.1 Solution parameters: 

➢ Solution concentration  

Solution concentration directly affects the outcome of fiber diameter. A low polymer 

concentration in the solution leads to nano-sized particles being sprayed. The 

electrospinning process fails and an electrospraying process will occur naturally instead 

[42]. Increase of polymer concentration in the solution leads to an increase of beads and 

beaded fibers can be witnessed as the outcome of the electrospinning process [43]. A further 

increase in the polymer concentration will result in fiber formation with suitable diameter to 

be utilized in some applications. However, increasing the polymer concentration above a 

certain threshold, causes a ribbon shaped microfiber to form [44]. Beyond that point, very 

high polymer concentration will result in needle blockage.  
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➢ Molecular weight 

Molecular weight is directly correlated to the viscosity of the solution with a direct 

proportional relationship. To ensure the production of a continuous stream of fibers to form 

instead of monomeric fibers or droplets, a suitable range of molecular weight is required. 

However, molecular weight varies depending on the type of polymer and solvent used. 

During the jet section the polymer leaves the spinneret tip and is electrically stretched. The 

only factor that maintains the continuity of the fibers during the stretch is the connectivity 

of molecular chains of the polymer [45]. 

➢ Viscosity 

Viscosity is linearly proportional to both the molecular weight and the polymer 

concentration of the solution [46]. A key feature to determine whether the viscosity of the 

solution needs to be increased is the growth of bead diameter and the expansion of distance 

between beads on a fiber. An identification of the viscosity increasing as is the main 

parameter affecting the fiber morphology is the bead shape. The bead shape will change 

gradually from spherical to spindle shaped as the viscosity increase [43]. 

➢ Surface tension 

Surface tension is the driver of the beads in a fiber and the beaded fiber morphology. This 

is due mainly to the Columbic force needed to overcome the surface tension of the solution 

[47]. The main effect of surface tension is to decreased area per unit mass of the fluid. 

Decreasing the viscosity of the solution it may lead to greater bead formation. On the other 
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hand, as the viscosity increase the polymer molecules tend to disperse over the stretched 

fiber which reduces the chances of bead formation [26]. 

2.7.2 Process parameters:  

➢ Voltage 

A critical voltage is the specified value at which the electric field force is greater than the 

surface tension force and thus a jet of fibers is emitted. The critical voltage differs from one 

material to another based on the surface tension force generated on the solution. However, 

Taylor proposed an equation in which the critical voltage of the electrospinning process can 

be calculated [27]. The increase of voltage correlates to the decrease of entanglement of 

fibers, resulting in a uniform distribution of fibers in a random mesh. Increasing of the 

voltage will results in increased polymer discharge, and thus increasing the fiber diameter. 

On the other hand, it will also result in higher electrostatic repulsive force which results in 

narrowing down the fibers. A study stated that both effects neglect each other and thus 

increasing the voltage will not result in major effects on the fiber diameter [48]. Higher 

voltage also translates into an upward trend in the number of bead formation. 

➢ Flowrate 

Solution flowrate, or feed rate, is one of the main contributing factors affecting the fiber 

diameter during the electrospinning process. Generally, a relatively low flowrate is desirable 

to allow more time for the solvent to evaporate from the fibers, allowing smooth and uniform 

fiber to from. An increase in the flowrate will result in greater probability of beaded diameter 
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due to lack of drying time for the fiber before it reaches the collector [44]. Decreasing the 

flowrate will also result in an increase of the average fiber diameter [49]. 

➢ Tip to collector distance: 

Tip to collector distance (TCD) is the major contributing factor in the fiber diameter. Moving 

the nozzle closer to the collector will decrease the time allowed for the solvent to evaporate 

before being deposited on the collector. A larger TCD will ensure thinner diameter fibers, 

due to the whipping motion stretching the fibers further. Decreasing the TCD will result in 

fiber deformation, due insufficient distance for the fibers to stretch [50]. On the other hand, 

one result observed no change in the fiber morphology with different distances. However, 

this is theoretically due to the material used stretched and solidified at a higher rate when 

compared to other conventional material. 

➢ Ambient parameters: 

Ambient parameter may also affect the fiber morphology. Humidity and temperature will 

affect the fiber morphology and may result in deformed fibers. Temperature and viscosity 

have an inverse relationship on the fiber morphology. An increase in the temperature results 

in a decrease in fiber diameter, however, an increased deposition rate on the collector has 

been observed [51]. A very low humid environment leads to the solvent to evaporate on 

higher rate than accounted for, which might result in a clogged needle tip. On the other hand, 

an increased humidity aids with the discharge of the fiber jet, resulting in thicker electrospun 

mats [26]. 
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2.8 Native tissue mechanical characterization techniques 

2.8.1  Native tissue mechanical properties 

Fully characterizing native cardiac tissue poes various challenges to the scientific 

community tissue delicate structure and post-mortem effect. Non-invasive methods have 

been commonly used since the early 20th century, which utilizes the Doppler method in a 

process known as echocardiography (ECG). This is used to obtain the strain and strain rate 

of the heart to assess the systolic and diastolic functions. The technology has provided 

accurate and reproducible test readings [52]. This technique is ideal to detect ischemia of 

variations in the systolic strain rate and strain not for attaining other mechanical properties. 

The limitation of ECG for strain rate detection is that it is in a single direction. The strain 

rate in transvers direction cannot be captured using ultrasound, thus the shear strain rates 

may not be attained [53]. 

 

Figure 2.7 Two-dimensional strain rate of a 29-year-old using an ultrasonic scanner. M-mode image and axial profile of 

(a) axial and (b) lateral strain rate [54]. 

(a) (b) 
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 To overcome the limitations imposed by the ultrasonic technology, the only viable 

solution is to utilize invasive method to identify the properties and the behaviours of the 

native cardiac tissue. The main challenge faced in this technique is the post-mortem effect 

(rigor mortis) which results in changes that are experienced throughout all the muscular 

system. This effect commences in the range of two to four hours after death and is considered 

fully developed after 12 hours. Within this time frame, the tissue endures chemical changes 

due to the lack of vital nutrients and thus alter the mechanical properties [55]. However, 

testing the native tissue before the rigor mortis effect is a viable method to attain all the 

mechanical properties of the tissue. A study was conducted with 5 different hearts from 

varying age groups and death causes. Biaxial extension protocol was conducted with two 

different sample types, cross fiber direction (CFD) and mean fiber direction (MFD). Samples 

were subjected to 1.05 to 1.15 stretch levels, in increments of 0.025 at different loading 

ratios. It was concluded that the native tissue experiences viscoelastic behavior and that the 

stress and strain increases with the increase of cross head velocity. Stress relaxation was also 

observed in the samples within 5 minutes and up to 30 minutes of applying a constant load 

[56].  

2.8.2 Scaffold characterization mechanical properties 

On of the criterion of a successful scaffold is achieving similar properties as the native tissue, 

with mechanical property of the engineered scaffold being one of the overlooked properties. 

Engineering a scaffold matching the properties of the cardiac tissue, a property range must 

be outlined and based on the native tissue properties. While native cardiac tissue may expand 
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by up to 20% of its sedentary size during the systole period when the heart contracts, with a 

rate of up to 200 beats/min, most straight-fiber scaffolds will not experience the same strain 

[25]. Moreover, natural aligned synthetic-fiber scaffolds have larger stiffness values, 

ranging from 50MPa to 4000MPa, when compared with those of the native tissue, which 

has stiffness values of 200Kpa to 500kPa [31]. Through the beating cycle of the heart, the 

tissue experiences tension while drawing blood into the tissue (systole) and compression 

while pumping blood out (diastole). Native cardiac tissue undergoes a complex loading 

scheme, which can be observed using an in vivo ultrasonic technique in order to gauge the 

strain rate [54]. Loading occurs at high speed and frequency thus causing a bottleneck in 

testing properties of scaffolds. The final observation that the native tissue is assumed to have 

an elastic behaviour, that is noted due to the strain rate approaches zero during the unloading 

segment of the testing [56]. 

2.9 Numerical modeling of native tissue  

Analytical models are utilized to simulate and predict material properties under complex 

loading condition that poses a challenge to physically examine in a controlled manner. 

Various modeling methods have been used in literature to accurately predict mechanical 

properties and behaviors. Attaining the mechanical properties of the spring-like fibered 

electrospun scaffold will facilitate the development of an analytical model. A previous effort 

successfully derived a model for a straight-fibered electrospun scaffold manufactured using 

poly (3-caprolactone) (PCL). The study investigated two different models, Fung’s model of 

quasilinear viscoelasticity (QLV) and Arruda and Boyce’s eight-chain model to ensure 

accuracy [57]. While, QLV has been applied to multiple soft tissue and biological materials, 
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including native heart tissue, synthetic polymers tend to have a nonlinear and viscoelastic 

(rate-dependant) behavior [42]. On the other hand, the eight-chain model is developed based 

on statistical mechanics and conventionally used in rubber-based applications. Nonetheless, 

it was applied to simulate human skin [58]. The authors concluded that straight-fiber PCL 

scaffolds experience viscoelastic behavior, and the loading response of the material is 

affected by the preconditioning of the sample, which is represented by the stress softening 

effect. Furthermore, stress relaxation is decreased owing to the preconditioning of the 

sample, which aligns more with the QLV theory model over the multiple loading situations 

[57].  

2.10 Stress relaxation and stress softening of soft materials 

Soft materials generally refer to wide array of materials that include elastomers, 

biomaterials, and native human tissue and all of them experience viscoelastic behavior along 

with Mullins effect to an extent. Stress relaxation occur when the material is subjected to 

cyclic loading, the peak stress point that may be reached decreases with every cycle until it 

reaches a stable point. This phenomenon can be attributed to the interactions between the 

matrix and the molecules where more force, speed or repeating of cycles are required to 

break the molecular chains [59].  

The Mullins effect occurs when a material is initially stretched to a certain point and 

for any subsequent cycle it would require less stress to reach the maximum stretch point 

[60]. Stress softening or the Mullins effect can be attributed to the damage continuum 

mechanics [58]. In the literature the material is considered hyperplastic and the strain energy 

density function is converted to include the damage parameter [59]. Preconditioning the 
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sample via several cyclic loading iterations before the experiment will remove the stress 

softening effect and result in the true material properties. Most soft materials include native 

human tissue experience rate dependent viscous behavior and thus the modeling of such 

material is complex. A study developed a model which couples viscoelastic and Mullins-

effect model to characterize soft materials. The model is presented in series which is based 

on damageable spring characterizing the Mullins effect and Kelvin unit model to capture the 

viscoelastic portion of the material behavior [60].   

2.11 Electrospun scaffolds mechanical characterization 

Attaining the mechanical properties of scaffolds are the first step of understanding the 

material behaviours. Conventional material testing does not provide an accurate comparison 

to the native cardiac tissue loading due to the complexity of the loading scheme. Utilizing 

analytical modeling will aid in simulating the complex loading and thus providing the 

expected material properties. To develop an accurate numerical model of a scaffold certain 

properties has to be investigated and used as building blocks of the model [57].  

Characterizing electrospun scaffolds in depth is scarce topic in the literature. This 

can be attributed to the delicacy of the material and the need for particular apparatuses. A 

study conducted has explored the stress relaxation and stress softening behaviours of random 

oriented electrospun Polycaprolactone (PCL) scaffolds. Furthermore, the author explored 

two existing analytical models and determined that Fung’s QLV theory captures the 

behaviours during loading and relaxation phases. It was concluded the scaffold experience 

rate dependant response akin to the native cardiac tissue. Additionally, both stress relaxation 

and stress softening are evident during testing of the material [57].
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3. Methodology  

Summary: Electrospinning parameters has been adopted from the literature to 

manufacture helical fibers using electrospinning. First discussed is the manufacturing 

portion of the research, where the helical fiber electrospun scaffolds are manufactured and 

analyzed. Two different studies are conducted, an optical microscope is utilized for 

characterization for both scaffolds. Subsequently, a mechanical characterization study is 

performed to determine the material behavior. Finally, the test results from the mechanical 

testing is implemented in curve fitting based on present numerical models. 

3.1 Parameter sensitivity study 

The materials selected had a strict criterion of being biocompatible and bioabsorbable. Based 

on this criterion the polymer selected was Poly(3-caprolactone) (PCL) with an average 

molecular weight of 80,00 (Sigma-Aldrich) and the solute. Dichloromethane (DCM) and 

Dimethylformamide (DMF) as the solvents were prepared. The ratio was set to constant 1:1, 

DCM:DMF with varying PCL concentration of 15%, 17% and 19%. For optimal 

homogenous mixture, the solution was mixed for 12 hours on a magnetic stirrer, while being 

air sealed to prevent the evaporation of the volatile chemical, DCM. The solution was 

deposited in a 5ml syringe with a 20-gauge needle, connected using a Luer lock mechanism 

and emitted using a syringe pump (New Era- 300) at three different flowrates, 0.5ml/hr, 

0.75ml/hr and 1ml/hr. The positive terminal was attached to the needle while the negative 

terminal was connected to the aluminum sheet that serves as the collector. The electrospinnig 

setup used in our studies can be seen in figure 3.1 and figure 3.2. A constant 17.5kV was 

held throughout all the experiments. The tip to collector distance (TCD) was varied between 

10cm, 15cm and 20cm. A collector angles 0°, 10° and 20° were examined. 
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Figure 3.1 Conventional vertical electrospinning set up with an aluminum foil as collector. 
 

 

Figure 3.2 Vertical electrospining setup showing the syringe holder, blunt needle, and collector. 
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3.2 Temperature controlled study 

A temperature-controlled sensitivity study was conducted to examine the effect of the 

temperature on the fiber structure and percentage of fiber structure produced. Temperature 

of 10°C, 20°C and 30°C was examine in a controlled temperature environment. The 

temperature control device (Temptronic, Thermostream) utilized was feeding into an open 

circulation insulated chamber. A constant TDC of 15cm was set for all experiments. All 

experiments were conducted using 20-gauge stainless steel needle and DC voltage supply 

of 17kV. Refer to table 3.1 for all varying experiment parameters. The process parameters 

were determined from our parameter sensitivity study conducted, that is mentioned in 

subsection 3.1. Similarly, the same methodology was applied to examine the scaffolds. In 

this study, the aim was to investigate the effect of temperature on the scaffold structure. 

Table 3.1 Experiment paramters for temperature-controlled study. 

Experiment parameters 

Temperature (°C) Flowrate (ml/hr) 

10 

1 

0.75 

0.5 

0.1 

20 

1 

0.75 

0.5 

0.1 

30 

1 

0.75 

0.5 

0.1 
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3.3 Fiber characterization 

Scaffold characterization and specifically fiber characterization has been performed using 

an optical microscope (Zeiss, Axio Imager M2) to study the fiber structure. Furthermore, 

the fiber dimension has been obtained using an Image-Processing software (ScopeImage 

9.0). An average number of fibers characterized for every scaffold is 50 fibers. The fiber 

structure was divided into three categories: (i) helix fibers, where the fibers have experienced 

complete buckling, (ii) partially buckled fibers, where fibers have experienced some degree 

of buckling, and (iii) straight fibers, where the fibers are straight with no evidence of 

buckling, which can be seen in figures 3.3. 3.4 and 3.5, respectively. Objectives of this study 

was to determine the optimal parameters for electrospun helical fibers, thus further studies 

can be facilitated. 

 

Figure 3.3 Helix fiber obtained from the following parameters: PCL concentration:15%, TCD:15cm, Flowrate:1ml/hr 

and collector angle 0°. 
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Figure 3.4 Helix fiber obtained from the following parameters: PCL concentration:15%, TCD:15cm, 

Flowrate:0.75ml/hr and collector angle 0°. 

 

 

Figure 3.5 Straight fibers obtained from the following parameters: PCL concentration:19%, TCD:15cm, Flowrate: 

0.5ml/hr, and collector angle: 0°. 
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Figure 3.6 Partially buckled fibers obtained from the following parameters: PCL concentration:15%, TCD:15cm, 

Flowrate:1ml/hr, and collector angle: 0°. 

 

3.4 Mechanical characterization 

After the scaffolds were left to dry, tensile sample preparation was commenced. Samples 

were cut using a surgical scalpel. Additionally, the sample dimensions were governed using 

a 3D printed mold. The size of the tensile coupons was 27.9mm × 10.48mm. The thickness 

of the samples varied among the tensile coupons because of the randomness of the 

electrospinning process and the randomized results. Solid samples were obtained by drying 

out the polymer solution on a flat area, with the same properties as those used in the 

electrospinning process, resulting in sheets of polymer with altered characteristics due to the 

chemical reactions. Solid coupons were tested to identify any differences in mechanical 

properties achieved through electrospinning. The differences were determined using a 
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processing method akin to the method used for the electrospun samples. Thickness was 

measured using an optical microscope along the entire sample and was attained using image 

analysis software (ImageJ). The measured thickness of the latter samples ranged from 

0.045mm to 0.11mm, while solid sample thickness ranged from 0.32mm to 0.38mm. The 

variability in scaffold thickness was due to the randomness of fiber deposition and spread 

on the collector. An average thickness value was determined for every scaffold, while the 

electrospun sample thickness could increase by increasing the electrospinning duration, 

which can lead to detrimental effects. Increasing the duration significantly decreases the 

porosity of the sample, hindering the cell infiltration and seeding process. 

Tensile testing was performed using a rheometer apparatus (TA Discovery model 

HR-30) with tensile testing fixtures and load cell of 50N, seen in figure 3.7. The data were 

then analyzed using script running on a commercial software (MATLAB 2020, 

MathWorks), and average thickness was taken into consideration. We observed that the 

native cardiac tissue does not undergo conventional compression during diastole. The tissue 

experiences complex loading conditions during tension and contraction. Uniaxial testing 

results facilitate the development of an FEM with a high degree of accuracy of the material 

subjected to complex loading [21]. For uniaxial tensile testing, a configuration of two tests 

with loading speeds of 0.01mm/s and 0.1mm/s were tested. Loading speed is the speed at 

which the cross-head is moving and subsequently applying strain on a sample and thus 

causing deformation. Higher speeds provided unreliable results owing to instrument 

limitations. 
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Figure 3.7 TA instruments Discovery Hybrid Rheometer (HR30) with tensile fixture installed. 

 

The first test was performed to outline the resulting stress softening effect due to the 

applied strain. Samples were subjected to 20 consecutive cycles with a peak of 10% 

maximum strain and a valley of 2.5% strain. Subsequently, a post-cyclic loading of 300 s of 

constant strain was applied to the coupon. The reason for unloading until a negligible 

percentage of strain (2.5%) was reached was to avoid any folding of the tested sample [22]. 

Additional testing was conducted to confirm stress softening and stress relaxation behavior 

at higher strain rates.  
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The following loading conditions were used to highlight stress relaxation and stress 

recovery in the chosen test material. Multi-step loading was conducted in 5% increments 

until a final strain of 20% was reached; testing was then repeated in descending order, from 

20% to 5%, in a similar manner. A constant strain was applied for 500s post-strain for both 

increasing and decreasing increments. The time during which a sample was subjected to 

constant strain was increased from the previously outlined test, from 300s to 500s to 

highlight the stress relaxation between each loading step. During this experiment, the stress 

response to constant strain was recorded. This stress response can be either increased or 

decreased depending on the unloading or loading stage, respectively, namely when the strain 

is held constant after loading relaxation occurs and stress decreases until an approximate 

constant value is reached. However, when constant strain follows an unloading step, the 

tested sample attempts to recover by gradually increasing its stress. Figure 3.8 represents the 

stress and strain experienced in electrospun scaffolds, representing a preconditioning 

loading scenario in conventional soft materials [59]. 
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Figure 3.8 Loading cause and effect diagram, x axis represents time (s) (a) constant strain applied over time, where 

strain, represented by y-axis is the loading applied on the sample; (b) stress relaxation occurs due to the 

constant strain applied on the sample, where stress, represented by y-axis, being the effect of the applied 

strain. 

 

Furthermore, a test combining both test procedures was conducted. The objective of 

this testing approach was to eliminate the stress softening in a material in order to highlight 

the unbiased stress relaxation and stress recovery phenomena in electrospun samples. Test 

coupons were subjected to a maximum strain of 20%. During the test, samples were 

subjected to 20 cycles of loading of 20% to 2.5%, followed by a multi-step testing process. 

Buckling of the sample would occur at higher strains, higher that 10% of original length, 

neglecting the need for low residual strain during testing.  

 

 

(a) (b) 
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3.5 Numerical modeling  

Based on the results from mechanical characterization of the scaffold, it was determined that 

further tensile testing was required to attain data for modeling. Test data for preconditioned 

and postconditioned samples. Both samples experienced the same loading scheme of 20% 

strain and subsequently 2000s of constant strain at speeds of 0.01mm/s and 0.1mm/s. Results 

attained were analyzed to obtain the hyperelastic and viscoelastic models. A curving fitting 

method was utilized using a commercial software (ABAQUS 2020, Dassault Systèmes). 

Based on the literature, there is clear consensus if electrospun scaffolds are isotropic or 

anisotropic [57], [61]. In this study it was assumed as isotropic, however further examination 

is required. Multiple numerical models were explored to determine the stable models for the 

hyperelastic segment, where the test results were implemented as uniaxial data. During the 

characterization portion, it was observed that the material experiences an extended duration 

of viscoelastic behavior at 20% strain, thus the duration was extended to 2000s. The 

viscoelastic properties were modeled using Prony series. Based on the modeling results, it 

was noted that the properties of the material change drastically after conditioning of 20 

cycles at the desired strain. During conditioning of the sample some degree of plastic 

deformation occurs and thus affects the specimen’s length in the subsequent loading. 

Another observation was that the degree of the viscoelastic behavior was affected by the 

conditioning of the sample. Chapter 6 expands on the results attained and highlights the 

conclusions.  
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4. Manufacturing of scaffolds  

Summary: Two different parameter studies are conducted to examine the manufacturing of 

helical electrospun fibers. The studies aimed to examine the percentage of helical fiber 

production and the fiber morphology in every test conducted. The first study conducted was 

a sensitivity study where the process parameters were varied to observe the effect on the 

helical fiber production and fiber morphology. Based on the parameters obtain from the 

first study, a later temperature- controlled study was conducted. Fiber production 

percentages and fiber morphology were analyzed to determine the effect of temperature. 

4.1  Parameter sensitivity study 

4.1.1 15% PCL Concentration Solution 

Utilizing 15% PCL concentration solution, the highest percentage of helix fibers produced 

in a scaffold were observed at 59.7% occurrence and was achieved using the following 

parameters: flowrate 1 ml/hr., TCD of 15cm and a flat collector. The average helical fiber 

diameter is higher than both the partially buckled and straight fibers. The average diameters 

of the fibers are 3.24µm, 1.97µm and 1.32µm for helical fiber, partially buckled and straight 

fibers, respectively. Furthermore, partially buckled fiber would also be considered as a 

positive catalyst due to a minor contribution of stretch in a scaffold. Fiber production 

percentages for the 15% PCL concentration solution are presented in figure 4.1, and average 

fiber diameters are presented in figure 4.2. 
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Figure 4.1 Percentage of fiber production obtained with 15% PCL concentration solution with the varying 

electrospinning parameters. 

 

 

 

Figure 4.2 Average fiber diameter obtained using 15% PCL concentration solution with the varying electrospinning 

parameters. 
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4.1.2 17% PCL concentration solution 

For the 17% PCL concentration solution for two parameters provided similar results of 

helical fiber production of about 44.9%, partially buckled fibers are 33.3% and straight fibers 

is 21.7%. The similar results were obtained at the flowrate of 0.5ml/hr, flat collector and a 

both TDC of 10cm and 15cm for each experiment, respectively. However, a slight variation 

in fiber diameter was observed between both experiments. For the experiment with TDC of 

10cm, the fiber diameters where 3.82µm, 2.88µm and 6µm for helical fiber, partially 

buckled, and straight fibers, respectively. However, for the experiment with TCD of 15cm 

fiber diameter was 2.56µm, 2.47µm and 3.86µm for helical fiber, partially buckled, and 

straight fibers, respectively. The results are visualized in figures 4.3 and 4.4.  

 

 

Figure 4.3 Percentage of fiber production obtained with 17% PCL concentration solution with the varying 

electrospinning parameters. 
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Figure 4.4 Average fiber diameter obtained using 17% PCL concentration solution with the varying electrospinning 

parameters. 

4.1.3 19% PCL concentration solution 

Meanwhile for 19% PCL concentration solution, the highest helical fiber production of 

about 51.5%, obtained with the following parameters of 0.5ml/hr., TCD of 20cm and a flat 

collector. The results for average fiber structures using 19% PCL concentration is visualized 

in figure 4.5. Diameters of helical, partially buckled, and straight fibers are 2.3µm, 2.10µm, 

and 1.79µm, respectively, which is visualized in figure 4.6. While this higher PCL 

concentration solution resulted in large ratio of helical fiber production, utilizing this 

concentration provides a challenge due to the solution drying at the needle tip over an 

extended duration of time.  

Another observation, this concentration obtained the highest percentage of straight 

fiber with a ratio of 82.35%, while is has the lowest production of helical fibers with 

percentage of 5.88% and 11.76% for partially buckled fibers, respectively. Moreover, the 
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number of beads and beaded fibers increased significantly as the angle of the collector 

increased, and this observation is shared across all solution concentrations. The beaded 

structures attained by using 10° angled collector is seen in figure 4.7. 

 

 

 

Figure 4.5 Percentage of fiber production obtained with 19% PCL concentration solution with the varying 

electrospinning parameters. 
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Figure 4.6 Average fiber diameter obtained using 19% PCL concentration solution with the varying electrospinning 

parameters. 

 

 

Figure 4.7 Beaded structures obtained due to collector angle of 10° in obtained using 15% PCL concentration solution. 
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Table 4.1 Summary of experiments performed and observation for each test. 

Flowrate TCD Angle Results 

15% PCL concentration solution 

0.5 10 0 

Helical fibers were more present in the outskirts of the scaffold 

than center. 

0.5 15 0 Helix fibers was equal to the straight fiber production. 

0.5 15 10° 

Larger production of partially buckled fiber, and beaded 

structures due to the angle. 

0.5 15 20° High number of beaded structure due to the angled collector. 

0.75 15 0 

Bead structures are higher when compared to other flat collector 

experiments. 

1 15 0 

Significantly high helix fiber production, with a higher presence 

on the outskirts of the scaffold. 

0.5 20 0 Most the fiber are partially buckled. 

17% PCL concentration solution 

0.5 10 0 

Highest helical fiber production in this solution concentration, 

and the largest straight fiber diameter. 

0.5 15 0 

Close percentage of helix fibers as the previous experiment, 

however the straight fibers diameter is smaller. 

0.5 15 10° 

Fiber towards the top of the scaffold have a higher straight fiber 

concentration. 

0.5 15 20° 

High number of beaded structures spread out on the scaffold, 

with a high helix production toward the middle and the end of the 

scaffold. 
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4.2  Temperature controlled study 

It was observed that 30°C, flowrate 1ml/hr and TCD of 15cm produced the largest number 

of helical fibers at 38.1%, partially buckled fibers of 38.1% and 23.7% straight fibers. The 

average fiber diameter observed was 17.72μm, 16.88μm and 16.38μm for helical fiber, 

partially buckled, and straight fibers, respectively. While at 20°C the highest percentage of 

partially buckled fiber were obtained using flowrate of 0.75ml/hr and TCD of 15cm. 

0.75 15 0 

Number of partially buckled fiber is higher than other parameters 

utilizing this concentration. 

1 15 0 

Number of partially buckled fiber is high, along with the smallest 

average fiber diameter in this concentration. 

0.5 20 0 Highest percentage of partially buckled fibers. 

19% PCL concentration solution 

0.5 10 0 

Considerably larger fiber diameter, specifically partially buckled 

fibers. 

0.5 15 0 

Noticeably smaller fiber diameter, with most of the fibers having 

a straight structure. 

0.5 15 10° 

Bead structures are present, however secondary to other solution 

concentrations. 

0.5 15 20° Bead structures are present in larger footprint. 

0.75 15 0 

Helix fiber structure is on average spread throughout the 

scaffold. 

1 15 0 Helix fiber production increased slightly. 
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Meanwhile, the diameter average measured was 11.43μm, 16.63μm and 13.38μm for helical 

fiber, partially buckled, and straight fibers, respectively. In conclusion the results were 

subpar when compared to room temperature environment. The rationale behind the results 

was due to the direct temperature controlled utilized where the air flow affected the fiber 

formation and decreased the buckling probability. 

 

Figure 4.8 Percentages of fiber types at controlled 10°C with varying electrospinning parameters. 
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Figure 4.9 Percentages of fiber types at controlled 20°C with varying electrospinning parameters. 

 

 

Figure 4.10 Percentages of fiber types at controlled 30°C with varying electrospinning parameters. 
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Figure 4.11 Average fiber diameter obtained at 10°C with varying flowrates and TCD. 

 

 

Figure 4.12 Average fiber diameter obtained at 20°C with varying flowrates and TCD. 
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Figure 4.13 Average fiber diameter obtained at 30°C with varying flowrates and TCD. 

 

Conclusion: Based on our parameters sensitivity study conducted it was observed that for 

PCL electrospinnig solutions the following parameters are result in optimal helical fiber 

production at the solution concentration of 15%: TCD = 15cm, flow rate =1ml/hr and angle 

of 0°. Based on the analysis conducted 60% of helical fibers, 22% partially buckled fibers 

and 18% straight fiber were achieved. The optimal parameters were adopted in the 

temperature-controlled study.  
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5. Mechanical characterization 

Summary: Attaining a scaffold with mechanical properties aligning with the native tissue 

is crucial for a successful scaffold. A study is conducted to characterize the helical 

electrospun scaffold manufactured using the optimal parameters from the previous study. 

Focus of this study are the hyperelastic and viscoelastic behavior of the material. The 

characterization is performed using a uniaxial tensile testing method. Every loading scheme 

designed highlighted a behavior of interest. Furthermore, the scaffolds are examined at two 

different speeds of 0.1mm/s and 0.01mm/s pre and post conditioning. Sample recovery after 

24 hours of testing is explored as well. Fianlly, coupons behavior to fractured is also 

captured in latter tests. 

5.1 Stress strain behavior 

Test samples were subjected to 10% strain and 20% strain in two different loading schemes. 

Conditioning the sample consists of stretching the sample to the desired strain level and 

unloading for 20 consecutive cycles. In both loading schemes it was observed that samples 

are subjected to buckling during the conditioning section of the test. Due to the buckling that 

occurs, the initial steps results in negligible stress till the sample is stretched adequately to 

achieve stress levels. Figures 5.1 and 5.2 illustrates the stress strain behavior of the material 

pre and post conditioning at 10% strain and 20% strain respectively. The negative stress 

values attained during the buckling portion of the postconditioning loading was neglected in 

the results. Strain was calculated starting with the unbuckled segment of the test.  
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Figure 5.1 Stress strain curve up to 10% strain of the  pre and post conditiong of the sample (a) at 0.1mm/s and (b) at 

0.01mm/s where the preconditioned is denoted by solid line and post conidtioned denoted by dashed line. 

Examining the stress strain curve pre and post conditioning, an observation can be 

made that the material experience significantly different behaviors. Preconditioned and 

postconditioned behavior, the material behaves as elastomers. However, postconditioning 

the behavior of the material changes drastically, this can be theorized due to the 

rearrangement of the fibers after the initial stretch.  

Another observation made is that the scaffold experiences plastic deformation during 

the conditioning portion of the loading scheme. The deformation is the main reason buckling 

of the samples occurs. Furthermore, the degree of the plastic deformation is dependent on 

the maximum strain rate and loading speed. As for 0.01mm/s experienced 1.64mm of 

deformation post conditioning at 10% strain, while test coupons at 0.1mm/s conditioned at 

10% resulted in 1.34mm in deformation. While conditioning to 20% resulted in larger 

deformations. At loading speed of 0.1mm/s the deformation of the sample was at 3.17mm 

and 3.19mm for the 0.01mm/s. Moreover, considering both strain levels tested, it can be 

concluded that electrospun scaffolds are strain rate sensitive. The stress levels achieved in 

(a) (b) 
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postconditioned samples at 20% strain exceeded the preconditioned samples significantly, 

as seen in figure 5.2, when compared to the 10% strain tests, seen in figure 5.1.  

 

Figure 5.2 Stress strain curve up to 20% strain of the  pre and post conditiong of the sample (a) at 0.1mm/s and (b) at 

0.01mm/s where the preconditioned is denoted by solid line and postconditioned denoted by dashed line. 

5.2 Hyperelastic and viscoelastic behavior  

Both electrospun and solid samples experienced significant stress softening and stress 

relaxation at both loading speeds tested (0.01mm/s and 0.1mm/s). Owing to the nature of 

the scaffolds in tissue regeneration, application requires preconditioning before implantation 

[57]. Examining the data, it is evident that the first cycle of loading has a noticeable loading 

effect compared with consecutive cycles—in the later cycles, the material experiences 

behavior resembling that of rubber materials. This behavior is due to stretching of the helical 

fibers and the subsequent breakdown of weaker bonds between the fibers within the scaffold 

matrix. Nonetheless, as the cycles continue, a further stress softening effect is witnessed 

until it reaches a stable level in later cycles. Figures 5.3 (a) and (b) show the samples being 

exposed to the same loading conditions as those in the previous cycle; however, the exact 

(a) (b) 
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strain levels cannot be reached, and there is a clear negative regression line between the 

stress peaks.  

Stress relaxation effect and stress recovery phenomena are evident in both the 

electrospun and solid samples at both loading speeds. In addition, both the effect and the 

phenomena can be clearly highlighted after the last cycle during the constant strain on the 

sample. Stress softening effect can be seen as the cycles develop the peak stress decreases 

in each cycle. Where the phenomena can be observed as a drop in the stress value in the last 

cycle during the static strain loading. A constant strain applied to the samples allows a slow 

deflation of stress over time: electrospun samples experienced a 19.3% and 13.5% drop in 

the stress levels, between the cycle peak and end of duration, at 0.1mm/s and 0.01mm/s, 

respectively. This result agrees with several findings in different fields indicating that stress 

relaxation increases at higher loading speeds. The stress softening effect can be eliminated 

in rubber materials by subjecting samples to cyclic loading; however, the effect is eliminated 

at later loading cycles. The results outlined represent the same conclusions, as stress 

softening is further minimized as the cycles progress, and a stable level can be achieved at 

the 18th cycle at a loading speed of 0.1mm/s. Meanwhile, samples tested at 0.01mm/s 

experienced softening in the last cycle tested and thus the effect may be present after 20 

cycles of loading. We observed that a slower loading speed tends to increase the softening 

effect in the material. 
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Figure 5.3 Electrospun samples subjected to 20 cycles of cyclic loading and subsequently constant strain: (a) and (c) 

strain over time (cause) to demonstrate loading during the experiment at loading speeds of 0.1mm/s and 

0.01mm/s, respectively; b) stress over time at 0.1mm/s; (d) stress over time at 0.01mm/s. 

Figure 5.4 shows that solid samples exhibited behavior similar to that of electrospun 

samples. By examining the samples at both speeds, we witnessed a drastically different 

behavior after the first cycle (figure 5.3 (a)). As mentioned previously, the stress softening 

phenomenon is more obvious after the initial loading, and after some cycles, this behavior 

lapses. The samples tended to experience some stability in properties at more mature cycles. 

As it can be seen in figure 5.3 (a), the stress induced in the samples tended to stabilize, with 

a slight decrease in the stress values around the 18th cycle at 0.1mm/s loading speed and in 

the last tested cycle at 0.01mm/s loading speed. The same downward regression line of peak 

(a) (b) 

(c) (d) 
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stress in each cycle is also illustrated in the solid samples, the same as was observed for the 

electrospun samples. Stress relaxation is also present in the solid samples. The same trend 

can be seen in both figures 5.4 (b) and (c) when comparing the fibrous scaffolds. Solid 

coupons experienced a stress relaxation of ~20.7% decrease at 0.1 mm/s and a 15.7% drop 

at 0.01mm/s. A correlation between the decreasing loading speed and the increasing 

softening effect was observed. 

 

 

Figure 5.4 Solid samples subjected to 20 cycles of cyclic loading and subsequently constant strain over time: (a) and (c) 

strain over time (cause) to demonstrate loading during the experiment at loading speeds of 0.1mm/s and 

0.01mm/s, respectively; (b) stress over time at 0.1mm/s; and (d) stress over time at 0.01mm/s. 

(a) (b) 

(c) (d) 
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 5.3 Multistep loading  

5.3.1 Preconditioning multistep loading 

 

 

Figure 5.5 Electrospun samples subjected to multi-step loading and unloading to examine stress softening: (a) and (c) 

strain over time (cause) to demonstrate loading during the experiment at loading speeds of 0.1mm/s and 

0.01mm/s, respectively; (b) stress over time at 0.1mm/s; (d) stress over time at 0.01mm/s. 

Stress relaxation is obvious in electrospun samples at higher strains and at both loading 

speeds tested. figure 5.3 (a) and figure 5.3 (b), represents the loading scheme (cause of 

deformation) for the experiments at both speeds. At a loading speed of 0.1mm/s, the stress 

relaxation is apparent at every strain level during the ascending portion of the test. Moreover, 

(a) (b) 

(c) (d) 
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the gradual drop in stress during relaxation is greater at higher strain levels. Examining the 

results further, we see that because of the extended duration of relaxation, stable stress levels 

can be determined at every level. Furthermore, comparing stress relaxation percentages, 

points between the peak stress value and valley, between each strain step the percentage 

during the first step was significantly lower than that during the other steps, with a 20.7% 

drop. The stress relaxation percentage from the second step onwards reached a constant level 

of relaxation, with ~33% drop in stress values. Meanwhile, solid samples had similar results 

at higher stress values. However, the stress relaxation percentage at each strain step was a 

more consistent value of 36.5%, compared with (the corresponding) samples with helical 

fibers. Subsequently, most of the descending steps, except for the first step at 15% strain, 

had no stress values. These results shows that excessive stretching and thus deformation of 

the sample causes buckling of the sample. Owing to the low speed tested (0.01mm/s), the 

strain increase was at a slope with respect to time; this effect is illustrated in figure 5.5 (c) 

for electrospun samples and figure 5.6 (c) for solid samples. Because of the lower loading 

speeds, stress relaxation commenced before reaching the final strain percentage of each step. 
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Figure 5.6 Solid samples subjected to multi-step loading and unloading to examine stress softening: (a) and (c) constant 

strain over time (cause) to demonstrate loading during the experiment at loading speeds of 0.1mm/s and 

0.01mm/s, respectively; (b) stress over time at 0.1mm/s; (d) stress over time at 0.01mm/s. 

 

5.3.2 Postconditioning multistep loading  

A postconditioning multistep loading test (figure 5.7) was conducted to examine the stress 

softening effect present at 20% strain. The outlined testing protocol also highlighted stress 

relaxation effect by eliminating the stress softening phenomenon prior to the multistep 

loading. Similar trend to 10% strain cyclic loading is observed at 20% strain loading, where 

(a) (b) 

(c) (d) 
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a downward regression line is observed when comparing the peak normalized stress value 

to the values of the later cycles. However, a sharper decline in stress values can be seen at 

0.1mm/s loading speeds, when comparing between the normalized stress value in the first 

cycle and values of stabilized mature cycles. Although 0.01mm/s loading speeds, has not 

illustrated the same observations mentioned, the trendline is mimicking the 10% cyclic strain 

pattern discussed earlier. The stress softening effect has witnessed a drop of 9% and 5.33% 

for 0.1mm/s and 0.01mm/s respectively, between the peak stress value achieved and the 

minimum peak load value. During the multistep loading test at both tested speeds, the first 

two loading steps of 5% and 10% strain did not result in any stress value due to the plastic 

deformation of the coupon. Nevertheless, the 15% strain step resulted in minimal stress 

reaction and a stress relaxation is evident during the static strain subjected. Another 

observation when examining the 0.1mm/s test results was that at 20% strain loading the 

resulting stress was higher at the peak when compared to the last cycle of the cyclic loading. 

However, results of the 0.1mm/s loading approximately reached the same level as the last 

cycle. Moreover, the stress relaxation was at 18.9% and 13.2% for 0.1mm/s and 0.01mm/s, 

respectively. Consequently, a significant result must be highlighted derived from the 

combined loading test conducted was the stress relaxation effect on the electrospun samples. 

The initial loading stages of the multistep loading segment of the test served as a relaxation 

period for the already deformed coupons. The relaxation effect facilitated the samples 

achieving higher stress levels that the last cycle during the cyclic loading portion of the test 

at 0.1mm/s loading speed. On the other hand, the stress values of the 0.01mm/s loading 

speed did not exceed the levels of the step during cyclic loading.   
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Figure 5.7 Electrospinning samples testing that combines cyclic loading and multi-step loading: (a) and c) strain over 

time (cause) to demonstrate loading during the experiment at loading speeds of 0.1mm/s and 0.01mm/s, 

respectively; (b) stress over time at 0.1mm/s; (d) strain over time at 0.01mm/s. 

5.4 Deformation recovery 

Sample recovery is a phenomenon that most soft material experience. Generally, elastomers 

recovery form the deformation sustained during loading [62]. It was observed that helical 

electrospun scaffolds experience some degree of recovery. Figure 5.8, a sample measured 

directly after conditioning to 20% strain, then loading and subsequently relaxation of 2000s. 

The original length of the sample before any testing conducted was 27.9mm and after 

(a) (b) 

(c) (d) 
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subjected to the previously mentioned loading scheme the length was 31.15mm which 

denotes 11.6% deformation in length. The sample was left to relax in room temperature for 

24-hour period and measured again, resulting in 29.57mm of length. Translating into only a 

5.98% deformation from the original length and a recovery of 5.6% from the length attain 

following testing. 

 

Figure 5.8 Helical fibered sample measured (a) after testing at loading speed of 0.1mm/s, and (b) subsequent to 24-hour 

recovery in room environmentconditions. 

 

(a) (b) 
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5.5 Fracture behavior   

Based on the previous tests, it was observed that the material behaves in a different manner 

when subjected to conditioning. The conditioning causes the stress-strain curve to deviate 

from the conventional hyperelastic curve. Analyzing the post conditioning samples curve, 

the curve tends to increase with a positive almost linear slope, and subsequently the behavior 

shifts to an almost linear increase in stress-strain curve. However, in all the tests conducted 

at high strain rates, the test was stopped due to the coupons failing from the grips. 

 

 

Figure 5.9 Samples were tested to failure, where all samples failed from the grips. (a) represents testing at 0.1mm/s 

loading speed pre and post conditioning, and (b) represents testing at 0.01mm/s loading speed pre and post 

conditioning. 

 

 

 

 

(a) (b) 
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Conclusion: Various tests were conducted to analyze the mechanical properties of the 

helical electrospun scaffolds. Examining the stress strain curves of two different strain rates, 

highlighted the strain rate effect present in the samples. Another observation deduced from 

the previously mentioned curves was the drastic change in behavior of samples post 

conditioning. Further testing was commenced to highlight the stress recovery, relaxation 

and stress softening phenomena. The results concluded the three previously mentioned 

phenomena are present and apparent in the scaffolds. Sample recovery was also examined 

in a sample that was subjected to conditioning, and a degree of conditioning was present 

over 24-hour recovery period. Lastly, coupons were tested to fracture in both preconditioned 

and postconditioned states. It was observed that post conditioning the samples experience a 

shift in the stress strain curve beyond a certain limit where the stress increases linearly. 
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6. Numerical modeling of scaffolds 

Summary: This chapter summarizes the stable theoretical models utilized in modeling both 

the hyperelastic behavior and viscoelastic response. Subsequently the applied load and the 

material response is discussed and visualized. Finally, the modeling of the hyperelastic and 

viscoelastic experimental data are evaluated for both speeds. Preconditioned and 

postconditioned samples are also analyzed. 

6.1 Numerical theories and models 

6.1.1 Hyperelastic models  

Strain energy density function may define the isotropic elastic properties through a 

hyperelastic material modeling. The function is defined as material per unit volume which 

includes energy stored due to volumetric changes (Ψvol) and elastic energy of deviatoric 

deformation (Ψdev), the strain energy (Ψ) is as follows: 

Ψ = Ψdev(I1, I2, I3) + Ψvol(J) 

 

Cauchy-green deformation tensors are 𝐼1, 𝐼2 and 𝐼3 and determinant of the deformation tensor 

is J. Deformation tensor first, second and third invariants are expressed in terms of stretches 

in principle directions 𝜆1, 𝜆2, and 𝜆3.  

𝐼3=λ1
2 + λ2

2 + λ3
2
 

𝐼2=λ1
2λ2

2 + λ2
2λ3

2
+ λ3

2λ1
2
 

𝐼1=λ1
2λ2

2λ3
2
 

 

(6.1) 

(6.2a) 

(6.2b) 

(6.2c) 
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➢ Ogden  

A hyperelastic constitutive model for elastomers that are incompressible was proposed by 

Ogden when experiencing large deformations [63]. The model is defined through stretches 

in principal directions as follows:  

Ψ𝑂𝐺 = ∑  

𝑁

𝑖=1

2𝜇𝑖
𝛼𝑖
2 (𝜆1

−𝛼𝑖 + 𝜆2
−𝛼𝑙 + 𝜆3

−𝛼𝑙 − 3) +∑  

𝑁

𝑖=1

1

𝐷𝑖

(𝐽𝑒𝑙 − 1)2𝑖 

 

N is the order of the Odgen function, 𝜇𝑖, 𝛼𝑖 , and  𝐷𝑖 are temperature dependent material 

properties and Jel is the elastic volume ratio. While the bulk modulus and shear modulus are 

defined as:  

𝜇0 = 2∑  

𝑁

𝑖=1

𝜇𝑖 

𝐾0 =
2

𝐷1
 

➢ Arruda-Boyce 

For larger strains behaviors in elastic materials Arruda Boyce deduced a constitutive model. 

The model captures an 8-chain representation of the volume structure of the material. Where, 

the volume element is embodied with 8 chains connected from the edges to the center [64]. 

The strain energy potential for the Arruda Boyce model stated by the following:  

U = 𝜇∑  
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(6.3a) 

(6.4a) 

(6.4b) 

(6.3b) 

(6.3c) 
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where 𝜇 is the initial shear modulus, lm is defined as the locking stretch and D captures inverse 

of the bulk modulus at small strains.  

➢ Van Der Waals:  

The model is also known as the Kilian model and is identified as follows:  

U = 𝜇 {−(𝜆m
2 − 3)[Ln⁡(1 − 𝜂) + 𝜂] −

2

3
a (

Ĩ − 3

2
)

3
2

} +
1

D
(
J2 − 1

2
− Ln⁡(J)) 

I
¯

= (1 − 𝛽)I1 + 𝛽I
¯

2 and 𝜂 = √
I − 3

𝜆𝑚2 − 3
 

where D in this form captures the compressibility of the material and 𝛽 defines the linear 

mixture parameters. It is recommended to set 𝛽 = 0 to neglect due to the impact on 

deviatoric Cauchy Green tensor in Ĩ, when only a single set of test data are provided  

➢ Reduced polynomial  

This model is derived from the conventional polynomial model, with a single modification 

on omitting the second invariant of in the left-hand side of the Cauchy Green tensor [65]. 

Thus, the potential strain energy is defined as:  

U = ∑  

N

𝑖=1

C𝑖0 (I
¯

1 − 3)
2

+∑  

N

𝑖=1

1

D𝑖

(Jal − 1)2 

the reduced polynomial model is governed by N where it is the order of the function. In this 

study, N=1 and N=2 provided stable models. 

(6.5a) 

(6.5b) 

(6.6) 
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➢ Yeoh (Reduced polynomial N=3)  

A special form of the reduced polynomial is derived with three term expansion. Yeoh strain 

energy potential depends mainly on the first invariant of deformation tensor (I1). The 

function is defined as:  

Ψ𝑌𝐻 = 𝐶10(𝐼1 − 3) + 𝐶20(𝐼1 − 3)2 + 𝐶30(𝐼1 − 3)3

+
1

𝐷1
(𝐽𝑒𝑙 − 1)2 +

1

𝐷1
(𝐽𝑒𝑙 − 1)4 +

1

𝐷1
(𝐽𝑒𝑙 − 1)6

 

where 𝐶𝑖 and 𝐷𝑖 are temperature-dependent parameters, and 𝐽𝑒𝑙 is the elastic volume ratio. 

The shear modulus and the bulk modulus are given by: 

𝜇0 = 2𝐶10

𝐾0 =
2

𝐷10

 

6.1.2 Viscoelastic models  

➢ Prony series  

To accurately predict and simulate the viscoelastic behavior of the electrospun scaffold, the 

modeling is based on the Prony series function has been utilized. It is only applicable for 

one-dimensional relation test. The equation defining the model is as follows:  

𝐺(𝑡) = 𝐺∞ +∑  

𝑁

𝑖=1

𝐺𝑖exp⁡(−𝑡/𝜏𝑖) 

in this function, 𝐺∞ is the long-term modulus when the material is fully relaxed and 

𝜏𝑖represents the relaxation time. Where the minimization of the parameters 𝐺∞, 𝐺𝑖 ⁡and⁡𝜏𝑖 is 

favored to minimize the error during curve fitting. 

(6.8a) 

(6.7a) 

(6.7b) 

(6.7c) 
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𝐺(𝑡) = 𝐺0 −∑  

𝑁

𝑖=1

𝐺𝑖[1 − exp⁡(−𝑡/𝜏𝑖)] 

this derivation of the function is more suitable to be utilized by commercial software for 

predicting the material coefficients. Where 𝐺0, is attained from independent data from the 

relaxation data [66]. Lastly, i=1,2…,N is the number of terms in the Prony series. Though 

there is no restriction, N=1 has been selected due to the adequate results provided [59]. 

6.2 Mechanical characterization for modeling   

Building a complete numerical model will help simulating complex loading schemes that 

regularly are more challenging to test. The first step of attaining a model is to perform 

adequate mechanical tests with focus on highlighting the behavior of interest. In this study, 

helical electrospun scaffolds were tested in at 0.1mm/s and 0.01mm/s to model the 

hyperelastic and viscoelastic behavior of helical electrospun scaffolds. The constant strain 

portion of the test was increased to 2000s to capture the complete viscoelastic response to 

attain a more accurate model. In figure 6.1(a) and 6.2(a) the applied load on fresh samples 

is visualized, at 0.1mm/s and 0.01mm/s, while the response of the load is pictured in figure 

6.1(b) and 6.2(b). 

 

(6.8b) 
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Figure 6.1 Tensile testing of preconditioned sample, exploring the hyperelastic and viscoelastic behavior at 0.1mm/s; (a) 

deformation load on the and (b) is the applied deformation.  

    

Figure 6.2 Tesnile testing of preconditioned sample, exploring the hyperelastic and viscoelastic behavior at 0.01mm/s.; 

(a) applied deformation on the and (b) is the applied deformation. 

 

Based on the conclusion from the previous study, it was determined that the sample 

post conditioning result in a different response when compared to preconditioned coupons. 

Samples were conditioned for 20 cycles where the strain cycled between 20% and zero, 

subsequently it was loaded to 20% strain and finally it was subjected to constant strain for 

(a) (b) 

(a) (b) 
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2000s. The load applied in the post conditioning and subsequent loading can be envisioned 

in figures 6.3(a) and 6.4(a) for 0.1mm/s and 0.01mm/s. While figure 6.3(b) and 6.4(b) 

captures the applied deformation of both speeds.  

   

Figure 6.3 Tesnile testing of postconditioned sample, exploring the hyperelastic and viscoelastic behavior at 0.1mm/s; 

(a) applied defomration on the and (b) is the applied deformation. 

 

    

Figure 6.4 Tensile testing of postconditioned sample, exploring the hyperelastic and viscoelastic behavior at 0.01mm/s; 

(a) applied defomration on the and (b) is the applied deformation. 

 

(a) (b) 

(a) (b) 
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6.3 Modeling of helical electrospun scaffolds 

Finding the constitutive matrix for the material is a crucial step in achieving a scaffold 

success for the cardiac implantation. Evaluating the test data versus the existing theoretical 

models is the first step in meeting this major objective in the TE field. While predicting the 

data using uniaxial test data only is may result in accurate curve fittings, testing other test 

configurations, such as equiaxial or compression, it is favored to utilize more than one test 

data to increase the accuracy of the models. Furthermore, the assumptions concluded before 

the evaluation of data are crucial to the model precision when compared to material 

responses. Based on the literature review of characterizing electrospun scaffolds, there was 

no clear consensus if the material is isotropic or anisotropic [57], [61]. In this study, the 

material was assumed as incompressible, however, this point requires further research which 

is beyond the scope of this thesis.  

6.3.1 Hyperelastic modeling 

The objective of attaining stable existing models is to determine the constitutive matrix of 

the model. This is defined as the first step in building a complete model that may predict the 

behavior in various simulations. Stable models need to provide a good curve fit with the 

experimental data to be utilized in further studies. In this section, experimental data has been 

modeled using a commercial software (ABAQUS 2020, Dassault Systèmes), where the data 

is implemented as uniaxial test data. The evaluation included all the models available in the 

software, however only the stable models are discussed. The following models are analyzed:  
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• Ogden N=1  

• Arruda-Boyce  

• Van Der Waal 

• Reduced Polynomial N=1  

• Reduced Polynomial N=2 

• Yeoh (Reduced Polynomial N=3) 

 

Due to the abnormal behavior when compared to elastomers, the preconditioned 

samples resulted in less than desired curve fitting results. Preconditioned experimental data 

at both speeds increase with a positive slope until a certain strain level then the stress values 

tend to increase at a slower pace. At the speed of 0.1mm/s all stables models resulted in a 

linearly increasing curves, which does not match the experimental data. The results of stable 

models’ evaluations can be seen in figure 6.5 for 0.1mm/s and figure 6.6 for 0.01mm/s. 

Values for the stable model coefficients for this case can be seen in table 6.1 for 0.1mm/s 

and table 6.2 for 0.01mm/s. The root mean squared error (RMSE) has been calculated, 

comparing the experimental test data to each model respectively.  

Several unstable models for 0.1mm/s and 0.01mm/s loading speed case have resulted 

in good curve fittings which can be seen in figure 6.7 for the 0.1 mm/s. A rational deduced 

behind the instability if the models are due to the high deformation examined. Ogden N=1 

is stable in uniaxial tension but deemed unstable for smaller uniaxial compression loading 

and high biaxial tension loading. Conducting further tests in other loading configuration, 

such as compression, confined compression, biaxial tension and equiaxial testing will lead 

to more accurate models and stabilize other models. The unstable models visualized on 

figure 6.7 are all unstable in high strains.  
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Figure 6.5 Stable models with preconditioned sample uniaxial test data provided to 20% strain. at 0.1mm/s loading 

speed. 

 

 

Table 6.1 Stable hyperelastic models coefficient for preconditioned samples at 0.1mm/s. 

Arruda-Boyce 

Reduced 

polynimial 

N=1 

µ= 3.72092 C10=1.8694 

µ0= 3.720935 C0=0 

λM=621.903  

DI=0 DI=0 

RMSE=0.2845 RMSE=0.2845 

 



76 

 

 

Figure 6.6 Stable models with preconditioned sample uniaxial test data provided to 20% strain. at 0.01mm/s loading 

speed. 

 

 

Table 6.2 Stable hyperelastic models coefficient for preconditioned samples at 0.01mm/s 

Arruda-Boyce 
Reduced 

polynimial N=1 

µ= 2.8223 C10=1.41111 

µ0= 2.82232 C0=0 

λM=598.736  

DI=0 DI=0 

RMSE=0.2234 RMSE=0.2234 
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Figure 6.7 Stable models with postconditioned sample uniaxial test data provided to 20% strain. at 0.1mm/s loading 

speed. 

 

The change in behavior due to conditioning resulted in better curve fitting when 

compared to preconditioned cases. Postconditioned samples is more relevant to the 

application of cardiac patches. As the scaffold will be cultivated with cardiac cell before 

implantation, thus will experience contractions.  

The applied load resulted in steep increase in the stress strain when accounted for 

buckling. In both loading speeds tested, Ogden N= 1 resulted in the best fit when compared 

to other stable models. However, Yeoh and Van Der Waal models are deemed unstable in 

postconditioned samples at strains higher than 8.9% in tension. The results are visualized in 

both speeds in figures 6.8 and figures 6.9 for 0.1mm/s and 0.01mm/s respectively. The 

coefficient of the stable hyperelastic models for postconditioned behavior are listed in tables 

6.3 and 6.4 for 0.1mm/s and 0.01mm/s, respectively. 
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Figure 6.8 Stable models with postconditioned sample uniaxial test data provided to 20% strain. at 0.1mm/s loading 

speed. 

 

 

 

Table 6.3 Stable hyperelastic models coefficient for postconditioned samples at 0.1mm/s. 

Ogden N=1 Arruda-Boyce 
Reduced 

polynimial N=1 

Reduced 

polynimial N=2 

I =1 µ= 4.9667237 C10=2.514399 C10=2.18888 

µI= 4.15922 µ0= 5.2873 C0=0 C10=-42.4887 

αI=20.38422 λM=6.9998  C01=C11=0 

DI=0 DI=0 DI=0 DI=0 

RMSE=0.03958 RMSE=0.21209 RMSE=0.51601 RMSE=0.15299 
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Figure 6.9 Stable models with postconditioned sample uniaxial test data provided to 20% strain. at 0.01mm/s loading 

speed. 

 

 

 

Table 6.4 Stable hyperelastic models coefficient for postconditioned samples at 0.01mm/s. 

Ogden N=1 Arruda-Boyce 
Reduced 

polynimial N=1 

Reduced 

polynimial N=2 

I =1 µ= 2.60978 C10=1.3213 C10=1.03698 

µI= 2.1621 µ0=2.6423 C0=0 C10=44.76711 

αI=25 λM=6.99982  C01=C11=0 

DI=0 DI=0 DI=0 DI=0 

RMSE=0.46873 RMSE=0.6404 RMSE=0.502459 RMSE=0.54829 
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6.3.2 Viscoelastic modeling 

Viscoelastic response has been accurately predicted using Prony series function. Samples at 

both speed 0.1mm/s and 0.01mm/s have been predicted in both preconditioned and 

conditioned samples. In the evaluation of the data the Prony series requires the experimental 

data serves as input in shear test data under time dependent data. The function utilizes stress 

in normalized fashion. Furthermore, the four cases analyzed resulted in accurate curve 

fitting. An observation can be made when comparing results between two different speed of 

similar conditioning scheme, the viscoelastic response recovery early in lower speeds. This 

conclusion can be made for preconditioned and conditioned samples. The corresponding 

viscoelastic coefficient models are listed below in the following tables 6.5,6.6,6.7 and 6.8 

for each case evaluated, respectively.   

 

Figure 6.10 Viscoelastic behavior in preconditioned experimental data and Prony series prediciton at 0.1mm/s. 
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Table 6.5 Viscoelastic models coffeicients for preconditioned at 0.1mm/s. 

 I=1 I=2 

G(I) 0.19936 0.12708 

K(I) 0 0 

τ (I) 21.078 532.47 

RMSE=0.002254755 

 

 

Figure 6.11 Viscoelastic behavior in preconditioned experimental data and Prony series prediciton at 0.01mm/s. 

 

Table 6.6 Viscoelastic models coffeicients for preconditioned at 0.01mm/s. 

 I=1 I=2 

G(I) 0.17575 0.1289 

K(I) 0 0 

τ (I) 32.409 606.95 

RMSE=0.0048561 
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Figure 6.12 Viscoelastic behavior in postconditioning experimental data and Prony series prediciton at 0.1mm/s. 

 

 

 

Table 6.7 Viscoelastic models coffeicients for postconditioned at 0.1mm/s. 

 I=1 I=2 

G(I) 0.16031 0.11708 

K(I) 0 0 

τ (I) 21.233 557.43 

RMSE=0.0024181 
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Figure 6.13 Viscoelastic behavior in postconditioning experimental data and Prony series prediciton at 0.01mm/s. 

 

Table 6.8 Viscoelastic models coffeicients for postconditioned at 0.01mm/s. 

 I=1 I=2 

G(I) 9.0781e-2 0.11595 

K(I) 0 0 

τ (I) 41.26 765.29 

RMSE=0.0047859 

 

Examining the viscoelastic response pre and post conditioning, it was noted that the material 

experiences a larger drop in stress values before altering to a more linear response. This 

observation can be made for both speeds with respect to difference in stress value decrease 

in each speed. The comparison can be visualized in the following figures.  
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Figure 6.14 Comparison of the viscoelastic response in preconditioned and postconditioned coupons at 0.1mm/s. 

 

 

Figure 6.15 Comparison of the viscoelastic response in preconditioned and postconditioned coupons at 0.01mm/s. 

 



85 

 

Conclusion: This chapter discussed the theoretical models utilized in curve fitting the 

experimental data in all cases. As for the assumptions deducted for modeling it, the material 

was assumed as isotropic and incompressible. Modeling the preconditioned samples for 

both speeds resulted in subpar curve fitting for the stable models, especially for the 0.1 mm/s 

loading speed. However, some unstable models provided a reasonable result, but deemed 

unstable due to the high deformation examined. Meanwhile, for the experimental data 

attained from postconditioned coupons they resulted in good fits with the Ogden N=1, 

functions. Lastly, the viscoelastic response was modeled using Prony series equation. The 

function provided immaculate results in both loading speeds at the two different conditions. 

Viscoelastic behavior is similar pre and post conditioning with respect to the difference in 

normalized stress values.  
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7. Conclusion 

In this chapter, we state the problem, identify the objectives of the research, and outline the 

contributions resulting from the work. Furthermore, a brief description of potential future 

work is presented. 

7.1 Statement of the problem 

To increase the cardiac regeneration rate post CVD or a heart attack, a passive method be 

required to be utilized. Based on the literature electrospun scaffold provide tremendous 

results in other TE application. To achieve a successful vascularization of a scaffold to be 

implanted it must behave similar to the native cardiac tissue, which may be achieved through 

this technique. However, one often overlooked property in engineered cardiac patches is the 

mechanical properties. Scaffold with similar fiber matrix and strain rates may achieve 

adequate force for pumping blood through out the body. It was stated in the literature that 

helical electrospun fibered scaffolds increased the operational strain limits when compared 

to conventional scaffolds.  

 The native cardiac tissue experiences various behaviours and phenomena. Based on 

the literature review conducted, the tissue experience stress softening, stress relaxation, and 

stress recovery. Another observation was that the material behavior is strain rate dependant. 

Examining the loading of the heart, during diastole and systole, it is observed that it is a 

complex loading scheme. During Diastole the material experience compression, while 

during systole the loading is tension. Which raises a challenge to subject any material 
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through this loading conditions and strain rates. Attaining an accurate numerical model 

predicting the material behavior would aid in simulating said conditions. 

In this thesis, a parameters sensitivity study was conducted to determine the optimal 

parameters to manufacture helical fibered electrospun scaffolds. Subsequently, the scaffold 

was mechanically characterized to examine various material behaviors. Lastly, experimental 

data was evaluated versus existing hyperelastic and viscoelastic numerical models.  

7.2 Objective 

i. Optimize electrospun helical fiber production. 

A parameter sensitivity study is conducted to examine the effect of the varying process 

parameters. The objective of the study is to optimize the helical fiber production. Fibers are 

characterized using an optical microscope and an image analysis software to determine the 

fiber morphologies and diameters. 

ii. Characterize the behavior of helical fibred scaffolds. 

Scaffolds are prepared based on the optimal parameters obtained from the sensitivity study. 

Samples were processed for testing using a Rheometer with tensile fixtures. A comparison 

between electrospun samples and solid polymeric samples are conducted to determine the 

properties more akin to the native cardiac tissue. Three different loading schemes are used 

to determine the stress relaxation, recovery and softening. Sample recovery after 

conditioning was also explored after 24-hour recovery period. Lastly, coupons are tested to 

failure to examine the material response,  
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iii. Develop a numerical model to predict the scaffold response under different 

loading conditions. 

The hyperelastic behavior of the material attained from mechanical characterization was 

evaluated against existing theoretical hyperelastic models. Stable models for each case tested 

is analyzed with respect to the experimental data to determine the accurate models. 

Furthermore, experimental viscoelastic response is utilized to establish a theoretical model 

using Pony series functions.  

7.3 General conclusions 

7.3.1  Manufacturing of scaffolds  

In this study, the parameter of the electrospinning process was varied to examine the optimal 

helix fiber production. Helix fibers are formed due to buckling of the fibers under their own 

weight, subsequently the fibers were classified into Helix structured, partially buckled and 

straight fibers. Partially structured fibers contribute to the desired scaffold mechanical 

properties with a certain structural limitation. Based on this characterization each scaffold 

was scanned using an optical microscope to determine the optimum parameters for helical 

fiber production, and consequently analyzed using a software.  

It was observed that 15% PCL concentration solution produced the highest 

percentage of helical structured fibers. While a solution with 17% PCL concentration 

provided median result when compared to the solutions utilized in the experiment. 

Moreover, increasing the solution concentration to 19% PCL concentration, resulted more 

helical fibers present in the scaffold. However, the scaffold also presented an increase in the 
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number of beaded structures. Utilizing an angled collector with higher solution 

concentration, did not provide any desired results. Scaffold obtained higher number of 

beaded structures when compared to scaffold produced with flat collectors. 

Environmental control of the electrospinning process may change the outcome 

drastically and result in a different scaffold structure. As mentioned in the literature review 

portion above, the effect of temperature on the fiber and scaffold morphology results in 

changed properties of the scaffold. However, to control the temperature without affecting 

the formation of fibers a passive cooling method is required. An active cooling method will 

affect the buckling of the fibers due to the increased air rotation in the electrospinning 

chamber. In this experiment due to the active cooling method utilized the buckling of fibers 

decreased and thus less helical fibers were present in the electrospun scaffold. Based on this 

conclusion, this study should be conducted with a passive cooling chamber that is well 

insulated and manufactured from nonconductive material to avoid any interference with the 

electromagnetic field.  

7.3.2 Mechanical characterization 

A scaffold consisting primarily of helical fibers that was manufactured based on a previous 

sensitivity study was tested to determine optimal helical fiber production. A downward 

regression line was observed during cyclical loading, signifying the presence of a stress 

softening effect. Stress relaxation was evident in all the three tests conducted, visualized by 

a sharp decrease in the stress values during constant strain loading. The combined loading 

test has highlighted the stress recovery capacity of the material. During the multi-step 

loading test, stress levels exceeded the values achieved during the final cycles of the cyclical 
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loading phase. Stress softening and stress relaxation experienced by the samples were 

following trends seen in various soft materials. Where the peak stress resulting in the sample 

decreases with later cycles up to a threshold where the stress value stabilizes. Meanwhile, 

subjecting the sample to constant strain led the stress to gradually decrease in the sample. 

Obtaining the mechanical characteristics of a spring-like fibered cardiac scaffold will 

facilitate the development of a scaffold with properties tailored to those matching the 

properties of native cardiac tissue. 

Electrospun samples exhibited stress values that were lower than those of solid 

samples, and thus electrospun samples were more capable of matching the mechanical 

properties of the native cardiac tissue. Additional benefits of using a fibred scaffold as 

opposed to solid samples is the structure of the scaffolds, with a more fibrous scaffold 

translating to better cell and molecular infiltration. Nevertheless, both samples demonstrated 

stress softening and stress relaxation recovery behavior.  

Tested scaffolds experienced a degree of plastic deformation during loading and 

relaxations. The recovery of the samples was examined over 24 hours. A tested coupon was 

examined after the test and after 24-hour recovery in room environment conditions. It was 

observed that a recovery was evident. After testing the sample deformed about 11.6% of its 

original length and after recovery period the sample was only deformed for 5.6% of the 

original length.  

Lastly, based on the previous observations the where the scaffold properties change 

during conditioning. Pre and postconditioned samples were tested to fracture in both loading 

speeds or 0.1 mm/s and 0.01 mm/s. While the preconditioned samples provided a typical 
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stress strain curve for a material with a strain dependent modulus. The postconditioned 

samples resulted in an abnormal stress strain curve, where the material properties were 

altered at a specific strain point. As the samples reaches the strain threshold, the stress 

increase was almost a linear increase to failure from grips. This theorized due to the extreme 

stretching of the helical fibers and a change in the crystal structure of the samples.   

7.3.3 Constitutive modeling of scaffolds 

Attaining a constitutive matrix for the helical fibered scaffolds was the first step to 

simulating and predicting the material at more complex loading schemes. This was be 

performed using experimental data examining the hyperelastic and viscoelastic material 

response. Data was used as an input in a commercial and evaluated in terms of multiple 

existing theoretical models. The stable models in all cases where Arruda-Boyce and reduced 

polynomial N=1. Several assumptions were partaken based on the literature, where the 

material is assumed isotropic and incompressible.  

In preconditioned sample at 0.1 mm/s loading speed, all models provided subpar 

curve fitting. However, the unstable models of Ogden N=1, Odgen N=3 and polynomial 

N=3 provided adequate results but cannot be utilized in predicting novel loading conditions. 

Meanwhile the postconditioned coupons had improved curve fitting results for several 

models. While some other model did provide good curve fitting results using the root mean 

squared error method Ogden N=1 will provide most accurate simulation results. Based on 

the results, the coefficients from Odgen N=1 may be used to build the first model to predict 

the complex loading conditions in postconditioned application.  
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  The viscoelastic behavior was evaluated using the Prony series functions. The 

functions resulted in immaculate curve firring for all cases analyzed. Comparing the pre and 

postconditioned samples response, it was noted that the response was similar before and 

after conditioning with respect to the difference in the normalized stress values. Concluding 

that the material exhibits linear viscoelastic behavior  

 7.4 Thesis contributions 

In this thesis, helical electrospun scaffolds were manufactured with a modification to the 

solution and process parameters. A sensitivity study was conducted to highlight the optimal 

parameters for electrospun helical fibers. Based on the parameters attain, cardiac patches 

were attained and mechanically characterized and modeled. A summary of the observations 

and contributions is as follows:  

➢ Scaffold manufacturing: 

i. Optimal parameters for helical fiber production using electrospun was attained. 

ii. The parameters resulted in fiber diameters akin to the native cardiac tissue fiber 

diameters. 

➢ Mechanical characterization: 

i. Stress softening phenomena, stress relaxation and stress recovery was evident in 

both loading speeds tested, similar to other soft material and native cardiac tissue 

behavior. 

ii. Some degree of plastic deformation occurs to the sample, which result in 

buckling of the sample during conditioning.  
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iii. Tested samples experience recovery post 24-hours of testing, which room 

environmental conditions.  

iv. The material post conditioning experience a change in the Young’s modulus and 

thus limits the operating range. 

 

➢ Numerical modeling of the scaffold: 

i. None of the stable models provided an accurate fit for the 0.1 mm/s 

preconditioned samples. 

ii. For both speeds examined in postconditioned samples, the experimental data 

aligns with Odgen N=1 function. 

iii. Prony series provided very good fit for all experimental data evaluated. 

iv.  The material experience linear viscoelastic behavior based on the strains 

examined. 

7.5 Future remarks 

The following areas require additional future research: 

i. Conduct temperature-controlled study with specialized environment control 

chambers designed with passive cooling scheme. 

ii. Improve the strain operation range of the material by post process treatments. 

iii. Further examination of material behavior in other loading configurations. 

iv. Explore the material behavior at temperature suitable extended cell incubation 

periods.  

v. Examine the material compressibility. 
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vi. Investigate material if behaves in isotropic or anisotropic manner. 

vii. Evaluate experimental data while considering other loading configuration to build 

more accurate numerical models. 

Electrospun scaffolds have been used in the TE field for an extend duration of time. 

Though significant research has been conducted on the scaffolds, the literature is lacking 

mechanical characterization research. Future research may focus on further examining the 

material properties in biaxial loading conditions. Other loading conditions should also be 

examined with more precise and purpose-built equipment to capture the mechanical 

properties. Moreover, characterizing samples in compression is challenging due to the fibred 

structure of a scaffold, as testing the scaffold in compression would neglect the benefits of 

the physical structure obtained using electrospinning. Suitable compression testing will aid 

in determining the incompressibility of the scaffold which will aid in attaining an accurate 

constitutive model.
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