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CHAPTER I 

INTRODUCTION 

Using biodegradable scaffolds that can support and guide the in-growth of cells have 

been a promising solution to regenerate tissue parts.  Scaffolds generated from natural [1] 

and synthetic polymers or after removing the cellular components from xenogeneic 

tissues [2] have been used for this purpose.  Since naturally formed matrices such as 

Small Intestinal Sub mucosa (SIS) are constrained by large-scale preparations of reliable, 

and reproducible products [3], forming synthetic matrices from biodegradable polymers 

such as poly(glycolic acid) (PGA), poly(lactic acid) (PLA), polycaprolactone (PCL), 

poly(lactic-co-glycolic acid) (PLGA), gelatin, chitosan and glycosaminoglycans have 

been explored in forming scaffolds [4, 5].  However, the dearth of biomaterials that could 

form scaffolds eliciting controlled cellular responses with essential mechanical properties 

has necessitated search for novel biomaterials.  As a solution to this impending problem, 

blending two or more polymers is a good option to develop scaffolds with wide range of 

physicochemical properties and cellular interactions [4, 6-9].  A reliable method to 

develop scaffolds is to blend individual polymeric structures by the process of controlled 

rate freezing and freeze drying [10].  In this configuration, the desired properties of the 

individual polymeric structures is harnessed and contributed towards the composite 

scaffold structure as whole.  Also, the mechanical and degradation properties are tailored 

by selecting appropriate synthetic polymers. 
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Mechanical properties of synthetic scaffolds have been quantified by either tensile testing 

or compression testing.  However, many parts of the body and the tissue structures within 

the body part are exposed to different kinds of stresses namely tensile, compressive, 

cyclical, and flexural stresses.  Many biomechanical analyses to understand the force 

distribution and stress propagation have revealed that majority of the tissues [11] behave 

as viscoelastic materials rather than pure elastic materials typically observed in 

engineering applications [12].  Viscoelastic materials store and dissipate energy within 

the complex molecular structure; producing hysteresis and allowing creep and stress 

relaxation to occur.  They are found to display time-dependent and load-history-

dependent mechanical behavior, are nearly incompressible, undergo large deformations, 

and display nonlinear material behavior [13-17] and are anisotropic [18-21].  Hence, 

analyzing viscoelastic properties of synthetic scaffolds is critical for utilization in tissue 

engineering and future design of novel biomaterials to be used in tissue regeneration 

applications [22].  Further, one has to perform viscoelastic testing comparing it to 

properties that native tissues possess to identify the utility and the quality of the 

regenerated tissue.  Interestingly, very few studies have been performed to understand the 

viscoelastic nature of porous structures used in tissue regeneration [23]. 

The objective of this study was evaluating the viscoelastic characteristics of potential 

scaffolds to be used in tissue regeneration.  PLGA based composite scaffold was used as 

a model structure for evaluating viscoelastic stress relaxation characteristics.  Quasi 

Linear Viscoelastic (QLV) model, the most widely used model in biomechanics, was 

used to quantify the viscoelastic behavior in terms of the physiological model parameters.  

This study is grouped into the following two specific aims.  



3 

 

SPECIFIC AIM I:  Evaluation of viscoelastic characteristics of porous scaffolds. 

First, composite scaffolds were formed using PLGA and chitosan-gelatin.  PLGA 

membranes were also etched to form nanoscale features to facilitate easy spreading of 

chitosan-gelatin.  Viscoelastic “Ramp-and-Hold” tests were performed to assess the stress 

relaxation properties of the scaffolds.  Load limits were determined by constant rate 

uniaxial tensile test.  Viscoelastic “Ramp-and-Hold” stress relaxation tests consist of a 

loading phase where the sample is subjected to a constant rate of loading for a specific 

value of percentage strain followed by holding the sample at the strain at the end of the 

loading phase for a specific duration, which is the relaxation phase.  To understand the 

effect of variable loading rate, temperature and relaxation times, experiments were 

performed under the following conditions: 

a) Two different strain rates of 3.125 % s-1 and 12.5 % s-1 

b) Two different values of relaxation times were used (60s, and 100s), and  

c) Two different environmental temperatures (25°C and 37°C) in hydrated 

conditions. 

It was observed from the results that the relaxation of PLGA based structures was 

sensitive to the temperature but not so to the rate of loading and the relaxation time.  Peak 

stresses were higher in magnitude at 25°C than at 37°C.  
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SPECIFIC AIM II:  Analysis of stress relaxation by Quasi Linear Viscoelastic 

model. 

The most commonly used model in bioengineering is the QLV model, introduced by 

Fung [24] and later modified by many others [25-31].  The viscoelastic stress relaxation 

characteristics of the PLGA composite were evaluated using QLV model.  The integral 

term encountered in the equation for the output stress was solved analytically to obtain 

two separate equations, one for the loading part and the other for the relaxation part of the 

experiment.  The five constant parameters of the model A, B, C, τ1, τ2 were regressed by 

simultaneous minimization of the Sum Squared Error (SSE) as the objective function for 

the loading and relaxation experimental data using a cyclic search heuristic algorithm.  

To ensure global convergence of the regression algorithm the optimizer incorporated the 

rule of “Best-of-N” [32]. This allowed the optimizer to start from N number of random 

initial guesses to probably achieve a global minimum value for the objective function.  

The optimization also used a novel steady state stopping criterion [33].  Experimentally 

obtained values for the untreated PLGA, the treated PLGA and the composite PLGA 

scaffolds were regressed and optimized to understand the difference in their viscoelastic 

behavior. Also, the viscoelastic characteristics of the composite scaffold were evaluated 

in tandem with the natural matrix SIS. Results of evaluating the model parameters and 

normalized output stress plots show that the PLGA scaffolds relax better than SIS. 
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CHAPTER II 

BACKGROUND 

2.1. Emergence of Tissue Engineering: 

Tissue engineering is an interdisciplinary field combining the knowledge of engineering 

and life science towards the development of biological substitutes that restores, 

maintains, or enhances tissue and organ function or a whole organ [34].  The seeds of 

tissue engineering were laid in the early 1970’s when Dr. W.T. Green, a pediatric 

orthopedic surgeon in Boston, performed experiments to generate new cartilage by 

seeding chondrocytes onto spicules of bone, implanted in nude mice.  His effort although, 

unsuccessful, paved the way for Drs. John Burke and Ioannis Yannas who worked to 

generate a tissue-engineered skin substitute using a collagen matrix to support the growth 

of dermal fibroblasts [35].  It was only in 1988 through the efforts of Dr. Robert Langer 

and many others who coined the word tissue engineering.  The idea of using synthetic 

biocompatible/biodegradable polymers configured as scaffolds also gained prominence 

for seeding cells, in contrast to the predominant use of naturally occurring scaffolds.  

Naturally occurring scaffolds have variations in physical and chemical properties that 

cannot be manipulated, which results in unpredictable outcomes.



 

According to the United Network for Organ Sharing (UNOS) statistics 

of patients on the waiting list for an organ transplant in the United States is 100,832

Only 25,625 transplants have be

12,931.  Thousands of patients die every year waiting for an organ transplant.  Tissue 

engineering with its ability

highly possible solution.  

this field is far broader.  Synthetically engineered tissues, in vitro, could greatly 

accelerate the development of new drugs that may cure patients, thus greatly reducing the 

need for organ transplant 

2.2. Tissue Engineering 

Figure 1: A typical procedure to develop a healthy tissue, in

engineering      

According to the typical tissue engineering approach

collected from a medical biopsy. 

growth medium or culture medium
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ability to conjure up a whole organ in the laboratory is seen as a 

  This, however, is the short term goal.  The potential impact of 
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accelerate the development of new drugs that may cure patients, thus greatly reducing the 
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. Tissue Engineering Basics: 
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According to the typical tissue engineering approach (Figure 1), first the cells are 

collected from a medical biopsy.  These cells are expanded in number by culturing in a 

growth medium or culture medium, consisting of essential nutrients for populating cells
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accelerate the development of new drugs that may cure patients, thus greatly reducing the 

vitro, through tissue 

first the cells are 

number by culturing in a 

, consisting of essential nutrients for populating cells.  
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The expanded cells are then seeded onto synthetic/natural porous biodegradable and 

biocompatible matrices called as “scaffolds”.  Suitable growth factors and bioactive 

groups are supplied for cellular growth and the cells are allowed to mature.  This process 

of supplying the cells with nutrients is carried out in a bioreactor which facilitates cell 

multiplication that fills the scaffold with tissue and allows the cells to grow.  The 

construct is transferred to the human body and the scaffold integrates concomitantly 

supporting body functions.  Over time, as the cells proliferate the scaffold biodegrades, 

gradually allowing blood vessels and growth factors to make contact with the cells.  

Through this process, the scaffold further biodegrades while the cells proliferate and 

differentiate into the desired tissue.  

2.3. Tissue Engineering Scaffolds: 

Cells are implanted onto porous, 3-D structures capable of supporting tissue formation, 

often called as scaffolds.  They usually serve many functions including i) cells adhesion 

and migration, ii) enable transport of vital nutrients and iii) exert mechanical and 

biological influences to modify cellular behavior.  To achieve the goal of tissue 

regeneration the scaffold used must be biocompatible so that it is not rejected by the 

body; biodegradable so that it is absorbed by the surrounding tissues; should have 

adequate pore size necessary for cell colonization and transport of nutrients for cellular 

growth.  The most important feature that the scaffold must possess is the mechanical 

strength to endure the stresses that the native tissues are exposed to.  Every tissue in the 

human body is structured according to the function it performs.  In order to design novel 

biomaterials, it becomes necessary to understand the mechanical environment and 

structural requirement of these different tissues. 
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2.3.1. Native Tissues; types and structure:  Different tissues found in the human body 

have structures that are specific to their functions.  The various functions in the body like 

breathing, digestion, excretion, and vision are performed by organs like the heart, lungs, 

small and large intestines, the urinary bladder, and eyes.  For example, the heart performs 

the function of pumping blood to and from the other organs in the body.  It contains 

muscle tissues that help it do so.  Heart also contains fibrous tissue structures that make 

up the heart valves and other special tissues that help it regulate the rhythmic beating 

[38].  These tissues display nonlinear elastic and viscoelastic characteristics [39].  Also, 

the human skin is a nonlinearly viscoelastic material.  The elastic coefficient for the skin 

is very low (~0.000057 MPa) compared to some other tissue structures in the body [39].  

The bone, a connective tissue is subjected to constant compressive and shear type of 

stresses and is modeled as a linear elastic material [40, 41].  The cartilage, another 

example of connective tissue is described as a linear [42, 43], quasilinear [44, 45], and 

nonlinear [46] viscoelastic material [47].  Majority of the tissue structures in the body are 

found to be viscoelastic.  Hence it is necessary to assess or understand the viscoelastic 

characteristics of materials used as scaffolds for tissue engineering applications.   

Small Intestinal Sub mucosa (SIS), isolated from the intestines of bovine after removing 

the mucosal, serosal and muscular layers of the intestine is one natural scaffold that has 

been successfully used in tissue engineering applications.  It has been used clinically for 

multiple types of hernia repair [48, 49], wound healing [50], bladder augmentation  [51] 

to name a few.  It is, however, constrained by production of a large set of similar 

samples.  Thus the outcome of using SIS as a tissue engineering scaffold cannot be 

predicted with the highest of the confidence.  As a result, forming synthetic scaffolds 
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using natural and synthetic polymers or a mixture of both is considered to be an attractive 

alternative [52, 53].  

2.3.2. Methodology of forming scaffolds:  A plethora of fabrication techniques are 

available for generating tissue engineering scaffolds.  Each technique has its advantages, 

but none can be considered as an ideal method of scaffold fabrication.  The choice of 

fabrication technique is dependent on the structure and properties of the native tissue that 

is to be regenerated.  Some of the strategies are Solvent Casting and Particulate Leaching 

(SCPL) [54, 55], gas foaming [56], 3D printing [57, 58], electro spinning [59], and 

freeze-drying [60].   

Solvent Casting and Particulate Leaching technique makes use of porogen particles like 

sodium chloride, gelatin sphere or paraffin spheres to porous scaffolds with regular 

porosity and with limited thickness.  In this method of scaffold formation first the 

polymer is dissolved in a soluble organic solvent and the resultant polymer solution is 

cast in molds filled with porogen particles.  The solvent is then allowed to evaporate by 

air drying.  The remaining composite structure in the mold is then immersed in a bath of 

liquid suitable to dissolve the porogen to from the porous scaffold.  A major drawback of 

the SCPL technique lies in the use of organic solvents which must be fully removed to 

avoid damage to cells seeded on the scaffold. [61].   

The technique of gas foaming eliminated the use of organic solvents for forming porous 

scaffolds from polymers by using a gas porogen instead of a solid porogen as in the case 

of SCPL technique.  In this method, first a disc shaped structure is made from the desired 

polymer by the process of compression molding.  These discs are then exposed to high 
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pressure carbon dioxide for several days which results in the formation of a sponge like 

structure [61].   

3D printing also called Computer-aided Design (CAD) and Computer-aided 

Manufacturing (CAM) method uses the CAD software to design a three-dimensional 

structure and then the scaffold is generated by using ink-jet printing using the desired 

polymer melt.  The advantage of this method over the others is that porosity and the pore 

size of the scaffold can be altered and controlled according to the user’s choice [61].   

The process of controlled rate of freezing and freeze-drying is the fastest and the most 

commonly used method of formation of porous structures from polymers.  In this method 

the polymers is first dissolved in a suitable solvent and then water is added to this 

polymer solution.  The two liquids are then mixed to obtain an emulsion.  This emulsion 

is then frozen either by keeping in a freezer for a specific amount of time or by dipping in 

liquid nitrogen.  This causes the water to freeze and form crystals.  The frozen emulsion 

is then freeze-dried in a lyophilizer to remove the dispersed water and solvent, leaving 

behind a solidified, porous polymeric structure.    

Scaffold structures formed using natural polymers like gelatin, chitosan, 

glycosaminoglycans support cell growth but are mechanically weak in bearing the 

stresses experienced by body tissues [62].  Blending two polymers is an option to develop 

scaffolds with wide range of physicochemical properties and cellular interactions [4, 6-9].  

The strategy is to use a synthetic and natural polymer mixture harnessing the properties 

of both to form a composite structure.  In this configuration, the mechanical and 

degradation properties can be tailored by selecting appropriate synthetic polymers.  The 
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method of controlled rate freezing and freeze-drying is adopted to form the composite 

structure made of gelatin-chitosan reinforced by a central layer of PLGA similar to that 

reported by Lawrence et al., [10].  The composite is designed to mimic the biological 

properties, tensile properties and degradation characteristics of SIS.   

PLGA is a copolymer of two monomers, glycolic acid and lactic acid.  It degrades as a 

result of hydrolysis in the presence of water to produce the original monomers, lactic acid 

and glycolic acid, which are by-products of various metabolic pathways in the body.  

Hence the body can effectively deal with the two monomers.  It is available in different 

forms like the 50:50 PLGA which is a composition of 50% lactic acid and 50% glycolic 

acid.  Likewise 75:25 PLGA is composed of 75% lactic acid and 25% glycolic acid.  The 

PLGA made using a 50:50 monomer ratio exhibits the fastest degradation rate of all the 

available configurations.(about two months) [10].   

Chitosan is used to account for the porous structure necessary for cell seeding and 

growth.  It is, however, very brittle with a break strain of 40-50% under hydrated 

conditions [62].  Other disadvantages like the limited cell growth characteristic and the 

dependence of degradation time on the degree of deacetylation (DD) and pH have been 

recognized [63].  Hence in order to improve upon the shortcomings of chitosan, it is 

blended with gelatin and a mixture of gelatin-chitosan is used to form the porous 

structure instead [63].  Gelatin improves the biological activity of chitosan as it contains 

Arg-Gly-Asp (RGD) like sequence that promotes cell adhesion and migration.  Gelatin-

chitosan scaffolds have been explored previously in regeneration of various tissues [64], 

cartilage [65] and bone. 
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2.4. Mechanical Analysis: 

Majority of the studies in tissue engineering concerning scaffold materials are focused on 

cell culture studies, measuring porosity and understanding the degradation characteristics 

of scaffolds.  However, recent advances have shown that the physical properties of the 

scaffold such as pore size, and void fraction provide cues to guide cell colonization [66], 

apart from chemical properties such as cell-binding sites necessary for cell attachment.  

Surface features such as edges, grooves, and roughness also influence cell behavior [67, 

68].  Cells from various origins react very differently to changes in architectures, such as 

pore features and topographies [68, 69].  Cellular activity is also influenced by stiffness 

of the scaffold material [70-72].  These properties can be investigated only by conducting 

exhaustive mechanical testing of the material under consideration.   

Although cell culture studies and degradation characteristics of scaffolds are important to 

determine the utility of a matrix in tissue engineering, careful mechanical analysis is 

important.  As explained in the earlier sections that the tissues in the human body possess 

mechanical characteristic depending on their location and the function they perform.  An 

artificial scaffold such as the PLGA composite must possess mechanical characteristics 

similar to the native tissues so as to successfully achieve the goal of tissue regeneration.   

Typical mechanical analysis of synthetic tissue engineering scaffolds is limited to 

performing tensile, compressive and cyclic tests.  

Tensile test: Also called a tension test is the preliminary mechanical analysis that can be 

performed on a material.  It consists basically pulling a material under a constant applied 

load at a constant rate of extension till the material breaks or fails. 
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If a tissue structure “snaps back” to its initial neutral state (dimensions, internal structure, 

etc.), immediately, as the externally imposed stress or strain is removed, the structure is 

termed elastic.  For elastic materials, the stress-strain plot displays linear behavior and 

the material is said to obey the “Hooke’s law”.  The ratio of stress to strain is a constant 

called as the Elastic Modulus or Young’s Modulus, E, which represents the slope.  The 

Elastic Modulus is a measure of stiffness of the material.  One common example of an 

elastic material is a rubber band which returns to its original shape after it is stretched and 

released.   

At the point that the curve is no longer linear, Hooke’s law is not applicable and the 

material undergoes permanent deformation.  This point is called the elastic or 

proportionality limit.  From this point onwards in the test, the material reacts plastically 

to any further increase in the stress/load.  This region is the region of plastic deformation, 

which means that the material will no longer return to its original unstressed position 

once the stress/load is removed.  A common example of such a material is Polyether 

Terepthalate [73].   

Compression test: A compression test determines behavior of a material under 

compressive loads.  The specimen is compressed and deformation at various loads is 

recorded.  Compressive stress and strain curves are useful in determining elastic limit, 

proportionality limit, yield strength and compressive strength [74].  Many biological 

tissues like the cartilage in the knee are subjected to compressive loads in day to day 

activities and hence compressive testing is essential to understand the behavior and the 

performance of these tissues under the applicable loads.  
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Cyclic test: Normal, everyday movements like walking, swinging of the arms, lifting 

loads are repetitive in nature.  Hence, the assessment of the tissue mechanical behavior in 

such cases requires conducting a cyclical test [25].  In this testing procedure the sample is 

loaded to a predetermined amount of peak stress and then the stress is removed.  Several 

such cycles of the loading and unloading type are followed consecutively one after the 

other.    

The methods described above are the preliminary methods to gauge the mechanical 

properties and do not sufficiently describe the material behavior.  Also, as majority of the 

tissue structures in the body display viscoelastic characteristics it is necessary to assess 

the viscoelastic properties of the synthetic polymeric scaffolds.   

2.5. Viscoelasticity:  

Most biological tissues display time dependent and load-history-dependent mechanical 

behavior.  Soft tissues such as muscles, tendons, ligaments, fascia, nerves, fibrous tissues, 

fat, blood vessels and synovial membranes are incompressible or nearly so, undergo large 

deformations, and display nonlinear material behavior [13-17].  They are found to exhibit 

viscoelastic character rather than pure elastic material behavior [12], and are anisotropic 

[18-21].  Further, porous polymeric biodegradable structures utilized in tissue 

regeneration also show viscoelastic behavior [26, 75].  Viscoelasticity is the property of 

the material that exhibits both viscous and elastic characteristic while undergoing 

deformation.  Viscoelastic materials store and dissipate energy within the complex 

molecular structure; producing hysteresis and allowing creep and stress relaxation to 

occur.  Hence, a full description of the mechanical response of materials requires 
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deciphering the viscoelasticity.  Interestingly, very few studies have been performed to 

understand the viscoelasticity of scaffolds used in tissue regeneration [23].  

As mentioned earlier hysteresis, stress relaxation and creep are characteristics of 

viscoelastic materials.  Hysteresis can be explained as the phase lag associated with a 

dissipation of mechanical energy observed in the stress strain relationship of a material 

under the influence of loading and unloading cycles.   

Stress relaxation is the behavior of a material under the effect of an applied constant rate 

of strain over a period of time followed by holding the material at this strain.  The output 

stress reaches a peak under the influence of the applied constant rate of strain and then 

relaxes over time during the hold period.  

Creep is in some sense the opposite of stress relaxation where the deformation of a 

material is observed under the influence of a constant rate of stress.   

Viscoelasticity of soft tissues has been discussed under the realms of linear viscoelasticity 

and quantified by the use of models like the Maxwell, the Voigt and the Simple Linear 

Models [76].  This may be the case for small deformation of these materials.  However, 

biomaterials developed of natural and synthetic polymers and some of the soft biological 

tissues display nonlinear viscoelastic behavior under the influence of large deformation.  

The most common and widely used model to characterize the nonlinear viscoelastic 

behavior is the Quasi Linear Viscoelastic (QLV) model, introduced by Fung [24] and 

later modified by many others according to comply with specific test or material 

requirements [25-31].  QLV theory assumes that the stress relaxation of soft tissues can 

be expressed as a product of a reduced relaxation function and the instantaneous stress 
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resulting from a ramp strain as: 

))(()(),( τεσεσ etGt =         (1) 

On applying the Boltzmann’s superposition principle Eq.(1) can be expressed as,  
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 represents the derivative of the instantaneous elastic response, 
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is the strain history.  In practical experiments, the applied strain history is considered to 

begin from time t=0.  Hence, the lower limit in Eq.(2) is modified to  

τ
τ
τε

ε
τεσ

τεσ dtGt
t e

∂
∂

∂
∂

−= ∫
)())((

)(),(
0

      (3) 

where ),( tεσ is the stress at any time t, ))(( τεσ e is the instantaneous elastic response (the 

maximum stress corresponding to an instantaneous step input of strain ε), G(t) is the 

reduced relaxation function that represents the time-dependent stress response of the 

tissue normalized by the stress at the time of the step input of strain.  For soft tissues, 

Fung proposed a generalized reduced relaxation function equation based upon a 

continuous spectrum of relaxation which has the form   

)/ln(1
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=        (4) 

where C is a dimensionless material parameter that reflects the magnitude of viscous 

effects present, and is related to the fraction of relaxation.  τ1 and τ2 are time-constants 
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that regulate the short and long-term material responses, relating to the slope of the 

stress-relaxation curve at early and late time periods, respectively. )/(1 τtE  is the 

exponential integral function of the form  

1

/

( / )
∞ −
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τ          (5) 

If τ1 and τ2 differ sufficiently that τ1 << t << τ2, then Eq.(4) can be written [30] as 
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where γ is the Euler constant which has a value of 0.5772 and Ο(C) is small and can be 

neglected.  Thus 

( )
2

2 1

1 ln

( )
1 ln /

t
C C

G t
C

τ
γ

τ
τ

τ τ

 −
− −  

 − =
+

        (7) 

Abramowitch and Woo in their modeling approach to quantify the viscoelastic behavior 

of the collateral ligament in a goat model [25], used the basic QLV modeling approach 

developed by Fung.  They used the form of the reduced relaxation function shown in 

Eq.(4).  The form of the instantaneous stress response used in their approach is given by 

an exponential approximation to the material nonlinear behavior as  

( )( ) 1e BA e εσ ε = −          (8) 

where A is the elastic stress constant with units of stress (MPa), and B is the 

dimensionless elastic power constant.   
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Finally, to generate the model equations the form of Eq.(4) and Eq.(8) are substituted in 

Eq.(1) to obtain  
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For the solution of Eqs.(9) and (10), Abramowitch and Woo made use of a modified 

Levenberg-Marquardt algorithm using the math solver Mathematica.  The five model 

parameters, A, B, C, τ1, and τ2 were determined by the minimization of the Sum Squared 

Errors (SSE) between the experimental obtained data and theory as the objective 

function.  This was performed simultaneously for the loading (Eq.(9)) and relaxation 

(Eq.(10)) equations.  To ensure successful convergence the initial guess for each 

parameter was multiplied by a random factor between 0.1 and 10 and regression was 

performed 100 times with different initial guesses.   

An alternative form of the stress relaxation function has also been used [29, 77], where 

the reduced relaxation function is of a different form than in Eq.(4) and is defined as 

htdtbt geceaetG −−− ++=)(         (11) 

where a, b, c, d, g and h are parametric constants.  The equation for the instantaneous 

stress function is of the same exponential form as Eq.(8).  

For the form of reduced relaxation function used in Eq.(11) when the integral form of 

Eq.(3) is solved analytically, the output stress equations for the loading as well as the 

relaxation parts were obtained as shown [78]: 
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Loading Part: initial constant strain-rate conditions 
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Relaxation Part: sample held at strain at end of loading period  
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For the analytical form of Eqs.(12) and (13) the model parameters determined by least 

square approximation fail to display a physical significance to the material behavior 

under stress relaxation.   

Different form of reduced relaxation function expressions have also been used to obtain 

the output stress.  For example, Duling et al., reported on viscoelastic stress relaxation 

characteristics of a scaffold made of PCL by the QLV model [23].the reduced relaxation 

function of the form of Eq.(7) was used to determine the material parameters.  This form 

of the reduced relaxation function is also used in other reports [30].   

.
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CHAPTER III  

COMPOSITE SCAFFOLD GENERATION 

Combing synthetic and natural polymers is an approach to develop superior scaffolds for 

tissue engineering.  Based on this concept, composite scaffolds have been formed.  This 

chapter deals with the formation of the PLGA composite structure formed of a thin 

mechanically strong air dried film of PLGA sandwiched between porous structures of 

gelatin-chitosan by the process of controlled rate of freezing and freeze drying.  . 

3.1. Materials and Methods:  

3.1.1. Materials:  For the purpose of generating the PLGA composite scaffold the 50:50 

PLGA polymer pellets, ester terminated (nominal) with 90-120 kDa Mw were obtained 

from LACTEL absorbable polymers (Pelham, AL), the chitosan (200-300 kDa molecular 

weight, Mw, 85% DD) and gelatin type – A (300 Bloom) were obtained from Sigma 

Aldrich Chemical (St. Louis, MO), Apper Ethyl Alcohol, 200 proof, anhydrous and 

chloroform were obtained from Pharmaco. 

3.1.2. Method:  The PLGA composite scaffolds were prepared by the method previously 

reported [10] with modifications.  The steps for the process are explained briefly 

• Step (1) involves forming a thin PLGA film by air drying PLGA solution (4 % 
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wt/v) prepared by dissolving the polymer pellets in 5mL chloroform, overnight in 

a chemical fume hood on a Teflon sheet (United States Plastic, Lima, OH) (8cm 

×6cm) fixed to a flat aluminum plate (Figure 2[1]).  The formed PLGA film as a 

result of air drying has a smooth and hydrophobic surface.   

• Step (2) is the etching process where the formed PLGA film was completely 

submerged in 1N NaOH solution for 10 minutes (Figure 2[2]). This helps to 

create surface roughness on the smooth surface of PLGA film and also makes it 

hydrophilic.   

• Step (3) involves washing the etched PLGA film with excess water and punching 

holes on the surface in a square pitch 1 cm apart from each other using a stainless 

steel needle and a hammer (Figure 2[3]).   

• Finally, Step (4) involves layering the PLGA film with a 3 mL mixture of 0.5% 

(wt/v) chitosan and 0.5% (wt/v) gelatin solution dissolved in 0.7% (v/v) acetic 

acid, on both sides and freeze drying it in a lyophilizer to form the porous layer 

(Figure 2[4]).   



 

Figure 2: Steps to generate the PLGA composite scaffold with porous layer of 

gelatin-chitosan. 

3.2. Surface Analysis of Etched PLGA using Scanning Electron Microscopy (SEM):

The effect of etching on the surface of the PLGA was analyzed via SEM.  For this 

purpose, small, rectangular 

untreated (unetched) and the 10 minute treated (etched) samples and were glued onto the 

surface of a metallic stud using either carbon dot or carbon paint.  This was then splutter 

coated with gold-palladium in a splutter 

then placed inside the SEM under conditions of vacuum.  Pictures of the surface were 

taken at different accelerating voltages and different magnifications.

3.3. Results: 

3.3.1. Effect of Etching Process on Surfa
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: Steps to generate the PLGA composite scaffold with porous layer of 

3.2. Surface Analysis of Etched PLGA using Scanning Electron Microscopy (SEM):

The effect of etching on the surface of the PLGA was analyzed via SEM.  For this 

purpose, small, rectangular (2mm×3mm approx) pieces were cut out from both the 

untreated (unetched) and the 10 minute treated (etched) samples and were glued onto the 

surface of a metallic stud using either carbon dot or carbon paint.  This was then splutter 

palladium in a splutter coater.  The coated, dehydrated samples were 

then placed inside the SEM under conditions of vacuum.  Pictures of the surface were 

taken at different accelerating voltages and different magnifications. 

3.3.1. Effect of Etching Process on Surface Roughness of PLGA, SEM Analysis:  

: Steps to generate the PLGA composite scaffold with porous layer of 

3.2. Surface Analysis of Etched PLGA using Scanning Electron Microscopy (SEM): 

The effect of etching on the surface of the PLGA was analyzed via SEM.  For this 

pieces were cut out from both the 

untreated (unetched) and the 10 minute treated (etched) samples and were glued onto the 

surface of a metallic stud using either carbon dot or carbon paint.  This was then splutter 

coater.  The coated, dehydrated samples were 

then placed inside the SEM under conditions of vacuum.  Pictures of the surface were 

ce Roughness of PLGA, SEM Analysis:  The 



 

SEM results showed (Figures 

unetched and 10 minute etched samples.  The surface of the 10 minute etched sample 

displayed nanoscale surface features and other ir

Figure 3: Scanning Electron Microscope (SEM) images of [A].the untreated, [B].the 

10 min treated PLGA films.

3.3.2. Effect of Etching Process on the Mechanical Integrity of the Composite 

Scaffold:  To understand the effect of etching the s

mechanical integrity of the composite structure the formed composite with and without 

the etching process was evaluated under SEM 

contact between the non

region was observed (Figure 

The composite formed without the etching process displayed separation of lay

4[A]) .  The dry thickness of these composite scaffolds was less than 1 mm and the PLGA 

membrane contributed less than 50 µm (

achieved relative to composites formed without etching

to the roughness created by the 

chitosan-gelatin solution.  No separation of layers occurred when the samples were 
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(Figures 3[A] and [B])  a difference in the surfaces between the 

unetched and 10 minute etched samples.  The surface of the 10 minute etched sample 

displayed nanoscale surface features and other ir

: Scanning Electron Microscope (SEM) images of [A].the untreated, [B].the 

10 min treated PLGA films.   

3.3.2. Effect of Etching Process on the Mechanical Integrity of the Composite 

To understand the effect of etching the surface of the PLGA would have on the 

mechanical integrity of the composite structure the formed composite with and without 

the etching process was evaluated under SEM (Figure 4[A] and [B])

contact between the non-porous PLGA membranes and the porous chitosan

(Figure 4[B]) for the composite formed using the etching process

The composite formed without the etching process displayed separation of lay

.  The dry thickness of these composite scaffolds was less than 1 mm and the PLGA 

membrane contributed less than 50 µm (~20 -30 µm).  A reduction in thickness was 

achieved relative to composites formed without etching [10].  This reduction is attributed 

to the roughness created by the etching process which facilitated easy distribution of 

gelatin solution.  No separation of layers occurred when the samples were 

a difference in the surfaces between the 

unetched and 10 minute etched samples.  The surface of the 10 minute etched sample 

displayed nanoscale surface features and other irregularities. 

: Scanning Electron Microscope (SEM) images of [A].the untreated, [B].the 

3.3.2. Effect of Etching Process on the Mechanical Integrity of the Composite 

urface of the PLGA would have on the 

mechanical integrity of the composite structure the formed composite with and without 

[A] and [B]) .  A very good 

porous PLGA membranes and the porous chitosan-gelatin 

for the composite formed using the etching process.  

The composite formed without the etching process displayed separation of layers (Figure 

.  The dry thickness of these composite scaffolds was less than 1 mm and the PLGA 

30 µm).  A reduction in thickness was 

.  This reduction is attributed 

cess which facilitated easy distribution of 

gelatin solution.  No separation of layers occurred when the samples were 



 

neutralized with ethanol and hydrated in PBS

Figure 4: Cross sectional Scanning Electron Microscope (SEM) image of [A]. The 

PLGA composite formed without the etching process

PLGA composite formed using the etching process, shows good contact between the 

chitosan-gelatin porous structures to the PLGA layer.

 

SUMMARY: This work 

using the technique of etching which produces nanoscale surface features

of a PLGA film.  Porous compartment provides scaffolding for multilayered cell growth, 

while the membrane layer provides mechanical stren

The etching process increased the surface roughness of PLGA

analysis, similar to other published reports 

polymers on its surface.  

the chitosan-gelatin porous structure thereby maintaining the integrity of the composite 

structure.
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neutralized with ethanol and hydrated in PBS.  

: Cross sectional Scanning Electron Microscope (SEM) image of [A]. The 

PLGA composite formed without the etching process (Lawrence B.J.)

PLGA composite formed using the etching process, shows good contact between the 

gelatin porous structures to the PLGA layer. 

This work explored a novel method of generating composite scaffolds 

using the technique of etching which produces nanoscale surface features

.  Porous compartment provides scaffolding for multilayered cell growth, 

while the membrane layer provides mechanical strength  

etching process increased the surface roughness of PLGA as observed from SEM 

, similar to other published reports [79, 80], allowing easy spreading of natural 

  The surface etching of PLGA also allowed better adherence of 

gelatin porous structure thereby maintaining the integrity of the composite 

: Cross sectional Scanning Electron Microscope (SEM) image of [A]. The 

(Lawrence B.J.), [B] the 

PLGA composite formed using the etching process, shows good contact between the 

generating composite scaffolds 

using the technique of etching which produces nanoscale surface features on the surface 

.  Porous compartment provides scaffolding for multilayered cell growth, 

as observed from SEM 

, allowing easy spreading of natural 

The surface etching of PLGA also allowed better adherence of 

gelatin porous structure thereby maintaining the integrity of the composite 
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CHAPTER IV 

UNIAXIAL TENSILE ANALYSIS 

Uniaxial tensile testing provides the break stress and strain values for the sample under 

consideration which acts as a gauge or provides a range of operation to conduct further 

mechanical analysis on the sample.  

4.1. Thickness Measurement: 

The thickness and the width of the sample are important for calculating the cross 

sectional area which in turn is necessary to calculate the resultant stress corresponding to 

strain generated during Uniaxial Tensile analysis.  Thickness of the formed composite 

structures was measured by aligning wide strips of the composite orthogonally (Figure 

5[A])  to the plane of view of an inverted microscope [10, 81].  Thickness measurements 

were made using Sigma Scan Pro (SYSTAT Software, Point Richmond, CA) software at 

more than 40 locations (Figure 5[B]) and average values were used in tensile testing.  

The system was calibrated using the image of a haemocytometer.



 

 

Figure 5: [A].Thickness measurement using an inverted microscope, [B].Image of 

the sample thickness as viewed from the microscope.

4.2. Uniaxial Tensile Testing:

For the tensile testing, 5cm

strained to break at 10 mm/min crosshead speed using an INSTRON 5542 testing 

machine (INSTRON, Canton, MA) 

hydrated condition using Phosphate Buffered Saline (PBS) at 37°C 

custom built in-house. Break stress and strain were determined using the associated 

software, Merlin (INSTRON Canton, MA).  The output data for the engineering stress 

(MPa) is plotted against the engineering strain (%) using the software Sigma Plot 
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: [A].Thickness measurement using an inverted microscope, [B].Image of 

the sample thickness as viewed from the microscope. 

Uniaxial Tensile Testing: 

For the tensile testing, 5cm×1cm strips were cut out from the sample specimen and 

strained to break at 10 mm/min crosshead speed using an INSTRON 5542 testing 

machine (INSTRON, Canton, MA) (Figure 6[A] and [B]).  Testing was done 

hydrated condition using Phosphate Buffered Saline (PBS) at 37°C using a chamber 

house. Break stress and strain were determined using the associated 

software, Merlin (INSTRON Canton, MA).  The output data for the engineering stress 

Pa) is plotted against the engineering strain (%) using the software Sigma Plot 

: [A].Thickness measurement using an inverted microscope, [B].Image of 

1cm strips were cut out from the sample specimen and 

strained to break at 10 mm/min crosshead speed using an INSTRON 5542 testing 

.  Testing was done under 

using a chamber 

house. Break stress and strain were determined using the associated 

software, Merlin (INSTRON Canton, MA).  The output data for the engineering stress 

Pa) is plotted against the engineering strain (%) using the software Sigma Plot 



 

(SYSTAT Software, Point Richmond, CA). 

Figure 6: [A] INSTRON 5542 testing machine, [B] Special chamber built in

keep the sample hydrated during the testing  

4.3. Results: 

4.3.1. Uniaxial Tensile Testing of PLGA Composite:  

and [B]) that the SIS and the composite have a similar range of break stress

The break strain for the composite (~400%) is 6

50%).  The break strain value determines the input for the “Ramp

relaxation tests.  
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(SYSTAT Software, Point Richmond, CA).  

: [A] INSTRON 5542 testing machine, [B] Special chamber built in

keep the sample hydrated during the testing   

4.3.1. Uniaxial Tensile Testing of PLGA Composite:  These results show 

that the SIS and the composite have a similar range of break stress

he break strain for the composite (~400%) is 6-8 times higher than that 

50%).  The break strain value determines the input for the “Ramp-and

: [A] INSTRON 5542 testing machine, [B] Special chamber built in -house to 

show (Figure 7[A] 

that the SIS and the composite have a similar range of break stress (~3-4 MPa).  

8 times higher than that for SIS (~40-

and-Hold” stress 
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Figure 7: [A]. Stress vs. strain curve for the natural matrix SIS, [B]. Stress vs. strain 

curve for the PLGA composite. 

4.3.2. Effect of Processing on Tensile Property of Composite:  To assess the effect of 

processing, the unetched, the 10 minute etched, and the composite PLGA samples were 

tested under similar conditions.  These results (Figure 8) showed that the composite 

failed at a strain value lesser than the unetched or the 10 minute etched sample.  This 

suggested that the processing step of controlled rate of freezing and freezing drying 

affected the tensile strain of PLGA.  Further, the chitosan-gelatin porous layer failed at 

around 200% of strain.  
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Figure 8: Stress vs. strain graph for the unetched, the etched, and the composite 

PLGA.  

SUMMARY: Tensile testing analysis showed that ten minutes of this etching process did 

not affect the tensile properties of PLGA while providing sufficient roughness.  This 

condition was used to form composite structures and the formed composites also 

displayed excellent tensile properties, the tensile strain at break being ~ 450%.  This is 

nearly 6-8 times the break strain as that for SIS. 
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CHAPTER V 

VISCOELASTIC STRESS RELAXATION ANALYSIS 

The viscoelastic properties of the PLGA composite scaffold were assessed by performing 

“Ramp-and-Hold” type of stress relaxation experiments.  Tensile analysis of the structure 

provided the range to operate without reaching the break strain.  The “Ramp-and-Hold” 

test consists of two portions.  The first portion is where a constant rate of tensile strain is 

applied to the sample for a predetermined amount of strain.  This is called the loading 

portion.  The successive portion of the test is where the relaxation behavior of the 

specimen is observed under zero rate of loading by holding the sample at the strain value 

recorded at the end of the loading portion, is called the relaxation portion.   

5.1. Ramp and Hold Stress Relaxation Tests:  

“Ramp-and-Hold” stress relaxation experiments were performed on the unetched, the 

etched, and the composite PLGA structures in succession of four ramps using the 

INSTRON 5542 universal testing machine.  Each ramp had a loading part where the 

sample was loaded to 50% strain with a loading rate of 3.125 % s-1 and a 100 second 

relaxation part.  The step-by-step procedure used to set up the stress relaxation test using 

the associated Merlin (INSTRON, Canton, MA) software is described in Appendix 1. 

The relaxation time period of 100s was chosen because a previous study by Sauren, et al. 

showed that the majority of the relaxation in a material occurs in the first 100 seconds 

[82].  All experiments were conducted under physiological conditions, meaning at 37°C 



31 

 

and hydrated in PSB.  Prior to testing the PLGA composite, samples were washed with 

ethanol to neutralize the excess acid encountered during the generation process.  Stress 

and strain for the entire duration of the test were reported using Merlin. A stress vs. time 

graph was plotted to map the relaxation using the graphing software Sigma Plot 

(SYSTAT Software, Point Richmond, CA). 

Relaxation for all the three samples was also compared by the means of a normalized 

stress function plot (Figure 10).  The normalization of the experimental stress at any time 

t during the relaxation part of the test is done by calculating the ratio of the stress at any 

time t, σ(t) to the peak stress σp at time t0.  Mathematically it is represented as  

p

t
tG

σ
σ )(

)( =           (14) 

All experiments were repeated three or more times with triplicate samples for each group 

and the data was reported in the graphical form as mean ± standard deviation values for 

all the samples at a regular interval of five seconds. 

5.2. Variable Testing Conditions:   

In order to understand the effect of variable loading rate, effect of temperature and also 

the effect of relaxation time on the stress relaxation behavior of PLGA, samples were 

tested under 

a) Two different strain rates of 3.125 % s-1 and 12.5 % s-1. 

b) Two different values of relaxation times (60s and100s), and  

c) Two different environmental temperatures (25°C and 37°C) in hydrated 

conditions. 
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5.3. Comparison of PLGA Composite to SIS:   

Stress relaxation of PLGA composite was compared to SIS, both by the means of a stress 

vs. time plot and by calculating the percentage relaxation.  For the SIS, tensile analysis 

reveal that the break strain ranges from 60-80% [81].  Hence, the amount of strain per 

ramp was reduced to 15% instead of the normal 50% as in the case of structures made out 

of PLGA.  Further, in order to compare the relaxation properties of the PLGA composite, 

both SIS and the composite were subjected to a similar strain rate.   

Percentage relaxation is a measure of the amount of relaxation that the material 

undergoes in successive cycles.  It is calculated as the difference of the peak stress (σP) 

(stress at the end of the loading period) and the stress at the end of the relaxation period 

(σE) divided by the peak stress   

100% ×






 −
=

P

EPrelaxation
σ

σσ        (15) 

5.4. Results: 

5.4.1. Ramp and Hold Stress Relaxation Test Results for the Unetched, Etched, and the 

Composite Structures Made of PLGA:  The stress vs. time plot for the first ramp of the 

“Ramp-and-Hold” experiment on the unetched, the etched, and the composite PLGA 

structures is shown in Figure 9.  As seen from the graph, the peak stress at the end of the 

loading period for the unetched PLGA sample (~1.8 MPa) is higher as compared to the 

etched and the composite PLGA samples (both ~ 0.8 – 0.9 MPa).  This shows that the 

unetched sample accumulates more stress during loading than the etched and the 

composite structures.   
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Figure 9: Stress vs. time plot of the unetched, etched, and composite samples as a 

result of “Ramp-and-Hold” stress relaxation tests. 

5.4.2. Effect of Processing Steps on the Mechanical Characteristics of PLGA 

Composite:  To understand the relaxation characteristics, stress values in the relaxation 

part of the first cycle was normalized with its peak stress.  The plot of the normalized 

stress function (Figure 10) for the unetched PLGA sample is lower in magnitude than the 

etched and the composite PLGA samples.  For the etched and the composite PLGA 

samples the reduced relaxation function plot is similar in magnitude.  This indicates that 

the unetched sample relaxes better than the etched and the composite structures, which 

have similar relaxation values.  Hence, it can be concluded that the etching process 

affects the relaxation properties of PLGA.  
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Figure 10: Normalized stress relaxation function plots for the unetched, etched, and 

composite PLGA. 

5.4.3. Stress Relaxation of PLGA Structures Under Different Input Conditions:  It was 

observed (Figure 11) that the trend of the stress vs. time plot under variable inputs 

remained the same.  Under similar conditions of temperature and relaxation time (25°C 

and 100s) the magnitude of the peak stress at the end of loading for all the four ramps for 

the sample were found to be similar with changing the rate of loading from 3.125% s-1 to 

12.5% s-1.  Upon changing the relaxation time from 60s to 100s (Figure 11 [B]), no 

major change in the peak stress was observed.  However, changing the test temperature 

form 25°C to 37°C introduced a significant change in the peak stresses.  Stresses were 

considerably lower at 37°C than at 25°C.  This could be because at 37°C the material is 

much nearer its glass transition temperature (Tg, of PLGA~40-60 ° C).  Polymers behave 
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as glassy materials near their Tg.  Thus, the magnitude of peak stresses accumulated in 

PLGA structures after each loading cycle is affected more by the test temperature rather 

than the loading rate or the relaxation time.  
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Figure 11: Stress relaxation of PLGA membranes; [A].Effect of loading rates 

(3.125%s-1 and 12.5%s-1), [B].relaxation times (60 and 100s) and [C].different 

temperature values (25°C and 37°C). 

5.4.4. Comparison to SIS:  These results (Figure 12) show that, initially, for the first two 

ramps, the peak stress and the stress at the end of relaxation are lower for the SIS as 

compared to the composite structure.  However, as the number of ramps increases, a 

reversal in the above mentioned trend is observed.  For the SIS the peak stress in the first 

cycle was less than that developed in the fourth cycle.  On the contrary, the peak stress 

developed in the first cycle for the composite was higher relative to the fourth cycle.  

This could mean that the composite has better relaxation behavior in the long run.  Soft 

tissues are known to strain harden in successive cycles, and SIS also shows similar 

behavior.  However, the composite behaved more like a strain softening material.  
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Figure 12: Comparison of the stress relaxation of the natural matrix SIS to the 

PLGA composite scaffold 

SUMMARY: “Ramp-and-Hold” type stress relaxation experiments displayed higher 

stress accumulation for the unetched sample as compared to the etched and composite 

samples.  Comparison of normalized stress function plots revealed better stress relaxation 

for the unetched sample.  Also stress relaxation of all the structures made of PLGA is 

better than the SIS.  This is in accordance to a study which say that the mechanical 

characteristics of polymeric structures is better than SIS [83].  Stress relaxation tests 

carried out at variable experimental conditions showed that the test temperature 

significantly affects the viscoelasticity of PLGA scaffolds.  Consequently for variable 

loading rates and relaxation times peak stresses were found to be similar in magnitude.  
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This is in concurrence to the relaxation properties as observed for PCL by Duling et al, 

[23].  Interestingly, the plot for the ramping portion for the structures made of PLGA 

(concave downwards) was opposite to that of soft tissues (concave upwards) like 

ligaments, tendons, etc [23, 26, 29, 30, 84]. Also PLGA composite was found to be strain 

rate softening as compared to the strain rate hardening displayed by SIS.  
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CHAPTER VI 

ANALYTICAL MODEL DEVELOPMENT, OPTIMIZATION, AND 

REGRESSION. 

The analytical model used in this work to quantify the viscoelastic characteristic of 

PLGA based matrices is derived from the version of the QLV model as developed by 

Fung [85].  The model is formulated to eliminate the use of complex math solvers such as 

Mathematica, and Mat Lab.  The optimization algorithm used to determine the model 

parameters is cyclic, heuristic and of a direct search class.  It is developed by Dr. R 

Russell Rhinehart and the code is written in Visual Basic for Applications (VBA) with an 

interface in MS Excel.  Regression is carried out by the simultaneous minimization of the 

SSE between the experimental data and model data as the objective function using the 

optimization algorithm.  

6.1. Analytical Model Development:  

The model is obtained by solving Eq.(3) analytically, after substituting the form of 

reduced relaxation function as in Eq.(7) and the form of the instantaneous stress response 

of Eq.(8).  This procedure is done twice, separately for the loading and the relaxation 

parts with different limits.  The limits for the loading part are 0 to t and that for the 

relaxation part being 0 to t0.  The final equation for the stress for the loading and the 

relaxation portion of the test are as follows 
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Loading part: initial constant strain-rate conditions 
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Relaxation part: sample held at strain at end of loading period   
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Where α is the strain rate during loading.  For complete derivation of Eqs.(16) and (17) 

refer to Appendix 2.  

True stress and true strain values which account for the changes in cross section of the 

specimen [77, 86, 87] during the test are used for the nonlinear regression analysis to 

determine values for the constants A, B, C, τ1 and τ2 of the analytical model.  True stress (

Tσ ) is approximated from the experimentally determined stress and strain (also referred as 

engineering stress and engineering strain) values using the equation 

( )1= +T E Eσ σ ε          (18) 

where Eσ  is the engineering stress, and Eε is the engineering strain.  True strain (Tε ) [88, 

89] is calculated using the equation  

( )ln 1= +T Eε ε          (19) 
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where Eε  is the engineering strain.  

6.2. Optimization Algorithm: 

The optimization algorithm used in this work, the logic that directs the successive guess 

of the progressively improving model parameter values, is of the direct search class (only 

using objective function evaluation information), not of the gradient-based class (which 

uses first and second derivative information) and is developed by Dr. Russell R. 

Rhinehart.  The optimization algorithm is a single-step, one variable at a time (cyclic) 

search with heuristic factors to either expand or contract-and-reverse subsequent steps 

depending on the past success of the step for that decision variable  The cyclic, heuristic, 

direct search has advantages in simplicity and robustness.  This direct search optimizer 

was coded in Visual Basic for Applications (VBA) with an interface in MS Excel.  Refer 

Appendix 3 for the algorithm  

In order to avoid the dependence of the converged solution on the initial guess this 

algorithm incorporates the rule of “Best-of-N” and also a steady state stopping criterion 

to properly terminate the optimization. 

6.2.1 “ Best-of-N” Multi Start Criterion:  This algorithm incorporates the “Best-of-N” 

method to determine the number of random starts in order to probably find the global 

minimum. The formula [32] to calculate this value of the number of starts, N, is  

ln(1 )

ln(1 f )

−
=

−
successP

N          (20) 

where Psuccess is the user-desired probability that the best from N independent 

optimizations will yield a SSE value which is one within the best fraction, f, of all 
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possible values.  In this work, 22 iterations were used based on the desire to find out one 

of the best 10% of all possible objective function values at least once with 90% 

confidence.   

ln(1 0.90)
21.85

ln(1 0.10)
N

−
= =

−         
(21)

 

To make the initial guesses different in every iteration, a randomization function 

available in VBA was used to generate random initial guesses for the decision variables 

from the defined parameter value range.     

6.2.2. Stopping Criterion:  The technique calculates the root-mean-squared (RMS) 

deviations from a randomly selected (RS) subset of the data at each iteration, and 

terminates optimization when the RMS-RS value shows no improvement with iteration 

number.  This optimization termination has several advantages.  It is scale-independent 

and single criterion, and does not require user-chosen thresholds.  There are many ways 

to analyze for probable transient and probable steady state conditions.  This method stops 

the iterations depending on a preset value of R, a ratio of variances, as measured on the 

same set of data by two different methods.  At steady state the expected value of R is 1.

6.3. Objective Function:  

Quantifying the viscoelastic stress relaxation behavior of the PLGA composite and also 

understanding the effect of the processing steps on the mechanical characteristics of the 

structure requires determining the phenomenological, parametric constants of the model 

(analytical model in this case) which have a physical significance.  The objective function 

for the regression is the sum of squared errors (SSE) and the aim of the regression is to 
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minimize this SSE function.  SSE is defined as the summation of square of the difference 

of the experimentally determined value to the analytically obtained value from the 

equation of stress.  The SSE is calculated both for the loading as well as the relaxation 

part of the experimental data and can be represented mathematically as 

( )2

model data expermental data= −∑SSE σ σ        (22) 

6.4. Regression: 

The analytically derived model equations (Eq.(16) and (17)) were simultaneously 

regressed by minimizing the sum squared errors (SSE) for the loading and relaxation 

parts as the objective function with the decision variables as the five model parameters,  

A, B, C, τ1, τ2.  Unlike others [25, 29-31] which make use of the stress corresponding to 

instantaneous strain Eq.(8) to determine the values of A or B or A and B, this work 

regresses all five decision variables namely A, B, C, τ1 and τ2  together.  Random initial 

guesses were generated for the model parameters by the optimizer for each of the N 

independent starts.  Out of the N results obtained, the run with the minimum SSE value 

was chosen as the resulting value for the model parameters.  The model equations are in 

the form of an infinite series and so the equations were truncated to the third order term 

as it was observed that the magnitude of the higher order terms was very small and 

insignificant compared to the function value.   

Another approach which was tried in this work to obtain the analytical model parameters 

was doing the regression using the Newton’s method in the Solver application in MS 

Excel.  The strategy was similar to the above mentioned method, simultaneous 
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minimization of the SSE as the objective function.  Parametric values generated using the 

Solver tool were found to be highly dependent on the initial guesses.   

6.5. Results: 

6.5.1. Result of Regression Analyses:  The optimizer converged to several solutions for 

all the 22 random starts for a given sample (unetched, etched or composite).  The trial 

with the minimum value of SSE obtained was selected with 90% confidence as belonging 

to one of the best possible 10% of all solutions (accepted as the global optimum).  The 

comparisons of the curve fit of the experimental data to model are presented in Figure 13 

with parameter values presented in the form mean ± standard deviation of all data points 

for all the samples in Table 1.  From Table 1 it can be observed that the values of the 

model parameters governing the elastic behavior, A and B are higher for the unetched 

PLGA as compared to the etched and the composite PLGA.  Accordingly the value of C, 

the model parameter that governs the viscous behavior is higher for the unetched sample 

indicating better relaxation.   

6.5.2. Curve Fit Observation:  Using parameters predicted from the analytical model, 

relaxation characteristics were predicted for different time points.  Comparison of these 

results (Figure 13) revealed that the analytical model successfully predicts the 

experimental data for the SIS with less than 2% relative error.  However, the model fails 

to obtain a good fit for the unetched, the etched and the composite PLGA samples.  

Nonetheless, it correctly predicts the trend observed in the relaxation portion of the 

experimental data for the three PLGA samples.   
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Figure 13: Curve fit: Regressed data and analytical model to the experimental data. 

Table 1: Parametric values for the analytical model determined using the optimizer  

6.5.3. Comparison of Relaxation of PLGA Composite to SIS:  The relaxation of the 

composite PLGA sample and the SIS were compared by the means of: 

SAMPLE A(MPa) B C τ1(s) τ2(s) 

UNETCHED 13.92±1.11 0.1212±0.0051 0.008±0.002 0.18±0.2 412.7±199.5 

ETCHED 10.35±0.45 0.104±0.004 0.006±0.00075 1.11±0.11 138.9±90.4 

COMPOSITE 10.09±0.66 0.102±0.006 0.006±0.001 0.45±0.13 168.83±31.12 

SIS 11.87±1.03 0.14±0.01 0.0024±0.0002 0.45±.92 90.5±8.1 
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1. The normalized stress function plot:  It can concluded from Figure 10 that the 

normalized stress function plot for the PLGA composite is lower in magnitude 

than the SIS indicating that the composite relaxes better than the SIS with time. 

2. The percentage relaxation values:  Percentage relaxation is a measure of the 

amount of relaxation that the material undergoes as a result of a stress relaxation 

experiment.  It is calculated as the difference of the peak stress at the end of the 

loading period and the stress at the end of the relaxation period divided by the 

peak stress.  Mathematically it can be written as 

100% ×






 −
=

P

EPrelaxation
σ

σσ       (23) 

The percentage relaxation values for the first ramp of the stress relaxation experiment for 

the composite is 67.86±1.81% as compared to 30.14±3.01% for SIS.   

Sample Type % Stress Relaxation/Step (%) 

 Step1 Step2 Step3 Step4 

SIS 30.14±3.01 28.64±3.06 31.06±5.28 39.62±6.73 

Composite 67.86±1.81 57.03±1.72 51.11±1.86 45.74±2.38 

Table 2: Percentage stress relaxation values, per step, for the SIS and the composite. 

SUMMARY:  Higher value of parameter C indicated better stress relaxation of unetched 

PLGA compared to etched and composite PLGA indicating that etching affects the 

viscoelastic properties of PLGA.  The analytical model successfully models the 

experimental data for SIS with less than 2% relative error.  It, however, fails to correctly 

fit the experimental data for the structures made of PLGA.   
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The present study utilized a novel biomaterial scaffold made of a central layer of PLGA 

sandwiched between porous structures of chitosan-gelatin to characterize its viscoelastic 

properties by the application of the QLV model.  This was done to understand its utility 

as a biomaterial to be used in tissue engineering applications.  Conclusions from the 

study are summarized in accordance to the two specific aims 

SPECIFIC AIM I:  Evaluation of viscoelastic characteristics of porous scaffolds. 

1. The etching process also affects the viscoelastic characteristics as accumulated peak 

stress during the loading phase of “Ramp-and-Hold” experiments for the unetched PLGA 

is twice as that of etched PLGA structures.  The process of freezing and freeze-drying 

involved in the generation of composite PLGA scaffolds, however, has no effect on 

relaxation of PLGA structures.  The etching process also reduces the overall thickness 

(nearly two folds) of the PLGA composite scaffold by allowing easy spreading of the 

chitosan-gelatin solution on its surface.   

2. All the three PLGA structures (unetched, etched and composite) under the application 

of variable loading rates, relaxation times, and test temperatures display relaxation that is 

sensitive to change in the test temperature but not so to the change in the rates of loading 
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and relaxation times 

3.  Relaxation of the natural matrix SIS reveals that SIS, like the soft tissues in the body, 

displays strain rate hardening (higher peak stresses per step with increasing strain).  In 

contrast, the PLGA composite scaffold displays strain rate softening (lower peak stresses 

per step with increasing strain). 

SPECIFIC AIM II:  Analysis of stress relaxation by Quasi Linear Viscoelastic 

model. 

1. The QLV model was successfully applied with modifications to quantify the relaxation 

of PLGA structures for the first loading cycle.  Output values of stress as evaluated from 

the model fits the experimental data with less than 5% relative error.  All the five model 

parameters (A, B, C, τ1, τ2) generated using regression analysis are in the range of values 

reported in the literature for various soft tissues.   

2. The QLV model parameter “C” reveals that stress relaxation of the unetched PLGA 

structure is better than that of the etched and composite PLGA structures.  This is also 

reflected in the reduced relaxation function plot for the three structures.  Relaxation 

values were lower in magnitude for the unetched PLGA as compared to the etched and 

the composite PLGA structures.  This confirms that etching affects the relaxation 

viscoelastic properties of PLGA.  The process of freezing and freeze-drying involved in 

the generation of composite PLGA scaffolds showed no effect on relaxation properties.   

3. Comparison of the QLV model parameters for the SIS and the PLGA composite 

scaffold reveals that, PLGA composite scaffold relaxes better than SIS.  This is 
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confirmed by the reduced relaxation function plots and percentage relaxation per step for 

the two structures.   

 

RECOMMENDATIONS: 

1. The stress relaxation of the PLGA structures was characterized by conducting uniaxial 

tensile as well as stress relaxation experiments.  Native tissues in the body, depending on 

their location and function, are exposed to uniaxial as well as biaxial loading conditions.  

Biaxial stress relaxation experiments have been previously conducted to understand the 

stress relaxation of soft biological tissues [90].  Hence, for further analyses of stress 

relaxation, the composite structure could be tested under biaxial loading conditions.   

2. The postulate that novel biomaterials should possess mechanical properties that mimic 

the native tissues is a good starting point in designing them.  As previously understood, 

different tissue structures in the body are structurally and functionally different.  This 

work explored a single biomaterial formed of PLGA with a comparison to the soft tissue 

structures in the body.  Thus the premise that novel biomaterials must mimic native tissue 

mechanical characteristics leaves room for a whole gamut of material and mechanistic 

models to be tested.   

3. There are several fundamental problems in the acceptance and application of the QLV 

model, which are listed in literature [91], and experienced here.  With respect to its 

derivation, the redundancy in the A and B coefficients are visible in the analytical 

expressions of Eqs.(16) and (17), assumptions in the constitutive relations of Eqs.(4) to 

(7) are not defended, and the nonlinearity of Eq.(8) violates Boltzmann’s superposition 
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conditions of the convolution integral.  With respect to its application, the redundancy in 

the QLV model is often accounted for by fixing either the value of coefficient A or B, 

and then optimizing the other parameters.  But, this is not necessarily a correct approach 

to undesirable model functionality.  If the product Bε becomes very small then the 

nonlinear Eq.(8) becomes a linear equation, making A and B redundant coefficients.  This 

supports the choice of a linear instantaneous stress model to predict this behavior.  

Further, if data from the ramp strain is used to determine values for Eq.(8) coefficients, 

this implicitly assumes that there is no relaxation during the ramp strain.  G(t) used is 

obtained by truncation of an infinite series.  This might cause errors in estimating the 

values of the decision variables. Hence, there is need for a robust, phenomenological 

model based purely on the material behavior devoid of assumptions and an optimization 

strategy to predict the constants of this model with the highest accuracy.  The QLV model 

was formulated predominantly for predicting the strain and time dependent viscoelastic 

characteristics of soft tissues.  It assumes the application of a step strain followed 

immediately by relaxation.  It also assumes that the stress developed as a result of the 

step of strain can be separated into a time dependent relaxation and a stretch dependent 

loading function.  Practically, however, it is impossible to realize an instantaneous step of 

load and so researchers apply ramp loading at a very fast rate for a finite amount of time.  

As a result of the instantaneous step loading some relaxation occurs during the loading 

phase which remains unaccounted.  This introduces in the determination of the relaxation 

constants of the QLV model, especially τ1.  These errors can be minimized by using the 

full constitutive form of Eq.(3) as it is done in this work [25, 92-94].  
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APPENDIX 1 

 STRESS RELAXATION TEST SETUP 

Step 1: 

• Start the INSTRON 5542 machine using the on/off switch at the back end of the 

machine. 

• Open the MERLIN software by double clicking the MERLIN icon placed on the 

desktop. 

• The window shown below appears on the screen. 

 

 

Sample Test 
Icon 
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Step 2: 

• On clicking the respective sample test (tensile, compression, ramp test) icon in the 

main menu the following window appears on the screen which is the main 

window for the test. 

• Click the test control button on the right side of the screen to open the test profiler 

window 

 

 

 

 

 

 

 

Test Control 

 Button 



63 

 

Step 3: 

• Upon clicking the test control button the test profile pop up window opens up on 

the screen. 

• Click on the test button and then the profiler button to open the actual test set up 

window. 
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Step 4: 

• The following test set up window allows the user to modify the rate of the loading 

of the ramp input, the time of relaxation as well as the amount of tensile strain 

applied to the material in each ramp 

 

 

 

.  
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Step 5: 

• To set up the first ramp, select the extension mode from the dropdown Mode 

menu. 
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Step 6:  

• From the Shape drop down menu select the absolute ramp mode. 
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Step 7: 

• Select the desired value of strain as the end point for the first ramp and select the 

desired unit for the strain (mm/mm or %). 

• Also input the desire strain rate value and unit. 
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Step 8: 

• For the relaxation part select the hold mode from the dropdown list in the Mode 

menu. 
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Step 9: 

• Select the criterion as duration and input the amount of time duration for the 

relaxation time (60, 100 or 200 s). 

• Repeat the same procedure 4 imes for four successive cycles of “ramp and hold” 

type. 
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Step 10: 

• To save the testing method, select the save as button in the file menu and save the 

test by giving it a desired name. 
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STEPS TO PERFORM THE TEST 

Step 1: 

• Click the button on the main test window to open the pop up box. 

• Click the define button in this box to enter the name, geometry and number of 

specimens to be tested. 
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Step 2: 

• Once this information had been entered then click the specimen button to enter 

the specimen specifications. 
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Step 3: 

• Fix the specimen in the grips provided and reset the gauge length to zero using the 

reset gauge length button on the console. 

• Then click the balance load button to set the load value on the specimen as zero. 

• Click the yellow start test button on the screen to start the test. 

• The strain vs. time curve for the stress relaxation test is as shown. 

 

 

 

 

 

 

 

 

Start test 
Button 
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Step 4: 

• The resultant output stress vs. time curve for the stress relaxation experiment with 

the previous successively increasing constant rate ramp input of strain is as 

shown. 
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Step 5: 

• To save the data for the test open the file menu from the upper toolbar and select 

End & Save in the drop down Data menu. 
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Step 6: 

• Save data as a .RAW file with the desired file name. 
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APPENDIX 2 

ANALYTICAL MODEL DERIVATION  

The QLV theory assumes that the stress relaxation behavior of soft tissues can be 

expressed as 

))(()(),( τεσεσ etGt =         (A.1) 

where ))(( τεσ
e is the instantaneous elastic response i.e. the maximum stress in response 

to an instantaneous step input of strain ε.   

G(t) is the reduced relaxation function that represents the time dependent stress response 

of the tissue normalized by the stress at the time of the step input of strain i.e. 
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(0 )
+
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= =
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G t G
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σ

 

According to [85] the stress at any time t, ),( tεσ  is given by the convolution integral of 

the strain history and G(t)  
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In our case the applied stain history begins from time t=0, thus the equation modifies to 
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Fung [85] proposed the following generalized reduced relaxation function equation for 

G(t) based upon a continuous spectrum of relaxation 
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where S(τ) is a continuous spectrum and has the following special form 
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Eq.(A.4) can be rewritten as 
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Where E1 is the exponential function and has a form of 

1

/

( / )
∞ −

= ∫
z

t

e
E t dz

zτ

τ
         (A.7) 

C, τ1 and τ2 are material constants to be determined 

If τ1 and τ2 differ sufficiently that τ1 << t << τ2, then Eq.(A.6) can be written [30] as  
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Where  is the Euler constant which has a value of 0.5772 and O(C) is small and can be 

neglected 
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Thus 
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The commonly accepted [25, 30] instantaneous elastic response is given by an 

exponential approximation 

( )( ) 1e BA e εσ ε = −          (A.10)  

Thus 
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where is the constant strain rate of loading.  Thus Eq.(A.3) now becomes 

0
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t

Bt G t ABe dεσ τ α τ  

Substituting )( τ−tG from equation (A.9) yields 
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For a period of constant strain rate[25], α,  

Taking the constant terms out of the integral in Eq.(A.11)  
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Applying the distributive property of multiplication 
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Integrating simple terms 
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Let the integral in Eq.(A.14) be represented as I1, i.e., 1
20
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with substitution 2 =B Zατ   
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Let the integral in Eq.(A.16) be represented as I2 i.e., 
2/

2

0

−

= ∫
t ZXe

I ZdX
ZX

τ

 

Using Y=ZX as a variable transformation to  
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From [95] 1( )
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Substituting into Eq.(A.16)  
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Substituting Eq.(A.18) for E1(Y) 
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Using ε for the lower limit and substituting the limits of integration 
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As ε �0 
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Grouping terms with lnε and using L’Hoptal’s rule 
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Inserting I1 into Eq. (A.14) 
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For the loading region  0(0 )< ≤t tσ  
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Solving similarly for the relaxation part 
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APPENDIX 3 

OPTIMIZATION ALGORITHM 

Step 1: Initialize 

 Randomize the starting point x0 (the Decision Variable initial trial solution, and 

 best so far, the base value), and  

Evaluate f0 = f ( x0 )  (the Objection Function base value, and best so far) 

Set x =  x0  (the trial solution is initialized as the base value)     

Randomize the initial increments ∆(k) for k = 1,2,3,…, N  

(N = number of decision variables) 

 Choose the expansion factor (Expand_factor) (1.25 is a useful value)  

Choose the contraction factor (Contract_factor) (0.8 is a useful value) 

Step 2: Cycle through each Decision Variable (k=1, 2, … N) one-by-one, individually  

  testing each new trial solution 

 x(k) = x0
 (k) + ∆(k) (create a new trial solution value for the kth decision variable) 

Evaluate f = f ( x )  (the Objection Function value with the new x(k) value. 
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Step 3: Was x better than x0 ? 

 If Yes ( defined here as f < f0 ) Then 

   x0
 (k) = x(k)  (accept new value as base value of kth decision variable) 

  ∆
(k)

= ∆
(k) * Expand_factor  (expand step size for next trial of kth variable) 

  f0 = f  (accept new OF value as the current best) 

 Else 

  x(k) = x0
 (k)  (return the new trial value to the previous best for the kth DV) 

  ∆
(k+1)

= -∆
(k) * Contract_factor  (reverse and contract kth DV step size) 

 Return to Step 2 until each DV has been explored 

Step 4: Check for termination 

 If termination criteria are satisfied, Then 

  Stop (current point approximates the optimum, x*) 

Else 

Return to Step 2 to begin a new cycle through each DV
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Findings and Conclusions:     “Ramp-and-Hold” experimental results showed that the 

PLGA composite structure relaxes better than SIS.  This 
was in concurrence with the values of the 
phenomenological QLV model parameters.  Also, the 
PLGA composite was found to be strain rate softening 
compared to the strain rate hardening of SIS.  Curve-fitting 
results revealed that the model successfully predicted the 
experimental data for SIS with less than 2% relative error.  
For the PLGA composite, though the model correctly 
predicted the trend observed in the experimental data, it 
failed to fit the data correctly.  This can be attributed to the 
numerous assumptions involved in the derivation of the 
QLV model.  This warrants the need for a robust, 
phenomenological model based purely on the material 
behavior devoid of assumptions for assessing the 
viscoelastic properties of synthetic scaffolds. 

 
 
 
  

 


