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Abstract 

As the availability of organs for transplant is declining and on the other hand, there is a rise in the 

demand for a suitable replacement as an implant. Tissue engineering effectively provides a 

window of opportunity to patients who are in an immediate need for tissue replacement. 

Regenerative devices will prosper in future, thus providing a feasible solution to healthcare 

problems and promise to provide an improved solution to numerous medical problems. The focus 

of the work developed in the thesis is kept at the anterior cruciate ligament (ACL). In case of 

ACL, soft tissue implants consist of a scaffold made of biodegradable polymers which 

temporarily replace the biomechanical functions of biological tissues and at the same time 

progressively regenerate and support the loads imposed by the body.  

Material selection for scaffold is the major challenge for the ligament device, in this work, five 

materials are studied namely PLA (Poly-lactide Acid), PGLA (blend of Polyglycolic – lactide 

Acid), and three commercial blends Biosyn™, Caprosyn™ and Maxon™. Current work focuses 

on the mechanical characterization of these biodegradable polymers by assessing the evolution of 

mechanical properties along several degradation stages. In-vitro degradation of these 

biodegradable polymers is performed at 37 °C, (which is the human body temperature) and in the 

Phosphate Buffer Solution (PBS) environment. For mechanical characterization, five different 

strain rates were chosen, and the uniaxial tensile tests were performed up to failure. Differential 

scanning calorimetry (DSC) is used to analyse the thermo-analytical behaviour at different 

degradation stages. Effect of degradation at various DSC parameters was studied for each 

material. DSC helps in analyzing the structure of polymer during degradation along with various 

transition temperatures and making the correlation between the evolution of mechanical 

properties with the structure of these biodegradable polymers.  

Evolution of the mechanical properties during degradation is a continuous process, which imposes 

complications in predicting the behaviour of these biodegradable fibers. These biodegradable 

polymers undergo finite deformation and it is not possible to model them within the field of linear 

elasticity. Therefore, they need to be modelled by a suitable mathematical model to understand 

the behaviour in a clinical relevant loading condition. In the present study, two nonlinear 

viscoelastic/viscoplastic models were used, both developed from the three-element standard solid 

model, they are easier to implement and have five material parameters in both the cases. The 

models captured the experimental data with parameters optimized for each case. The models were 

able to capture the viscoelastic characteristics of these biodegradable fibres. Biodegradable 

polymers in case of the ACL should supply the load bearing capabilities, strengthen the torn tissue 

during the rehabilitation and subsequently lose the mechanical properties.  



 
v 

Resumo 

A disponibilidade de órgãos para transplante tem vindo a decair devido ao aumento da sua 

procura, criando a necessidade desenvolver substitutos artificiais. A engenharia de tecidos fornece 

uma janela de oportunidade atrativa para pacientes que precisam de efetuar uma cirurgia de 

reparação ou substituição de órgãos danificados. Os implantes regenerativos irão desenvolver –

se e prosperar no futuro, proporcionando uma solução eficaz com elevado desempenho para os 

numerosos problemas médicos que se prevêem vir a ocorrer. O foco do trabalho desenvolvido 

está focado na reparação ou substituição do ligamento cruzado anterior (ACL). Os implantes 

médicos para tecidos moles, como é o caso do ACL, são estruturas fibrosas formadas por 

polímeros biodegradáveis que substituem temporariamente as funções biomecânicas do tecido 

natural enquanto este se regenera, suportando as cargas impostas pelo organismo. 

A seleção de materiais é o grande desafio para desenvolver um dispositivo médico de reparação 

ou substituição de ligamentos. Neste trabalho, foram estudados cinco materiais: PLA (ácido poli-

lactide), PGLA (mistura de ácido poliglicólico-láctido), Biosyn™, Caprosyn™ e Maxon™. O 

presente trabalho foca-se na caracterização mecânica destes polímeros biodegradáveis para medir 

a evolução das propriedades mecânicas ao longo de vários estágios de degradação. A degradação 

in vitro destes polímeros biodegradáveis foi executada a 37 °C, (temperatura de referência do 

corpo humano) e no ambiente de solução Tampão fosfato-salino (PBS). Para a caracterização 

mecânica, foram escolhidas cinco velocidades de deformação, usando ensaios de tracção uniaxial 

até à rotura. A calorimetria de varredura diferencial (DSC) foi aplicada para analisar o 

comportamento térmico nas diferentes fases de degradação. Efeito da degradação em vários 

parâmetros medidos na DSC foi estudado para cada material. A DSC ajuda a compreender a 

evolução da estrutura do polímero durante a degradação e relacioná-la com a evolução das 

propriedades mecânicas destes polímeros biodegradáveis. 

A evolução das propriedades mecânicas durante a degradação é um processo contínuo, que coloca 

desafios na previsão do comportamento destas fibras biodegradáveis. Estes polímeros sofrem 

elevadas deformações e não é possível representá-los como sólidos elásticos lineares. Têm que 

ser representados por modelos matemáticos adequados para prever o comportamento em 

condições de carregamento clinicamente relevantes. Neste estudo, foram utilizados dois modelos 

não-lineares viscoelásticos, ambos desenvolvidos a partir do modelo standard de três elementos, 

por serem fáceis de implementar contendo apenas cinco parâmetros materiais. Estes modelos 

mostraram ser eficazes a representar os dados experimentais após optimizar os parâmetros para 

cada caso. Os modelos foram ainda capazes de capturar o comportamento viscoelástico dos 

materiais. Espera-se que os polímeros biodegradáveis, no caso do ACL, suportem as cargas 

durante a reabilitação, permitindo a recuperação do tecido natural e que as suas propriedades 

mecânicas se degradem gradualmente. 
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Chapter 1: Introduction
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As the availability of organs for transplant is declining and on the other hand, there is a rise in the 

demand for a suitable replacement as an implant [1-2]. Tissue engineering effectively provides a 

window of opportunity to patients who are in an immediate need for tissue replacement. Regenerative 

devices will prosper in the future, thus providing a feasible solution to the healthcare problems and 

promise to provide an improved solution to numerous medical problems. These devices in case of soft 

tissue implants consist of a biodegradable scaffold made of biodegradable polymers which temporarily 

replace the biomechanical functions of biological tissues and at the same time, tissues progressively 

regenerate and support the loads imposed by the body [3]. In the human body, the group of tissues 

which bind, support and protect human body and structures like organs are called soft connective 

tissues. Some of the soft connective tissues are ligaments, tendons, blood vessels, skins, and articular 

cartilage [4]. Tissue Engineering (TE) is an interdisciplinary subject to help solve the critical medical 

problems like tissue loss and organ failure by using the knowledge from chemistry, physics, 

engineering, life science and clinical science [5]. The goals of ACL reconstruction are to restore knee 

stability, prevent further damage to knee structures and improve functional outcome. 

The focus of the work developed in the thesis is kept at the anterior cruciate ligament (ACL). The ACL 

of the knee is the most commonly injured ligament. Only in the United States, 200,000 surgeries are 

performed every year [6]. For athletes, tearing of ACL is termed as the worst nightmare, as this has led 

to the end of seasons and in some cases, careers of the athletes have also been affected by the ACL 

injury. Laura et.al. [7] reported the chances of ACL injuries per 10,000 athletes was 1.45 for female 

athletes and 0.60 for male athletes. The causes of ACL injury can be by a sudden twisting motion, which 

can be caused by the change of direction, sudden decrease of velocity while running, jumping in an 

inappropriate manner while playing etc [8]. Injury usually resulting from twisting and shearing forces, 

when calf muscles are not able to absorb the force and the knee is not in an appropriate position thus 

buckling the knee and tearing the ACL, it causes great pain thus hindering the joint stability. All these 

improper conditioning may lead to the ACL injury.  

An implant in the form of scaffold has been proposed in the past during the progressive study of the 

rupture of ACL by various researchers, a detailed discussion will be done in the later section of the 

thesis. The scaffold provides an immediate stabilization to the unstable knee [9]. A scaffold selected for 

ACL repair must match biological, morphological and biomechanical requirements [10], the ultimate 

aim should be to restore the functioning of ACL during the rehabilitation period and provide cells a 

suitable environment for growth. However, during all the rehabilitation period, the laxity of the device 

must not exceed 3-5mm as it may lead to unstable knee and may require a revision surgery [11]. 

Life term performance is influenced by the degradation behaviour and degradation kinetics, they have 

a significant role in controlling the processes of cell growth, tissue regeneration and host response [12]. 

Validation of functional compatibility is done by making a comparison between the properties of natural 
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tissue and the properties of a scaffold by keeping the values of parameters same as clinical relevant 

loading condition [13]. A slight mismatch in mechanical properties between natural tissue and scaffold 

may lead to short or long-term health impairment. The challenge is the selection of material, as for 

scaffold it should be functional compatible to allow the tissue in growth and should provide immediate 

stabilization to the joint. The selection of the biomaterial is important in the design and development of 

the device in tissue engineering. The primary concern is the sustainability of the strength of the material 

over the period. A biomaterial in study must be able to interact with the tissues to be repaired, rather 

than act as a static replacement. The material must possess some necessary requirements which are:  

• The capability of the material to be incorporated into a final product. 

• Properties of the biodegradable material should match closely to the application for which it is 

intended for.  

• Degradable products should not be toxic and should not cause local tissue response. 

• Material should be able to maintain the mechanical integrity during the healing of the said tissue. 

• There should be ease in manufacturing of the bulk component.  

• Flexibility in the design of the component. 

• The material should be lightweight. 

• Possible miniaturization of components.  

• Thermal insulation and conductivity. 

• Tailorability of the properties by adding fillers and additives. 

During all the rehabilitation period, the degradation rate of the scaffold must match the tissue recovery 

rate to avoid the stress shielding and should have similar mechanical behaviour, endurance strength and 

the creep resistance as of the ligament. This will protect the new tissue from active mobilization and 

gradually expose it to loading, so that tissue can regenerate more effectively and naturally. In this work, 

five materials are studied namely PLA (Poly-lactide Acid), PGLA (blend of Polyglycolic – lactide 

Acid), biosyn™, caprosyn™ and maxon™.  

Current work focuses on the mechanical characterization of these biodegradable polymers and to study 

the in-vitro degradation of these biodegradable polymers at 37 °C, which is the human body 

temperature. For simulating the degradation behaviour of these biomaterial, they were subjected to the 

PBS environment. Then uniaxial tensile tests were performed up to failure, this will help in 

understanding the long-term behaviour of these biodegradable polymers. Generally, biodegradable 

polymers undergo finite deformation and it is not possible to model them within the field of linear 

elasticity. Therefore, they should be assessed by the viscoelastic/viscoplastic models. Modelling of 

these biodegradable polymers is crucial, as it helps in understanding the evolution of these materials 

during implant. So, the modelling of hydrolytic degradation behaviour along the evolution of 

mechanical properties becomes extremely significant to avoid any uncalled failure. The primary 

objective of this work is to assess the evolution of mechanical properties along several degradation 

stages.  
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1.1 Outline of thesis 

Chapter 2: Literature Review 

This chapter discusses thorough literature review of the problem in hand. Starting from the ACL injury, 

the various solution to the ligament problem is studied. Different types of biomaterials used in tissue 

engineering are classified. Various aspects of the biodegradable polymers are discussed in depth, 

properties, degradation mechanism of these biodegradable polymers is also discussed. Then, some light 

has been thrown at the scaffold for reconstruction of the medical device, parameters of the scaffold to 

be used as a biomedical device. This discussion will help in having a clear picture of the problem at 

hand and how to deal with it. 

Chapter 3: Materials and Methods 

This chapter discusses the biodegradable fibres used in this study. Also, various characterization 

techniques that are used in the development of this thesis are discussed. Modelling the behaviour of 

these biodegradable polymers is important to understand the life time properties of these kind of 

polymers. Various rheological models are discussed, this will help give the fundamental picture of how 

the various parameters in the model are varying. At last, Khan model and the Kontou-Zacharatos (K-

Z) models are discussed in detail. 

Chapter 4: Experimental Results 

In this chapter, data obtained from different tests are presented and discussed in detail. Data obtained is 

divided in two sections namely, multifilament fibres and the monofilament fibres. Data from 

mechanical tests are discussed with respect to six parameters, namely initial stiffness, secondary 

stiffness, force and displacement at yield point and force and displacement at break. For Differential 

Scanning Calorimetry (DSC) tests, parameters that are discussed are glass transition temperature, 

crystallization temperature, melting temperature, and degree of crystallinity.  

Chapter 5: Modelling the experimental results 

The experimental data obtained from uniaxial tensile tests after each degradation stage are modelled by 

using the Khan and K-Z model. Both models are an extension of the three-element standard solid model. 

Results of modelling are discussed along with the effect of degradation and the effect of strain rate on 

the model parameter.  

Chapter 6: Conclusion and Future Work  

Various conclusion drawn from thesis are highlighted in this section. Several improvement and 

advancement that should be done to achieve the desired results are then discussed in this section as a 

future work. 
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2.1 Tissue Engineering 

Tissue Engineering (TE) is an interdisciplinary subject, which deals with the critical medical 

problems like tissue loss and organ failure by using the knowledge from chemistry, physics, 

engineering, life science and clinical science. TE mainly deals with the regeneration of the new 

tissues; it is based on the seeding of a cell into a biodegradable scaffold. TE has four paradigms 

viz. scaffolds, cells, growth factors and mechanics as shown in figure 2.1 [1]. Cultured cells are 

grown on a bioactive scaffold that guides differentiation and assembly of cells inside the 3D 

structure.  

A scaffold selected for Anterior Cruciate Ligament (ACL) repair must match biological, 

morphological and biomechanical requirements [2], the ultimate aim of a scaffold should be to 

restore the functioning of ACL during the rehabilitation period and to provide cells with a suitable 

microenvironment for growth. However, during all the rehabilitation period, the laxity of the 

device must not exceed 3-5mm, as it may lead to unstable knee and may require a revision surgery 

[3]. In the human body, there are two types of tissues viz. soft tissues and hard tissues.  

Hard Tissues  

Tissues which are mineralized and has a firm intercellular matrix are termed as hard tissues. The 

hard tissues in the human body are bone, tooth enamel, dentin, and cementum. 

Soft Tissues 

In the human body, the group of tissues which bind, support and protect structures like organs are 

called soft connective tissues. Some of the soft tissues are ligaments, tendons, blood vessels, skins, 

and articular cartilage. Figure 2.2 shows different types of soft tissues in a human body.  

 

Figure 2.1: Paradigm of Tissue Engineering [1] 
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Figure 2.2: Various soft tissues in human body. 

Skin  

Skin is the largest organ of the body, it is a complex tissue and it provides obstacle against the 

external factors, such as pathogenic microbial agents and ultraviolet radiation. In addition, it plays 

a significant role preventing the substantial loss of body fluids, assisting the thermoregulation and 

immune defence of the body. 

Fascia 

A fascia is a band or sheet of connective tissue, primarily collagen, beneath the skin that attaches, 

stabilizes, encloses, and separates muscles and other internal organs.  

Fat 

There are fat cells all over the body. They are found under the skin, between other tissues and 

between organs. Fat protects and cushions the body. It also helps keep you warm. The body stores 

fat and use it for energy when needed. Fat tissue is also called adipose tissue. 

Synovial tissue 

Synovial tissue is thin, loose tissue that lines joints, such as the elbow and knee. It is also found 

in tendons and the bursa (a fluid-filled, cushioning sac between bones and tendons). 

Muscle 

There are three types of muscle tissues: smooth, skeletal and cardiac. Each type of muscle is 

responsible for different actions of the body. Smooth muscle is also called visceral muscle. It is 

found in the walls of the body’s hollow organs, such as the stomach, intestines, bladder, uterus 

and blood vessels. Smooth muscle allows organs to relax and get bigger (expand) or tighten and 

get smaller (contract). These muscles are involuntary, which means you can’t control their 

movement. 
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Skeletal muscle is also called striated muscle. It is found mainly in muscles that attach to bones. 

Some skeletal muscles in the face attached to the skin. Skeletal muscle keeps the skeleton together 

and helps you stand upright. It also allows you to move different parts of your body such as your 

arms and legs. Cardiac muscle is only in the heart. It forms walls of the heart and allows the heart 

to pump blood. Cardiac muscle is also involuntary, and their action cannot be started or stopped. 

Peripheral nerves 

The brain and spinal cord make up the central nervous tissue (CNS). Peripheral nerves run from 

the spinal cord to all other parts of the body. Peripheral nerves have a covering called a sheath. 

The sheath forms a border around the nerve. Peripheral nerves help you move and sense the world 

around you. They also control many important body functions. Peripheral nerves send messages 

from the spinal cord and brain to other parts of the body. They also send signals back to the spinal 

cord and brain. 

Blood vessels 

Blood vessels are long, elastic hollow tubes that run all over the body. They include arteries, veins 

and capillaries. Blood travels through blood vessels, carrying oxygen, nutrients, hormones, waste 

products and other substances around the body. 

Lymph vessels 

Lymph vessels are small, thin-walled tubes that run all over the body. They carry lymph fluid, a 

liquid that circulates through every tissue of the body. Lymph fluid has proteins, minerals and 

nutrients that nourish tissues. Another function of lymph vessels is to collect and carry damaged 

cells, cancer cells, waste products and foreign micro-organisms like bacteria and viruses. These 

are filtered from the lymph fluid by lymph nodes. 

Fibrous tissue 

Fibrous tissues are made up of rope-like structures called fibres. It surrounds blood vessels and 

nerves and supports many organs. Fibrous tissues are also found in tendons and ligaments, which 

help to move and provide support, strength and flexibility.  

Tendons and Ligaments  

A tendon is a fibrous connective tissue which attaches muscle to bone. Tendons may also attach 

muscles to structures such as the eyeball. A tendon serves to move the bone or structure, figure 

2.3 shows the hierarchical structure of the tendon. A ligament is a fibrous connective tissue which 

attaches bone to bone and usually serves to hold structures together and keep them stable [4]. 
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Figure 2.3:  Structure of the tendon [5] 

Ligaments 

Ligaments are dense, regularly arranged connective tissues which work as an elastic energy 

absorber like a spring under tension [6]. Figure 2.4 shows that the basic building block is collagen 

which is arranged in the form of fibres which runs parallel to the axis of tissues. Therefore, the 

collagen determines the mechanical properties in case of ligaments and tendons.  

Figure 2.5 shows a J shaped stress-strain curve, which is a representation of many other soft 

tissues. The curve shows the uncramping of collagenous fibres as the stress is applied to it. This 

curve has three phases: I, II, III. Phase I shows the absence of load in collagen fibres and in this 

condition, they appear crimped and are in relaxed condition. In the initial phase of the application 

of stress, a very small stress leads to large deformations of single collagen fibres. Here, the stress-

strain relation is linear, and modulus of elasticity is also very low (0.1 to 2.0 MPa). As the load is 

increased further, curve tends to move in phase II and the collagen fibres begin elongating in the 

direction of load and starts interacting with the hydrated matrix. With the further deformation, a 

sequential uncramping of fibrils occurs because of the crimp angles. At a higher value of tensile 

stresses, collagen fibres become straight in the direction of load and crimp of the fibres disappears 

completely. These fibres resist the load and tissues become stiffer at high load and the relationship 

between stress and strain again becomes linear. After phase III the fibres begin to break after 

achieving the ultimate tensile strength [7]. 

 

Figure 2.4 ACL hierarchical structure [10] 
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Anterior Cruciate Ligament  

The ACL is one of the four main ligaments of the knee, which helps in keeping the knee stable. 

Solving the problem of regeneration of ligament requires an in-depth knowledge of various 

disciplines like chemistry, physics, engineering, life science and clinical science. A scaffold 

selected for ACL repair must match biological, morphological and biomechanical requirements 

[2]. The aim should be to restore the functioning of ACL during the rehabilitation period and to 

provide cells with a suitable microenvironment for growth. However, during all the rehabilitation 

period, the laxity of the device must not exceed 3-5mm as it may lead to unstable knee and may 

require a revision surgery [3].  

Anterior cruciate ligament (ACL) is a dense and complex structure capable of supporting multi-

axial stresses and different tensile strains [8]. Besides helical, the collagenous network is planar, 

parallel or twisted from the femoral attachment site to the tibia attachment site [9]. ACL has a 

varied orientation of bundles, and along with its structure and an elastic component, ACL turns 

out to be very different from other ligaments and tendons, making it harder to develop the graft 

that simulates the original ACL. 

ACL matrix is mostly composed of type I collagen which is responsible for the tensile strength 

of the ligament, type III is important for the ligament ductility and for the fixation of the adjacent 

matrix for collagens and for basement membranes, and type VI serves as a gliding component 

between functional fibrillar units. Also, there are some traces of collagen type II and type IV. The 

ratio of collagen type I to type III is around 9:1. Apart from collagen, ACL contains 

glycosaminoglycans (water content) which is responsible for altering the viscoelastic properties 

and helps to absorb the shock in ACL. Glycoconjugates, such as laminin, entactin, tenascin, and 

fibronectin, are also found in ACL, they are important for extracellular matrix morphology, 

cellular adhesion, and cell migration. They also play an essential role in the healing process and 

in tissue growth. Lastly, elastic components, namely oxytalan, elaunin, mature elastic fibres, and 

elastic membranes, permit the extreme distance changes during motion of the ACL [10].  

ACL has a large anisotropic structure, they can be considered as a composite structure. Structure 

of ligaments and tendons comprises of fibroblasts which are surrounded by the Extra Cellular 

Matrix (ECM), ECM consists of a few fibroblasts and collagen fibres. Fibroblasts do not contain 

a large volume of tendon and ligament but the very function of them is to secrete and remodel the 

ECM and a low number of fibroblasts will result in a low rate of tissue turn over and this is the 

main reason for the poor capacity of healing for ligaments and tendons. Also, along with the ECM, 

there are proteoglycans which are highly hydrated to provide lubrication between fascicles and 

their sliding. 
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Figure 2.5: Curve illustrates the stress-strain evolution associated with collagen fibre morphology. 

Properties of Human ACL 

During a year, ACL undergoes a cyclic loading of around 300N for about 1-2 million cycles and 

subjected to the tensile loading of around 630 N during jogging [11]. Factors like age and sex 

affect the properties of human ACL. The physical and mechanical properties of the human ACL 

(Male/Female) are shown in table 2.1. The main reason for the differences in the properties lies 

in the estrogen content, which decreases the production of collagen [12]. ACL is grouped in the 

fibres of diameter in between 1-20 µm in size [13]. From femur to the tibia, the area of cross 

section increases as 34mm2 proximally, 33mm2 mid proximally, 35 mm2 at the mid-substance 

level, 38 mm2 mid-distally, and 42 mm2 distally [14]. Insertion of ACL along tibia is 120% of the 

femoral site [15]. Also, with an increase of age the properties like linear stiffness, ultimate load 

and absorbed energy seem to decrease [16].  

The main requirement of biodegradable polymers as in case of the ligaments and tendons is to 

supply the long-term load-bearing capabilities and to strengthen the torn tissue during the 

rehabilitation period subsequently lose the mechanical properties, while gradually transferring the 

load. Therefore, the load bearing capacity and the evolution of the mechanical properties over the 

period are the main concern for the biomechanical engineer to design and tailor these devices. 

Ideally, the physical and mechanical properties need to be like that of the tissue. Mechanical and 

material characterization helps in understanding the properties of materials to be implanted. 

Additionally, mathematical models help in understanding this behaviour over time, to predict the 

lifetime performance of the medical device after implant. To design the biomedical device for 

tissue engineering, it is important to understand the behaviour of the material under in-vivo 

environment along with the clinically relevant loading conditions experienced by the tissue under 

consideration. 
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Table 2.1 Properties of Human ACL [13],[17-18] 1 

Properties Units Values 

  Male Female 

Length mm 32±9 

Width mm 9.5±2.5 

Elongation at failure mm 8.95±2.12 7.48±2.56 

Strain at failure - 0.3±0.06 0.27±0.08 

Load at failure N 1818±699 1266±527 

Stress at failure MPa 26.35±10.08 22.58±8.92 

Energy absorbed in 

failure 

N.mm 7280±3624 4692±3623 

Linear Stiffness N/mm 308±89 199±88 

Modulus of elasticity MPa 128±35 99±50 

Toughness MPa 3.5±1.69 3.17±2.62 

Injury to ACL and their current solution 

The major cause of dysfunction of tendons and ligaments is the change in length and extensibility, 

which can occur by habitually using them in a shortened or lengthened range. In case of athletes, 

ligaments are the most commonly injured tissues. Traditionally, injured ligaments have been 

treated by using the biological grafts namely autograft and allograft which have the good initial 

mechanical strength and can promote cell proliferation and new tissue growth. However, they 

possess limitations, like limited availability, the requirement of additional surgery for tissue 

harvest [19,20], restrictions in the movement is accompanied with pain, donor site scarcity, 

rejection by an immune-induced response, elevated harvesting costs and diseases transfer [21]. 

Therefore, they do not provide a long-term surgical alternative to the problem of ACL injury.  

Proposed Solution  

Research in the field of biodegradable polymers (as a possible ligament device) has helped in 

overcoming the various drawbacks of autografting. The current solutions for soft tissues’ 

replacement, based on biodegradable polymers, are prone to viscous effects which may lead to a 

premature failure of the device. Prediction of the mechanical conduct of the biodegradable devices 

is very complex. Though these devices typically work in the finite deformation range, their 

mechanical properties continuously evolve during degradation. Typically, these polymeric 

structures endure cyclic loading well above the linear elastic limit because of which they tend to 

accumulate permanent deformation [5,22]. An adept understanding of the mechanical behaviour 

of these biodegradable polymers is of uttermost importance, to enhance the design of medical 

devices. Accordingly, a good knowledge of rheological phenomena, governing the mechanical 

behaviour of the polymeric structure, acquires a crucial importance. 

                                                      

1 % elongation above which damage is expected for human ACL – 6%  
Rehabilitation period ~ 4 to 6 months 
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Test results are simulated by making use of finite element (FE) methods, the first stage is the 

design of the architecture of the scaffold and then the mechanical behaviour of fibres is used as 

an input to the FE code. At last, the experimental and simulated data are compared to predict the 

different process parameters for the artificial ligament. With time, mechanical properties of 

scaffold evolve due to the cell growth, absorption of the material of the graft and ECM alignment 

during formation of tissue. Finally, it degrades to hand over the functions to the new tissues 

formed [23]. Life term performance is influenced by the degradation behaviour, degradation 

kinetics has a significant role in controlling the processes of cell growth, tissue regeneration and 

host response. Validation of functional compatibility is done by making a comparison between 

the properties of natural tissue and the properties of a scaffold by keeping the values of parameters 

same as required in clinical relevant loading condition. A slight mismatch in mechanical 

properties between natural tissue and scaffold may lead to short or long-term health impairment. 

To help understand the ACL more precisely, it is required to understand the ligament and tendons 

at a hierarchical level as both possess the similar structure. Mechanical behaviour of these soft 

tissues is influenced by the concentration, structural arrangements of collagen and elastin, a 

hydrated matrix of proteoglycans and their respective functions in the organism. 

The selection of the biomaterial is very important in the design and development of the scaffold 

in tissue engineering. The primary concern is the sustainability of the strength of material over 

the period for the ACL repair. A biomaterial in the study for the replacement must be able to 

interact with the tissues to be repaired rather than act as a static replacement. It should be 

functional compatible to allow the tissue in growth and should provide immediate stabilization to 

the joint. During all the rehabilitation period, the degradation rate of the scaffold must match the 

tissue recovery to avoid the stress shielding effect and should have similar mechanical behaviour, 

endurance strength and the creep resistance as of ligament. This will protect the new tissue from 

active mobilization and gradually expose it to loading, so that tissue can regenerate more 

effectively and naturally. The material must possess some necessary requirements which are:  

• The capability of the material to be incorporated into a final product. 

• Properties of the biodegradable material must closely match to that of the application 
for which it is intended for.  

• Degradable products should not be toxic and should not cause local tissue response. 

• It should be able to maintain the mechanical integrity during the healing of the said 
tissue. 

• There should be ease in manufacturing of the bulk component.  

• Flexibility in the design of the component. 

• The material should be lightweight. 

• Possible miniaturization of components.  

• Thermal insulation and conductivity  

• Tailorability of the properties by adding fillers and additives. 
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Regions of Stress-Strain diagram 

When the tensile test is done on the ligaments, it displays three stages during the test as shown in 

figure 2.6. In the first stage, it displays a region of low stiffness known as the toe region. As 

already discussed in figure 2.5, when the force is applied it is transferred to the collagen fibrils, 

which results in straightening of the crimp pattern. As more force is applied, collagen fibres begin 

to straighten themselves. As a result, increase in the stiffness can be seen, corresponding to the 

collagen stiffness. This region is known as the linear region, beyond this stage, the defibrillation 

of the collagen occurs which represents the yield region or region of failure. 

 

Figure 2.6: Stress-strain curve for ligament, showing toe, linear, and yield regions [24] 

2.2 Biomaterials for Tissue Engineering 

For the faster and effective recovery, patients are involved in active mobilization exercises which 

require the involvement of muscles [25,26]. In this scenario, to sustain the clinical relevant load 

artificial ligament (device) must be used, as the simple sutures are not able to carry the load [27].  

The key role of the biomaterial for the device is to provide adequate support to carry loads and it 

should have enough compliance to diminish the damage done by the device to the adjacent tissues 

while keeping the mechanical integrity of the same. For avoiding the short and long-term health 

impairment, the properties of the material of the device should match that of the ligament. Also, 

it is required to have a proper deformation rate. The tensile, fatigue and creep rupture strength of 

the device should be above the stresses applied to the graft to avoid the failure during the 

rehabilitation process. Apart from the mechanical part, it should fulfil the biological expectations, 

the degradation rate should be low while having the excellent biocompatibility [28].  

In case of the biodegradable device, the strength of the device should reduce progressively and in 

the meantime ligament must restore its full capacity during rehabilitation. By the time the device 

decays, the cultured cell over the scaffold should form new tissues [29]. New tissues formed thus 

replace the biomechanical functions slowly over the time. The rate of degradation of the device 

must match the rate of growth of new tissues and until the new tissues are self-capable to sustain 

the load, the device must supply the necessary mechanical support to handle the forces generated 
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due to mobilization [30]. Therefore, the essential requirements of the biodegradable material can 

be summarized as that it must be biocompatible; it should have enough endurance strength, should 

be creep resistant and on swelling to saturation limit, it must display similar mechanical behaviour 

as that of the natural ligament. In addition, the degradation rate must not harm the damage to new 

and surrounding tissues while not causing the stress shielding.  

The key role of the biomaterial for artificial ligament (device) is to provide adequate support to 

carry loads and it should have enough compliance to diminish the damage done by the device to 

the adjacent tissues while keeping the mechanical integrity of the same. For avoiding the short 

and long-term health impairment the properties of the material of the device should match that of 

the ligament, for this it is required for the device to have a proper deformation rate. Apart from 

the mechanical part, it should be able to fulfil the biological expectations, the degradation rate 

should be low while having the excellent biocompatibility [28]. Also, the process of fabrication 

should be simple to avoid any difficulty.  

For the success of TE, the selection of biomaterial is of key importance. The difficulty being that 

no single biomaterial is being able to match all the fundamental requirements for being an 

outstanding selection. Therefore, the need for a multi-component polymer system arises to meet 

all the demands of a noble material. The broad research in this field has led to a better 

understanding to find a better material for making a scaffold, now we have a broad range of 

material which meets the necessary requirements as discussed and can be employed in the future 

for this splendid cause as a material of scaffold. The major classes in which biomaterials can be 

divided are the Natural polymers, Non-biodegradable synthetic material, biodegradable synthetic 

material and composite materials. These are discussed in the following subsections. 

Natural polymer 

The natural polymers used as a biomaterial are starch, alginate, chitosan, hyaluronic acid 

derivatives (polysaccharides), silk, soy, collagen and fibrin gel (proteins). For ACL regeneration, 

constructions based on collagens have been used. Animal tissues are used to extract the collagen 

after then they are processed to remove any foreign antigen and possible disease transmission. 

Crosslinking is done to improve the mechanical properties and to reduce the rate of degradation. 

But, they have a fast rate of degradation in in-vivo condition and a great reduction in required 

mechanical strength over a short period [5]. 

Silk fibres are biocompatible in nature, they have good hydrogen bonding, hydrophobic nature of 

the protein and high degree of crystallinity, make them popular to be used as a biomaterial. Along 

with these advantages, they have a slow rate of degradation and high mechanical strength. A 

typical silk yarn is shown in figure 2.7, it shows the hierarchy of the silk yarn. Here, the fibres are 

bundled together to form a bundle then these bundles are put together to form a single strand, 

which is combined to form a cord. Silk yarns can be produced as plied, twisted, cabled, braided, 

and textured [31]. 
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Figure 2.7 Hierarchical organization of a typical silk yarn [31]. 

Later, these cords are assembled together to generate an ACL matrix as shown in figure 2.8. After 

1 year in in-vivo condition, these ACL matrix loses most of their mechanical strength [32]. Silk 

fibres have a fibroin core and sericin cover [33] because of which there offer severe 

biocompatibility issues and induces hypersensitivity. Many processes are required to remove this 

core and cover [5], which is another hindrance to the use of these fibres. 

Non – biodegradable polymer 

The main reason for considering these materials as biomaterial is them being bio-inert and they 

do not induce any harmful biological response. The materials that have been proposed are Poly 

Urethane (PU), Poly Ethylene Terephthalate (PET), Poly Propylene (PP), Poly Ethylene (PE), 

Poly Tetra Fluoro Ethylene (PTFE), Poly Ether Ether Ketone (PEEK), carbon fibres [19,34,35]. 

Failure occurs due to excessive laxity, stress shielding effect and by fatigue. Due to these reasons, 

the need for revision surgery often arises. Failure by fatigue may lead to damage to surrounding 

tissues, as it is a sudden failure. These problems have been dealt with by using the biodegradable 

polymer as a possible material for the device. 

 

Figure 2.8 Hierarchy of an ACL matrix [32] 
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Biodegradable Polymers 

Polymers represent the largest class of biomaterials, they can be derived either from natural 

processes or from synthetic processes. Aliphatic polyesters are the most studied class of 

biodegradable polymers. These are synthetic polymers with hydrolysable functions, such as ester, 

amide and urethane, or polymers with carbon backbones. The first reported biomedical 

application of biodegradable polymers was absorbable sutures in the 1970s [36]. After many years 

of growth and development, many absorbable internal fixation devices have become available to 

the practising surgeon, such as pins, screws, suture anchors, and osteosynthesis plates [37]. 

Biodegradable polymers are an optimal carrier for local drug delivery [38] and are widely used in 

other tissue engineering applications [39]. The use of these polymers eliminates the need for a 

revision surgery for the removal of the medical device. 

The primary concern behind the design of this device for orthopaedic applications is its load-

bearing capability along with the evolution of mechanical properties during degradation and how 

the material undergoes non-linear viscoplastic deformations at finite deformations [40–43]. For 

clinical indications with long-term loading or structural support requirements, understanding the 

material's viscoelastic/viscoplastic properties becomes increasingly important [44]. Another 

advantage of using biodegradable polymers is that it is possible to control the degradation rate by 

altering the macromolecular structure of the polymers by adding catalysts or other additives. Due 

to the growing use of absorbable materials in medical devices, characterization of creep and 

recovery performance over a wide range of physiologic forces and application modes (e.g., low 

load static vs high load dynamic with long recovery) is critical to determining mechanical 

functionality prior to and during degradation [44]. Biodegradable polymers obtained from 

renewable resources have attracted much attention in recent years. This new interest results from 

global environmental respect awareness and the fossil depletion problem. Biopolymers research 

and development, as well as their production, have been the fastest for several years. 

Aliphatic Polyesters 

Aliphatic polyesters are the most studied class of biodegradable polymers; they have earned this 

respect as they are biocompatible, have good biodegradability and good mechanical properties. 

Moreover, their degradation products formed by hydrolytic and enzymatic cleavage lead to the 

formation of α-hydroxy acids which is assimilated within the body. The ease of tailoring their 

degradation profile has led to their popularity over natural polymer. Due to all these advantages 

apart from being considered as a material for the ligament device, they are already being used in 

various medical applications such as surgical sutures, fixation screws, internal bone fixation, drug 

delivery, devices etc. [45], [46]. The disadvantage of these material is that they are not able to 

provide an adequate environment for the cell adhesion as they lack biological recognition sites. 

So, to use them as a biodegradable material, there is a need to modify their surface chemically 

and physically. To achieve this, functionalization should be done by bioactive molecules and 
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ligands which are recognized by cells [47]. There are numerous bioactive molecules present 

which are employed for the functionalization of aliphatic polyesters. Some of them are proteins, 

carbohydrates, and nucleic acid which have been used for functionalization to modify their 

surface [48].  

Several surface treatment techniques are present; they are plasma treatment, ion sputtering, 

oxidation, and corona discharge. The plasma treatment is very commonly used to modify the 

surface property. It can easily attach the required group on to the surface of the biomaterial by 

enhancing the chemical composition of the surface. By using this technique with air, oxygen, 

ammonia, the carboxyl group and amine group can be easily adhered on to the surface. Thus an 

increase in the cellular adhesion and proliferation is seen by inducing various ECM components 

like collagen, gelatin, fibronectin and laminin [49]. Three-dimensional functionalization of 

biodegradable material can be achieved without distorting the chemical composition and its 

mechanical properties. 

Biodegradable polymers, such as polylactides (PLA) and polyglycolide (PGA) are widely used 

polymers in the field of biomedical devices. They play an important role due to their ability to 

completely absorb. They can be absorbed by the human body in a specific time frame, ranging 

from months to a few years. Furthermore, the ability to tailor their mechanical, microstructural, 

chemical and degradation properties for specific applications has catalysed an extensive amount 

of research, which provides to be able to use these materials in innovative ways [41]. PGA, PLLA 

and their blends show stress-relaxation, creep and undergo large deformation when subjected to 

mechanical loads [50]. Other aliphatic polyesters which are popular are Polycaprolactone (PCL), 

Polyhydroxyalkanoates (PHA), Polybutylene Succinate (PBS), Polydioxanone (PDO), 

Polyethylene oxide (PEO) etc.  

PLA 

PLA is derived from the renewable source like corn and rice (carbohydrates), figure 2.9 shows 

the cycle of PLA in nature. By bacterial fermentation of these carbohydrates, the lactic acid is 

obtained after that it is dehydrated to obtain the lactides [51], [52]. Depending upon its molecular 

weight, crystallinity, and shape, It degenerates completely into the lactic acid in the period of 10 

months to four years [53]. It degrades further into the carbon dioxide and water in the presence 

of aerobic bacteria; these products are easily assimilated within the body [54] [52]. These 

attributes make it a suitable candidate for medical devices and drug delivery system. An additional 

complication is that PLA can exhibit premature failure at stress magnitudes that are significantly 

lower than both the yield strength and the ultimate tensile strength of the material. It is due to 

viscoplastic flow causing creep or fatigue failure. As a result, in some applications device failure 

can occur long before the material is expected to fail due to degradation in vivo. In order to address 

these challenges, it is necessary to understand the mechanical response of the medical devices 

that incorporate bioresorbable components [41].  
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Figure 2.9 The cycle of PLA in nature 

Despite all these advantages it also has some disadvantages like the rate of degradation is very 

slow, it is very brittle, and it is highly hydrophobic which can cause an inflammatory response in 

tissues. PLA has two stereoisomers, they are poly L-lactic acid (PLLA) and poly D- Lactic acid 

(PDLA) [55]. The stereoisomers of lactic acid are shown in figure 2.10. Commonly PLA is 

synthesized by either direct polymerization, or by ring opening polymerization. However, there 

are other methods also to synthesize PLA like solution polycondensation, melt polycondensation 

etc. [55]. Figure 2.11 (a) shows the ring opening polymerization of lactides to synthesize 

polylactic acid and table 2.2 shows the various physical properties of a stereoisomer of PLA. The 

reason for the extensive use of PLA as a biomaterial is because of its absorbability and non-

toxicity after degradation. PLA degenerate completely into the lactic acid in the period of 10 

months to four years [53]. It degrades further into the carbon dioxide and water in the presence 

of aerobic bacteria; these products are easily assimilated within the body. These attributes make 

it a suitable candidate for medical devices and drug delivery system. 

 

Figure 2.10 Two stereoisomers of Lactic acid a) L-Lactic acid b) D-Lactic acid 
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Table 2.2 Physical properties of a stereoisomer of PLA 

Properties PLLA PDLA PDLLA 

Glass transition temperature (Tg) (°C) 53 [56] 45-60 [57] 50-60 [57] 

Melting temperature (Tm) (°C) 170-180 [56] 150-162 [57] Amorphous [58-60] 

Decomposition temperature (°C) ~200 ~200 ~185-200 

Density 1.24-1.30 [60] 

1.25-1.29  [61] 

 1.25-1.27 [60] 

1.27  [61] 

Molecular weight (g/mol) 4.5 × 105 3.34 × 105 3.25 × 105 [62] 

Young’s modulus (MPa) 3200-3700 3400 1000-3450 [57] 

Tensile strength (MPa) 45-70 [56] 21-60 [57] 27.6-50 [57] 

Maximum elongation (%) 3-10 [57] 2.5-6 [57] 2-10 [57] 

Structure Semi-crystalline 

70% [59] 

Semi-

crystalline 

Amorphous 

Hayman et al. mentioned that mechanical properties of the PLLA polymer degrade on applying 

the static load and these properties further get degraded on the application of dynamic load [63]. 

In case of PLLA, Göpferich states that it takes more time to completely degrade when compared 

with the loss of tensile strength. Steric hindrance is one of the factors responsible for slow 

degradation [64]. Soares after conducting the tensile tests on PLLA fibres confirms their nonlinear 

viscoelastic characteristics [36]. For sutures and stents that provide mechanical support for the 

wounded tissues, the implants should possess appropriate mechanical properties, i.e., strength, 

stiffness, and ductility (extensibility). An ideal implant would have the physical and mechanical 

properties close to those of the tissues [50]. The mechanical response of PLA and other 

bioresorbable polymers is highly non-linear due to a strong dependence on temperature, molecular 

weight, molecular orientation, crystallinity, and physical ageing characteristics [41]. PLLA is a 

semi-crystalline polymer consisting of both amorphous and crystalline regions. During the 

degradation process, the amorphous regions degrade first, it results in an increase in fibre 

crystallinity [63]. 

PGA 

PGA is hydrophilic in nature, as hydrophilic materials have more tendencies to swell by 

presenting a higher degree of saturation which leads to high rate of degradation and because of 

which it quickly loses its mechanical properties in two to four weeks [65][66]. PGA is commonly 

synthesized by ring opening polymerization of glycolic acid as shown in figure 2.11 (b). It has a 

high degree of crystallinity. PGA degrades into the glycolic acid in in-vivo condition, glycolic 

acid is nontoxic and it further degrades into the carbon dioxide and water, which can be easily 

defecated by the body [54,67]. 
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Figure 2.11 Synthesis of various aliphatic polymers by ring-opening polymerization a) Polylactic 

Acid b) Polyglycolic Acid c) Polycaprolactone 

PHA 

This class of polyesters is derived from the micro-organisms via fermentation in unbalanced 

growth condition [68]. Their chemical structure depends on the species of bacteria and the carbon 

source composition on which the micro-organisms are grown [66,30]. Figure 2.12 shows the 

general molecular structure of Polyhydroxyalkanoates, here m varies as 1, 2, and 3. The value of 

n can range from 100 to thousands. When R is Ch3, it is known as poly-3-hydroxybutyrate (PHB), 

when R is CH2CH3; it is called poly-3-hydroxyvalerate (PHBV). Apart from the microorganisms, 

PHB can also be derived by ring opening polymerization of 𝛽 butyrolactone [69]. Due to the 

semi-crystalline nature of PHB, it possesses relatively low degradation rate in in-vivo condition, 

along with hydrophobic nature and brittle character of PHB, it becomes less popular for many 

medical applications. However, by changing the composition of PHA, it is possible to achieve the 

favourable properties according to the application. Some other representatives of this class are 

poly 4-hydroxybutyrate (P4HB), 3-hydroxyhexanoate (PHBHHx) and poly 3-hydroxyoctanoate 

(PHO)  [70]. 

PCL 

PCL is another degradable aliphatic polyester; at room temperature, it remains in the rubbery 

state. Structure of PCL is a semi-crystalline and hence it is hydrophobic in nature with a low rate 

of degradation. Because of the presence of five hydrophobic CH2 moieties in its repeating units, 

it degrades more slowly [71]. Therefore, due to its slow degradation rate, it becomes less 

favourable to biomedical applications but on the other hand is a good candidate for long-term 

implants and other controlled drug delivery system [30]. The glass transition temperature of PCL 

is very low around -62 °C [72] along with low melting point around 59-64 °C [73]. It is produced 

by the ring opening polymerization of a monomer caprolactone unit as shown in figure 2.11 (c). 
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Polybutylene Succinate (PBS) 

PBS is a thermoplastic polymer which is white in colour and has a semi-crystalline structure, it 

has a low melting point of about 110-118 °C [49] [74]. Condensation polymerization of 1, 4 

butanediol and succinic acid are used to synthesize the PBS. Its degradation behaviour is like that 

of PLA and PGA; it degrades into carbon dioxide and water with the help of enzymes and 

microorganisms. The molecular structure of PBS is shown in figure 2.12. 

 

Figure 2.12 Molecular structure of a) Polyhydroxyalkanoates b) polybutylene succinate 

Polycarbonate - Poly (trimethylene carbonate) (PTMC) 

PTMC is obtained by ring opening polymerization of trimethylene carbonate, catalysed with 

diethylzinc. A high molecular weight flexible polymer was prepared but it displays poor 

mechanical performance. Consequently, its applications are limited, and copolymers are more 

often used. Poly (propylene carbonate) (PPC) is synthesized via copolymerization of propylene 

oxide and carbon dioxide. It has good properties such as compatibility, impact resistance. Its 

thermal stability and biodegradation need to be improved. A classical way is to blend it with other 

polymers. TMC is one of the constituents of the biodegradable sutures biosynTM, caprosynTM, and 

maxonTM. 

Blends of Biodegradable Polymers  

Polymer blends generally have two segments in their structure namely hard segment and a soft 

segment. The hard segment has the glass transition temperature above that of the room 

temperature and is glassy and semi-crystalline in nature. Whereas, the glass transition temperature 

of soft segments is way below the room temperature and they are rubbery at room temperature. 

The rate of degradation is controlled by controlling the concentration of hard and soft segments.  

Let us consider the case of PGLA, which is a blend of PLA and PGA. As PLA is known for its 

slow degradation rate while on the other hand, PGA has the high rate of degradation. So, to 

achieve intermediate degradation rate various mixing ratios (50:50, 65:35, 75:25: 85:15, 90:10) 

of lactic acid and glycolic acid has been employed to synthesize PLGA to maintain its mechanical 

integrity for several months [75,76]. PLA reduces the local pH, thereby inducing the 

inflammatory response. So, they are blended with PCL which results in a balanced pH thus 

decreasing the inflammation [77]. PGA being hydrophilic degrades very fast in aqueous solution 

and loses its mechanical integrity in between two to four weeks. Chen et.al. concluded that by the 

addition of PDLLA or PCL the properties of PLLA changes, which were originally hard and 

brittle and also that PLLA/PDLLA blend has the lower elongation and higher mechanical 

properties when compared to the PLLA/PCL [53]. So, the selection of material along with 
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blending counterpart is important for the biomedical devices and it should be carefully chosen to 

keep in view of the application. Di-block polymers are quite common in practice, few common 

examples are PLGA, PLA-PCL, PGLA, MaxonTM (one hard segment of glycolide at 67–75% and 

one soft segment of trimethylene carbonate at 32.5%) etc. In certain cases, more than one type of 

soft building block is combined with the hard building blocks; but in all cases, the hard segments 

have always been the predominant component (>50%). BiosynTM is a triblock polymer having 

three copolymers, it has one hard segment (glycolide, 60%) and two soft segments (p-dioxanone 

and trimethylene carbonate). CaprosynTM is a quad-block polymer of one of its kind having two 

hard segments (glycolide and L-lactide) and two soft segments (ε-caprolactone and trimethylene 

carbonate), the rate of degradation of CaprosynTM is very high. It can completely degrade in 56 

days, it is primarily used for the surgical sutures, but it has the potential to be applied in other 

biomedical applications. By making a blend out of two different biodegradable polymers, it 

enhances the properties of the two polymers, improves the degradation rate and mechanical 

properties as required in an application or it can be said as blending provides tailorability 

according to the need. By using this technique it becomes possible to match the degradation rate 

with the rate of generation of new tissues [32],[78].  

2.3 Properties of Biodegradable Polymers 

The key role of the biomaterial for the device is to provide adequate support to carry loads and it 

should have enough compliance to diminish the damage done by the device to the adjacent tissues 

while keeping the mechanical integrity of the same. For avoiding the short and long-term health 

impairment, the properties of the material of the device should match that of the ligament. 

Physical Properties of various Biodegradable Polymers 

The physical properties of the material are intrinsic to the success of the scaffold. Table 2.3 shows 

the various physical properties of the biodegradable polymers.  

Table 2.3: Physical properties of various biodegradable polymers 

Material 
Density ρ 

(g/cm3) 

Average 

Molecular 

weight (Mn/g 

mol-1) 

Melting 

Point Tm (°C) 

Glass Transition 

temperature 

Tg(°C) 

Decomposition 

Temperature Td (°C) 

Crystallinity 

(%) 

PLA 
1.21-1.25 [60] 

1.23[79] 

3.34x105  ± 0.03 

[80] 
150-162[60] 

58.61±0.58 [80] 

45-60 [60] 

53[81] 

 

8% [82] 

PLLA 

1.24-1.30 [60] 

1.25-1.29  

[61] 

1.1x105[83] 

170-200 [60] 

173-178 

[58][84] 

175[85] 

175.1 [53] 

~180 

[59][49][86] 

170-190 [61] 

184.2[83] 

55-65 [60] 

57.4 [53] 

50-60 [61] 

60 [41] 

60-65 [49][58][84-

85][87]  

55-60 [86] 

65[83] 

~200 [86] 70% [59] 

PDLA   ~180 [86] 50-60 [86] ~200 [86]  
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PDLLA 
1.25-1.27 [60] 

1.27  [61] 
3.25x105[62] 

Amorphous 

[58-59][60] 

51.6 [53] 

55-60 [49][85]  

50-60[59-61] 

185-200[86]  

PCL 

1.11[85] 

1.06-1.13  

[61] 

530–630 000 

[85][88] 

2.7x105[61] 

2.7x104[53] 

2.66x105[62] 

58-63 [84] 

55-60 [85] 

65[88-89] 

60 [61] 

58-65 [60] 

59-64[49] 

53.1 [53] 

62[81] 

-60 to -65 [60] 

-65 to -61[88-89] 

-60 [49][61][84-

85] 

 
67% 

[85][88-89] 

PGA 
1.5-1.707 [60] 

1.5-1.69  [61] 
 

>200 [85] 

225-230 

[58][61][84]  

220-233 [60] 

35-40 [58],[84-85]  

35-45 [60] 

 

45%-55% 

[85] 

PDO  1.5x105 [90]    32% [90] 

PGA-PCL  1.5x105[90]     

PLA/PCL/2.5   152 [82]   30.4% [82] 

PLA/PCL/5   152.7 [82]   32.5% [82] 

PLA/PCL/7.5   152.5 [82]   33.5% [82] 

PLA/PCL/10       

PHB 1.18-1.26 [60] 
 

168-182 [60] 5-15 [60] 
  

Polydioxano

ne (PDS) 
 

 
 (-10 to 0) [58],[85] 

  

PLGA 

(50/50) 
1.30-1.40 [60] 

 Amorphous 

[60][84]  

40-50 [60] 

50-55 [84] 

  

PLGA 

(85/15) 
 

 Amorphous 

[84] 
50-55 [84] 

  

PLGA 

(90/10) 
 

 Amorphous 

[84] 
50-55 [84] 

  

Poly 

(Propylene 

Fumarate) 

PPF 

 

 

30-50 [84] -60 [84] 

  

Polybutylen

e Succinate 

(PBS) 

 

 

110-118[49]  

  

PLLA/PDLLA 

(80/20) 
 

 
174 [53] 58.1 [53] 

  

PLLA/PDLLA 

(60/40) 
 

 
171.8 [53] 56.6 [53] 

  

PLLA/PDLLA 

(50/50) 
 

 
171.7 [53] 57.6 [53] 

  

PLLA/PDLLA 

(40/60) 

  
172.5 [53] 53.3 [53] 

  

PLLA/PDLLA 

(20/80) 

  
173.8 [53] 52.2 [53] 
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Mechanical Properties of Biodegradable Polymers 

Mechanical properties of the biodegradable polymers are of main concern for selecting the 

material for orthopaedic applications. Table 2.4 shows the various mechanical properties of the 

biodegradable polymers. 

Table 2.4: Mechanical properties of various biodegradable polymers 

Material Modulus (MPa) 
Elongation at 

break (%) 
Tensile Stress at 

break (MPa) 
Accelerated test 
temperature (°C) 

PLA 
350-3500[60] 
3300 ±80[79] 

3200 [82] 

2.5-6[60] 
3.8 ± 0.07[79] 

2.2[82] 

21-60[60] 
57.8 ± 0.86[79] 

51.3[82] 

 

PLLA 

2700-4140[60] 
4800 [58],[85] 

1500-2700 [84] 
19800±3000 [53] 

2397[83] 

3-10 [60] 
5.4[83] 

20-30 [86] 
56.3±1.9 [53] 

15.5-150 [60] 
34.1±2.5 [53] 
50.8[83] 

45 °C [63] 
50 °C, 70 °C [91] 

PDLA  20-30 [86]   

PDLLA 
1900 [58] 
2800 [53] 

1000-3450 [60] 

11.4[53] 
2-10[60] 

26[53] 
27.6-50[60] 

 

PCL 
190[85][88-89] 

400-600[84] 
210-440 [60] 

>500[88][89] 
>700 [85] 

300-1000[60] 

14[85][88][89] 
23[85] 
20.7-42[60] 

 

PGA 

12500[85] 
12800 [58] 

5000-7000[84] 
6000-7000[60] 

1.5-20 [60] 60-99.7 [60] 

 

PDO  62[90] 139[90]  

PGA-PCL  55[90] 192.1[90]  

PLLA/PCL (80/20) 20.7±1.4 [53] 129.5±32.9[53] 41.2±1.5 [53]  

PLLA/PCL (60/40) 10.7±2.2 [53] 152.1±11.8 [53] 19.3±1.9 [53]  

PLLA/PCL (50/50) 8.1±2.8 [53] 139.6±17.4 [53] 16.9±1.3 [53]  

PLA/PCL/2.5 1.9[82] 43.7[82] 31.8[82]  

PLA/PCL/5 1.9[82] 38.1[82] 29.5[82]  

PLA/PCL/7.5 1.4[82] 74.4[82] 25.0[82]  

PLA/PCL/10 1.3[82] 32.6[82] 24.8[82]  

PHB 3.5-4 [60] 5-8 [60] 40 [60]  

Polydioxanone 
(PDS) 

1500 [58][85]   
 

PLGA (50/50) 
1000-4340[60] 
1400-2800[84] 

2-10 [60] 41.4-55.2[60] 
25 °C, 37 °C, 44 
°C, 54 °C, 65 °C, 

80 °C [92] 

PLGA (85/15) 1400-2800[84]    

PLGA (90/10)     

Poly (Propylene 
Fumarate) PPF 

2000-3000[84]   
 

Polybutylene 
Succinate (PBS) 

   
 

PLLA/PDLLA 
(80/20) 

11.9±1.7 [53] 59.8±9.3 [53] 35.2±2.4 [53] 
 

PLLA/PDLLA 
(60/40) 

20.5±3.9 [53] 38.1±4.6 [53] 41.1±8.1 [53] 
 

PLLA/PDLLA 
(50/50) 

10.1±0.1 [53] 56.2±3.4 [53] 36.2±1.5 [53] 
 

PLLA/PDLLA 
(40/60) 

22.0±3.4 [53] 60.8±6.6 [53] 39.2±5.4 [53] 
 

PLLA/PDLLA 
(20/80) 

17.6±2.1 [53] 62.5±9.0 [53] 32.6±2.1 [53] 
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2.4  Polymer Degradation Mechanism 

Degradation is an important phenomenon in the field of tissue engineering, as the rate of 

degradation determines the success of a material to be used in the biomedical application. The 

rate of degradation helps in checking the cellular response of the material, functioning of 

biomaterial in in-vivo and in-vitro condition, biocompatibility of the material by observing the 

effects of degradation product inside the human body. Figure 2.13 shows the factors that affect 

the rate of degradation. Thermal, radiation-induced, mechanical, enzymatic, and chemical are the 

major mechanisms by which polymer degradation occurs [93]. After immersion of biodegradable 

polymer into an aqueous medium, the degradation first occurs in the regions of low crystallinity 

as a large volume of water can be swelled in these regions when compared with the crystalline 

region because of the negative gradient that exists from the surface to centre. Diffusion stops on 

reaching the saturation point, water lowers the glass transition temperature while making the 

polymer soft [94]. This type of degradation is dependent on the capacity of the polymer to absorb 

water i.e. hydrophilicity of water and has a significant effect on the rate of degradation. On the 

other hand, lipophilic polymers are not able to absorb a large quantity of water and hence have 

the lower degradation rate.  

Degradation decreases the various mechanical properties like elastic modulus, tensile strength, 

elongation etc. As degradation mechanism is not homogeneous, which makes modelling the 

phenomena difficult [95]. Degradation properties of various Biodegradable Polymers are shown 

in table 2.5. Here, half-life at 37 °C is the time in which half of the initial material gets degraded.  

Earliest known biodegradable polymeric materials known are polyglycolide (PGA) and 

polylactide (PLA) which are aliphatic polyesters. The molecular structure of many aliphatic 

polyesters contains the ester group, this ester group is responsible for the slow degradation leading 

to chain scission. When the ester bond in the polymer chain is attacked by the water molecule, it 

degrades into the shorter chain containing the carboxylic end group [96]. These shorter chains are 

called as oligomers, as the number of chains containing this carboxylic group increases with time. 

These oligomers act as a catalyst and catalyse the hydrolysis of other ester bonds, which results 

in lowering of the pH. This occurs in thick materials and the process is known as autocatalysis 

[97]. Chain scission of polymers resulted in a reduction of the plastic flowability, it results in 

changing of ductile behaviour into the brittle behaviour or increase in the brittleness of the already 

brittle polymer [98]. Various mechanisms by which degradation can occur are shown in figure 

2.14. The major degradation products in biodegradable polymers are carbon dioxide and water as 

discussed previously. Mechanism of thermal degradation includes the scission due to the elevated 

state of vibration of bonds caused due to the increase in temperature, when the bond dissociation 

energy is overcome by the bond dissociation energy, Soares (2008) states that this is relevant only 

at the high temperature of about 500 °C [36].  
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Figure 2.13: Factors affecting the rate of degradation 

Table 2.5: Degradation properties of various Biodegradable Polymers 

Material 
Half-Life in 37 °C 
(Normal Saline) 

(Months) 

Loss of Strength 
(Months)s 

Loss of Mass (Months) 

PLLA 4-6[86] 6[48],[58],[85] 12-18[84], 24-66[85], >24[77] 

PDLA 4-6[86] - 12-16[77] 

PDLLA 2-3[86] 1-2[48],[58],[85] 12 – 16[48], [58], [85] 

PCL - - >24[77], [84] 

PGA - 1-2[58] 6-12[58], [77], 3-4[84] 

PDO - 1-2[58] 6-12[58] 

PLGA (50/50) 1.5[77] - 3-6[84], 1-2[49] 

PLGA (85/15) - - 3-6[84], 5-6[49] 

PLGA (90/10) - - <3[84] 

 

Figure 2.14: Various mechanism by which degradation occurs, adapted from [99] 
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Figure 2.15: Autocatalysis mechanism, an attack on ester group for the Polylactic Acid 

With the increase of degradation stages, the molecular weight of the polymers gets reduced and 

the mechanical properties get modified. The understanding of these change in properties is 

important, as the biodegradable device must supply the necessary mechanical support during the 

rehabilitation process. In the figure 2.15 autocatalysis mechanism is shown.  

The rate of degradation can be tailored according to the need of application by changing the 

molecular weight, crystallinity, and chemical composition. During the degradation, a sequence of 

reactions is involved to fully degrade the material. Limiting step or the slowest reaction of all is 

the rate-determining reaction. In terms of hydrolysis by water and enzymes, the degradation by 

water is fast, as this process is homogeneous, and water can easily diffuse inside the polymer 

structure leading to bulk erosion. Whereas, the enzyme molecules are being large in size are 

unable to diffuse through the structure, hence they support surface erosion [100]. The surface 

erosion and the bulk erosion are shown in figure 2.16. This process is much complex than the 

degradation and often involves many parameters that may influence the reaction. 

2.5 Polymer Scaffold for Reconstruction 

In our body, tissues are organized in three dimensional (3D) spaces. For the regeneration of new 

tissues, a 3D support is required, this support is provided by the scaffold. Scaffold acts as the 

substrate for cellular growth, proliferation, cell adhesion, differentiation, the formation of ECM 

and provides support to the new tissues formed [49]. The scaffold is like a warehouse which 

supplies essential nutrients, water, cytokines and regulates the growth and proliferation of new 

cells. They also help in vascularisation of new tissues [30],[102].  
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Figure 2.16: Different erosion occurrence a) Bulk Erosion b) Surface Erosion[101] 

Cultured cells are grown on a bioactive scaffold that guides differentiation and assembly of cells 

inside the 3D structure. A scaffold selected must match biological, morphological and 

biomechanical requirements [2], the ultimate aim should be to restore the functioning during the 

rehabilitation and to provide a suitable microenvironment for the growth of cells. 

Scaffold parameters 

Parameters which affect the properties of a scaffold can be classified according to geometry, 

mechanical properties, and fabrication parameters [78] as shown in figure 2.17. For example, 

when the braiding angle is increased, there is an increase in the length of toe region [103], but 

stiffness and capacity of yield load are reduced [104]. With the increase in the pore surface area, 

the pore diameter and porosity is reduced [5]. 

The architecture of the scaffold must provide the necessary conditions for cell seeding to 

proliferate and generate the tissue [105]. For soft tissues, the size of pores must be in between 

200-250µm for the growth of cells [5]. However, porosity is not a significant parameter as far as 

cell growth is considered but a good pore size is vital for the transport of oxygen and other 

important nutrients required for the growth. They also help in carrying the metabolic waste out of 

the system. Porosity affects the mechanical integrity of the scaffold as the highly porous structure 

may lead to catastrophic failure as it is more fragile when compared to the scaffold less porous. 

Therefore, equilibrium must be maintained between connectivity and mechanical integrity. There 

are various methods to measure the pore size and porosity they are gravimetric method, 

Porosimetry, liquid displacement method, scanning electron microscopy, micro-computed 

tomography, permeability based methods and capillary flow porometry. 
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Figure 2.17: Various parameters that affect scaffold properties 

Figure 2.18 shows the multilayered braided scaffold architecture. Interconnecting the pores result 

in an increase of the surface area for the cells to adhere on the surface while giving the way for 

navigation of nutrients and waste product through the scaffold structure [30,103].  

Degradation must be designed in such a way that at the time the complete proliferation of cells 

occurs, the scaffold must be completely degraded until that time. For the cell to adhere, proliferate, 

grow, and deposition of ECM, the fibres of the biodegradable scaffold can be coated with 

nanofibers and collagens [106]. Other than the properties of the raw material, fabrication 

technique plays a major role in determining the final characteristics and geometry of the scaffold. 

This architecture has a well-connected pores which will help in formation of new tissues and also 

provide the removal of wastes (generated from the degradation) from the scaffold, by altering the 

parameters like number of layers, diameter of fibres, and braiding angle, a wide tailorability can 

be obtained to be used in various other fields [104]. Figure 2.19 shows the spherical pores within 

a scaffold obtained from X-ray tomography. Different colours correspond to the pore radius. 

2.6  Selection of the biodegradable material for scaffold 

The selection of the biomaterial is very important in the design and development of the device in 

tissue engineering. The primary concern is the sustainability of the strength of material over the 

period for the orthopaedic applications. A biomaterial in the study for the replacement must be 

able to interact with the tissues to be repaired rather than act as a static replacement.  
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Figure 2.18: Multilayered braided scaffold architecture [104] 

 

Figure 2.19:  Top view of spherical pores within a scaffold issued from X-ray tomography, different 

colours correspond to the pore radius [107]  
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2.7 Conclusion  

TE deals with the regeneration of the new tissues; it is based on the seeding of a cell into a 

biodegradable scaffold. The architecture of the scaffold must provide the necessary conditions for 

the seeded cells to proliferate and generate the tissue, for that porosity and surface area must be 

optimized. For soft tissues, the size of pores must be in between 200-250µm for the growth of 

cells. However, porosity is not a significant parameter as far as cell growth is considered but a 

good pore size is vital for the transport of oxygen and other important nutrients required for the 

growth. They also help in carrying the metabolic waste out of the system. Porosity affects the 

mechanical integrity of the scaffold as the highly porous structure may lead to catastrophic failure 

as it is more fragile when compared to the less porous scaffold. Therefore, equilibrium must be 

maintained between connectivity and mechanical integrity, both the parameters should be 

optimized accordingly.  

In case of ACL, collagen being the basic building block determines the mechanical properties of 

the overall structure. A scaffold selected for ACL repair must match biological, morphological 

and biomechanical requirements. The aim of a scaffold should be to restore the functioning of 

ACL during the rehabilitation period and to provide cells with a suitable microenvironment for 

growth. Biodegradable polymers in case of the ACL should supply the long-term load bearing 

capabilities, strengthen the torn tissue during the rehabilitation period and subsequently lose the 

mechanical properties. In the meantime, ligament must restore its full capacity during 

rehabilitation. By the time the device decays, the cultured cell over the scaffold should form new 

tissues. New tissues formed thus replace the biomechanical functions slowly over the time. 

Biodegradable polymer lacks the biological recognition sites, as they are not able to provide the 

cell adhesion. So, to use them as a biodegradable material, there is a need to modify their surface 

chemically and physically. To achieve this, functionalization should be done by bioactive 

molecules and ligands which are recognized by cells. The rate of degradation and the mechanical 

properties can be tailored by making a blend out of two different biodegradable polymers. By 

blending it becomes possible to match the degradation rate with the rate of generation of new 

tissues. 
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3.1 Introduction  

From a durability point of view, in ligament repair, the material selection in mechanical design 

should fulfil the requirement of a low degradation rate. Therefore, the selected biomaterial will 

replace the biomechanical functions, which will be gradually transferred to the new tissues 

generated. During the recovery time, the bio-material should gradually degrade until finally 

digested by the host tissue, this prevents the need for revision surgery. The selection of the 

material is important in the design and development of the medical device in tissue engineering. 

The primary concern is the sustainability of the strength of material over the period; this can be 

analysed by making the use of in-vitro analysis, in the balanced salt solution [1]. Another obstacle 

is to simulate the degradation behaviour in the loaded environment in-vitro. However, In-vivo 

degradation is faster than the in-vitro degradation in most cases, because of the response of tissues 

and the environment, as it creates harsher environment [2-3]. The bio-material must possess some 

of the necessary requirements, which are:  

• The capability of the material to be incorporated into a final product. 

• Properties of the biodegradable material must closely match to that of the ligament.  

• Product of degradation should not be toxic.  

• Degradable products should not cause local tissue response. 

• Biomaterial should be able to maintain the mechanical integrity during the healing of the 

health tissue. 

• There should be ease in manufacturing of the bulk component.  

• Flexibility in the design of the component. 

• The material should be lightweight. 

• Tailorability of the properties by adding fillers and additives. 

In this study, five biodegradable materials are studied which are PLA and PGLA (multifilament), 

CaprosynTM, BiosynTM and MaxonTM (monofilament). A detailed discussion is done in the next 

section.  

PLA 

PLA was kindly received from Trevira GMBH, Portugal and was used for the mechanical 

characterization and degradation stages. It is a multifilament, which has a single-filament 

corresponding to a diameter of 20 microns. The diameter of the multifilament depends on the 

degree of intermingling or crimping and can vary from 150 microns to 500 microns, depending 

upon the amount of force applied to remove the intermingling or crimping. 

PGLA 

PGLA was kindly received from Trevira GMBH, Portugal and was used for the mechanical 

characterization and degradation stages. PGLA is a blend of PGA and PLA, with a concentration 

of 90:10 respectively. Figure 3.1 shows the SEM (Scanning Electron Microscopy) image of 

PGLA fibres, single fibre in the PGLA has a diameter of 13.84 microns, whereas the multifilament 
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has a diameter of 323.1 microns. On visual inspection, the structure of PGLA is like the 

multifilament yarn encased in a cylindrical casing.  

 

Figure 3.1: SEM image of PGLA (a) Multifilament (b) Single fibre  

MaxonTM  

MaxonTM was kindly received from the Covidien, Medtronic (France). It was used for mechanical 

and degradation tests. MaxonTM is a monofilament fibre having a diameter of 400 microns. 

MaxonTM is dyed green and is a copolymer of poly-glycolic acid and trimethylene carbonate 

(TMC). It has one hard segment of glycolide at 67–75% and one soft segment of TMC at 32.5%. 

Mechanical properties start to degrade after 6 weeks and complete degradation of the material 

happens after 6 months, as told by the supplier. Figure 3.2 shows the molecular structure of 

maxonTM, here m and n show the number of molecules of glycolide and TMC. The undyed 

maxonTM has a natural clear appearance, while green-colour maxonTM is dyed by green DG6 with 

<0.3% by weight.  

 

Figure 3.2: Molecular structure of maxonTM [4]. 

BiosynTM  

BiosynTM was kindly received from the Covidien, Medtronic (France). It was used for mechanical 

and degradation tests. BiosynTM has a commercial name Glycomer 63, biosynTM is a 

monofilament fibre having a diameter of 400 microns. BiosynTM is dyed natural and is a triblock 

copolymer consisting of one hard segment of glycolide at 60%, two soft segments namely p-

dioxanone 1,4-dioxanone at 14%, and trimethylene carbonate (1,3-dioxane-2-one, 26%). 

Mechanical properties start to degrade after 2 weeks and complete degradation of the material 

happens in between 90-110 days, as told by the supplier. Figure 3.3 shows the molecular structure 

of biosynTM. The undyed biosynTM has a natural clear appearance.   

Diameter of the multifilament PGLA = 

323.1 microns 

Diameter of the single filament PGLA 

= 13.84 microns 
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Figure 3.3: Molecular structure of biosynTM [4]. 

The purpose of introducing trimethylene carbonate into PGA for the design of maxonTM and 

biosynTM is to make synthetic absorbable monofilament sutures pliable without adversely 

affecting their other mechanical properties like knot strength and security as well as their 

biodegradation properties. 

CaprosynTM  

CaprosynTM was kindly received from the Covidien, Medtronic (France). It was used for 

mechanical and degradation tests. CaprosynTM has a commercial name Polyglytone 621, 

caprosynTM is a monofilament fibre having a diameter of 400 microns. CaprosynTM is dyed natural 

and is a quad block copolymer consisting of two hard segments of glycolide at 70% and L-lactide 

at 5%, along with two soft segments of ε-caprolactone at 16% and trimethylene carbonate at 8%. 

The purpose of soft segments is to provide good handling properties like pliability whereas the 

hard segments provide the strength. Mechanical properties start to degrade after 5 days and in 

between 5 to 7 days half of the mechanical properties get lost. At the end of 21 days, complete 

loss of mechanical properties is seen, however, complete degradation occurs in 56 days, as told 

by the supplier. Figure 3.4 shows the molecular structure of caprosynTM. The undyed caprosynTM 

has a natural clear appearance.   

3.2 Methods 

Mechanical Characterization 

The selected materials were then tested mechanically. Uniaxial tensile tests were carried out on 

an Instron® ElectroPuls E1000 (High Wycombe, England) under displacement control. Five 

different strain rates were chosen as 10-4 s-1, 10-3 s-1, 10-2 s-1, 50x10-2 s-1, and 10-1 s-1. For 

caprosynTM, strain rates used were 10-4 s-1, 10-3 s-1, 10-2 s-1, 10-1 s-1, 5x10-1 s-1. All the tensile tests 

were performed at room temperature up to failure. Uniaxial tensile tests at constant strain rates 

were carried out on both undegraded and degraded samples obtained during progressive 

degradation stages, load was measured by means of a 2 kN load cell. The gauge length (i.e. free 

distance between grips on the testing machine) for all the specimens was kept at 100 mm.  

 

Figure 3.4: Molecular structure of CaprosynTM [4]. 
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Degradation Protocol 

Specimens were degraded by submerging the samples in Phosphate Buffer Solution (PBS). 

Samples were weighed and placed in 50 ml bottles at a constant temperature of 37 °C and 

submitted to different stages of degradation. For PLA, the sample to solution ratio of 

approximately 1:2 mg/ml was maintained for every sample. For maxonTM and biosynTM, the 

sample to solution ratio of approximately 4:5 mg/ml was maintained for every sample. For PGLA, 

the sample to solution ratio of approximately 1:5 mg/ml was maintained for every sample, to 

ensure an equal amount of soaking in PBS. Table 3.1 shows the predetermined time interval at 

which different samples were taken out.  

Table 3.1: Material subjected to various stages of degradation at 37 °C  

Degradation 
stage Number of days 

PLA 0 20 40 60 90 120 150 

PGLA 0 10 20 30 x x x 

BiosynTM 0 10 20 30 x x x 

CaprosynTM 0 20 x x x x x 

MaxonTM 0 20 40 60 x x x 

3.3 Differential Scanning Calorimetry (DSC) 

DSC is a volume characterization technique, which is used for analysing thermal transitions [5]. 

By using DSC, it becomes easier to understand phase transitions and how they affect the 

properties and characteristics of the material.  DSC instrument is designed to measure the change 

in enthalpy during the transition. DSC monitors the difference in heat flow between the sample 

and a reference material against time or temperature at a specified temperature rate. DSC 

quantitatively measures the heat absorbed or released by a material undergoing a chemical or 

physical change. It is an effective analytical tool to characterize the physical properties of a 

polymer. DSC enables the determination of melting, crystallization and glass transition 

temperatures, the corresponding enthalpy and entropy changes show either changes in heat 

capacity or a latent heat [6–8]. 

The DSC set-up is composed of a measurement chamber and a computer, two pans are heated in 

the measurement chamber. The sample pan contains the material being investigated, a second pan 

which is typically empty is used as a reference [9]. The computer is used to monitor the 

temperature and regulate the rate at which the temperature of the pans changes. The heating rate 

of 10 K/min is used for these DSC tests. The rate of temperature change for a given amount of 

heat will differ between the two pans. This difference depends on the composition of the pan 

contents as well as physical changes such as phase change. 

Glass Transition Temperature (Tg) 

Polymers can exist in a glassy or in a rubbery state; at a temperature below Tg, they exist in a 

glassy state, as chains are more rigid and cannot move freely. Above Tg, polymer exists in a 

rubbery phase, as the amorphous structure becomes mobile above the glass transition temperature 
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[5]. At this point the mechanical properties of the polymer change from those of a brittle material 

to those of an elastic material. The polymer chains have high mobility above the glass transition 

temperature, this transition occurs over a range of temperature. The temperature in the middle of 

the region is taken as the Tg, which is also known as Tg mid [10]. The heat capacity of the polymer 

is different before and after the glass transition temperature. The magnitude of the baseline shift 

(ΔCp) during the glass transition is related to the concentration of amorphous chains in the sample 

and is affected by other factors such as molecular mobility and free volume. 

Crystallization and Cold Crystallization (Tc) 

Crystallization occurs during the cooling from a temperature above the melting point. In some 

cases, polymers are not able to crystallize during cooling; because of the fast rate of cooling. 

Therefore, the polymer chains are not able to organize themselves. However, the crystallization 

can also happen during the second heating, where polymer chains organize themselves, this is 

known as cold crystallization [11]. Crystallization is an exothermic process, so heat is released to 

the surroundings and less heat is needed to keep the heating rate of the sample same as that of the 

reference pan. The peaks confirm that crystallization occurs in the sample, the cold crystallization 

temperature is defined at the highest point of the peak. The latent heat (enthalpy) of crystallization 

is determined from the area of the curve. If the polymer is 100% amorphous, then there won’t be 

any peak, as the amorphous phase won’t be able to crystallize. 

Melting Temperature (Tm) 

On continuing with the heating, another peak will be observed, at which the polymer starts to 

melt. The temperature at the peak represents the melting temperature of the polymer, represented 

as Tm. The area of the peak for this region will give the latent heat of melting. At the Tm, the 

polymer chains can move freely and thus do not have ordered arrangements. Melting is an 

endothermic process, which requires the absorption of heat. The temperature remains constant 

during melting despite continued heating. The energy added during this time is used to melt the 

crystalline regions. Therefore, addition of further energy does not increase the average kinetic 

energy of the chains that are already in the melt. The heat added to the system during the melting 

process is the latent heat of melting. It can be calculated from the area of a melting peak observed 

in a plot of heat flow against temperature. The formation of crystals and melting of the crystal 

structure requires approximately the same energy. If there is some difference in the energy, then 

it is because some of the heat is dissipated to the surroundings.  

Degradation Temperature (Td) 

The temperature at which most carbon-chain polymers degrade is called degradation temperature. 

At this temperature, the polymer undergoes degradation, resulting in main-chain scission, cross-

linking, cyclization, and loss of volatile fragments. In an inert atmosphere, the degradation pattern 

may be endothermic, exothermic or both. 
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Sample Size, Method of DSC and Analysis 

For DSC measurements, the weight of the sample taken is in between 3-10 mg, depending upon 

the density of the sample. As pan requires to be filled for proper measurements. The heating rate 

is kept at 10 K/min, and the N2 atmosphere is chosen to maintain the inert atmosphere. For 

measuring the Tg below zero degrees, an external cooling source is required. For these tests, a 

liquid nitrogen cylinder is used to further drop down the temperature. Small sample size is 

preferred to avoid the temperature gradient inside the sample, this gives better resolution. 

Conventional DSC involves heating a sample at a controlled, constant heating rate through a 

temperature range at which the material is thermally stable. Usually, a heating/cooling/reheating 

profile is used. To obtain a representative DSC curve for the polymer sample that is consistent, it 

is necessary to destroy the prehistory. This is achieved by preheating the sample above the 

crystalline melting temperature in an inert atmosphere, holding it there for a few minutes 

(generally for 5 minutes, which is known as isotherm) and then cooling slowly to the starting 

temperature. If the crystallization rate is slow, it may be necessary to hold the polymer i.e., 

annealing at a temperature below the melting point, to give some time for crystallization to go for 

completion. The second heat evaluates the inherent properties of the material and can be used to 

differentiate various batches of the material. Degree of crystallinity is calculated as in equation 

3.1 below. 

𝐃𝐞𝐠𝐫𝐞𝐞 𝐨𝐟 𝐜𝐫𝐲𝐬𝐭𝐚𝐥𝐥𝐢𝐧𝐢𝐭𝐲 = (
(∆𝐇)𝐦𝐞𝐥𝐭

(∆𝐇)𝟏𝟎𝟎% 𝐜𝐫𝐲𝐬𝐭𝐚𝐥𝐥𝐢𝐧𝐞 𝐬𝐚𝐦𝐩𝐥𝐞
) × 𝟏𝟎𝟎   (3.1) 

Where,  
(∆H)melt is enthalpy of melting, 
(∆H)100% crystalline sample is the enthalpy of melt of a fully crystallized sample, 

The term (∆H)100% crystalline sample is a reference value and represents the heat of melting of the 

100% crystalline polymer. Here, relative crystallinity of the polymers is measured by utilizing the 

value of enthalpy of melt of an undegraded sample instead of (∆H)100% crystalline sample. By using 

this value, it will show whether the crystallinity increases or decreases with the progressive 

degradation stages. All the polymers do not undergo all three transitions during heating. The 

crystallization and melting peaks are only observed for polymers that can form crystals. While 

purely amorphous polymers will only undergo a glass transition, crystalline polymers typically 

possess amorphous domains and will also exhibit a glass transition. 

3.4 Modelling the lifetime behaviour of biodegradable polymers 

Modelling the behaviour of biodegradable medical device after the implant poses another big 

challenge. While engineering the medical devices, the biodegradable material must not be 

assumed as an elastic material. As the material is subjected to large deformation beyond the elastic 

limit and the material follows viscoelastic/viscoplastic deformation. The viscoelastic solid has 

two types of responses, one is an instantaneous i.e. elastic response and the other is delayed which 
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is time-dependent response. On removing the load, the elastic response is recovered 

instantaneously while the time-dependent response is gradually recovered if sufficient time is 

given.  The full recovery is expected at low levels of stress. Whereas on higher stress levels, 

viscoplasticity comes into play and leads to the permanent deformation [5-9]. Therefore, a 

thorough understanding of the inelastic properties of the material is necessary to characterize the 

biodegradable polymers.  

Evolution of the mechanical properties during degradation is a continuous process, which imposes 

complications in predicting the behaviour of the medical device [17]. Therefore, need to predict 

the behaviour of the material arises, for this, it needs to be modelled by using a suitable 

mathematical model to understand the behaviour in a clinical relevant loading condition. 

Degradation is affected by the level of deformation. In the areas of high strains, more degradation 

is seen. Also, when compared with the static loading, the cyclic loading is seen to influence much 

faster degradation [18]. Applied stress during the degradation process increases the probability of 

bond scission and as a result, rate of degradation increases [19]. Long-term performance is 

influenced by the degradation behaviour, degradation kinetics has a significant role in controlling 

the processes of cell growth, tissue regeneration and host response. A slight mismatch in 

mechanical properties between natural tissue and scaffold may lead to short or long-term health 

impairment. 

The life time mechanical behaviour of the biodegradable polymers can be understood by 

accelerating the tests, which can be done by imposing large stress or strain or by performing 

experiments at an elevated temperature. Hayman et.al. performed the experiments on the PLLA 

fibre at an elevated temperature of 45 °C in a phosphate buffer saline (PBS) solution [20]. The 

chosen temperature was close to the glass transition temperature, to incorporate the original 

degradation and erosion in a best possible way [20]. The degradation rate is calculated by using 

the Arrhenius equation. However, there was one limitation to that experiment, by increasing the 

temperature, the total number of cycle experienced were less than that of non-accelerated tests. 

Weir et al. after conducting the experiments at 50 °C and 70 °C concluded that degradation 

progress in the same manner as at 37 °C during in-vitro and in-vivo tests [21]. 

Degradation being inhomogeneous possesses hindrance in the modelling of the evolution of 

mechanical properties of the biodegradable polymers. These biodegradable polymers can undergo 

failure much before the anticipated yield and ultimate tensile strength, because of the 

viscoplasticity, which comes into the picture on the application of a large amount of stress that 

leads to the failure by creep and fatigue. Thus, there are several factors, which needs to be 

addressed to fully understand the mechanical behaviour due to the actual simulated biological 

loads.  
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3.5 Constitutive Modelling 

Materials which displays inelasticity are often described by means of viscoelastic/viscoplastic 

models, which can be written as a function of stress or strain, as in equation 3.2 below. 

𝒇(𝝈, 𝜺, �̇�, �̇�) = 𝟎        (3.2) 

In linear viscoelasticity, the general constitutive relation in time domain can be written as 

hereditary integral or differential forms. Differential forms are more commonly used to simulate 

the viscoelastic response of the material, spring and dashpot models have been widely used. 

Linear combination of Hookean spring follows the Hooke’s law (𝜎 = 𝐸𝜀)  and Newtonian 

damper dashpot is used to model the linear viscosity (𝜎 = 𝜂
𝑑𝜀

𝑑𝑡
). Different configurations of the 

spring and dashpot can be used to represent various constitutive models. Some commonly used 

models are: (i) Maxwell’s model (spring and dashpot are in series), (ii) Kelvin-Voigt model 

(spring and dashpot are in parallel), (iii) Burger’s model (Maxwell model and Kelvin model are 

in series) [15-16]. 

The Linear Viscoelastic theory is mostly valid in the small strain domain. Below certain stress 

levels, deformation behaviour is approximately linear. But with the increase in stress level, the 

material starts showing a non-linear response [24]. In many applications, the material is subjected 

to high-stress levels and strains well beyond the linear viscoelastic limit, exhibiting non-linear 

viscoelastic response. If enough time is given, a part of this inelastic deformation shows recovery. 

Both recoverable and permanent deformations are time-dependent [15-16],[18-21]. 

Understanding of these phenomena to model it correctly through mathematical equations is 

essential for the development of medical devices. There exist many classical mechanical models, 

which are being used to describe the time-dependent behaviour of polymers. These constitutive 

models have been developed in the past, which are generally expressed through integral or 

differential equations to model the time-dependent mechanical behaviour of polymers [15-16], 

[20-26].  

(𝒑𝟎 + 𝒑𝟏
𝝏

𝝏𝒕
+ 𝒑𝟐

𝝏𝟐

𝝏𝒕𝟐 + ⋯ 𝒑𝒊
𝝏𝒊

𝝏𝒕𝒊) 𝝈(𝒕) = (𝒒𝟎 + 𝒒𝟏
𝝏

𝝏𝒕
+ 𝒒𝟐

𝝏𝟐

𝝏𝒕𝟐 + ⋯ 𝒒𝒊
𝝏𝒊

𝝏𝒕𝒊) 𝜺(𝒕) (3.3) 

Equation 3.3 represents the general differential equation which can be used to predict the time-

dependent behaviour of the polymeric materials. In this equation, pi and qi are the material 

parameters, which can be determined experimentally by the suitable mechanical tests. Polymers 

do not exhibit constant viscosity as assumed in the linear viscoelasticity theory. They exhibit shear 

thinning behaviour with the increase of strain rate, which implies that viscosity of the polymeric 

material decreases with the increase of strain rate. This happens as the polymeric chains begin to 

entangle themselves at higher strain rates. Because of this peculiar behaviour of the polymers, 

there is a need for the nonlinear viscoelastic model.  
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3.6 Time-Dependent Effects 

Although the experimentally observed stress-strain behaviour in thermoplastic materials is 

characterised by an initial linear elastic or linear viscoelastic response, non-linear and viscoplastic 

behaviour develop over time. Since the material is in a glassy state, there will always be a 

stochastic distribution of free volume, energy barriers, and shear transformation sites. The sites 

with the lowest energy barriers have a greater probability of local shear transformation events 

(local yielding). As these stresses increase, transformation start to occur at a meaningful rate 

causing a non-linear stress-strain response. During these events the surrounding material will 

exert a back stress on the transformed regions, causing a further increase in the activation barrier 

for viscoplastic flow. When the material is unloaded these back stresses cause a highly non-linear 

unloading response and recovery [34]. If instead of being unloaded, the material is loaded further, 

there may come a point where the distributed yielding has spread through a large portion of the 

material causing a reduction in the activation energy spectrum for these transformation sites. This 

leads to stress softening and localized deformation (necking) if the loading mode is uniaxial 

tension. At very large strains, before failure, the stress may increase as deformation induced 

orientation in the microstructure reduces entropy in the material [34]. 

Even if the load is below the macroscopic yield stress there is a certain probability for localized 

yielding that over time through stochastic processes will lead to the accumulation of viscoplastic 

creep strain. Similar experimental results were obtained by Dreher et al. [35] who studied the 

load-dependent creep behaviour of PLLA and PLGA under physiologically relevant loading rates. 

An important conclusion of these observations is that bioresorbable medical devices exposed to 

long-term loading in vivo can experience failure at an earlier stage than what would be predicted 

using traditional simple non-linear elastic or plastic analysis which do not account for these 

accumulating yield processes [34]. 

Three-Element Standard Solid Model 

The three-element standard solid model is composed by the Maxwell element in parallel with a 

linear spring, as shown in figure 3.5. Force in the standard solid is the sum of forces in the 

Maxwell element and the linear spring. Equation 3.4 governs the behaviour of the material as 

follows [36] : 

𝜼

𝑬𝟏

𝒅𝝈

𝒅𝒕
+ 𝝈 =

𝜼

𝑬𝟏
(𝑬𝟏 + 𝑬𝟐)

𝒅𝜺

𝒅𝒕
+ 𝑬𝟐𝜺      (3.4) 

Where η, E1 and E2 are the material parameters. σ and ε are the stress and strain, respectively. The 

solution of the differential equation 3.4 obtained is shown by equation 3.5 below [36]: 

𝝈 = 𝑬𝟐𝜺 + 𝜼�̇� (𝟏 − 𝒆
(

−𝑬𝟏𝜺

𝜼�̇�
)
)       (3.5) 
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Figure 3.5: Spring dashpot representation of three-element standard solid model  

Khan Model based on standard solid model 

In the work done by Khan et.al., time and temperature dependent mechanical properties were 

explained by using a simple phenomenological viscoelastic model for polymers under finite 

deformations range [37]. Khan in his paper used the standard solid model as the starting point to 

model the finite deformation. Figure 3.6 shows spring and dashpot arrangement for the model, 

which is like the Burger’s model (except the non-linear spring and non-linear dashpot). The 

represented model has two modules connected in parallel, the first one is the Maxwell element 

which has a spring element connected in series with the dashpot element. The second module is 

the Kelvin element; spring in the Kelvin element has the non-linear characteristics, which is 

dependent on the level of deformation. Viscosity associated with the Maxwell and Kelvin element 

is dependent on the strain rate as described by Khan et.al. and shown in equation 3.6. However, 

this viscosity function was originally proposed by Bird et.al. [38] and has been modified ever 

since by other researchers based on the requirement of the polymeric behaviour [30-33]. Here, 

the modified viscosity function is shown by the equation 3.7. This new equation has one parameter 

less than the viscosity function proposed by the Khan et.al. Equation 3.8 represents the general 

viscoelastic behaviour of the polymer material under finite deformation. From this equation, if 

the strain response is known then the force response for the polymeric material can be obtained. 

Equation 3.8 is solved by using the finite difference method, parameters are determined by using 

the method of least squares with the uniaxial tensile test data [37]. Numerical solution of stress in 

terms of strain is shown by equation 3.9. 

𝜼 = 𝜼∞ +
𝜼𝟎−𝜼∞

(𝟏+𝒂�̇�𝟐−(
�̇�

𝟏𝟎𝟓)
𝒅

)

𝒃       (3.6) 

𝜼𝟏 = 𝜼𝟎 −
𝜼𝟎−𝜼∞

𝟏+(
𝒗𝟎
�̇�

)
𝜶        (3.7) 

𝑪𝟏

𝜼𝟏
𝝈 + �̇� = 𝑪𝟏�̇� +

𝑪𝟏

𝜼𝟏
𝑪𝟐𝜺(𝒏𝟐+𝟏) +

𝜼𝟐

𝜼𝟏
𝑪𝟏�̇� + 𝑪𝟐(𝒏𝟐 + 𝟏)𝜺𝒏𝟐�̇�   (3.8 ) 

𝛔𝟐  =  (𝑪𝟏 (
𝛆𝟐 − 𝛆𝟏

∆𝒕
) +

𝑪𝟏

𝛈𝟏

𝑪𝟐𝛆𝟏
(𝒏𝟐+𝟏)

+
𝛈𝟐

𝛈𝟏

𝑪𝟏 (
𝛆𝟐 − 𝛆𝟏

∆𝒕
) + 𝑪𝟐(𝒏𝟐 + 𝟏)𝛆𝟏

𝒏𝟐 (
𝛆𝟐 − 𝛆𝟏

∆𝒕
) −

𝑪𝟏

𝛈𝟏

𝛔𝟏) ∆𝐭 + 𝛔𝟏  

(3.9) 
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Figure 3.6: Spring and dashpot representation of the Khan model (adapted from Khan et.al.) [27]. 

Modified Three-Element Standard Solid Model 

The standard linear solid model, one of the classical viscoelastic model is composed of three 

elements; a Maxwell element connected in parallel with a linear spring [15-16]. The proposed 

model by Khan has Maxwell element connected in parallel with a Kelvin element having a non-

linear spring. Uniaxial experimental data of stress–relaxation and monotonic loading at various 

strain rates were successfully analysed via the proposed model by Khan in his paper [37]. 

Furthermore, Zacharatos and Kontou modified the classical standard solid model to fit the data 

points by using a fewer number of parameters than Khan et.al. [39]. They considered the non-

linear spring in parallel to the Maxwell element instead of Kelvin element as in Khan model. 

Here, Maxwell element is non-linear and has an Eyring dashpot in series along with the linear 

spring. Non-linear spring is dependent on the strain 𝜀(𝑡). Figure 3.7 represents the modified three 

element standard solid model using the spring and dashpot element along with the relation 

between non-linear spring E1 and Eyring dashpot. In the earlier works, the viscosity was 

described as the function of strain rate but  Zacharatos in his paper termed 𝜂1 𝑎𝑛𝑑 𝜂2  as constants 

which were directly determined by optimizing them with the experimental data [39].  

From now on, for simplification purpose, the modified three-element standard solid model by 

Zacharatos will be referred as Kontou – Zacharatos model (K-Z model). K-Z model is proficient 

in describing the important aspects of the viscoelastic behaviour of biodegradable fibres. 

Bardenhagen et al. [40] proposed a model for the finite deformation of the polymer by using 

differential constitutive relations. They primarily focused on the generalisation of both 

viscoelastic and viscoplastic deformation region for the three-dimensional case. 
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Figure 3.7: Schematic presentation of the K-Z model (adapted from Zacharatos et.al.) [29]. 

The one-dimensional constitutive differential equation for the K-Z Model is shown by equation 

3.10 [29]:  

�̇�(𝒕) = (𝜼𝟏𝜺(𝒕)−𝜼𝟐 + 𝑬𝟐 − 𝜼𝟐𝜼𝟏𝜺(𝒕)−𝜼𝟐)�̇�(𝒕) − 𝑨 𝑬𝟐𝒔𝒊𝒏𝒉[𝒃(𝝈(𝒕) − 𝜼𝟏𝜺(𝒕)𝟏−𝜼𝟐)]  (3.10) 
Under constant strain rate �̇�0, equation 3.10 becomes equation 3.11:  

�̇�(𝒕) = (𝜼𝟏(𝒕�̇�𝟎)−𝜼𝟐 + 𝑬𝟐 − 𝜼𝟐𝜼𝟏(𝒕�̇�𝟎)−𝜼𝟐)�̇�𝟎 − 𝑨 𝑬𝟐𝒔𝒊𝒏𝒉[𝒃(𝝈(𝒕) − 𝜼𝟏(𝒕�̇�𝟎)𝟏−𝜼𝟐)]  (3.11) 

Upon integrating the Equation 3.11, analytical solution for this model is represented as equation 

3.12. 

𝛔(𝐭) =  𝛈𝟏𝛆𝟏−𝛈𝟐 −
𝟐

𝐛
𝐚𝐫𝐜𝐭𝐚𝐧𝐡 (

𝐀

�̇�𝟎
−

√�̇�𝟎
𝟐+𝐀𝟐

�̇�𝟎
𝐭𝐚𝐧𝐡 (𝐄𝟐𝐛𝐭√�̇�𝟎

𝟐 + 𝐀𝟐 + 𝐚𝐫𝐜𝐭𝐚𝐧𝐡 (
𝐀

√�̇�𝟎
𝟐+𝐀𝟐

)))(3.12) 

Equation 3.12 can also be written as a function of strain. Therefore, stress-strain quasi-static curve 

can be written as equation 3.13:  

𝛔(𝛆) =  𝛈𝟏𝛆𝟏−𝛈𝟐 −
𝟐

𝐛
𝐚𝐫𝐜𝐭𝐚𝐧𝐡 (

𝐀

�̇�𝟎
−

√�̇�𝟎
𝟐+𝐀𝟐

�̇�𝟎
𝐭𝐚𝐧𝐡 (𝐄𝟐𝐛 𝛆 �̇�𝟎⁄ √�̇�𝟎

𝟐 + 𝐀𝟐 + 𝐚𝐫𝐜𝐭𝐚𝐧𝐡 (
𝐀

√�̇�𝟎
𝟐+𝐀𝟐

))) (3.13) 

Equation 3.11 is solved numerically by using the finite difference method. Material 

constants  𝜂1, 𝜂2, 𝐸2, A and b are obtained by using the method of least squares in excel, by using 

the uniaxial tensile test data. Numerical solution of stress in terms of strain and vice-versa are 

shown in equation 3.14 and equation 3.15 as follows:  

𝛔𝟐  =  𝛔𝟏 − 𝛈𝟏𝛆𝟏
−𝛈𝟐𝛈𝟐𝛆𝟐 + 𝛈𝟏𝛆𝟏

−𝛈𝟐𝛈𝟐𝛆𝟏 + 𝛆𝟐𝛈𝟏𝛆𝟏
−𝛈𝟐 + 𝛆𝟐𝐄𝟐 − 𝛆𝟏𝛈𝟏𝛆𝟏

−𝛈𝟐 − 𝛆𝟏𝐄𝟐 +

𝐀𝐄𝟐𝐬𝐢𝐧 𝐡(𝐛(−𝛔𝟏 + 𝛆𝟏𝛈𝟏𝛆𝟏
−𝛈𝟐)) 𝐝𝐭  

(3.14) 

𝛆𝟐  =  (−𝛔𝟐+𝛔𝟏+𝛈𝟏𝛆𝟏
−𝛈𝟐𝛈𝟐𝛆𝟏−𝛆𝟏𝛈𝟏𝛆𝟏

−𝛈𝟐−𝛆𝟏𝐄𝟐+𝐀𝐄𝟐𝐬𝐢𝐧𝐡(𝐛(−𝛔𝟏+𝛆𝟏𝛈𝟏𝛆𝟏
−𝛈𝟐))𝐝𝐭)

(𝛈𝟏𝛆𝟏
−𝛈𝟐𝛈𝟐−𝛈𝟏𝛆𝟏

−𝛈𝟐−𝐄𝟐)
  (3.15) 
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3.7 Conclusion 

Material selection is an important aspect of any application, in this study five materials were 

investigated for their application as a scaffold for ACL augmentation device. The primary 

objective is to find a biomaterial that will be able to sustain the clinical relevant loading conditions 

and simultaneously degrade while helping in tissue regeneration. These characteristics will 

prevent the requirement of the revision surgery. For simulating the degradation, biomaterials were 

subjected to the PBS environment and then the mechanical characterisation tests were performed. 

This will enhance our understanding of the rate of degradation of these biomaterials, which is of 

prime importance. Uniaxial tensile tests are performed at room temperature up to the point of 

failure, subjected to various strain rates.  Higher strain rate is chosen so to disregard viscoelastic 

phenomena and lower strain rate in order to accurately reproduce the loading program. DSC 

experiments are performed to evaluate the percentage crystallinity of the material after the 

degradation stages. It will help in analyzing the bond scission during the degradation and making 

a correlation between the evolution of mechanical properties with the structure of the polymers. 

Evolution of the mechanical properties during degradation is a continuous process, which imposes 

serious complications in predicting the behaviour of the device. Therefore, there is a need of a 

suitable mathematical model to understand the behaviour in a clinical relevant loading condition. 

Khan model and the K-Z model are used to model the mechanical behaviour of these materials. 

Both models are simple phenomenological models based on the three-element standard solid. 

They are easier to implement and have five material parameters in both cases of Khan model and 

K-Z model. However, for Khan model viscosity is a strain rate dependent while for K-Z model 

this viscosity is a parameter independent of the strain rate and directly evaluated from the uniaxial 

tensile test data. 



 
54 

3.8 References  

[1] S. A. Casarin, “Study on In-Vitro Degradation of Bioabsorbable Polymers Poly 

(hydroxybutyrate-co-valerate) - (PHBV) and Poly (caprolactone) - (PCL),” J. Biomater. 

Nanobiotechnol., vol. 2, no. 3, pp. 207–215, 2011. 

[2] H.-J. Sung, C. Meredith, C. Johnson, and Z. S. Galis, “The effect of scaffold degradation 

rate on three-dimensional cell growth and angiogenesis.,” Biomaterials, vol. 25, pp. 5735–5742, 

2004. 

[3] H. S. Azevedo and R. Reis, “Understanding the enzymatic degradation of biodegradable 

polymers and strategies to control their degradation rate,” Biodegrad. Syst. tissue …, pp. 177–

202, 2005. 

[4] C. C. Chu, “Materials for absorbable and nonabsorbable surgical sutures,” in Biotextiles 

As Medical Implants, Elsevier, 2013, pp. 275–334. 

[5] J. Bergstrom, Mechanics of solid polymers : theory and computational modeling. 

[6] G. W. H. Höhne, W. Hemminger, and H.-J. Flammersheim, Differential Scanning 

Calorimetry. Berlin, Heidelberg: Springer Berlin Heidelberg, 1996. 

[7] B. Wunderlich, Thermal analysis. Academic Press, 1990. 

[8] C. Schick, “Differential scanning calorimetry (DSC) of semicrystalline polymers,” Anal. 

Bioanal. Chem., vol. 395, no. 6, pp. 1589–1611, Nov. 2009. 

[9] P. M. A. Noah, L. M. A. Ohandja, R. E. Medjo, S. Chabira, F. B. Ebanda, and P. A. 

Ondoua, “Study of thermal properties of mixed (PP/EPR)/ABS with five model compatibilizers,” 

J. Eng. (United States), vol. 2016, 2016. 

[10] E. Parodi, L. E. Govaert, and G. W. M. Peters, “Glass transition temperature versus 

structure of polyamide 6: A flash-DSC study,” Thermochim. Acta, vol. 657, pp. 110–122, Nov. 

2017. 

[11] ® Leonard and C. Thomas, “An Introduction to the Techniques of Differential Scanning 

Calorimetry (DSC) and Modulated DSC,” 2005. 

[12] J. K. Pandey, K. Raghunatha Reddy, A. Pratheep Kumar, and R. P. Singh, “An overview 

on the degradability of polymer nanocomposites,” Polym. Degrad. Stab., vol. 88, no. 2, pp. 234–

250, May 2005. 

[13] A. Djemai, L. F. Gladden, J. Booth, R. S. Kittlety, and P. R. Gellert, “MRI investigation 

of hydration and heterogeneous degradation of aliphatic polyesters derived from lactic and 

glycolic acids: a controlled drug delivery device.,” Magn. Reson. Imaging, vol. 19, no. 3–4, pp. 

521–3, Jan. . 

[14] C. Vieira A., M. Guedes R., T. Marques A., and V. Tita, “Material Model Proposal for 

the Design of Biodegradable Plastic Structures,” in 10th World Congress on Computational 

Mechanics, 2012, vol. 1, no. 1, pp. 2512–2529. 



 
55 

[15] H. Azevedo a/nd R. Reis, “Understanding the Enzymatic Degradation of Biodegradable 

Polymers and Strategies to Control Their Degradation Rate,” in Biodegradable Systems in Tissue 

Engineering and Regenerative Medicine, 2004. 

[16] H. Y. Cheung, K. T. Lau, T. P. Lu, and D. Hui, “A critical review on polymer-based bio-

engineered materials for scaffold development,” Compos. Part B Eng., vol. 38, no. 3, pp. 291–

300, Apr. 2007. 

[17] A. C. Vieira, R. M. Guedes, and A. T. Marques, “Development of ligament tissue 

biodegradable devices: a review.,” J. Biomech., vol. 42, no. 15, pp. 2421–30, Nov. 2009. 

[18] J. S. Soares and J. E. Moore, “Biomechanical Challenges to Polymeric Biodegradable 

Stents,” Ann. Biomed. Eng., Oct. 2015. 

[19] A. C. Vieira, R. M. Guedes, and V. Tita, “Damage-induced hydrolyses modelling of 

biodegradable polymers for tendons and ligaments repair,” J. Biomech., Jul. 2015. 

[20] D. Hayman, C. Bergerson, S. Miller, M. Moreno, and J. E. Moore, “The effect of static 

and dynamic loading on degradation of PLLA stent fibers.,” J. Biomech. Eng., vol. 136, no. 

August, p. 81006, 2014. 

[21] N. A. Weir, F. J. Buchanan, J. F. Orr, D. F. Farrar, and G. R. Dickson, “Degradation of 

poly-L-lactide. Part 2: increased temperature accelerated degradation,” Proc. Inst. Mech. Eng. 

Part H J. Eng. Med., vol. 218, no. 5, pp. 321–330, Jan. 2004. 

[22] D. W. Saunders, Creep and relaxation of nonlinear viscoelastic materials, vol. 19, no. 1. 

Courier Corporation, 1978. 

[23] C. Ebert, W. Hufenbach, A. Langkamp, and M. Gude, “Modelling of strain rate dependent 

deformation behaviour of polypropylene,” Polym. Test., vol. 30, no. 2, pp. 183–187, 2011. 

[24] G. Dean, L. Crocker, B. Read, and L. Wright, “Prediction of deformation and failure of 

rubber-toughened adhesive joints,” Int. J. Adhes. Adhes., vol. 24, no. 4, pp. 295–306, 2004. 

[25] A. D. Drozdov, Finite Elasticity and Viscoelasticity: A Course in the Nonlinear 

Mechanics of Solids. World Scientific, 1996. 

[26] A. D. Drozdov, Viscoelastic Structures: Mechanics of Growth and Aging. Academic 

Press, 1998. 

[27] J. D. Ferry, Viscoelastic Properties of Polymers. John Wiley & Sons, 1980. 

[28] R. S. Lakes, Viscoelastic Solids. CRC Press, 1998. 

[29] A. D. Drozdov and A. L. Kalamkarov, “A constitutive model for nonlinear viscoelastic 

behavior of polymers,” Polym. Eng. Sci., vol. 36, no. 14, pp. 1907–1919, 1996. 

[30] Y. Rossikhin and M. Shitikova, “Centennial jubilee of Academician Rabotnov and 

contemporary handling of his fractional operator,” Fract. Calc. Appl. Anal., vol. 17, no. 3, 2014. 

[31] P. Provenzano, R. Lakes, T. Keenan, and R. Vanderby, Jr., “Nonlinear Ligament 

Viscoelasticity,” Ann. Biomed. Eng., vol. 29, no. 10, pp. 908–914, 2001. 



 
56 

[32] A. D. Drozdov and N. Viscoelasticity, “A model of temporal polymeric networks in 

nonlinear viscoelasticity,” Mech. Res. Commun., vol. 25, no. 1, pp. 83–90, Jan. 1998. 

[33] R. a. Schapery, “On the characterization of nonlinear viscoelastic materials,” Polymer 

Engineering & Science, vol. 9. pp. 295–310, 1969. 

[34] J. S. Bergström and D. Hayman, “An Overview of Mechanical Properties and Material 

Modeling of Polylactide (PLA) for Medical Applications,” Ann. Biomed. Eng., 2015. 

[35] M. L. Dreher, S. Nagaraja, H. Bui, and D. Hong, “Characterization of load dependent 

creep behavior in medically relevant absorbable polymers.,” J. Mech. Behav. Biomed. Mater., 

vol. 29, pp. 470–9, Jan. 2014. 

[36] A. Plaseied and A. Fatemi, “Deformation response and constitutive modeling of vinyl 

ester polymer including strain rate and temperature effects,” J. Mater. Sci., vol. 43, no. 4, pp. 

1191–1199, Feb. 2008. 

[37] A. S. Khan, O. Lopez-Pamies, and R. Kazmi, “Thermo-mechanical large deformation 

response and constitutive modeling of viscoelastic polymers over a wide range of strain rates and 

temperatures,” Int. J. Plast., vol. 22, no. 4, pp. 581–601, Apr. 2006. 

[38] R. B. Bird, R. C. . Armstrong, and O. Hassanger, Dynamics of polymeric liquids, Fluid 

mechanics, vol. 25. 1987. 

[39] A. Zacharatos and E. Kontou, “Nonlinear viscoelastic modeling of soft polymers,” J. 

Appl. Polym. Sci., vol. 132, no. 26, pp. 1–5, 2015. 

[40] S. G. Bardenhagen, M. G. Stout, and G. T. Gray, “Three-dimensional, finite deformation, 

viscoplastic constitutive models for polymeric materials,” Mech. Mater., vol. 25, no. 4, pp. 235–

253, 1997. 

[41] P. Majda and J. Skrodzewicz, “A modified creep model of epoxy adhesive at ambient 

temperature,” Int. J. Adhes. Adhes., vol. 29, no. 4, pp. 396–404, 2009. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
57 

 



Chapter 4: Experimental Results 
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4.1 Introduction 

Five biodegradable materials were studied which are PLA, PGLA (multi-filament), caprosyn™, 

biosyn™ and maxon™ (monofilament). Specimens were degraded by submerging the samples in 

Phosphate Buffer Solution (PBS). Samples were weighed and placed in 50 ml bottles at a constant 

temperature of 37 °C and submitted to different stages of degradation. Uniaxial tensile tests were 

carried out on an Instron® ElectroPuls E1000 (High Wycombe, England) under displacement 

control. Five different strain rates were chosen as 10-4s-1, 10-3s-1, 10-2s-1, 5x10-2s-1, and 10-1s-1. For 

caprosynTM the mechanical tests were done at the strain rate of Five different strain rates were 

chosen as 10-4s-1, 10-3s-1, 10-2s-1, 10-1s-1, and 5x10-1s-1. All the tensile tests were performed at room 

temperature up to failure. Uniaxial tensile tests at constant strain rates were carried out on both 

undegraded and degraded samples (obtained during progressive degradation), the load was 

measured by means of a 2 kN load cell. The gauge length (i.e. the free distance between grips on 

the testing machine) for all the specimens was kept at 100 mm. These biodegradable materials 

(before and after degradation) were also analysed by the Differential Scanning Calorimetry 

(DSC). DSC is a volume characterization technique, which is used for analysing thermal 

transitions. DSC enables the determination of melting, crystallization and glass transition 

temperatures, the corresponding enthalpy and entropy change show either change in heat capacity 

or a latent heat [2-3], [5]. Experimental results obtained from these tests are presented in this 

chapter. 

4.2 Multifilament Fibres  

PLA and PGLA are the two multifilament fibres that are studied, multifilament fibres are defined 

as the fibres which have two or more filaments.   

PLA 

It is a multifilament, which has a single-filament corresponding to a diameter of 20 microns. The 

diameter of the multifilament depends on the degree of intermingling or crimping and can vary 

from 150 microns to 500 microns (depending upon the amount of force applied to remove the 

intermingling or crimping). PLA fibres were subjected to the degradation stages of 20, 40, 60, 90, 

120, and 150 days respectively at 37 °C.  

Effect of Strain Rate 

In this section, the data obtained from the uniaxial tensile tests at different strain rates are 

presented and the effect of strain rates on the mechanical properties are discussed.  

Undegraded PLA fibre 

Results obtained from the uniaxial tensile tests at different strain rates on the dry and undegraded 

(not subjected to any degradation) PLA fibres are presented. All the tensile tests were performed 

at room temperature up to failure, figure 4.1 shows uniaxial tensile test results of undegraded PLA 

fibres at different strain rates. 
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Figure 4.1: Load vs Displacement curve for undegraded specimens at strain rates 

The force required to reach the inflection point increases with the increase of strain rate. At higher 

strain rate the molecular mobility of the polymer chains decreases, thereby making the chains 

stiffer which require more force to reach the inflection point [1-9]. From figure 4.1 relevant data 

was extracted for comparison purposes. Table 4.1 summarises values of Mechanical parameters 

with the strain rate. Also, the failure point increases with the increase of strain rates, as fibres are 

experiencing less time under load with the increase of strain rate and the time to failure increases. 

20 days of degradation  

Degraded PLA samples were removed from the PBS solution after 20 days and subjected to the 

uniaxial tensile tests at different strain rates. All the tensile tests were performed at room 

temperature up to failure, the load was measured by means of a 2 kN load cell. Figure 4.2 shows 

uniaxial tensile test results of 20 days degraded PLA fibres tested at room temperature at different 

strain rates.  

Table 4.1: Mechanical parameters with the increase of strain rate for undegraded PLA fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.2212 2.6086 34.5729 0.8396 3.9875 0.0605 

0.001 0.3424 3.0489 35.9706 1.0515 3.3182 0.0561 

0.01 0.2490 3.6897 39.1736 1.4931 6.2806 0.0696 

0.05 0.2597 3.9592 40.4172 1.5832 6.9106 0.0733 

0.1 0.3656 4.1689 38.8031 1.6137 4.8344 0.0756 

Standard Deviation of the respective parameters at a strain rate  

0.0001 0.0296 0.1249 1.5353 0.0571 0.5459 0.0029 

0.001 0.0263 0.0097 1.1517 0.0312 0.1815 0.0042 

0.01 0.0274 0.1259 1.3017 0.1693 0.9809 0.0009 

0.05 0.0189 0.0202 0.8482 0.0369 0.2355 0.0010 

0.1 0.0092 0.2660 1.2409 0.1414 0.0014 0.0016 
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Figure 4.2: Load vs Displacement curve for 20 days degraded specimens at strain rates 

The force required to reach the inflection point increases with the increase of strain rate. At higher 

strain rate the molecular mobility of the polymer chains decreases, thereby making the chains 

stiffer which require more force to reach the inflection point [1-9]. At the end of first degradation 

stage, secondary stiffness seems to be constant as the curves at different strain rate overlap each 

other in the second region of the load vs displacement curve (the curve has two regions, one before 

inflection point and another after inflection point). This change of behaviour may be because after 

soaking the fibres in the PBS, fibres gets soft and chains have become more flexible and were not 

responding rapidly to the increase of strain rates. However, maximum displacement and force at 

break increase with the increase of strain rate. Table 4.2 shows values of Mechanical parameters 

with the increase of strain rate for 20 days degraded PLA fibres. After the first degradation stage, 

the fibres became softer and increase in the response to displacement can be seen from the figure 

4.2, especially at higher strain rate. Figure 4.3 shows the crimped PLA fibres at the end of 

degradation stages, as the water starts to get swell in the interior of the fibres, PLA fibre being 

long gets shrunk and crimping is seen after drying.  

Table 4.2: Mechanical parameters with the increase of strain rate for 20 days degraded PLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.1219 2.4214 41.8988 1.2642 10.9954 0.0475 

0.001 0.1398 3.1285 43.1988 1.3637 10.7161 0.0544 

0.01 0.1521 3.7513 40.4802 1.6236 11.4814 0.0740 

0.05 0.1162 4.0228 57.4123 1.8230 16.9260 0.0579 

0.1 0.0926 3.9978 56.8092 1.8140 20.8318 0.0605 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.1219 0.1881 3.0564 0.0873 2.2406 0.0035 

0.001 0.1398 0.0949 5.9105 0.2877 0.9784 0.0030 

0.01 0.1521 0.0186 5.9479 0.0176 1.5498 0.0078 

0.05 0.1162 0.2379 0.7150 0.1911 2.1588 0.0010 

0.1 0.0926 0.0207 1.2466 0.0584 2.0587 0.0004 
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Figure 4.3: PLA samples showing crimping after a degradation stage 

40 days of degradation  

Degraded PLA samples were removed from the PBS solution after 40 days and subjected to the 

uniaxial tensile tests at different strain rates. Figure 4.4 shows uniaxial tensile test results of PLA 

fibres tested at room temperature. Table 4.3 shows values of Mechanical parameters with the 

increase of strain rate after 40 days degraded PLA fibres. The force at break and displacement at 

break increases with the increase of strain rate. Force and displacement required to reach the 

inflection point, in this case, decreases to the strain rate of 0.05/s and then show an increase at 

highest strain rate. 

 

Figure 4.4: Load vs Displacement curve for 40 days degraded specimens at strain rates 

PLA before degradation 

Crimped PLA fibres after degradation 
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Table 4.3: Mechanical parameters with the increase of strain rate for 40 days degraded PLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.1102 2.4038 41.9146 1.3943 13.5261 0.0467 

0.001 0.1276 3.0165 44.7405 1.3453 10.7766 0.0516 

0.01 0.1480 3.2073 47.1725 1.2778 9.2884 0.0523 

0.05 0.1622 3.5639 50.4297 1.1867 8.9151 0.0540 

0.1 0.1313 3.8599 54.8347 1.6972 13.8469 0.0529 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0201 0.1650 1.1251 0.1245 2.2782 0.0054 

0.001 0.0142 0.0946 1.5607 0.1610 1.6507 0.0013 

0.01 0.0204 0.0398 3.5011 0.1004 2.6606 0.0018 

0.05 0.0152 0.0820 1.4454 0.1121 1.2604 0.0008 

0.1 0.0190 0.1441 2.9551 0.1261 1.8828 0.0005 

60 days of degradation  

Degraded PLA samples were removed from the PBS solution after 60 days and subjected to the 

uniaxial tensile tests at different strain rates. Figure 4.5 shows uniaxial tensile test results of PLA 

fibres tested at room temperature after the 60 days of degradation at different strain rates.  

Table 4.4 shows values of different parameters and their variation with the increase of strain rate 

after the 60 days of degradation. From the figure and table, it can be observed that with the 

increase of strain rate, the force at break shows an increase in the value up to the strain rate of 

0.05/s and maximum displacement increases at first and then show a decrease further with the 

increase of strain rate. The force required to reach the inflection point increases up to the strain 

rate of 0.01/s and then show the decrease. However, the inflection point is achieved at lower 

displacement with the increase of strain rate. At this stage of degradation, the curves at different 

strain rate are can be distinguished clearly and there is no overlapping of the curves, as noticed 

with the previous strain rates. 

 

Figure 4.5: Load vs Displacement curve for 60 days degraded specimens at strain rates 
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Table 4.4: Mechanical parameters with the increase of strain rate for 60 days degraded PLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.1007 2.3227 46.8916 1.4193 15.6841 0.0373 

0.001 0.0997 2.9035 51.9601 1.4816 15.7745 0.0428 

0.01 0.1332 3.4548 50.6780 1.5944 12.8822 0.0517 

0.05 0.1935 3.6675 48.9046 1.5546 8.9195 0.0544 

0.1 0.2176 3.4709 44.8517 1.5189 7.8208 0.0570 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0284 0.1439 3.0815 0.0926 3.2024 0.0006 

0.001 0.0270 0.0848 4.3388 0.1281 3.1108 0.0015 

0.01 0.0016 0.0258 0.7592 0.0202 0.2617 0.0008 

0.05 0.0292 0.1116 2.0990 0.1337 2.1629 0.0006 

0.1 0.0334 0.1423 3.2554 0.0785 2.4544 0.0005 

90 days of degradation 

Degraded PLA samples were removed from the PBS solution after 90 days and subjected to the 

uniaxial tensile tests at different strain rates. Figure 4.6 shows uniaxial tensile test results of PLA 

fibres tested at a room temperature after the 90 days of degradation at different strain rates. 

Table 4.5 shows values of different parameters with the increase of strain rate after the 90 days 

of degradation. From the figure and table, it can be observed that force at break increases with the 

increase of strain rate. However, the maximum displacement attained by the fibres decreases with 

the increase of the strain rates. This can be as after the 90 days of degradation; the molecular 

chains may have started to cleavage and the polymer has become softer as compared to the earlier 

degradation stages. However, the displacement requires to reach the inflection point decreases 

with the increase in strain rate. At the lowest strain rate, the curve is J-shape, this may be as at the 

lowest strain rate, the flow of molecular chains is low and molecular chains will take more time 

to flow and because of which the curve is J-shape.  

 

Figure 4.6: Load vs Displacement curve for 90 days degraded specimens at strain rates 
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Table 4.5: Mechanical parameters with the increase of strain rate for 90 days degraded PLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.0532 2.2287 58.1145 1.2866 23.1192 0.0363 

0.001 0.0668 2.9037 56.9063 1.2330 18.0418 0.0391 

0.01 0.0949 3.3255 54.8758 1.7145 18.9803 0.0491 

0.05 0.1210 3.5727 52.4089 1.6175 15.9289 0.0534 

0.1 0.1450 3.6703 51.8341 1.8017 13.8342 0.0516 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0093 0.0727 3.3409 0.0644 1.2467 0.0020 

0.001 0.0157 0.0713 2.6122 0.0615 3.1457 0.0008 

0.01 0.0042 0.0472 0.7412 0.0658 1.4446 0.0004 

0.05 0.0248 0.0470 3.4625 0.0966 3.9670 0.0008 

0.1 0.0257 0.0554 3.2915 0.0421 3.6779 0.0013 

120 days of degradation 

Degraded PLA samples were removed from the PBS solution after 120 days and subjected to the 

uniaxial tensile tests at different strain rates. Figure 4.7 shows uniaxial tensile test results of PLA 

fibres tested at room temperature after 120 days of degradation at different strain rates. From the 

figure and table, it can be observed that the force at break increases with the increase of strain 

rate. At the strain rate of 0.01/s, fibres reached the maximum displacement of the machine and 

didn’t break. The force and displacement at break increase with the increase of strain rate. Initial 

stiffness decreases slowly up to the strain rate of 0.01/s and then increases rapidly. Secondary 

stiffness increases constantly but slowly with the strain rates. The force and displacement required 

to reach the inflection point show haphazard variation with strain rate as the behaviour is 

unpredictable at this stage, as degradation has resulted into the cleavage of mass chains because 

of which uncertainty is introduced into the results. 

 

Figure 4.7: Load vs Displacement curve for 120 days degraded specimens at strain rates 
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Table 4.6: Mechanical parameters with the increase of strain rate for 120 days degraded PLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.1003 2.2643 44.8167 1.4513 15.2222 0.0351 

0.001 0.0891 2.7951 55.6265 1.4926 17.7142 0.0393 

0.01 0.0625 3.0309 60.0033 1.3154 18.6797 0.0397 

0.05 0.1152 3.4468 57.3956 1.6622 15.4234 0.0449 

0.1 0.1332 3.5349 55.8123 1.6633 13.8347 0.0453 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0187 0.0606 2.7186 0.0519 1.8348 0.0020 

0.001 0.0097 0.1081 4.2161 0.0033 1.4990 0.0002 

0.01 0.0062 0.0541 0.0134 0.0139 1.3130 0.0002 

0.05 0.0011 0.0313 1.0728 0.0556 0.4101 0.0015 

0.1 0.0152 0.1854 2.5650 0.0264 2.3555 0.0029 

150 days of degradation 

Degraded PLA samples were removed from the PBS solution after 150 days and subjected to the 

uniaxial tensile tests at different strain rates. Figure 4.8 shows uniaxial tensile test results of PLA 

fibres tested at room temperature after 150 days of degradation at different strain rates. From the 

figure and table, the value of various mechanical parameters increases with the increase of strain 

rate. The force and displacement at break increase with the increase of strain rate. Initial stiffness 

at first increases but then there exists a slight decrease in the value which finally increase at the 

highest strain rate. Secondary stiffness increases constantly with the increase of strain rate the 

force required to reach the inflection point increases with the higher strain rates, but the 

displacement required to reach the inflection point increases arbitrarily with the increase of strain 

rate.  

 

Figure 4.8: Load vs Displacement curve for 150 days degraded specimens at strain rates 
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Table 4.7: Mechanical parameters with the increase of strain rate for 150 days degraded PLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.0902 1.8755 44.0257 1.0555 10.8997 0.0318 

0.001 0.1391 2.3396 46.1091 1.1118 9.4069 0.0397 

0.01 0.1211 2.9772 49.5743 1.6122 14.2837 0.0443 

0.05 0.1072 3.5247 54.9135 1.8505 18.4121 0.0470 

0.1 0.1148 3.3947 56.7772 1.7849 16.8596 0.0438 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0147 0.0628 1.1672 0.1230 1.5546 0.0011 

0.001 0.0250 0.0916 2.6913 0.0386 2.0309 0.0017 

0.01 0.0119 0.5191 13.8283 0.3829 3.3552 0.0080 

0.05 0.0021 0.6790 12.6199 0.0932 0.6233 0.0083 

0.1 0.0089 0.0476 3.2567 0.1465 2.1570 0.0040 

Effect on Mechanical parameters of PLA fibres due to strain rate and degradation 

Initial Stiffness 

As from the previous results of force vs displacement curve, it can be noticed that the PLA fibres 

have two regions, region one (toe area), which is small as compared to the second region. The 

initial stiffness was calculated from the slope of the linear portion of the toe area of the curve, 

which is below the inflection point. Figure 4.9 shows that the initial stiffness of undegraded PLA 

fibres is highest among others. On subjecting to the degradation stages, the initial stiffness 

decreases with the increase of degradation stage till 90 days. For the degradation stage of 120 and 

150 days, the stiffness increases again, as shown in figure 4.10. 

 

Figure 4.9: Variation of initial stiffness in case of PLA fibres with the increase of strain rates at 

different degradation stages 
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Figure 4.10: Variation of initial stiffness in case of PLA fibres with the increase of degradation 

stages at different strain rates 

Displacement at inflection point 

Figure 4.11 and figure 4.12 shows that the undegraded PLA fibres have the lowest displacement 

at inflection point. With the increase of degradation, the displacement attained by the PLA fibres 

at inflection point increases up to 150 days. This may be as the fibres are getting softer with the 

increase of degradation stages, as more and more water gets swelled in the region of low 

crystallinity. But at 150 days of degradation, this value decreases, it may be as the amorphous 

region gets depleted and the fibres have more crystallinity [10]. Therefore, they show less 

displacement at inflection point. At higher strain rate, for 20 days of degradation the displacement 

is higher than that of lower strain rates. But, with the increase of degradation the displacement 

value decreases for the higher strain rates.  

Force at inflection point 

Figure 4.13 and figure 4.14 shows the force required by the PLA fibres to reach the inflection 

point, with the increase of degradation, for the strain rate of 0.0001/s and 0.001/s the force at 

inflection point increases and show a decrease for the degradation stage of 90 and 150 days of 

degradation. For higher strain rates, force at inflection point increases for the first stage of 

degradation and after that it decreases. However, with the increase of strain rates, it seems more 

force is required to reach the inflection point. This is clear as with the increase of strain rate, the 

stiffness of the PLA fibres is increasing, due to which more force is required to reach the same 

point.  
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Figure 4.11: Displacement at inflection point for PLA fibres with the increase of strain rates, at 

different degradation stages 

 

Figure 4.12: Displacement at inflection point for PLA fibres with the increase of degradation, at 

different strain rates 
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Figure 4.13: Variation of force at inflection point in case of PLA fibres with the increase of 

strain rate with different degradation stages 

Secondary Stiffness 

As already discussed that the force vs displacement curve of PLA fibres has two regions, the 

second region which has larger area as compared to toe region. Secondary stiffness corresponds 

to the slope of the linear portion of the curve. From figure 4.15 and figure 4.16, the secondary 

stiffness decreases with the increase of degradation stages. Also, it is clear from the figure that 

with the increase of strain rate, the secondary stiffness increase. The reason for this phenomenon 

is same as in previous cases, as the high strain rate decreases the molecular mobility of the 

polymer chains thereby making the chains stiffer [1-9]. 

 

Figure 4.14: Force at inflection point for PLA fibres along degradation stages 
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Figure 4.15: Variation of secondary stiffness in case of PLA fibres with the increase of strain 

rates at different degradation stages 

Maximum Displacement  

Maximum displacement is the displacement attained by the fibres at the time of failure. Figure 

4.17 and figure 4.18, shows that the maximum displacement attained by the PLA fibres increases 

with the degradation. Maximum displacement reaches highest value for 90 days of degradation, 

as degradation may have resulted in softening of fibres due to which they are able to go higher 

displacement. For the last two stages of degradation, maximum displacement of PLA fibres 

decreases as due to the cleavage of molecular chains the fibres are becoming brittle and are not 

able to undergo large deformation. 

 

Figure 4.16: Secondary Stiffness PLA fibres at strain rates along degradation stages 
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Figure 4.17: Variation of maximum displacement in case of PLA fibres with the increase of 

strain rates, figure shows different degradation stages 

Force at Break 

The force at break is the maximum force attained by the fibres at the time of failure. From figure 

4.19 and figure 4.20, the force at break continuously shows a decreasing trend with the increase 

of degradation. It can be due to the degradation, which has resulted in the cleavage of chains, due 

to which fibres are breaking at a lower value than their predecessor. Figure 4.20 Shows that the 

force at break of PLA fibres increases with strain rate. As the secondary stiffness is increasing 

with the strain rate, therefore, the force required to reach higher values show a continuous increase 

because of which it need more force to break the fibres at higher strain rate. 

 

Figure 4.18: Maximum displacement of undegraded PLA fibres with the increase of degradation 
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Figure 4.19: Force at break of PLA fibres with the increase of strain rates at different degradation 

stages 

Table 4.8-4.12 shows the value of Mechanical parameters with respect to the degradation stage at 

a strain rate namely at 0.0001/s, 0.001/s, 0.01/s, 0.05/s, 0.1/s respectively.  

 

Figure 4.20: Force at break of undegraded PLA fibres with the increase of degradation 
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Table 4.8: Mechanical parameters with the increase of degradation at a strain rate of 0.0001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 34.5729 2.6086 0.2212 0.8396 3.9875 0.0605 

20 41.8988 2.4214 0.1219 1.2642 10.9954 0.0475 

40 41.9146 2.4038 0.1102 1.3943 13.5261 0.0467 

60 46.8916 2.3227 0.1007 1.4193 15.6841 0.0373 

90 58.1145 2.2287 0.0532 1.2866 23.1192 0.0363 

120 44.8167 2.2643 0.1003 1.4513 15.2222 0.0351 

150 44.0257 1.8755 0.0902 1.0555 10.8997 0.0318 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.5353 0.1249 0.0296 0.0571 0.5459 0.0029 

20 3.0564 0.1881 0.0361 0.0873 2.2406 0.0035 

40 1.1251 0.1650 0.0201 0.1245 2.2782 0.0054 

60 3.0815 0.1439 0.0284 0.0926 3.2024 0.0006 

90 3.3409 0.0727 0.0093 0.0644 1.2467 0.0020 

120 2.7186 0.0606 0.0187 0.0519 1.8348 0.0020 

150 1.1672 0.0628 0.0147 0.1230 1.5546 0.0011 

Table 4.9: Mechanical parameters with the increase of degradation at a strain rate of 0.001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 35.9706 3.0489 0.3424 1.0515 3.3182 0.0561 

20 43.1988 3.1285 0.1398 1.3637 10.7161 0.0544 

40 44.7405 3.0165 0.1276 1.3453 10.7766 0.0516 

60 51.9601 2.9035 0.0997 1.4816 15.7745 0.0428 

90 59.9803 2.7291 0.0454 1.3328 25.0346 0.0387 

120 45.2992 2.5304 0.1128 1.4859 14.7161 0.0390 

150 51.0101 2.3662 0.0791 1.1206 13.8163 0.0373 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.1517 0.0097 0.0263 0.0312 0.1815 0.0042 

20 5.9105 0.0949 0.0277 0.2877 0.9784 0.0030 

40 1.5607 0.0946 0.0142 0.1610 1.6507 0.0013 

60 4.3388 0.0848 0.0270 0.1281 3.1108 0.0015 

90 2.6122 0.0713 0.0157 0.0615 3.1457 0.0008 

120 4.2161 0.1081 0.0097 0.0033 1.4990 0.0002 

150 2.6913 0.0916 0.0250 0.0386 2.0309 0.0017 

DSC results 

Figure 4.21 shows the DSC results of PLA fibres with the increase of degradation stages. Multiple 

melting peaks are observed for all the PLA samples, which may be due to the presence of at least 

two distinct crystal lamellae or the existence of different crystal structures [2-3]. This 

phenomenon was first mentioned by Cebe and Hong, and Bassett et.al. [4-5]. They state that 

different crystal lamellae of different thickness are formed during the DSC experiment. Supaphol 

et.al  explained that low-temperature endotherm is due to the melting of the lamellae which is 

thinner and the higher temperature endotherm is due to the melting of thicker lamellae [15].  
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Table 4.10: Mechanical parameters with the increase of degradation at a strain rate of 0.01/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 39.1736 3.6897 0.2490 1.4931 6.2806 0.0696 

20 52.3760 3.7141 0.1130 1.5884 14.5810 0.0584 

40 47.1725 3.2073 0.1480 1.2778 9.2884 0.0523 

60 50.6780 3.4548 0.1332 1.5944 12.8822 0.0517 

90 54.8758 3.3255 0.0949 1.7145 18.9803 0.0491 

120 60.0033 3.0309 0.0625 1.3154 18.6797 0.0397 

150 49.5743 2.9772 0.1211 1.6122 14.2837 0.0443 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.3017 0.1259 0.0274 0.1693 0.9809 0.0009 

20 5.9479 0.0186 0.0196 0.0176 1.5498 0.0078 

40 3.5011 0.0398 0.0204 0.1004 2.6606 0.0018 

60 0.7592 0.0258 0.0016 0.0202 0.2617 0.0008 

90 0.7412 0.0472 0.0042 0.0658 1.4446 0.0004 

120 0.0134 0.0541 0.0062 0.0139 1.3130 0.0002 

150 13.8283 0.5191 0.0119 0.3829 3.3552 0.0080 

Figure 4.22 and figure 4.23 shows the glass transition temperature and melting temperature of the 

PLA fibres. The glass transition temperature increases with the first degradation stage, then with 

the increase of degradation, it decreases till 60 days and from 60 days till 120 days, the value 

remains almost constant and at the last stage of degradation sharp decline in the glass transition 

temperature is noticed. Melting temperature follows the same trend as of the glass transition 

temperature. Enthalpy of melt of 100% crystalline PLA sample is 93 J/g in the literature [7-8]. 

Figure 4.24 shows the degree of crystallinity and degree of relative crystallinity. Here, the degree 

of relative crystallinity is measured by using the melt enthalpy of the undegraded sample. Figure 

4.25 shows the normalized relative crystallinity 

Table 4.11: Mechanical parameters with the increase of degradation at a strain rate of 0.05/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 40.4172 3.9592 0.2597 1.5832 6.9106 0.0733 

20 57.4123 4.0228 0.1162 1.8230 16.9260 0.0579 

40 50.4297 3.5639 0.1622 1.1867 8.9151 0.0540 

60 48.9046 3.6675 0.1935 1.5546 8.9195 0.0544 

90 58.8952 3.6843 0.0840 1.8536 22.4218 0.0514 

120 57.3956 3.4468 0.1152 1.6622 15.4234 0.0449 

150 54.9135 3.5247 0.1072 1.8505 18.4121 0.0470 

Standard Deviation of the respective parameters at a certain degradation stage 

0 0.8482 0.0202 0.0189 0.0369 0.2355 0.0010 

20 0.7150 0.2379 0.0304 0.1911 2.1588 0.0010 

40 1.4454 0.0820 0.0152 0.1121 1.2604 0.0008 

60 2.0990 0.1116 0.0292 0.1337 2.1629 0.0006 

90 3.4625 0.0470 0.0248 0.0966 3.9670 0.0008 

120 1.0728 0.0313 0.0011 0.0556 0.4101 0.0015 

150 12.6199 0.6790 0.0021 0.0932 0.6233 0.0083 
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Table 4.12: Mechanical parameters with the increase of degradation at a strain rate of 0.1/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 38.8031 4.1689 0.3656 1.6137 4.8344 0.0756 

20 56.8092 3.9978 0.0926 1.8140 20.8318 0.0605 

40 54.8347 3.8599 0.1313 1.6972 13.8469 0.0529 

60 44.8517 3.4709 0.2176 1.5189 7.8208 0.0570 

90 51.8341 3.6703 0.1450 1.8017 13.8342 0.0516 

120 55.8123 3.5349 0.1332 1.6633 13.8347 0.0453 

150 56.7772 3.3947 0.1148 1.7849 16.8596 0.0438 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.2409 0.2660 0.0092 0.1414 0.0014 0.0016 

20 1.2466 0.0207 0.0116 0.0584 2.0587 0.0004 

40 2.9551 0.1441 0.0190 0.1261 1.8828 0.0005 

60 3.2554 0.1423 0.0334 0.0785 2.4544 0.0005 

90 3.2915 0.0554 0.0257 0.0421 3.6779 0.0013 

120 2.5650 0.1854 0.0152 0.0264 2.3555 0.0029 

150 3.2567 0.0476 0.0089 0.1465 2.1570 0.0040 

 

Figure 4.21: DSC results of PLA fibres with the increase of degradation stages. 

 

Figure 4.22: Glass transition temperature from the DSC experiments for PLA fibres 
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Figure 23: Melting Temperature from the DSC experiments for PLA fibres 

 

Figure 4.24: Relative Crystallinity of PLA fibres with the degradation stages 

From figure 4.25, by using the enthalpy of melt of 100% crystalline sample or by using the 

enthalpy of melt of undegraded sample, the trend of crystallinity is not affected. This analysis is 

important for the cases where Enthalpy of melt of 100% crystalline sample is unknown. 

From figure 4.24 and figure 4.25, it can be analysed that crystallinity does not vary much till 120 

days of degradation. For the last stage of degradation, it takes a sharp dip, indicating the large-

scale depletion of crystalline phase when compared with the previous degradation stages.  
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Figure 4.25: Normalized Relative Crystallinity of PLA fibres with the degradation stages 

PGLA  

PGLA is a blend of PGA and PLA, with a concentration of 90:10 respectively, it is a multifilament 

and has a diameter of 323.1 microns. On visual inspection, the structure of PGLA is like the 

multifilament yarn encased in a cylindrical casing. PGLA fibres were subjected to the degradation 

stages of 5, 10, 15, 20 and 30 days respectively at 37 °C. 

Effect of Strain Rate 

In this section, the data obtained from the uniaxial tensile tests at different strain rates are 

presented and the effect of different strain rates on the mechanical properties are discussed.  

Undegraded PGLA fibre 

Results obtained from the uniaxial tensile tests at different strain rates on the dry and undegraded 

(not subjected to any degradation) PGLA fibres are presented. All the tensile tests were performed 

at room temperature up to failure, figure 4.26 presents’ uniaxial tensile tests results of undegraded 

PGLA fibres tested at room temperature at strain rates. Table 4.13 shows the values of Mechanical 

properties and their variation with the increase of strain rate for the undegraded PGLA fibres. 

From figure and table, it can be observed that the initial stiffness of the PGLA fibres increases 

with the increase of strain rate, this increase is very rapid in case of 0.0001/s to 0.001/s. At lowest 

strain rate, the rate is quite low for aligning the fibres rapidly due to which it shows a low stiffness 

and molecules have higher mobility. However, at highest strain rate the stiffness decreases. The 

maximum displacement and the force at break increase up to the strain rate of 0.05/s and then 

show a decrease in the highest strain rate.  
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Figure 4.26: Load vs Displacement curve for undegraded specimens at strain rates 

Table 4.13: Mechanical parameters with the increase of strain rate for undegraded PGLA fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 1.9173 7.8748 10.5488 0.8067 0.4720 0.7483 

0.001 3.4169 10.9597 12.1591 1.2533 0.3942 0.8434 

0.01 3.3780 12.8063 13.4964 2.0494 0.6593 0.8968 

0.05 3.5285 15.4772 14.8743 2.9056 0.8517 0.9595 

0.1 2.2346 10.0449 9.6548 3.3994 1.7167 0.8960 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.1770 1.8241 1.2830 0.0571 0.0596 0.0670 

0.001 0.3901 0.6555 0.3901 0.2980 0.0493 0.0104 

0.01 0.1368 1.2215 1.1590 0.1797 0.0436 0.0472 

0.05 0.1143 2.6742 2.4313 0.0823 0.0035 0.0641 

0.1 0.0537 0.1270 0.0011 0.0594 0.0002 0.0187 

5 days of degradation  

Degraded PGLA samples were removed from the PBS solution after 5 days and subjected to the 

uniaxial tensile tests at different strain rates. All the tensile tests were performed at room 

temperature up to failure, the load was measured by means of a 2 kN load cell. Figure 4.27 shows 

uniaxial tensile tests results of 5 days degraded PGLA fibres tested at room temperature with the 

increase of strain rates. Table 4.14 shows the values of Mechanical properties and their variation 

with the increase of strain rate for the 5 days degraded PGLA fibres. From figure and table, it can 

be observed that the initial stiffness of the PGLA fibres increases with the increase of strain rate. 

Fibres after the first degradation stage have become soft, which on the application of increase of 

strain rate shows restriction to the movement of molecules and because of which the stiffness 

increases. The maximum displacement almost remains constant with not much variation. 

However, the force at break increase up to the strain rate of 0.05/s and then show a decrease in 

the highest strain rate. 
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Figure 4.27: Load vs Displacement curve for 5 days degraded specimens at strain rates 

Table 4.14: Mechanical parameters with the increase of strain rate for 5 days degraded PGLA 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point Force 

(N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 2.5737 17.0513 17.6925 0.7660 0.3340 0.9713 

0.001 2.9301 17.9317 17.4839 1.6276 0.6473 1.0089 

0.01 3.1444 18.1345 16.5758 2.3994 0.8815 1.0607 

0.05 3.6078 20.3026 17.4075 3.0744 0.8878 1.0994 

0.1 4.1504 17.4725 14.8500 3.0896 0.7444 1.0530 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.4244 0.4305 0.2601 0.1577 0.0846 0.0110 

0.001 0.0548 0.9565 0.7156 0.0925 0.0373 0.0132 

0.01 0.1433 0.8481 0.8175 0.1226 0.0005 0.0138 

0.05 0.0679 0.4259 0.2323 0.0615 0.0014 0.0086 

0.1 0.1619 0.5789 0.4716 0.1032 0.0052 0.0099 

 
Figure 4.28: Load vs displacement curve for 10 days degraded specimens at strain rates 
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10 days of degradation  

Degraded PGLA samples were removed from the PBS solution after 10 days and subjected to the 

uniaxial tensile tests at different strain rates. All the tensile tests were performed at room 

temperature up to failure, the load was measured by means of a 2 kN load cell. Figure 4.28 shows 

uniaxial tensile tests results of 10 days degraded PGLA fibres tested at room temperature at strain 

rates. Table 4.15 shows the values of Mechanical properties and their variation with the increase 

of strain rate for the 15 days degraded PGLA fibres.  

From figure and table, it can be observed that the initial stiffness of the PGLA fibres increases 

with the increase of strain rate, the value of stiffness does not vary much for the strain rate in 

between the highest and the lowest. However, for the lowest strain rate, the stiffness is quite low 

and for the highest one, it shows a rapid increase. Maximum displacement decreases with the 

increase of strain rate, this may be as water molecules start to cleavage the chains of PGLA fibres, 

and the fibres are not able to reach higher values of maximum displacement. The force at break 

increase up to the strain rate of 0.01/s and then show a decrease which remains constant further. 

Table 4.15: Mechanical parameters with the increase of strain rate for 10 days degraded PGLA 

fibres  

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 1.5412 16.3309 18.1729 0.8257 0.6069 0.9373 

0.001 3.1841 18.6204 18.3155 1.5102 0.5379 1.0243 

0.01 3.1708 20.0206 17.9765 2.4494 0.8801 1.0848 

0.05 3.2101 18.7925 15.4334 4.2015 1.9027 1.1052 

0.1 4.2246 18.5671 14.8457 3.1832 0.7535 1.0675 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.7003 0.3650 0.2827 0.1686 0.0815 0.0054 

0.001 0.2059 0.6883 0.5407 0.1630 0.0236 0.0164 

0.01 0.1122 1.4532 1.5230 0.3250 0.0807 0.0216 

0.05 0.1403 5.9977 4.7800 0.4511 0.2368 0.2588 

0.1 0.1198 2.3559 2.1526 0.0758 0.0038 0.0232 

15 days of degradation 

Degraded PGLA samples were removed from the PBS solution after 15 days and subjected to the 

uniaxial tensile tests at different strain rates. All the tensile tests were performed at room 

temperature up to failure, the load was measured by means of a 2 kN load cell. Figure 4.29 shows 

uniaxial tensile tests results of 15 days degraded PGLA fibres tested at room temperature at strain 

rates. Table 4.16 shows the values of Mechanical properties and their variation with the increase 

of strain rate for the 15 days degraded PGLA fibres. From figure and table, it can be observed 

that the initial stiffness of the PGLA fibres increases with the increase of strain rate. Maximum 

displacement decreases with the increase of strain rate, this may be as water molecules start to 

cleavage the chains of PGLA fibres, the fibres start to break out sooner at higher strain rate. The 

force at break increases constantly with the increase of strain rate.  
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20 days of degradation  

Degraded PGLA samples were removed from the PBS solution after 20 days and subjected to the 

uniaxial tensile tests at different strain rates. All the tensile tests were performed at room 

temperature up to failure, the load was measured by means of a 2 kN load cell. Figure 4.30 shows 

uniaxial tensile tests results of 20 days degraded PGLA fibres tested at room temperature at strain 

rates. Table 4.17 shows the values of Mechanical properties and their variation with the increase 

of strain rate for the 20 days degraded PGLA fibres. From figure and table, the initial stiffness of 

the PGLA fibres up to the strain rate of 0.01/s and after that it decrease for the strain rate of 0.05/s 

and finally increases at the highest strain rate. Maximum displacement decreases with the increase 

of strain rate, while, the force at break increases up to 0.05/s and then it decreases slightly. 

Table 4.16: Mechanical parameters with the increase of strain rate for 15 days degraded PGLA 

fibres  

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 2.3007 16.1629 17.0847 1.0850 0.5300 0.9497 

0.001 2.4068 17.2909 16.6644 1.9262 0.9180 1.0143 

0.01 3.1926 17.8642 15.9816 2.9328 1.0802 1.0639 

0.05 2.9057 18.6849 15.9290 3.5467 1.3963 1.0857 

0.1 3.3369 18.6371 14.8447 5.5213 1.7773 1.0724 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.5467 0.1906 0.1001 0.1164 0.1498 0.0249 

0.001 0.2411 0.7982 0.4172 0.1858 0.1178 0.0150 

0.01 0.0792 1.1140 1.0182 0.1084 0.0471 0.0021 

0.05 0.1648 0.3625 0.2339 0.2930 0.0023 0.0313 

0.1 0.3677 2.2461 2.4841 1.1315 0.4684 0.0283 

30 days of degradation  

Degraded PGLA samples were removed from the PBS solution after 30 days and subjected to the 

uniaxial tensile tests at different strain rates. All the tensile tests were performed at room 

temperature up to failure, the load was measured by means of a 2 kN load cell.   

 
Figure 4.29: Load vs Displacement curve for 15 days degraded specimens at strain rates 
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Figure 4.31 shows uniaxial tensile test results of 30 days degraded PGLA fibres tested at room 

temperature at different strain rates. At the end of this degradation stage, PGLA fibres have lost 

the capability to withstand the mechanical loading. Brittleness increase as the chain scission of 

the polymer has resulted in a reduction of the plastic flowability, which thereby results in 

changing of ductile behaviour into the brittle behaviour. Table 4.18 shows the values of 

Mechanical properties and their variation with the increase of strain rate for the 30 days degraded 

PGLA fibres. From figure and table, it can be observed that the initial stiffness of the PGLA fibres 

up to the strain rate of 0.01/s and after that it decreases. Maximum displacement attained by the 

fibres at their last stage of degradation shows arbitrary variation with the increase of strain rate. 

By arbitrary it is meant that the fibres do not follow a trend with the increase in strain rate. While, 

the force at break increases up to the strain rate of 0.05/s and then it decreases. Secondary stiffness 

follows the same trend as that of force at break.  

 

Figure 4.30: Load vs Displacement curve for 20 days degraded specimens at strain rates 

Table 4.17: Mechanical parameters with the increase of strain rate for 20 days degraded PGLA 

fibres  

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 1.3376 12.6394 14.4125 0.6809 0.5709 0.8924 

0.001 2.9069 13.5180 13.9262 1.6052 0.6381 0.9297 

0.01 2.9449 15.5753 14.1769 2.4822 0.9805 1.0455 

0.05 2.8259 15.3640 13.9144 3.4830 1.3975 1.0066 

0.1 2.3602 15.4104 13.8461 3.7704 1.7817 1.0323 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.5983 0.2448 0.1713 0.1343 0.1689 0.0114 

0.001 0.2265 0.9337 0.6574 0.1077 0.0124 0.0250 

0.01 0.1431 4.8628 4.3133 0.1394 0.0001 0.1486 

0.05 0.1426 0.9072 0.6308 0.2039 0.0015 0.0069 

0.1 0.1033 0.6804 0.4707 0.1712 0.0038 0.0061 
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Figure 4.31: Load vs Displacement curve for 30 days degraded specimens at strain rates 

Table 4.18: Mechanical parameters with the increase of strain rate for 30 days degraded PGLA 

fibres  

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 1.7818 4.9238 7.5926 0.4292 0.2750 0.6334 

0.001 2.0508 4.9684 7.0069 1.1392 0.6283 0.6114 

0.01 2.2966 5.0506 7.1774 2.0106 1.0812 0.5158 

0.05 2.0776 5.2858 6.4094 2.5950 1.4023 0.5659 

0.1 1.7597 5.1179 5.8244 2.8468 1.7931 0.61 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.4144 0.6441 0.7763 0.1550 0.0730 0.0187 

0.001 0.0454 0.4994 0.5087 0.0790 0.0331 0.0378 

0.01 0.1295 0.3184 0.6824 0.1058 0.0008 0.0170 

0.05 0.0553 0.2695 0.8110 0.0754 0.0019 0.0210 

0.1 0.0601 1.2733 2.1718 0.1004 0.0021 0.2773 

 

Figure 4.32: PGLA fibres at the end of various degradation stages 

Undegraded 

5 days  

10 days  

15 days  

20 days  

30 days  

40 days  
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Figure 4.32 shows the PGLA fibres at the end of each degradation stages, PGLA fibres after 20 

days of degradation experiences fibre thinning and pigmentation. For 30 days degraded fibres, 

change of colour from white to pink is noticed. Further degradation of PGLA fibres has resulted 

in the fragmentation of the PGLA fibres.  

Effect on Mechanical parameters of PGLA fibres due to strain rate and degradation 

Initial Stiffness 

PGLA fibres have two regions, like the PLA fibres. The initial stiffness was calculated from the 

slope of the linear portion of the toe region of the curve, which is below the inflection point. 

Figure 4.33 shows that the initial stiffness of PGLA fibres decreases, in general with the increase 

of the degradation stages. Figure 4.34 shows that the initial stiffness of PGLA fibres increases 

with the increase of strain rate.  

Displacement at inflection point 

Displacement required to reach the inflection point increases after the fibres were put to the stages 

of degradation. At the first stage of degradation, as PGLA is multifilament, fibres show more 

fluidity as the lubrication between the multifilaments has increased after soaking them in the PBS. 

Figure 4.35 and figure 4.36 shows that after the 10 days of degradation, the displacement increases 

with the increase of strain rate. Also, with the increase of degradation stages, the displacement 

required to reach the inflection point increases.  

Force at inflection point 

Figure 4.37 and 4.38 shows that the force required to reach the inflection point increases with the 

increase of strain rate as well as with degradation. With the increase of strain rate, stiffness 

increases as observed previously. Therefore, the force required to reach the inflection point 

increases. However, with the increase of degradation stages, the force follows a very narrow band 

as seen from the figure 4.37, this shows that the degradation does not have a significant effect on 

the force required to reach the inflection point.  

 

Figure 4.33: Initial Stiffness of degraded PGLA fibres along strain rates 
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Secondary Stiffness 

Secondary stiffness was calculated from the slope of the linear portion of the second region of the 

curve, which is after the inflection point. Figure 4.39 shows that the secondary stiffness of PGLA 

fibres increases with the increase of the degradation stages. At the last stage of degradation, as 

the polymer chains inside fibres are not capable to withstand much loading, the decrease in the 

stiffness is noticed. From figure 4.40, it can be noticed that the strain rate has a very slight effect 

on the secondary stiffness of the PGLA fibres at a stage of degradation.  

 

Figure 4.34: Initial Stiffness of degraded PGLA fibres along degradation stages 

 

Figure 4.35: Displacement at inflection point for degraded PGLA fibres along strain rates 
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Maximum Displacement  

Maximum displacement is the displacement attained by the fibres at the time of failure. Maximum 

displacement achieved by PGLA fibres increases up to 10 days of degradation and then it 

decreases till the last stage of degradation. Figure 4.41 and figure 4.42 shows the variation of 

maximum displacement with respect to strain rate and degradation. With the increase of strain 

rate, maximum displacement of PGLA fibres decreases.  

 

Figure 4.36: Displacement at inflection point for degraded PGLA fibres along degradation 

stages 

 

Figure 4.37: Force at inflection point for degraded PGLA fibres along Strain rates 
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Force at Break 

After subjected to the degradation stages, figure 4.43 and figure 4.44 shows the variation of PGLA 

fibres with respect to the strain rate and degradation. With degradation, the force at break 

increases up to the degradation stage of 10 days and for the last stages of degradation it decreases. 

As after 10 days of degradation, the cleavage of the molecular structure starts to begin because of 

which the fibres are no longer able to reach higher breaking force. However, with the increase of 

strain rate the force at break increase with the strain rate.  

 

Figure 4.38: Force at inflection point for degraded PGLA fibres along degradation stages 

 

Figure 4.39: Secondary Stiffness for degraded PGLA fibres along strain rates 
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Figure 4.40: Secondary Stiffness for degraded PGLA fibres along degradation stages 

 

Figure 4.41: Maximum displacement for degraded PGLA fibres along strain rates 
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Figure 4.42: Maximum displacement for degraded PGLA fibres along degradation stages 

 

Figure 4.43: Force at break for degraded PGLA fibres along strain rates 
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Figure 4.44: Force at break for degraded PGLA fibres along degradation stages 

Table 4.19-4.23 shows the Mechanical parameters with respect to the degradation stages at a 

strain rate namely at 0.0001/s, 0.001/s, 0.01/s, 0.05/s, 0.1/s respectively. 

Table 4.19: Mechanical parameters with the increase of degradation stages at a strain rate of 0.0001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 10.5488 7.8748 1.9173 0.4720 0.8067 0.7483 

5 17.6925 17.0513 2.5737 0.3340 0.7660 0.9713 

10 18.1729 16.3309 1.5412 0.6069 0.8257 0.9373 

15 17.0847 16.1629 2.3007 0.5300 1.0850 0.9497 

20 14.4125 12.6394 1.3376 0.5709 0.6809 0.8924 

30 7.5926 4.9238 1.7818 0.2750 0.4292 0.6334 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.2830 1.8241 0.1770 0.0596 0.0571 0.0670 

5 0.2601 0.4305 0.4244 0.0846 0.1577 0.0110 

10 0.2827 0.3650 0.7003 0.0815 0.1686 0.0054 

15 0.1001 0.1906 0.5467 0.1498 0.1164 0.0249 

20 0.1713 0.2448 0.5983 0.1689 0.1343 0.0114 

30 0.7763 0.6441 0.4144 0.0730 0.1550 0.0187 

Table 4.20: Mechanical parameters with the increase of degradation stages at a strain rate of 0.001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 12.1591 10.9597 3.4169 0.3942 1.2533 0.8434 

5 17.4839 17.9317 2.9301 0.6473 1.6276 1.0089 

10 18.3155 18.6204 3.1841 0.5379 1.5102 1.0243 

15 16.6644 17.2909 2.4068 0.9180 1.9262 1.0143 

20 13.9262 13.5180 2.9069 0.6381 1.6052 0.9297 

30 7.0069 4.9684 2.0508 0.6283 1.1392 0.6114 

Standard Deviation of the respective parameters at a certain degradation stage 

0 0.3901 0.6555 0.3901 0.0493 0.2980 0.0104 

5 0.7156 0.9565 0.0548 0.0373 0.0925 0.0132 

10 0.5407 0.6883 0.2059 0.0236 0.1630 0.0164 

15 0.4172 0.7982 0.2411 0.1178 0.1858 0.0150 

20 0.6574 0.9337 0.2265 0.0124 0.1077 0.0250 

30 0.4406 0.4325 0.0394 0.0331 0.0790 0.0378 
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Table 4.21: Mechanical parameters with the increase of degradation stages at a strain rate of 0.01/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 13.5000 13.4964 12.8063 3.3780 0.6593 2.0494 

5 16.5758 18.1345 3.1444 0.8815 2.3994 1.0607 

10 17.9765 20.0206 3.1708 0.8801 2.4494 1.0848 

15 15.9816 17.8642 3.1926 1.0802 2.9328 1.0639 

20 14.1769 15.5753 2.9449 0.9805 2.4822 1.0455 

30 7.1774 5.0506 2.2966 1.0812 2.0106 0.5158 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.1441 1.1590 1.2215 0.1368 0.0436 0.1797 

5 0.8175 0.8481 0.1433 0.0005 0.1226 0.0138 

10 1.5230 1.4532 0.1122 0.0807 0.3250 0.0216 

15 1.0182 1.1140 0.0792 0.0471 0.1084 0.0021 

20 4.3133 4.8628 0.1431 0.0001 0.1394 0.1486 

30 0.6824 0.3184 0.1295 0.0008 0.1058 0.0170 

Table 4.22: Mechanical parameters with the increase of degradation stages at a strain rate of 0.05/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 14.8743 15.4772 3.5285 0.8517 2.9056 0.9595 

5 17.4075 20.3026 3.6078 0.8878 3.0744 1.0994 

10 15.4334 18.7925 3.2101 1.9027 4.2015 1.1052 

15 15.9290 18.6849 2.9057 1.3963 3.5467 1.1087 

20 13.9144 15.3640 2.8259 1.3975 3.4830 1.0066 

30 6.4094 5.2858 2.0776 1.4023 2.5950 0.5659 

Standard Deviation of the respective parameters at a certain degradation stage 

0 2.4313 2.6742 0.1143 0.0035 0.0823 0.0641 

5 0.2323 0.4259 0.0679 0.0014 0.0615 0.0086 

10 4.7800 5.9977 0.1403 0.2368 0.4511 0.2588 

15 0.2339 0.3625 0.1648 0.0023 0.2930 0.0313 

20 0.6308 0.9072 0.1426 0.0015 0.2039 0.0069 

30 0.8110 0.2695 0.0553 0.0019 0.0754 0.0210 

Table 4.23: Mechanical parameters with the increase of degradation stages at a strain rate of 0.1/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 9.6548 10.0449 2.2346 1.7167 3.3994 0.8960 

5 14.8500 17.4725 4.1504 0.7444 3.0896 1.0530 

10 14.8457 18.5671 4.2246 0.7535 3.1832 1.0675 

15 14.8447 18.6371 3.3369 1.7773 5.5213 1.0724 

20 13.8461 15.4104 2.3602 1.7817 3.7704 1.0323 

30 5.8244 5.1179 1.7597 1.7931 2.8468 0.6051 

Standard Deviation of the respective parameters at a certain degradation stage 

0 0.0011 0.1270 0.0537 0.0002 0.0594 0.0187 

5 0.4716 0.5789 0.1619 0.0052 0.1032 0.0099 

10 2.1526 2.3559 0.1198 0.0038 0.0758 0.0232 

15 2.4841 2.2461 0.3677 0.4684 1.1315 0.0283 

20 0.4707 0.6804 0.1033 0.0038 0.1712 0.0061 

30 2.1718 1.2733 0.0601 0.0021 0.1004 0.2773 

DSC results  

Figure 4.45 shows the DSC results of PGLA fibres with degradation stages. Figure 4.46 and figure 

4.47 shows the glass transition temperature and melting temperature of the PGLA fibres 

respectively. Glass transition temperature decreases with the increase of degradation stages up to 

the 30 days of degradation (this is the last stage of degradation for which fibres can withstand the 



 
92 

mechanical loading). For 40 days of degradation, glass transition temperature increase, for this 

stage the fibres are destroyed by the degradation and can be seen from the figure 4.32. This implies 

that with the increase of degradation, change from glassy to rubbery behaviour occurs at an earlier 

temperature. Cold crystallization peak remains absent for the degradation stages of 5 days to 30 

days, which indicates that for these stages of degradation, crystals can crystallize during the 

cooling, which is the reason for the absence of cold crystallization peaks. Melting temperature 

remains almost constant till the 20 days of degradation, beyond that it shows a sharp dip in the 

values. 

 

Figure 4.45: DSC results of PGLA fibres with the increase of degradation stages  

 

Figure 4.46: Glass transition temperature from the DSC experiments for PGLA fibres 
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Figure 4.47: Melting Temperature from the DSC experiments for PGLA fibres 

Figure 4.48 shows degree of relative crystallinity of PGLA fibres with the degradation stages. 

Relative crystallinity shows a percentage increase in the beginning of the degradation stages, it 

indicates the increase in the crystallinity of the PGLA samples with the degradation. This increase 

can be attributed to the fact that degradation starts to occur in the amorphous regions first. Due to 

this, amorphous region starts to get depleted, which in turn increases the percentage relative 

crystallinity of PGLA [10]. However, beyond 30 days of degradation, the decrease is due to the 

cumulative depletion of crystalline as well as the amorphous phase. 

 

Figure 4.48: Trend of crystallinity of PGLA with the degradation stages. 
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4.3 Monofilament Fibres 

Biosyn™, caprosyn™ and maxon™ are the three mono-filament that are studied here. These 

monofilaments have the diameter of 400 microns.  

CaprosynTM Fibres 

Monofilament fibre having the fastest rate of degradation (as claimed by the supplier), out of all 

the other fibres used in this study. Uniaxial tensile tests were performed on the undegraded 

caprosynTM fibres and fibres subjected to 20 days of degradation in PBS, at the strain rate of 

0.0001/s, 0.001/s, 0.01/s, 0.1/s, and 0.5/s. At the end of 20 days of degradation stage, fibres have 

lost their capability to withstand the mechanical loading and have become brittle. Therefore, only 

the tensile test result from the undegraded fibres are presented.  

Effect of Strain Rate 

In this section, the data obtained from the uniaxial tensile tests at different strain rates are 

presented and the effect of different strain rates on the mechanical properties are discussed.  

Undegraded CaprosynTM Fibre 

Figure 4.49 presents’ uniaxial tensile tests results of undegraded caprosynTM fibres tested at room 

temperature at different strain rates. From the figure, it is observed that inflection point is nearly 

absent at the lowest strain rate as compared to the PLA and PGLA fibres. But, as the strain rate 

starts to increase, the inflection point starts to appear and can be seen more prominently at the 

highest strain rate. With the increase in the strain rates, the molecular mobility of the polymer 

chains decreases thereby making the chains stiffer [1-9]. Table 4.24 shows the values of 

Mechanical parameters and their variation with the increase of strain rate for the undegraded 

caprosynTM fibres. With the increase of strain rate, the load at failure and maximum displacement 

first increases constantly up to the strain rate of 0.1/s and thereafter, it decreases for the highest 

strain rate. Maximum displacement attained by fibres decreases with the increase of strain rate. 

 

Figure 4.49: Load vs Displacement curve for undegraded caprosynTM fibres at strain rates 
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Table 4.24: Mechanical parameters with the increase of strain rate for undegraded caprosynTM 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.7338 50.9045 23.9527 6.5857 5.0072 2.7646 

0.001 0.8785 52.4825 23.4818 7.8235 7.5353 2.9985 

0.01 1.6080 52.6329 22.4619 1.9695 2.8797 2.4734 

0.1 2.0678 54.5013 21.7551 2.7288 5.2273 2.7451 

0.5 1.6605 45.5077 18.7757 8.6841 13.7522 3.7518 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0151 0.1208 0.0004 0.4166 0.4223 0.0441 

0.001 0.0216 0.8873 0.1670 0.4896 0.6298 0.0514 

0.01 0.0991 4.6190 1.2322 0.1889 0.1247 0.0871 

0.1 0.0160 0.4864 0.0013 0.0004 0.0336 0.0277 

0.5 0.0129 0.4827 0.0008 0.0005 0.1086 0.0517 

Figure 50-55 shows the evolution of Mechanical parameters with respect to the strain rate. Initial 

stiffness increases with the strain rate up to 0.1/ s and then decreases for the highest strain rate. 

Displacement at inflection point does not show a trend with the increase of strain rate. Fore at 

inflection point increases from 0.01/s up to the highest strain rate of 0.5/s. maximum elongation 

attained by the caprosynTM fibres decreases with the increase of strain rate. Force at break 

increases up to the strain rate of 0.1/s and then decreases for the highest strain rate. Secondary 

stiffness follows the same trend as that of the force at inflection point.  

Effect on Mechanical parameters of caprosynTM fibres due to strain rate and degradation 

Initial Stiffness, Displacement and Force at inflection point  

CaprosynTM has a J-shaped force vs displacement curve, with the increase of strain rate the curve 

changes shape to the S-shape. The initial stiffness that was defined earlier, seems to be absent at 

the lower strain rate. This stiffness as seen increases with the increase of strain rate. This also 

induces the increase of displacement and force at the inflection point, as more force is required to 

reach the same value. 

 

Figure 4.50: Initial Stiffness for undegraded caprosynTM fibres along the strain rate 



 
96 

 

Figure 4.51: Displacement at inflection point for caprosynTM fibres along the strain rate 

 

Figure 4.52: Force at inflection point for caprosynTM fibres along the strain rate 

 

Figure 4.53: Maximum elongation for undegraded caprosynTM fibres along strain rate 
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Figure 4.54: Force at break for undegraded caprosynTM fibres along the strain rate 

Secondary Stiffness, Maximum Displacement and Force at break 

In the beginning of the curve, a small increase in the value of force gives a large extension. As 

more extension is achieved by the caprosynTM fibres, it gets stiffer making it difficult to extend 

and requires more force. As the fibres are reaching the fracture point, more force is required to 

reach the maximum Displacement. With the increase of strain rate, maximum displacement 

attained by the fibres decreases.  

BiosynTM Fibres 

BiosynTM is a monofilament fibre, it is subjected to degradation stages of 10, 20 and 30 days at 

37 °C. Uniaxial tensile tests were performed on the undegraded as well as degraded biosynTM 

fibres at room temperature 

 

Figure 4.55: Secondary Stiffness for undegraded caprosynTM along the strain rate 

.  
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Effect of Strain Rate 

In this section, the data obtained from the uniaxial tensile tests at different strain rates are 

presented and the effect of different strain rates on the mechanical properties are discussed.  

Undegraded BiosynTM fibre 

Results obtained from the uniaxial tensile tests at different strain rates on the dry and undegraded 

(not subjected to any degradation) biosynTM fibres are presented. All the tensile tests were 

performed at room temperature up to failure, figure 4.56 shows uniaxial tensile test results of 

undegraded biosynTM fibres subjected to the uniaxial tensile tests at different strain rates. Table 

4.25 shows the values of Mechanical parameters and their variation with the increase of strain 

rate for the undegraded biosynTM fibres. From figure and table, it can be observed that the initial 

stiffness (as noticed in case of PLA and PGLA fibres) of the biosynTM fibres is almost negligible 

and with the increase of the strain rate, the initial stiffness begins to observe in the load vs 

displacement curve. The force at the break and the maximum displacement show an irregular 

trend as the values are not aligned in either direction with the increase of the strain rate. 

 

Figure 4.56: Load vs Displacement curve for undegraded biosynTM fibres at strain rates 

Table 4.25: Mechanical parameters with the increase of strain rate for undegraded biosynTM 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.8385 52.9622 19.8082 5.3133 4.5443 3.2756 

0.001 1.0384 44.9081 16.7233 5.2257 5.5407 3.3646 

0.01 1.2637 60.1985 18.7669 6.2727 8.0435 4.1794 

0.05 1.5620 64.9714 18.3002 6.3661 9.8535 4.7560 

0.1 1.7517 61.8987 17.6789 7.6995 13.7344 5.1066 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0380 3.6061 1.2603 0.4971 0.3523 0.1232 

0.001 0.0648 0.9583 0.7497 0.3400 0.3668 0.1458 

0.01 0.0272 1.2629 0.3446 0.1252 0.1432 0.0819 

0.05 0.0182 2.5467 0.4130 0.2311 0.5480 0.0747 

0.1 0.0647 6.2295 1.4227 0.6291 3.0261 2.9209 



 
99 

10 days of degradation  

Degraded biosynTM samples were removed from the PBS solution after 10 days and subjected to 

the uniaxial tensile tests at different strain rates. All tests were performed at room temperature up 

to failure, the load was measured by means of a 2 kN load cell. Figure 4.57 presents uniaxial 

tensile tests results of 10 days degraded biosynTM fibres tested at room temperature at strain rates. 

After the first stage of degradation itself, the fibres begin to show a brittle behaviour. Table 4.26 

shows the values of Mechanical parameters and their variation with the increase of strain rate for 

10 days degraded biosynTM fibres. From figure and table, it can be observed that the value of 

initial stiffness gets reduced significantly after the first stage of degradation. Also, the region 

where secondary stiffness belongs, that area of the curve has decreased greatly in comparison to 

the undegraded fibres. It indicates a rise in the brittle behaviour as fibres are not reaching the 

values which were obtained for the undegraded fibres. In this case, the degradation has resulted 

in the cleavage of the molecular chains since the start because of which the decrease in the values 

of the mechanical parameters is observed. 

 

Figure 4.57: Load vs Displacement curve for 10 days degraded biosynTM fibres at strain rates 

Table 4.26: Mechanical parameters with the increase of strain rate for 10 days degraded biosynTM 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.6420 18.7790 14.6171 4.5163 2.9449 1.5419 

0.001 0.7837 18.9824 13.6665 4.8077 3.8714 1.6865 

0.01 0.8597 22.4146 14.3812 4.7818 4.1848 1.8824 

0.05 0.9358 19.0178 12.9211 4.4132 4.1255 1.7782 

0.1 1.0095 16.8161 11.8447 5.8693 6.0939 1.8908 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0019 1.0399 0.4716 0.0815 0.0388 0.0234 

0.001 0.0390 1.4650 1.1205 0.6466 0.3771 0.0330 

0.01 0.0421 3.2634 1.3592 0.4713 0.2592 0.1351 

0.05 0.0039 1.0161 0.4063 0.2370 0.2280 0.0510 

0.1 0.0101 0.9075 0.4806 0.0057 0.0695 0.0731 
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20 days of degradation  

Degraded biosynTM samples were removed from the PBS solution after 20 days and subjected to 

the uniaxial tensile tests at different strain rates. All tests were performed at room temperature up 

to failure, the load was measured by means of a 2 kN load cell. Figure 4.58 presents’ uniaxial 

tensile tests results of degraded biosynTM fibres tested at room temperature at strain rates. Table 

4.27 shows the values of Mechanical parameters and their variation with the increase of strain 

rate for the 20 days degraded biosynTM fibres. From the figure, it can be observed that for this 

stage of degradation, the secondary stiffness isn’t present, even at the higher strain rate, the value 

is very less. The secondary region of the curve has reduced to the primary region and J-shape of 

the curve has been modified and no longer present. Severe degradation has resulted in the 

cleavage of the molecular chains which makes the behaviour of the polymer brittle. The force at 

break is constant at different strain rates, maximum displacement decreases with the increase of 

the strain rate.  

 

Figure 4.58: Load vs Displacement curve for 20 days degraded biosynTM fibres at strain rates 

Table 4.27: Mechanical parameters with the increase of strain rate for 20 days degraded biosynTM 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.5803 11.9630 12.9094 4.5685 2.7233 1.1144 

0.001 0.7006 10.8108 11.2597 5.2140 3.7237 1.1688 

0.01 0.8858 11.0772 10.0166 5.3827 4.8514 1.3514 

0.05 0.9990 10.5086 9.2563 6.5788 6.7175 1.4382 

0.1 1.1214 10.9769 8.8265 5.8261 6.5970 1.5152 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0113 0.6876 0.3856 0.2030 0.1519 0.0275 

0.001 0.0179 1.1855 0.8036 0.4785 0.2556 0.0725 

0.01 0.0361 0.5897 0.3399 0.2162 0.0311 0.0295 

0.05 0.0384 1.2121 0.6296 0.4699 0.6239 0.1023 

0.1 0.0598 2.3764 1.4261 1.4092 1.8159 0.1807 
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30 days of degradation  

Degraded biosynTM samples were removed from the PBS solution after 30 days and subjected to 

the uniaxial tensile tests at different strain rates. All tests were performed at room temperature up 

to failure, the load was measured by means of a 2 kN load cell. Figure 4.59 presents uniaxial 

tensile tests results of 30 days degraded biosynTM fibres tested at room temperature at strain rates. 

Table 4.28 shows the values of Mechanical parameters and their variation with the increase of 

strain rate for the undegraded biosynTM fibres. From the figure, it can be observed that for this 

stage of degradation, the shape of the curve has changed from J-shape to the S-shape, this means 

that small increase in the value of force gives a large extension. After this stage of degradation, 

the fibres were no longer able to sustain any mechanical loading and results in the end of the 

mechanical properties of the biosynTM fibres.  

 

 Figure 4.59: Load vs Displacement curve for 30 days degraded biosynTM fibres at strain rates 

Table 4.28: Mechanical parameters with the increase of strain rate for 30 days degraded 

biosynTM fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.6672 1.8315 6.1657 0.8249 0.4937 0.2445 

0.001 0.9516 2.0633 4.9782 0.8873 0.7684 0.3111 

0.01 1.2297 2.4114 3.5815 1.2809 1.4360 0.4065 

0.05 1.6941 2.3631 1.9045 0.8916 1.4712 0.7463 

0.1 1.8193 2.9216 2.8049 0.7663 1.3941 0.4510 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0546 0.2297 1.1641 0.0110 0.0446 0.0072 

0.001 0.0081 0.2106 0.7878 0.0827 0.0548 0.0151 

0.01 0.1358 0.6289 1.1845 0.4032 0.3988 0.3115 

0.05 0.1716 0.7353 0.7226 0.2455 0.3253 0.0225 

0.1 0.1888 0.6767 0.8310 0.4838 0.4700 0.0000 
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Effect on Mechanical parameters of biosynTM fibres due to strain rate and degradation 

Initial Stiffness 

BiosynTM fibres show the absence of primary region, this begins to show with the increase of 

strain rate and with the onset of degradation. Last stage of degradation shows the marked increase 

in the region, as force-displacement curve shows a change from J-type curve to S-type curve. 

From figure 4.60 and 4.61, it can be clearly seen that initial stiffness decreases with the increase 

of degradation but after the first stage begins to show increase till the last stage of degradation. 

The stiffness decreases with the first stage of degradation, in comparison to the undegraded fibres, 

as molecular mobility increases as compared to undegraded fibres. This is due to the soaking of 

fibres in the PBS, which makes the polymer soft. On further increase in the degradation, the 

stiffness tends to increase which is because the molecular chains start to deplete, that results in 

the brittle behaviour of the polymer. This increase in stiffness is due to the increase in the brittle 

nature of the biosynTM polymer. 

Displacement at inflection point 

BiosynTM fibres show the near about absence of primary region, this region begins to show with 

the increase of strain rate. From figure 4.62 and figure 4.63, displacement at inflection decreases 

with the increase of degradation stages. With the increase of strain rate, stiffness increases, which 

results in a change of curve from J-type to S-type, this results in the increase of the primary region. 

However, with the increase of degradation, ability to withstand the mechanical loading decreases 

which result in lowering of the values of displacement at inflection.  

 

Figure 4.60: Initial stiffness biosynTM fibres with the increase of Strain Rates 
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Figure 4.61: Initial stiffness biosynTM fibres with the increase of degradation stages 

 

Figure 4.62: Displacement at inflection point of biosynTM fibres with the increase of Strain Rates 

 

Figure 4.63: Displacement at inflection point of biosynTM fibres with the degradation stages 
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Force at inflection point 

As discussed previously, biosynTM fibres show the absence of primary region, this region begins 

to show with the increase of strain rate. From figure 4.64 and figure 4.65, increase in force at 

inflection for undegraded fibres is quite significant when compared to the degraded fibres. It is 

because, for undegraded fibres, the lubrication by PBS is not taking effect due to which more 

force is required to reach the inflection point. With the increase of strain rate, stiffness increases, 

which results in a change of curve from J-type to S-type, this results in the increase of the primary 

region and force at inflection. However, with the increase of degradation, ability to withstand the 

mechanical loading decreases which result in lowering of the values of force at inflection.  

Secondary Stiffness 

Figure 4.66 and figure 4.67 shows secondary stiffness of biosynTM fibres increases with the 

increase of strain rate. With the degradation, secondary stiffness decreases, as undegraded fibres 

are dry, the absence of lubrication makes them stiffer.  

Maximum Displacement  

Figure 4.68 and figure 4.69 shows the maximum displacement of biosynTM fibres with the increase 

of Strain Rates and degradation respectively. Maximum displacement reached by the fibres 

decreases with the increase of degradation as fibres are not capable to withstand the loading as 

compared to less degraded stages. Also, increase in brittleness results in shortening of the 

secondary region. With the increase in strain rate, fibres are not capable to withstand this sudden 

loading and failure happens at an earlier stage.  

 

Figure 4.64: Force at inflection point of biosynTM fibres with the increase of Strain Rates 
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Figure 4.65: Force at inflection point of biosynTM fibres with the increase of degradation stages 

 

Figure 4.66: Secondary stiffness biosynTM fibres with the increase of strain rates 

 

Figure 4.67: Secondary stiffness biosynTM fibres with the increase of degradation stages 



 
106 

 

Figure 4.68: Maximum Displacement of biosynTM fibres with the increase of Strain Rates 

Force at Break 

Figure 4.70 and figure 4.71 shows the force at break of biosynTM fibres with the increase of Strain 

Rates and degradation respectively. The force required to break the fibres decreases with the 

degradation, as fibres are not capable to withstand the loading as compared to less degraded fibres. 

Also, increase in brittleness has resulted in shortening of the secondary region. With the increase 

in strain rate, fibres are not capable to withstand this sudden loading and failure happens at an 

earlier stage. At final degradation stage, all the fibres fail at the same amount of loading.  

 

Figure 4.69: Maximum Displacement of biosynTM fibres with the increase of degradation stages 
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Figure 4.70: Force at break of biosynTM fibres with the increase of Strain Rates  

 

Figure 4.71: Force at break of biosynTM fibres with the increase of degradation stages 

Table 4.29-4.33 shows the mechanical parameters with the increase in the number of days of 

degradation at a strain rate namely at 0.0001/s, 0.001/s, 0.01/s, 0.05/s, 0.1/s respectively. 

Table 4.29: Mechanical parameters with the increase of degradation stages at a strain rate of 0.0001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 19.8082 52.9622 0.8385 5.3133 4.5443 3.2756 

10 14.6171 18.7790 0.6420 4.5163 2.9449 1.5419 

20 12.5010 11.1929 0.5841 4.4348 2.6473 1.0780 

30 6.1657 1.8315 0.6672 0.8249 0.4937 0.2445 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.2603 3.6061 0.0380 0.4971 0.3523 0.1232 

10 0.4716 1.0399 0.0019 0.0815 0.0388 0.0234 

20 0.3856 0.6876 0.0113 0.2030 0.1519 0.0275 

30 1.1641 0.2297 0.0546 0.0110 0.0446 0.0072 
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Table 4.30: Mechanical parameters with the increase of degradation stages at a strain rate of 0.001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 16.7233 44.9081 1.0384 5.2257 5.5407 3.3646 

10 13.6665 18.9824 0.7837 4.8077 3.8714 1.6865 

20 10.7866 11.0251 0.7286 4.5472 3.3856 1.2216 

30 4.9782 2.0633 0.9516 0.8873 0.7684 0.3111 

Standard Deviation of the respective parameters at a certain degradation stage 

0 0.7497 0.9583 0.0648 0.3400 0.3668 0.1458 

10 1.1205 1.4650 0.0390 0.6466 0.3771 0.0330 

20 0.9279 1.3689 0.0206 0.4785 0.2556 0.0725 

30 0.7878 0.2106 0.0081 0.0827 0.0548 0.0151 

Table 4.31: Mechanical parameters with the increase of degradation stages at a strain rate of 0.01/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 18.7669 60.1985 1.2637 6.2727 8.0435 4.1794 

10 14.3812 22.4146 0.8597 4.7818 4.1848 1.8824 

20 9.8836 11.3853 0.9368 5.0824 4.8348 1.3821 

30 3.5815 2.4114 1.2297 1.2809 1.4360 0.4065 

Standard Deviation of the respective parameters at a certain degradation stage 

0 0.3446 1.2629 0.0272 0.1252 0.1432 0.0819 

10 1.3592 3.2634 0.0421 0.4713 0.2592 0.1351 

20 0.3399 0.5897 0.0361 0.2162 0.0311 0.0295 

30 1.1845 0.6289 0.1358 0.4032 0.3988 0.3115 

Table 4.32: Mechanical parameters with the increase of degradation stages at a strain rate of 0.05/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection 

Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 18.3002 64.9714 1.5620 6.3661 9.8535 4.7560 

10 12.9211 19.0178 0.9358 4.4132 4.1255 1.7782 

20 9.9311 12.1496 1.0492 6.9099 7.4727 1.5828 

30 1.9045 2.3631 1.6941 0.8916 1.4712 0.7463 

Standard Deviation of the respective parameters at a certain degradation stage 

0 0.4130 2.5467 0.0182 0.2311 0.5480 0.0747 

10 0.4063 1.0161 0.0039 0.2370 0.2280 0.0510 

20 0.6296 1.2121 0.0384 0.4699 0.6239 0.1023 

30 0.7226 0.7353 0.1716 0.2455 0.3253 0.0225 

Table 4.33: Mechanical parameters with the increase of degradation stages at a strain rate of 0.1/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 17.6789 61.8987 1.7517 7.6995 13.7344 5.1066 

10 11.8447 16.8161 1.0095 5.8693 6.0939 1.8908 

20 7.8172 9.9443 1.1920 4.8297 5.6837 1.4830 

30 2.8049 2.9216 1.8193 0.7663 1.3941 0.4510 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.4227 6.2295 0.0647 0.6291 3.0261 2.9209 

10 0.4806 0.9075 0.0101 0.0057 0.0695 0.0731 

20 1.4261 2.3764 0.0598 1.4092 1.8159 0.1807 

30 0.8310 0.6767 0.1888 0.4838 0.4700 0.0000 
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DSC results  

Figure 4.72 shows the DSC results of biosynTM fibres with the increase of degradation stages. 

Figure 4.73 and figure 4.74 shows the glass transition temperature and melting temperature of the 

biosynTM fibres. Glass transition temperature decreases with the increase of degradation. This 

implies that with the increase of degradation, change of phase from glassy to rubbery will happen 

at a lower temperature. As the polymer has become soft after degrading them in the PBS, polymer 

molecule is able to change to rubbery phase at lower temperature. Figure 4.75 shows degree of 

crystallinity of biosynTM fibres with the degradation stages. For melting temperature and relative 

degree of crystallinity, both the values decrease with the increase of degradation stages. This 

indicates that the degradation has depleted the crystalline region after 20 days of degradation and 

severe degradation has occurred inside the polymeric structure.  

 

Figure 4.72: DSC results of biosynTM fibres with the increase of degradation stages  

 

Figure 4.73: Glass transition temperature of biosynTM fibres from DSC experiments 
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Figure 4.74: Melting temperature of biosynTM fibres from DSC experiments 

 

Figure 4.75: Crystallinity of biosynTM fibres with the degradation stages 

MaxonTM Fibres 

MaxonTM is a monofilament fibre, it is subjected to degradation stages of 10, 20 and 30 days at 

37 °C. Uniaxial tensile tests were performed on the undegraded as well as degraded maxonTM 

fibres at room temperature. 

Effect of Strain Rate 

In this section, the data obtained from the uniaxial tensile tests at different strain rates are 

presented and the effect of different strain rates on the mechanical properties are discussed.  

Undegraded MaxonTM fibre 

Results obtained from the uniaxial tensile tests at different strain rates on the dry and undegraded 

(not subjected to any degradation) maxonTM fibres are presented. All the tensile tests were 

performed at room temperature up to failure, figure 4.76 presents uniaxial tensile tests results of 

undegraded maxonTM tested at room temperature at different strain rates. 
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Figure 4.76: Load vs Displacement curve for undegraded maxonTM fibres at strain rates 

Table 4.34 shows the values of Mechanical parameters and their variation with the increase of 

strain rate for the undegraded maxonTM fibres. From figure and table, it can be observed that the 

initial stiffness of the maxonTM fibres increases with the increase of the strain rate. With the 

increase of the strain rate, the shape of the curve begins to change from the J-shape to the S-shape. 

From the table, it can be observed that the value of force and displacement require to reach the 

inflection point increases with the increase of strain rate. With the increase in the strain rates, the 

molecular mobility of the polymer chains decreases thereby making the chains stiffer and it 

requires more force and displacement to reach the inflection point [1-9]. Force and displacement 

of the maxonTM fibres at the time of failure does not follow any specific trend, but both the values 

follow the same path with the increase of strain rate. 

20 days of degradation 

Degraded maxonTM samples were removed from the PBS solution after 20 days and subjected to 

the uniaxial tensile tests at different strain rates. All tests were performed at room temperature up 

to failure, the load was measured by means of a 2 kN load cell. Figure 4.77 presents uniaxial 

tensile tests results of 20 days degraded maxonTM fibres tested at room temperature at strain rates. 

Table 4.34: Mechanical parameters with the increase of strain rate for undegraded maxonTM 

fibres 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break (N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.6622 62.2014 31.3404 5.5633 3.9012 2.3897 

0.001 0.7909 70.2918 33.2100 5.9473 4.8830 2.5504 

0.01 0.9989 49.9696 24.7818 6.9814 6.9730 2.5331 

0.05 1.2166 63.9710 29.4101 8.4102 9.8675 2.7095 

0.1 1.3527 62.2045 26.8134 8.8360 12.1066 2.9188 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0091 6.0717 2.4968 0.1997 0.1923 0.0330 

0.001 0.1493 6.7148 2.2412 0.5238 0.2985 0.1389 

0.01 0.0132 11.2421 4.5139 0.0810 0.1750 0.0989 

0.05 0.0129 7.4398 3.0769 0.2378 0.2983 0.0465 

0.1 0.0934 2.8597 2.5109 0.4793 0.2769 0.1498 
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Figure 4.77: Load vs Displacement curve for 20 days degraded maxonTM fibres at strain rates 

Table 4.35 shows the values of Mechanical parameters and their variation with the increase of 

strain rate for the 20 days degraded maxonTM fibres. From figure and table, it can be observed that 

the initial stiffness of the maxonTM fibres increases with the increase of the strain rate. With the 

increase of the strain rate, the shape of the curve begins to change from the J-shape to the S-shape. 

From the table, it can be observed that the value of force and displacement require to reach the 

inflection point increases with the increase of strain rate. With the increase in the strain rates, the 

molecular mobility of the polymer chains decreases thereby making the chains stiffer and it 

requires more force and displacement to reach the inflection point [1-9]. Force and displacement 

of the maxonTM fibres at the time of failure does not follow any specific trend in either direction.  

40 days of degradation  

Degraded maxonTM samples were removed from the PBS solution after 40 days and subjected to 

the uniaxial tensile tests at different strain rates. All tests were performed at room temperature up 

to failure, the load was measured by means of a 2 kN load cell. Figure 4.78 presents uniaxial 

tensile tests results of 40 days degraded maxonTM fibres tested at room temperature at strain rates. 

Table 4.35: Mechanical parameters with the increase of strain rate for 20 days degraded 

maxonTM fibre 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.6622 62.2014 31.3404 5.5633 3.9012 2.3897 

0.001 0.7909 70.2918 33.2100 5.9473 4.8830 2.5504 

0.01 0.9989 49.9696 24.7818 6.9814 6.9730 2.5331 

0.05 1.2166 63.9710 29.4101 8.4102 9.8675 2.7095 

0.1 1.3527 62.2045 26.8134 8.8360 12.1066 2.9188 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0091 6.0717 2.4968 0.1997 0.1923 0.0330 

0.001 0.1493 6.7148 2.2412 0.5238 0.2985 0.1389 

0.01 0.0132 11.2421 4.5139 0.0810 0.1750 0.0989 

0.05 0.0129 7.4398 3.0769 0.2378 0.2983 0.0465 

0.1 0.0934 2.8597 2.5109 0.4793 0.2769 0.1498 
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Figure 4.78: Load vs Displacement curve for 40 days degraded maxonTM fibres at strain rates 

This is the final stage of degradation after this stage maxonTM fibres were not able to withstand 

mechanical loading. Table 4.36 shows the values of Mechanical properties and their variation 

with the increase of strain rate for the 40 days degraded maxonTM fibres. From figure and table, it 

can be observed that the initial stiffness of the maxonTM fibres increases with the increase of the 

strain rate. With the increase in the strain rates, the molecular mobility of the polymer chains 

decreases thereby making the chains stiffer and it requires more force and displacement to reach 

the inflection point [1-9]. At this stage, the fibres have become brittle and no longer have any 

secondary region. 

Effect on Mechanical parameters of maxonTM fibres due to strain rate and degradation 

Initial Stiffness 

MaxonTM fibres show the absence of primary region at the lowest strain rate, this begins to show 

with the increase of strain rate. Also, the stiffness increases as the molecular mobility get reduced 

[1-9]. From figure 4.80 and 4.81, initial stiffness decreases with the increase of degradation stages. 

This is due to the soaking of fibres in the PBS, which makes the polymer soft. 

Table 4.36: Mechanical parameters with the increase of strain rate for 40 days degraded maxonTM 

fibre 

Strain 

Rates 

(/s) 

Stiffness 

(N/mm) 

Force at 

break 

(N) 

Maximum 

Displacement 

(mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0.0001 0.5613 9.3840 12.8693 5.2833 2.9165 0.8509 

0.001 0.6756 12.1094 14.0461 5.8867 3.8252 1.0237 

0.01 0.7592 9.1790 10.2856 4.8813 3.7184 1.0184 

0.05 0.8778 10.9431 10.9374 6.4054 5.6807 1.1853 

0.1 0.8437 14.3871 13.8422 6.8119 5.9539 1.2331 

Standard Deviation of the respective parameters at a strain rate 

0.0001 0.0382 2.0157 2.2089 0.2800 0.1598 0.0131 

0.001 0.0198 0.3487 0.6569 0.4163 0.1723 0.0143 

0.01 0.0488 1.6667 1.2399 0.0822 0.2250 0.0611 

0.05 0.3123 1.5555 2.6036 1.5420 0.5442 0.1181 

0.1 0.0236 2.6775 2.0648 0.4667 0.5467 0.1598 
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Figure 4.79: Stiffness maxonTM fibres with the increase of Strain Rates 

Displacement at inflection point 

MaxonTM fibres show the near about absence of primary region, this region begins to show with 

the increase of strain rate. From figure 4.82 and 4.83, displacement at inflection decreases with 

the increase of degradation stages. With the increase of strain rate, stiffness increases, which 

results in a change of curve from J-type to S-type, this results in the increase of the primary region. 

However, with the increase of degradation, ability to withstand the mechanical loading decreases 

which result in lowering of the values of displacement at inflection.  

Force at inflection point 

MaxonTM fibres show the absence of primary region at the lowest strain rate, this begins to show 

with the increase of strain rate. From figure 4.84 and figure 4.85, force requires to reach inflection 

point is almost same for all the stages till the strain rate of 0.001/s, after that the value of force is 

quite high for the undegraded fibres. With the increase of degradation stages, the stiffness 

decreases which imply that force required to reach the inflection point also decreases.  

Secondary Stiffness 

From figure 4.86 and 4.87, the secondary stiffness decreases with the increase of degradation. As 

fibres become more brittle this results in a reduction of the secondary region. This secondary 

stiffness increases with the increase of the strain rate for the undegraded fibres. For the degraded 

maxonTM fibres, secondary stiffness increases till strain rate of 0.001/s then decreases and again 

show an increase for the higher strain rates. 
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Figure 4.80: Initial stiffness of maxonTM fibres with the increase of degradation stages 

 

Figure 4.81: Displacement at inflection point of maxonTM fibres with the increase of Strain Rates 

 

Figure 4.82: Displacement at inflection point of maxonTM fibres with the degradation stages 
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Maximum Displacement  

Figure 4.88 and figure 4.89 shows the maximum displacement of maxonTM fibres with the strain 

rate and the degradation stages. Maximum displacement reached by the fibres decreases with the 

increase of degradation as fibres were not capable to withstand the loading as compared to less 

degraded stages. Also, increase in brittleness results in shortening of the secondary region. With 

the increase in strain rate, fibres were not capable to withstand this sudden loading and failure 

happens at an earlier stage. 

Force at Break 

Figure 4.90 and figure 4.91 shows the force at break of maxonTM fibres with the strain rate and 

the degradation stages. The force required to break the maxonTM fibres decreases with the increase 

of degradation as fibres were not capable to withstand the loading as compared to less degraded 

fibres. Also, increase in brittleness has resulted in shortening of the secondary region. 

With the increase in strain rate, fibres were not capable to withstand this sudden loading and 

failure happens at an earlier stage. At final degradation stage, all the fibres failure at the same 

amount of loading. The increase of strain rate does not have a significant effect on the force at 

break, as at each stage the force required is almost equal.  

 

Figure 4.83: Force at inflection point of maxonTM fibres with the increase of Strain Rates 
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Figure 4.84: Force at inflection point of maxonTM fibres with the increase of degradation stages 

 

Figure 4.85: Secondary stiffness maxonTM fibres with the increase of Strain Rates 

 

Figure 4.86: Secondary stiffness maxonTM fibres with the increase of degradation stages 
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Figure 4.87: Maximum Displacement of maxonTM fibres with the increase of Strain Rates 

 

Figure 4.88: Maximum Displacement of maxonTM fibres with the increase of degradation stages 

 

Figure 4.89: Force at break of maxonTM fibres with the increase of Strain Rates  
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Figure 4.90: Force at break of maxonTM fibres with the increase of degradation stages 

Table 4.37-4.41 shows the mechanical parameters with the increase in the number of days of 

degradation at a strain rate namely at 0.0001/s, 0.001/s, 0.01/s, 0.05/s, 0.1/s respectively. 

Table 4.37: Mechanical parameters with the increase of degradation stages at a strain rate of 

0.0001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 37.6767 91.1180 0.8137 5.8743 4.7684 2.8982 

20 31.3404 62.2014 0.6622 5.5633 3.9012 2.3897 

40 12.8693 9.3840 0.5613 5.2833 2.9165 0.8509 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.2571 2.8008 0.0930 1.7655 1.3756 0.0571 

20 2.4968 6.0717 0.0091 0.1923 0.1997 0.0330 

40 2.2089 2.0157 0.0382 0.1598 0.2800 0.0131 

Table 4.38: Mechanical parameters with the increase of degradation stages at a strain rate of 

0.001/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 34.9620 88.3972 1.0547 6.1475 6.3852 3.0692 

20 33.2100 70.2918 0.7909 5.9473 4.8830 2.5504 

40 14.0461 12.1094 0.6756 5.8867 3.8252 1.0237 

Standard Deviation of the respective parameters at a certain degradation stage 

0 2.1404 6.4324 0.0382 0.2089 0.2853 0.0412 

20 2.2412 6.7148 0.1493 0.2985 0.5238 0.1389 

40 0.6569 0.3487 0.0198 0.1723 0.4163 0.0143 

Table 4.39: Mechanical parameters with the increase of degradation stages at a strain rate of 

0.01/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 36.1744 95.9645 1.3457 8.7828 11.8400 3.2642 

20 24.7818 49.9696 0.9989 6.9814 6.9730 2.5331 

40 10.2856 9.1790 0.7592 4.8813 3.7184 1.0184 

Standard Deviation of the respective parameters at a certain degradation stage 

0 3.5897 9.0597 0.0120 0.1297 0.1421 0.1142 

20 4.5139 11.2421 0.0132 0.1750 0.0810 0.0989 

40 1.2399 1.6667 0.0488 0.2250 0.0822 0.0611 
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Table 4.40: Mechanical parameters with the increase of degradation stages at a strain rate of 

0.05/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 34.4091 92.9313 1.5671 10.9156 17.5049 3.3151 

20 29.4101 63.9710 1.2166 8.4102 9.8675 2.7095 

40 10.9374 10.9431 0.8778 6.4054 5.6807 1.1853 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.7742 6.1402 0.0354 0.5498 0.4077 0.0335 

20 3.0769 7.4398 0.0129 0.2983 0.2378 0.0465 

40 2.6036 1.5555 0.3123 0.5442 1.5420 0.1181 

Table 4.41: Mechanical parameters with degradation stages at a strain rate of 0.1/s 

Degraded 

Sample 

(Days)  

Max. 

Displacement 

(mm) 

Max. 

Load 

(N) 

Initial 

Stiffness 

(N/mm) 

Inflection 

Point 

Force (N) 

Inflection Point 

Displacement 

(mm) 

Secondary 

Stiffness 

(N/mm) 

0 33.8326 91.4177 1.6584 10.8370 17.9324 3.3292 

20 26.8134 62.2045 1.3527 8.8360 12.1066 2.9188 

40 13.8422 14.3871 0.8437 6.8119 5.9539 1.2331 

Standard Deviation of the respective parameters at a certain degradation stage 

0 1.4198 7.0591 0.0237 0.3310 0.0047 0.0938 

20 2.5109 2.8597 0.0934 0.2769 0.4793 0.1498 

40 2.0648 2.6775 0.0236 0.5467 0.4667 0.1598 

DSC results 

Figure 4.92 shows the DSC results of maxonTM fibres with the increase of degradation stages. 

Figure 4.93 and figure 4.94 shows the glass transition temperature and melting temperature of the 

maxonTM fibres. Glass transition temperature decreases with the increase of degradation. This 

implies that with the increase of degradation, change of phase from glassy to rubbery will happen 

at a lower temperature. As the polymer has become soft after degrading them in the PBS, polymer 

molecule is able to change to rubbery phase at much ease. For melting temperature, the shift in 

temperature is very small, when analysing from the undegraded to the 20 days of degradation. 

This shift increases many folds when moved from 20 days to the 40 days, indicating a severe 

degradation profile inside the polymeric structure. This indicates that the degradation has depleted 

the crystalline region after 40 days of degradation and no crystalline phase exists beyond that.  

 

Figure 4.91: DSC results of maxonTM fibres with the increase of degradation stages 
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Figure 4.92: Glass transition temperature of maxonTM fibres from the DSC experiments 

 

Figure 4.93 Melting temperature of maxonTM fibres from the DSC experiments  

 

Figure 4.94: Trend of crystallinity of maxonTM with the degradation stages 
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Figure 4.95 shows the degree of crystallinity of maxonTM with the degradation stages. In this case, 

relative crystallinity shows a percentage increase in the beginning of the degradation stages, it 

indicates the increase in the crystallinity of the maxonTM samples with the degradation. This 

increase can be attributed to the fact that degradation starts to occur in the amorphous regions 

first. Due to this, amorphous region starts to get depleted, which in turn increases the percentage 

relative crystallinity of maxonTM [10]. However, after 20 days of degradation, the decrease is due 

to the cumulative depletion of crystalline as well as the amorphous phase. 

4.4 Conclusion 

Initially, after the immersion of these biodegradable fibres into PBS, degradation starts to occur 

in the region of low crystallinity. The swelling in these regions is more as compared to the 

crystalline region, a large volume of water begins to get swelled in these regions. A negative 

gradient exists from the surface to centre and continues till the saturation has reached. Water helps 

in lowering the glass transition temperature simultaneously making the polymer soft. This type 

of degradation depends on the degree of hydrophilicity of the polymer in the study and can affect 

significantly the rate of degradation. Hydrolytic degradation starts to cleavage the chains from the 

initial stage of degradation. As it was already mentioned that ester group is responsible for the 

degradation which leads to chain scission. When the ester bond in the polymer chain is attacked 

by the water molecule, it degrades into the shorter chain containing the carboxylic end group. As 

the number of the chain containing this carboxylic group increases with time, they start to act as 

a catalyst and catalyses the hydrolysis of other ester bonds. At the beginning, the concentration 

of oligomer units was very low. In the later stages of degradation, there are enough oligomer units 

in the solution to accelerate the rate of degradation, which is justified by the experimental data 

obtained. For semi-crystalline material as the case with the polymers, these are a virtually two-

phase system where a crystalline phase and an amorphous phase coexist. However, the crystalline 

phase and the amorphous phase are not completely homogeneous. DSC is a useful tool for 

characterizing these semi-crystalline materials. For PLA, the rate of degradation is slow and even 

after 150 days of degradation at 37 °C, crystalline phase remains in the PLA fibres. Twin peaks 

are observed for the PLA, which indicate the presence of at least two distinct crystal lamellae. 

The crystals generally are of different sizes and forms and the amorphous phase near the crystallite 

interfaces is constrained and less mobile than the amorphous chains far from the crystallite 

boundaries, which may be the reason two peaks are observed.  

PLA and PGLA are multifilament, therefore on the application of load, friction is generated on 

between the filaments. When these fibres are soaked in the PBS for degradation, they absorb the 

water molecule and becomes soft. Water acts as the lubricant in between the filaments and these 

fibres are thus able to reach higher load if the degradation is not severe. Hydrophobic nature of 

PLA explains the low rate of degradation as not enough water molecules is able to get inside the 
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molecular structure justifying their low degradation behaviour. From the experimental results, it 

is concluded that even after the 150 days of degradation, PLA fibres are capable to withstand the 

loading. PGLA fibres at the end of last degradation stage show a pigmentation, thinning and 

shortening of the length of fibres. As the fibres are experiencing more degradation they become 

soft leading to more ductile behaviour with the decrease of stiffness. Further, a large volume of 

PBS gets swelled in the PLA, which makes the polymer soft and with degradation stages 

(progressively increasing), failure now occurs at large deformation. 

PLA and PGLA follow an S-shape force vs displacement curve, if the S-shaped curve is 

prestressed enough then it may get converted into the J-shaped curve. As the initial portion of the 

force-displacement curve gets lost due to the prestressing of the fibres. Therefore, the value of 

prestressing is important for making conclusions from the load vs displacement curve.  

CaprosynTM, biosynTM and maxonTM are monofilament fibres, with the application of load there 

is no friction between the adjacent fibres as they do not exist. These three fibres follow the J-

shaped curve, with the onset of load, this implies that in the beginning of the curve, a small 

increase in the value of force gives a large extension. The curve obtained for the case of 

monofilament fibres is concave. Therefore, the total energy absorbed till fracture is less when 

compared to the Hookean curve obtained in the case of PLA and PGLA fibres, this means that 

the toughness for these cases will be less than the equivalent Hookean curves. This is important 

as the release of energy drives the crack propagation, the material which releases less energy is 

tougher than the other one.  

On the other hand, J-shaped curve switches to S-shaped curve as in case of caprosynTM. With the 

increase of strain rate, the material gets stiffer and J-shape gets converted into an S-shape curve. 

The mobility of the amorphous phase decreases with the increase of degradation stages. It is 

referred to as the physical ageing. Shrinkage of the length of the fibres is observed at the end of 

the degradation stages before losing their mechanical properties. BiosynTM and PGLA have the 

degradation period of 30 days in which they can withstand the mechanical loading. On the other 

hand, the maxonTM can bear the mechanical load for the 40 days. PGLA, maxonTM and biosynTM 

fibres do not show twin peaks for any of the degradation stages, which imply the presence a single 

crystal in all the specimens.  

The rate of degradation for biosynTM is quite fast as they start to lose their crystalline phase after 

the initial stage of degradation. For PGLA and maxonTM the rate of degradation is relatively slow, 

as initially, the degradation starts to occur in the amorphous phase. The loss of crystalline phase 

matches with their ability to withstand mechanical loading. Therefore, it can be said that for 

PGLA, biosynTM and maxonTM, the presence of crystalline phase is a measure of mechanical 

strength. The same thing cannot be said for the PLA, as the rate of degradation is very slow 

because of which the complete deterioration of mechanical as well as degradation properties were 

not observed. 
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Chapter 5: Modelling the Constant Strain Rate Behaviour   

of Biodegradable Polymers 



 
127 

5.1 Introduction 

The degradation behaviour influences lifetime performance of the biodegradable materials. 

Therefore, the evolution of tensile properties must be determined during the degradation process 

on the swollen specimen to understand the mechanical behaviour of scaffold during the 

rehabilitation. An adept understanding of the mechanical behaviour is of uttermost importance to 

enhance the design of medical devices. Finally, to understand these properties more precisely, 

modelling of these biodegradable polymeric material is necessary. Khan model and Kontou-

Zacharatos (K-Z) model, which are based on the three-element standard solid model, are used to 

model the uniaxial tensile test behaviour of the biodegradable polymers used in this study. A 

detailed explanation of the working of the model has been discussed in the earlier chapter 

materials and methods. Material parameters were found out by using the method of least squares 

in Excel by using the uniaxial tensile test data. The goodness of fit is measured by using the R-

squared function of excel, which is the square of the Pearson product moment correlation 

coefficient. It uses the equation 5.1 to evaluate the r-square value. 

𝐫𝟐 = (
∑(𝐱−�̅�)(𝐲−�̅�)

√∑(𝐱−�̅�)𝟐 ∑(𝐲−�̅�)𝟐
)

𝟐

       (5.1)  

Where, x and y are the sample means, the average value of y's and the average value of known 

x’s respectively. Uniaxial tensile tests were carried out on an Instron® ElectroPuls E1000 (High 

Wycombe, England) under displacement control. Five different strain rates were chosen as 10-4 s-

1, 10-3 s-1, 10-2 s-1, 50x10-2 s-1, and 10-1 s-1. All tensile tests were performed at room temperature 

up to failure. Uniaxial tensile test at constant strain rates were carried out on both undegraded and 

degraded samples obtained during progressive degradation stages, the load was measured by 

means of a 2 kN load cell. The gauge length (i.e. the free distance between grips on the testing 

machine) for all the specimens was kept at 100 mm. Experimental data is modelled by using the 

Force vs Strain curve and not by stress vs strain curve. As the measurement of the area of cross-

section is complex for the PLA and PGLA fibres and this being a comparative study, uniformity 

is maintained by using the force vs strain curves for analysing the experimental data. Engineering 

strain represented as ε and is calculated as the change of length to the original length, as shown 

by equation 5.2: 

𝛆 =
𝐥𝐟𝐢𝐧𝐚𝐥−𝐥𝐢𝐧𝐢𝐭𝐢𝐚𝐥

𝐥𝐢𝐧𝐢𝐭𝐢𝐚𝐥
=

∆𝐥

𝐥𝐢𝐧𝐢𝐭𝐢𝐚𝐥
       (5. 2) 
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5.2 Constitutive Modelling of PLA Multifilament Yarn 

Khan Model 

Khan model is an extension of the three-element standard solid model and is used to model the 

experimental results obtained from progressive degradation of the PLA fibres. During each stage 

of degradation, it was assumed that the stiffness parameter does not change for a degradation 

stage and the only viscous parameter is changing with the increase of strain rate. Thus, the viscous 

parameter is assumed as stain dependent and stiffness parameter is assumed to be dependent on 

degradation.  

Undegraded PLA fibres 

Parameters are obtained by using the uniaxial tensile test data as presented in chapter 4. Table 5.1 

shows the value of parameters obtained by fitting the experimental data. While keeping these 

assumptions, the model can fit the experimental data quite well as can be seen from the figure 5.1 

and r-squared value. Also, viscous parameters are decreasing with the increase of strain rate, as 

shear thinning is experienced by the polymeric material with the increase of strain rate. Shear 

thinning indicates that on increasing the strain rate, the viscous flow experienced by the polymer 

molecules is decreasing [1–3]. Figure 5.2 shows the shear thinning phenomena experienced by 

the PLA fibres.  

The shear thinning phenomena is modelled by the viscosity function as shown by equation 5.3, it 

is dependent on the four parameters. This viscosity function has been defined by the researcher’s 

on several occasion and is tailored in the past depending on the behaviour of the material [1, 3-

4]. Equation 5.4 represents the general viscoelastic behaviour of the polymer material under finite 

deformation. Equation 5.5 is obtained by solving the equation 5.4 by finite difference method and 

is used to obtain the stress by imposing strain. 

(𝜼)𝟏,𝟐 = (𝜼𝟎)𝟏,𝟐 −
(𝜼𝟎)𝟏,𝟐−(𝜼∞)𝟏,𝟐 

𝟏+(
(𝒗𝟎)𝟏,𝟐

�̇�
)

(𝜶)𝟏,𝟐
       (5.3) 

𝐂𝟏

𝛈𝟏
𝛔 + �̇� = 𝐂𝟏�̇� +

𝐂𝟏

𝛈𝟏
𝐂𝟐𝛆(𝐧𝟐+𝟏) +

𝛈𝟐

𝛈𝟏
𝐂𝟏�̇� + 𝐂𝟐(𝐧𝟐 + 𝟏)𝛆𝐧𝟐�̇�    (5.4) 

𝛔𝟐  =  (𝑪𝟏 (
𝛆𝟐−𝛆𝟏

∆𝒕
) +

𝑪𝟏

𝛈𝟏
𝑪𝟐𝛆𝟏

(𝒏𝟐+𝟏)
+

𝛈𝟐

𝛈𝟏
𝑪𝟏 (

𝛆𝟐−𝛆𝟏

∆𝒕
) + 𝑪𝟐(𝒏𝟐 + 𝟏)𝛆𝟏

𝒏𝟐 (
𝛆𝟐−𝛆𝟏

∆𝒕
) −

𝑪𝟏

𝛈𝟏
𝛔𝟏) ∆𝐭 + 𝛔𝟏 (5.5) 
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Table 5.1: Evolution of parameters of Khan Model for undegraded PLA with strain rate 

StrainRate 
Parameters 

0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

c1 21.6 21.6 21.6 21.6 21.6 

c2 13.7 13.7 13.7 13.7 13.7 

n2 1 1 1 1 1 

η1 10762 845 115.4 25.1 12.2 

η2 3202 660 54.9 13.2 9.1 

Viscosity Function 

Table 5.2 and table 5.3 shows the value of viscous parameters η1 and η2, that were obtained for 

the PLA fibres at various degradation stages and strain rate. Table 5.4 shows the values of 

parameters obtained for the viscosity function. η0 and η∞ represents the value of viscosity at zero 

strain rate and infinite strain rate respectively for the dashpot 1 and 2. Figure 5.3 shows the 

modelling result of viscous parameters from equation 5.3 and depicts the shear thinning 

phenomena quite well. These values of viscosity can also be modelled by using the power law as 

shown in figure 5.4. R-squared value as shown in figure 5.3 shows that the equation 5.3 can fit 

the viscosity values at different strain rate quite well and this equation can be used to model the 

viscosity at different strain rate for PLA fibres. Following this, the viscous parameter is kept 

constant for further stages of degradation and only parameters which are based on the stiffness of 

the spring are made to vary while keeping the viscous parameters constant. 

Table 5.2: Evolution of viscous parameter η1 of Khan Model for undegraded PLA with strain 

rate and degradation 

η1 
0 Days 20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s 
10762 10762 10762 10762 10762 10762 10762 

0.001/s 
845 845 845 845 845 845 845 

0.01/s 
115.4 115.4 115.4 115.4 115.4 115.4 115.4 

0.05/s 
25.1 25.1 25.1 25.1 25.1 25.1 25.1 

0.1/s 
12.2 12.2 12.2 12.2 12.2 12.2 12.2 

Table 5.3: Evolution of viscous parameter η2 of Khan Model for undegraded PLA with strain 

rate and degradation 

η2 
0 Days 20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s 
3202 3202 3202 3202 3202 3202 3202 

0.001/s 
660 660 660 660 660 660 660 

0.01/s 
54.9 54.9 54.9 54.9 54.9 54.9 54.9 

0.05/s 
13.2 13.2 13.2 13.2 13.2 13.2 13.2 

0.1/s 
9.1 9.1 9.1 9.1 9.1 9.1 9.1 

Table 5.4: Various parameters that are used to calculate the viscosity function  

Parameters Viscous Dashpot 1 Viscous Dashpot 2 

η0 1086732 8625.22 

η∞ 2.3 2.3 

v0 0.000001 0.000059 

α 1 1 
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Figure 5.1: Modelling the constant strain rate (CSR) behaviour for undegraded PLA fibres by 

Khan Models 

 

Figure 5.2: Evolution of viscous parameter of PLA fibres  

 

Figure 5.3: Evolution of viscous parameter and modelling of PLA fibres by equation 5.1  
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Figure 5.4: Evolution of viscous parameter and modelling of PLA fibres by a power law. 

Figure 5.5 and table 5.5 shows that with the increase of the degradation stages, the stiffness 

parameters decrease up to 90 days of degradation then for the next stage of degradation it remains 

constant. However, for the last stage of degradation, the parameter shows an increase in the spring 

stiffness. These results fall in line with the experimental results for the initial and secondary 

stiffness, n2 is constant with respect to the stages of degradation, and it does not vary with the 

strain rate and the degradation stages. 

Table 5.5: Evolution of stiffness parameters of Khan Model with degradation stage 

Number of Days 
Stiffness parameters 

0 Days 20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

c1 21.6 15.7 11.5 9.8 7.8 7.8 9.7 

c2 13.7 8.3 7.3 6.5 5.4 5.4 5.4 

n2 1 1 1 1 1 1 1 

 

Figure 5.5: Evolution of Khan parameters with the degradation stages 
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Figure 5.6-5.11 shows the modelling of the constant strain rate (CSR) behaviour for various 

degradation stages. From the figure, it can be analyzed that the model can fit the experimental 

results well as shown by the r-squared value. At higher strain rate, the model seems to deviate at 

the later part of the curve. This is because the model used is the non-linear viscoelastic model. 

However, at the end of the CSR tests, there seem to have induced a viscoplasticity in the fibres as 

they are close to the failure point.  

 

Figure 5.6: Modelling the CSR behaviour of 20 days degraded PLA fibres by Khan Model 

 

Figure 5.7: Modelling the CSR behaviour of 40 days degraded PLA fibres by Khan Model 
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Figure 5.8: Modelling the CSR behaviour of 60 days degraded PLA fibres by Khan Model 

 

Figure 5.9: Modelling the CSR behaviour of 90 days degraded PLA fibres by Khan Model 

 

Figure 5.10: Modelling the CSR behaviour of 120 days degraded PLA fibres by Khan Model 
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Figure 5.11: Modelling the CSR behaviour of 150 days degraded PLA fibres by Khan Model 

Figure 5.12-5.16 shows the modelling of the PLA fibres with the increase of the degradation 

stages at a constant strain rate. Khan model can simulate the non-linear viscoelastic behaviour of 

the PLA quite well. However, at the last degradation stage, toe region is observed, and the model 

was not able to follow it precisely. 

 

Figure 5.12: Modelling the degradation behaviour of PLA fibres at a constant strain rate of 

0.0001/s by Khan Model 
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Figure 5.13: Modelling the degradation behaviour of PLA fibres at a constant strain rate of 

0.001/s by Khan Model 

 

Figure 5.14: Modelling the degradation behaviour of PLA fibres at a constant strain rate of 

0.01/s by Khan Model 
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Figure 5.15: Modelling the degradation behaviour of PLA fibres at a constant strain rate of 

0.05/s by Khan Model 

 

Figure 5.16: Modelling the degradation behaviour of PLA fibres at a constant strain rate of 0.1/s 

by Khan Model 
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Kontou – Zacharatos (K-Z) Model 

K-Z model is an extension of the three-element standard solid model and is used to model the 

experimental results obtained from progressive degradation of the PLA fibres. In the work done 

by Khan et.al., time and temperature dependent mechanical properties were explained by using a 

simple phenomenological viscoelastic model for polymers under finite deformations range [1]. 

The proposed model has Maxwell element connected in parallel with a Kelvin element having a 

non-linear spring. Uniaxial experimental data of stress–relaxation and monotonic loading at 

various strain rates were successfully analysed via the proposed model by Khan in his paper [1]. 

Zacharatos and Kontou modified the classical standard solid model, they considered the non-

linear spring in parallel to the Maxwell element instead of Kelvin element as in Khan model. [5]. 

Here, Maxwell element is non-linear and has an Eyring dashpot in series along with the linear 

spring. Non-linear spring is dependent on the strain 𝜀(𝑡). The one-dimensional constitutive 

differential equation for the K-Z Model is shown by equation 5.6.  

�̇�(𝒕) = (𝜼𝟏(𝒕�̇�𝟎)−𝜼𝟐 + 𝑬𝟐 − 𝜼𝟐𝜼𝟏(𝒕�̇�𝟎)−𝜼𝟐)�̇�𝟎 − 𝑨 𝑬𝟐𝒔𝒊𝒏𝒉[𝒃(𝝈(𝒕) − 𝜼𝟏(𝒕�̇�𝟎)𝟏−𝜼𝟐)]   (5.6) 

Equation 5.7 and equation 5.8 are obtained by solving the equation 5.5 by finite difference method 

and is used to solve the force and strain by imposing the strain and force respectively. 

𝐅𝟐  =  𝑭𝟏 − 𝛈𝟏𝛆𝟏
−𝛈𝟐𝛈𝟐𝛆𝟐 + 𝛈𝟏𝛆𝟏

−𝛈𝟐𝛈𝟐𝛆𝟏 + 𝛆𝟐𝛈𝟏𝛆𝟏
−𝛈𝟐 + 𝛆𝟐𝐄𝟐 − 𝛆𝟏𝛈𝟏𝛆𝟏

−𝛈𝟐 − 𝛆𝟏𝐄𝟐

+ 𝐀𝐄𝟐𝐬𝐢𝐧 𝐡(𝐛(−𝐅𝟏 + 𝛆𝟏𝛈𝟏𝛆𝟏
−𝛈𝟐)) 𝐝𝐭 

(5.7) 

𝛆𝟐  =  
(−𝑭𝟐+𝐅𝟏+𝛈𝟏𝛆𝟏

−𝛈𝟐𝛈𝟐𝛆𝟏−𝛆𝟏𝛈𝟏𝛆𝟏
−𝛈𝟐−𝛆𝟏𝐄𝟐+𝐀𝐄𝟐𝐬𝐢𝐧𝐡(𝐛(−𝑭𝟏+𝛆𝟏𝛈𝟏𝛆𝟏

−𝛈𝟐))𝐝𝐭)

(𝛈𝟏𝛆𝟏
−𝛈𝟐𝛈𝟐−𝛈𝟏𝛆𝟏

−𝛈𝟐−𝐄𝟐)
 

(5.8) 

Undegraded Specimen  

Table 5.6 shows the material parameters of undegraded PLA fibres by K-Z model with the 

increase of strain rate. Figure 5.17-5.21 shows the modelling results at the constant strain rate by 

imposing the strain and by imposing the force simultaneously. From the figure, it can be analysed 

that model can fit the experimental results well as shown by the r-squared value. 

Table 5.6: Evolution of parameters of K-Z Model for undegraded PLA fibres with the increase 

of strain rate 

0 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 9.1 9.1 9.1 9.1 9.1 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 28 41 41 41 41 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.9 0.75 0.65 0.6 0.5 
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Figure 5.17: K-Z model for undegraded PLA fibres at a constant strain rate of 0.0001/s 

 

Figure 5.18: K-Z model for undegraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.19: K-Z model for undegraded PLA fibres at a constant strain rate of 0.01/s 



 
139 

 

Figure 5.20: K-Z model for undegraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.21: K-Z model for undegraded PLA fibres at a constant strain rate of 0.1/s 

20 Days Degradation 

Table 5.7 shows the material parameters of 20 days degraded PLA fibres by K-Z model with the 

increase of strain rate. Figure 5.22-5.26 shows the modelling results at the constant strain rate by 

imposing the strain and by imposing the force simultaneously. From the figure, it can be analysed 

that the model can fit the experimental results well as shown by the r-squared value. At the highest 

strain rate 0.1/s, the model is not able to fit the toe region of the curve as fibres are in the crimping 

phase and are not able to respond to the force applied to them. At other strain rate, the model 

follows the constant strain rate behaviour. 

Table 5.7: Evolution of parameters of K-Z Model for 20 days degraded PLA fibres with the 

increase of strain rate 

20 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 6.8 6.8 6.8 6.8 6.8 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 16 16 16 16 16 

A 0.0001 0.001 0.01 0.05 0.10 

b 0.85 0.7 0.7 0.7 0.7 
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Figure 5.22: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.0001/s 

 

Figure 5.23: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.24: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.01/s 
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Figure 5.25: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.26: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.1/s 

40 Days Degradation 

Table 5.8 shows the material parameters of 40 days degraded PLA fibres by K-Z model with the 

increase of strain rate. Figure 5.27-5.31 shows the modelling results at the constant strain rate by 

imposing the strain and by imposing the force simultaneously. At the last two strain rate, the 

model shows deviation from the experimental data. Despite that, the model gives a good fit as 

shown by the r-squared value.  

Table 5.8: Evolution of parameters of K-Z Model for 40 days degraded PLA fibres with the 

increase of strain rate 

40 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 5.1 5.1 5.1 5.1 5.1 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 15 15 15 15 15 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.85 0.6 0.6 0.55 0.5 
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Figure 5.27: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.0001/s 

 

Figure 5.28: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.29: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.01/s 
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Figure 5.30: K-Z model for 20 days degraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.31: K-Z model for 40 days degraded PLA fibres at a constant strain rate of 0.1/s 

60 Days Degradation 

Table 5.9 shows the material parameters of 60 days degraded PLA fibres by K-Z model with the 

increase of strain rate. Figure 5.32-5.36 shows the modelling results at the constant strain rate by 

imposing the strain and by imposing the force simultaneously. In all the cases with the increase 

of strain rate, a good fit is obtained as shown by the r-squared value. 

Table 5.9: Evolution of parameters of K-Z Model for 60 days degraded PLA fibres with the 

increase of strain rate 

60 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 4.5 4.5 4.5 6.1 4.5 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 14 14 14 26 14 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.8 0.6 0.5 0.55 0.45 
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Figure 5.32: K-Z model for 60 days degraded PLA fibres at a constant strain rate of 0.0001/s 

 
Figure 5.33: K-Z model for 60 days degraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.34: K-Z model for 60 days degraded PLA fibres at a constant strain rate of 0.01/s 
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Figure 5.35: K-Z model for 60 days degraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.36: K-Z model for 60 days degraded PLA fibres at a constant strain rate of 0.1/s 

90 Days Degradation 

Table 5.10 shows the material parameters of 90 days degraded PLA fibres by K-Z model with the 

increase of strain rate. Figure 5.37-5.41 shows the modelling results at the constant strain rate by 

imposing the strain and by imposing the force simultaneously. In all the cases with the increase 

of strain rate, a good fit is obtained as shown by the r-squared value. 

Table 5.10: Evolution of parameters of K-Z Model for 90 days degraded PLA fibres with the 

increase of strain rate 

90 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 3.5 3.5 3.5 3.5 3.5 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 9 9 10 16 16 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.7 0.55 0.45 0.4 0.4 
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Figure 5.37: K-Z model for 90 days degraded PLA fibres at a constant strain rate of 0.0001/s 

 

Figure 5.38: K-Z model for 90 days degraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.39: K-Z model for 90 days degraded PLA fibres at a constant strain rate of 0.01/s 
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Figure 5.40: K-Z model for 90 days degraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.41: K-Z model for 90 days degraded PLA fibres at a constant strain rate of 0.1/s 

120 Days Degradation 

Table 5.11 shows the material parameters of 90 days degraded PLA fibres by K-Z model with the 

increase of strain rate. Figure 5.42-5.46 shows the modelling results at the constant strain rate by 

imposing the strain and by imposing the force simultaneously. In all the cases with the increase 

of strain rate, a good fit is obtained shown by the r-squared value. 

Table 5.11: Evolution of parameters of K-Z Model for 120 days degraded PLA fibres with the 

increase of strain rate 

120 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 2.3 2.3 1.6 3.1 3.1 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 11.9 13 7.1 13.2 13 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.5 0.45 0.3 0.45 0.4 
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Figure 5.42: K-Z model for 120 days degraded PLA fibres at a constant strain rate of 0.0001/s 

 

Figure 5.43: K-Z model for 120 days degraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.44: K-Z model for 120 days degraded PLA fibres at a constant strain rate of 0.01/s 
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Figure 5.45: K-Z model for 120 days degraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.46: K-Z model for 120 days degraded PLA fibres at a constant strain rate of 0.1/s 

150 Days Degradation 

Table 5.12 shows the material parameters of 150 days degraded PLA fibres by K-Z model with 

the increase of strain rate. Figure 5.47-5.51 shows the modelling results at the constant strain rate 

by imposing the strain and by imposing the force. In all the cases with the increase of strain rate, 

a good fit is obtained shown by the r-squared value. 

Table 5.12: Evolution of parameters of K-Z Model for 150 days degraded PLA fibres with the 

increase of strain rate 

150 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 2.3 4 4 3.7 4 

n2 -0.45 -0.45 -0.45 -0.45 -0.45 

E2 11.9 16 16 12 13 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.55 0.6 0.7 0.5 0.4 
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Figure 5.47: K-Z model for 150 days degraded PLA fibres at a constant strain rate of 0.0001/s 

 

Figure 5.48: K-Z model for 150 days degraded PLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.49: K-Z model for 150 days degraded PLA fibres at a constant strain rate of 0.01/s 
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Figure 5.50: K-Z model for 150 days degraded PLA fibres at a constant strain rate of 0.05/s 

 

Figure 5.51: K-Z model for 150 days degraded PLA fibres at a constant strain rate of 0.1/s 

Evolution of model parameters for K-Z Model with the degradation stages  

n1 

Table 5.13 and figure 5.52 shows that the material parameter n1 remains constant with an increase 

of strain rate. But, decreases with the increase of degradation stages. At the lowest strain rate, it 

decreases till the 120 days of degradation and for the last stage, it remains constant. At 0.001/s, it 

decreases up to the 120 days of degradation and then shows an increase in the last stage of 

degradation. These variations are consistent at other strain rate, however, at 60 days of 

degradation at 0.05/s and 120 days of degradation from 0.01/s until highest strain rate, the value 

of stiffness parameter changes. This change of parameter can be attributed to the fact that fibres 

showed slack in the toe region. The model follows the behaviour closely as can be seen by the r-

squared value. Also, in Khan model, stiffness parameter seems to remain constant with the strain 

rate and only showed deviation with the increase of the degradation stages, exceptions being the 

stages where toe region is noticed. 
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Table 5.13: Evolution of material parameter n1 of K-Z model  

n1 0 Days  20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s 9.1 6.8 5.1 4.5 3.5 2.3 2.3 

0.001/s 9.1 6.8 5.1 4.5 3.5 2.3 4 

0.01/s 9.1 6.8 5.1 4.5 3.5 1.6 4 

0.05/s 9.1 6.8 5.1 6.1 3.5 3.1 3.7 

0.1/s 9.1 6.8 5.1 4.5 3.5 3.1 4 

 

Figure 5.52: Evolution of material parameter n1 of K-Z model 

n2 

Table 5.14 and figure 5.53 shows that the material parameter n2 remains constant with the increase 

of strain rate as well as degradation stages. 

Table 5.14: Evolution of material parameter n2 of K-Z model  

n2 0 Days  20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 

0.001/s -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 

0.01/s -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 

0.05/s -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 

0.1/s -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 -0.45 

Table 5.15: Evolution of material parameter E2 of K-Z model 

E2 0 Days 20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s 28 16 15 14 9 11.9 11.9 

0.001/s 41 16 15 14 9 13 16 

0.01/s 41 16 15 14 10 7.1 16 

0.05/s 41 16 15 14 16 13.2 12 

0.1/s 41 16 15 14 16 13 13 
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Figure 5.53: Evolution of material parameter n2 of K-Z model 

E2 

Table 5.15 and figure 5.54 shows that the material parameter E2 remains constant with the increase 

of strain rate. Exception being with the undegraded fibres, where value increases when moving 

from lowest strain rate to 0.001/s and after that remain constant. For 90 days of degradation, the 

value increases with the strain rate. For the last two stages of degradation, parameters show no 

trend. This behaviour is closely followed according to the results obtained experimentally and 

resembles the stiffness evolution. In chapter 4, it was concluded that degradation has resulted in 

severe molecular chain cleavage because of which this irregular behaviour is observed between 

the materials as well as in model parameters.  

Table 5.16: Evolution of material parameter A of K-Z model 

A 0 Days 20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

0.001/s 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

0.01/s 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

0.05/s 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

0.1/s 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Table 5.17: Evolution of material parameter b of K-Z model 

b 0 Days 20 Days 40 Days 60 Days 90 Days 120 Days 150 Days 

0.0001/s 0.9 0.85 0.85 0.8 0.7 0.5 0.55 

0.001/s 0.75 0.7 0.6 0.6 0.55 0.45 0.6 

0.01/s 0.65 0.7 0.6 0.5 0.45 0.3 0.7 

0.05/s 0.6 0.7 0.55 0.55 0.4 0.45 0.5 

0.1/s 0.5 0.7 0.5 0.45 0.4 0.4 0.4 
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Figure 5.54: Evolution of material parameter E2 of K-Z model 

A 

Table 5.16 and figure 5.55 shows that the material parameter A increases with the increase of 

strain rate and with degradation it remains constant. The value of the parameter is the value of the 

strain rate. Therefore, this parameter is directly proportional to the strain rate. 

 

Figure 5.55: Evolution of material parameter A of K-Z model 
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b 

Table 5.17 and figure 5.56 shows that the material parameter b decreases with the degradation till 

the 120 days of degradation and for the last stage it shows an increase. In general, with the increase 

of strain rate, the value of parameter decreases. But, at the 20 days of degradation, the value 

becomes constant after the lowest strain rate of 0.0001/s. The exception, in this case, is at the last 

stage of degradation, where the value increases with the increase of strain rate till 0.01/s and after 

that, it shows a decrease. As this parameter is affected by the strain rate as well as the degradation. 

Therefore, this parameter is dependent on the viscous as well as the elastic parameters of the 

model. 

 

Figure 5.56: Evolution of material parameter b of K-Z model 
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5.3 Constitutive Modelling of PGLA Multifilament Yarn 

Khan Model 

Khan Model is used to model the uniaxial tensile test behaviour for the undegraded and degraded 

PGLA fibres. During each stage of degradation, it was assumed that the stiffness parameter does 

not change for a degradation stage and the only viscous parameter is changing with the increase 

of strain rate. Thus, the viscous parameter is assumed as strain dependent and stiffness parameter 

is assumed to be dependent on degradation.  

Undegraded PGLA fibres 

Parameters are obtained by using the uniaxial tensile test data as presented in chapter 4. Table 

5.18 shows the value of parameters obtained by fitting the experimental data of undegraded PGLA 

fibres at different strain rates. While keeping these assumptions, the model can fit the 

experimental data quite well as can be seen from the figure 5.57 and r-squared value. From the 

table, it can be noticed that only viscous parameters are decreasing with the increase of strain rate. 

With the increase of strain rate, shear thinning is experienced by the polymeric material and thus 

viscous parameter decreases with the increase of strain rate as can be seen from the figure 5.58.   

Table 5.18: Evolution of parameters of Khan Model for undegraded PGLA with the increase of 

strain rate 

StrainRate 
Parameters 

0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

c1 315 315 315 315 315 

c2 685 685 685 685 685 

n2 1 1 1 1 1 

η1 10346 1524 217 63 36 

η2 948 455 81 13 3 

 

Figure 5.57: Modelling the constant strain rate behaviour for undegraded PGLA fibres at 

different strain rates by Khan Model 
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Viscosity Function 

Table 5.19 and table 5.20 shows the value of viscous parameters η1 and η2 that were obtained for 

the PGLA fibres at various degradation stages and strain rate. Figure 5.58 shows the evolution of 

viscous parameters with the strain rate depicting the shear thinning phenomena. These values of 

viscosity can be modelled by using the power law as shown in figure 5.59. Following this, the 

viscous parameter is kept constant for further stages of degradation and only parameters which 

are based on the stiffness of the spring are made to vary while keeping the viscous parameters 

constant. 

Table 5.19: Evolution of viscous parameter η1 of Khan Model for undegraded PGLA with strain 

rate and degradation 

η1 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 10346 10346 10346 10346 10346 10346 

0.001/s 1524 1524 1524 1524 1524 1524 

0.01/s 217 217 217 217 217 217 

0.05/s 63 63 63 63 63 63 

0.1/s 36 36 36 36 36 36 

Table 5.20: Evolution of viscous parameter η2 of Khan Model for undegraded PGLA with strain 

rate and degradation 

η2 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 948 948 948 948 948 948 

0.001/s 455 455 455 455 455 455 

0.01/s 81 81 81 81 81 81 

0.05/s 13 13 13 13 13 13 

0.1/s 3 3 3 3 3 3 

 

Figure 5.58: Evolution of viscous parameter of PGLA fibres 
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Figure 5.59: Evolution of viscous parameter of PGLA and modelling by a power law. 

Figure 5.60 and table 5.21shows that with the degradation, the stiffness parameters c1 first 

increases up to 15 days of degradation then for the next stage it decreases till it loses the 

mechanical properties. Figure 5.60 and table 5.22 shows that the parameter c2 decreases till the 

10 days of degradation and then increases up to the 20 days of degradation and finally decreases 

for the last stage of degradation. Figure 5.60 and table 5.23 shows that the parameter n2 remains 

constant and does not vary either with the strain rate and the degradation.  

Table 5.21: Evolution of stiffness parameter C1 of Khan Model for undegraded PGLA with 

strain rate and degradation 

c1 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 315 355 380 402 368 252 

0.001/s 315 355 380 402 368 252 

0.01/s 315 355 380 402 368 252 

0.05/s 315 355 380 402 368 252 

0.1/s 315 355 380 402 368 252 

Table 5.22: Evolution of stiffness parameter C2 of Khan Model for undegraded PGLA with 

strain rate and degradation 

c2 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 685 634 585 594 618 522 

0.001/s 685 634 585 594 618 522 

0.01/s 685 634 585 594 618 522 

0.05/s 685 634 585 594 618 522 

0.1/s 685 634 585 594 618 522 
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Table 5.23: Evolution of parameter n2 of Khan Model for undegraded PGLA with strain rate 

and degradation 

n2 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 1 1 1 1 1 1 

0.001/s 1 1 1 1 1 1 

0.01/s 1 1 1 1 1 1 

0.05/s 1 1 1 1 1 1 

0.1/s 1 1 1 1 1 1 

 
Figure 5.60: Evolution of Khan parameters with the degradation stages 

Figure 5.61-5.65 shows the modelling of the constant strain rate (CSR) behaviour for various 

degradation stages. All tests are performed until failure, from the figure, it can be analyzed that 

the model can fit the experimental results well as shown by the r-squared value. However, the 

model seems to deviate at the later part of the curve, this is because the model used is the non-

linear viscoelastic model and not able to capture the viscoplasticity induced in the fibres. With 

the progression of the degradation, fibres begin to change its behaviour from ductile to brittle. In 

the initial stages of degradation, fibres show the strain hardening effect. The model is not able to 

capture this strain hardening effect. However, the brittle behaviour is captured well by the model 

in the later stages of degradation, which explains the limitations of the model to the 

viscoplasticity. 
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Figure 5.61: Modelling the constant strain rate behaviour for 5 days degraded PGLA fibres at 

different strain rates by Khan Model  

 

Figure 5.62: Modelling the constant strain rate behaviour for 10 days degraded PGLA fibres at 

different strain rates by Khan Model  
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Figure 5.63: Modelling the constant strain rate behaviour for 15 days degraded PGLA fibres at 

different strain rates by Khan Model  

 

Figure 5.64: Modelling the constant strain rate behaviour for 20 days degraded PGLA fibres at 

different strain rates by Khan Model  
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Figure 5.65: Modelling the constant strain rate behaviour for 30 days degraded PGLA fibres at 

different strain rates by Khan Model  

Figure 5.66-5.70 shows the modelling of the PGLA fibres with the increase of the degradation 

stages at the constant strain rate. At higher strain rate, when the model shows increased stiffness, 

the model behaves much better than at lower strain rates. Also, the model fits the experimental 

data well at the later stages of degradation than at the beginning of degradation. 

 

Figure 5.66: Modelling the degradation behaviour of PGLA fibres at a constant strain rate of 

0.0001/s by Khan Model 
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Figure 5.67: Modelling the degradation behaviour of PGLA fibres at a constant strain rate of 

0.001/s by Khan Model 

 

Figure 5.68: Modelling the degradation behaviour of PGLA fibres at a constant strain rate of 

0.01/s by Khan Model 
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Figure 5.69: Modelling the degradation behaviour of PGLA fibres at a constant strain rate of 

0.05/s by Khan Model 

 

Figure 5.70: Modelling the degradation behaviour of PGLA fibres at a constant strain rate of 

0.1/s by Khan Model 
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Kontou – Zacharatos (K-Z) Model 

As previously discussed, equation 5.7 and equation 5.8 are obtained by solving the equation 5.5 

by finite difference method and is used to solve the force and strain by imposing the strain and 

force respectively. 

Undegraded Specimen 

Table 5.24 shows the material parameters of undegraded PGLA fibres by K-Z model with the 

increase of strain rate. Figure 5.71-5.75 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force simultaneously. From figure 5.71-5.75, it can be 

analysed that unlike Khan model, K-Z model can fit better at a lower strain rate, as shown by the 

r-squared value 

Table 5.24: Evolution of parameters of K-Z Model for undegraded PGLA fibres with the 

increase of strain rate 

0 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 214 225 201 265 227 

n2 -0.5 -0.5 -0.5 -0.5 -0.5 

E2 346 410 398 510 306 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 0.6 1 0.37 0.27 

 

Figure 5.71: K-Z model for undegraded PGLA fibres at a constant strain rate of 0.0001/s 
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Figure 5.72: K-Z model for undegraded PGLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.73: K-Z model for undegraded PGLA fibres at a constant strain rate of 0.01/s 

 

Figure 5.74: K-Z model for undegraded PGLA fibres at a constant strain rate of 0.05/s 
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Figure 5.75: K-Z model for undegraded PGLA fibres at a constant strain rate of 0.1/s 

5 Days Degradation 

Table 5.25 shows the material parameters of 5 days degraded PGLA fibres by K-Z model with 

the increase of strain rate. Figure 5.76-5.80 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force simultaneously. From figure 5.76-5.80, it can be 

analysed that the K-Z model can fit the experimental results well as shown by the r-squared value. 

Table 5.25: Evolution of parameters of K-Z Model for 5 days degraded PGLA fibres with the 

increase of strain rate 

5 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 220 366 369 378 380 

n2 -0.5 -0.7 -0.7 -0.7 -0.7 

E2 410 410 410 410 410 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.6 0.6 0.39 0.3 0.23 

 

Figure 5.76: K-Z model for 5 days degraded PGLA fibres at a constant strain rate of 0.0001/s 
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Figure 5.77: K-Z model for 5 days degraded PGLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.78: K-Z model for 5 days degraded PGLA fibres at a constant strain rate of 0.01/s 

 

Figure 5.79: K-Z model for 5 days degraded PGLA fibres at a constant strain rate of 0.05/s 
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Figure 5.80: K-Z model for 5 days degraded PGLA fibres at a constant strain rate of 0.1/s 

10 Days Degradation 

Table 5.26 shows the material parameters of 10 days degraded PGLA fibres by K-Z model with 

the increase of strain rate. Figure 5.81-5.85 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force simultaneously. From figure 5.81-5.85, it can be 

analysed that the K-Z model can fit the experimental results well as shown by the r-squared value. 

Table 5.26: Evolution of parameters of K-Z Model for 10 days degraded PGLA fibres with the 

increase of strain rate 

10 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 314 281 314 390 360 

n2 -0.7 -0.62 -0.7 -0.7 -0.68 

E2 249 442 440 470 380 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 0.4 0.24 0.23 0.17 

 

Figure 5.81: K-Z model for 10 days degraded PGLA fibres at a constant strain rate of 0.0001/s 
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Figure 5.82: K-Z model for 10 days degraded PGLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.83: K-Z model for 10 days degraded PGLA fibres at a constant strain rate of 0.01/s 

 

Figure 5.84: K-Z model for 10 days degraded PGLA fibres at a constant strain rate of 0.05/s 



 
171 

 

Figure 5.85: K-Z model for 10 days degraded PGLA fibres at a constant strain rate of 0.1/s 

15 Days Degradation 

Table 5.27 shows the material parameters of 15 days degraded PGLA fibres by K-Z model with 

the increase of strain rate. Figure 5.86-5.90 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force simultaneously. From figure 5.86-5.90, it can be 

analysed that the K-Z model can fit the experimental results well as shown by the r-squared value. 

At the last two strain rate, the model shows some deviation from the experimental data, despite 

that, the model gives a good fit.  

Table 5.27: Evolution of parameters of K-Z Model for 15 days degraded PGLA fibres with the 

increase of strain rate 

15 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 345 344 309 394 394 

n2 -0.45 -0.69 -0.62 -0.85 -0.85 

E2 370 380 540 420 420 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 0.38 0.28 0.21 0.12 

 

Figure 5.86: K-Z model for 15 days degraded PGLA fibres at a constant strain rate of 0.0001/s 
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Figure 5.87: K-Z model for 15 days degraded PGLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.88: K-Z model for 15 days degraded PGLA fibres at a constant strain rate of 0.01/s 

 

Figure 5.89: K-Z model for 15 days degraded PGLA fibres at a constant strain rate of 0.05/s 
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Figure 5.90: K-Z model for 15 days degraded PGLA fibres at a constant strain rate of 0.1/s 

20 Days Degradation 

Table 5.28 shows the material parameters of 20 days degraded PGLA fibres by K-Z model with 

the increase of strain rate. Figure 5.91-5.95 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force simultaneously. From figure 5.91-5.95, it can be 

analysed that the K-Z model can fit the experimental results well as shown by the r-squared value.  

Table 5.28: Evolution of parameters of K-Z Model for 20 days degraded PGLA fibres with the 

increase of strain rate 

20 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 283 297 294 369 360 

n2 -0.6 -0.6 -0.59 -0.68 -0.68 

E2 170 443 430 430 380 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 0.46 0.3 0.28 0.17 

 

Figure 5.91: K-Z model for 20 days degraded PGLA fibres at a constant strain rate of 0.0001/s 
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Figure 5.92: K-Z model for 20 days degraded PGLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.93: K-Z model for 20 days degraded PGLA fibres at a constant strain rate of 0.01/s 

 

Figure 5.94: K-Z model for 20 days degraded PGLA fibres at a constant strain rate of 0.05/s 
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Figure 5.95: K-Z model for 20 days degraded PGLA fibres at a constant strain rate of 0.1/s 

30 Days Degradation 

Table 5.29 shows the material parameters of 30 days degraded PGLA fibres by K-Z model with 

the increase of strain rate. Figure 5.96-5.100 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force simultaneously. From figure 5.96-5.100, it can be 

analysed that the K-Z model can fit the experimental results well as shown by the r-squared value. 

At this stage of degradation, fibres have become quite fragile and are brittle. 

Table 5.29: Evolution of parameters of K-Z Model for 30 days degraded PGLA fibres with the 

increase of strain rate 

30 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 270 278 223 234 258 

n2 -0.6 -0.6 -0.6 -0.6 -0.6 

E2 196 316 318 306 267 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 0.69 0.45 0.36 0.36 

 

Figure 5.96: K-Z model for 30 days degraded PGLA fibres at a constant strain rate of 0.0001/s 
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Figure 5.97: K-Z model for 30 days degraded PGLA fibres at a constant strain rate of 0.001/s 

 

Figure 5.98: K-Z model for 30 days degraded PGLA fibres at a constant strain rate of 0.01/s 

 

Figure 5.99: K-Z model for 30 days degraded PGLA fibres at a constant strain rate of 0.05/s 
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Figure 5.100: K-Z model for 30 days degraded PGLA fibres at a constant strain rate of 0.1/s 

Evolution of model parameters for K-Z Model with the degradation stages  

n1 

Table 5.30 and figure 5.101 shows the evolution of material parameter n1 of K-Z model. With the 

increase of the strain rate, material parameter n1 does not show any particular trend in any 

direction. With degradation, the material parameter increases till the 15 days of degradation and 

then decreases. This is in line with the behaviour of the initial stiffness of the PGLA fibres, which 

increases at first and then decreases as the molecular chains start to cleavage after a certain level 

of degradation is reached and the material properties start to wear out.  

Table 5.30: Evolution of material parameter n1 of K-Z model 

n1 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 214 220 314 345 283 270 

0.001/s 225 366 281 344 297 278 

0.01/s 201 369 314 309 294 223 

0.05/s 265 378 390 394 369 234 

0.1/s 227 380 360 394 360 258 

Table 5.31: Evolution of material parameter n2 of K-Z model 

n2 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s -0.5 -0.5 -0.7 -0.45 -0.6 -0.6 

0.001/s -0.5 -0.7 -0.62 -0.69 -0.6 -0.6 

0.01/s -0.5 -0.7 -0.7 -0.62 -0.59 -0.6 

0.05/s -0.5 -0.7 -0.7 -0.85 -0.68 -0.6 

0.1/s -0.5 -0.7 -0.68 -0.85 -0.68 -0.6 

Table 5.32: Evolution of material parameter E2 of K-Z model 

E2 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 346 410 249 370 170 196 

0.001/s 410 410 442 380 443 316 

0.01/s 398 410 440 540 430 318 

0.05/s 510 410 470 420 430 306 

0.1/s 306 410 380 420 380 267 
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Figure 5.101: Evolution of material parameter n1 of K-Z model 

n2 

Table 5.31 and figure 5.102 shows the evolution of material parameter n2 of K-Z model. Material 

parameter n2 remains constant with the increase of strain rate for the fibres at undegraded and the 

last stage of degradation. At other stages of degradation, the value of the parameter n2 does not 

seem to vary much with the increase of strain rate. 

 

Figure 5.102: Evolution of material parameter n2 of K-Z model 



 
179 

E2 

Table 5.32 and figure 5.103 shows the evolution of material parameter E2 of K-Z model. With the 

increase of the strain rate, material parameter E2 does not show any trend. This behaviour is 

closely followed according to the results obtained experimentally and resembles the stiffness 

evolution. For 5 days of degradation, material parameter follows the assumption and stiffness 

parameter remain constant with respect to the strain rate. 

 

Figure 5.103: Evolution of material parameter E2 of K-Z model 

A 

Table 5.33 and figure 5.104 shows that material parameter A increases with the increase of strain 

rate and with degradation it remains constant. The value of the parameter is the value of the strain 

rate. Therefore, it can be said that this parameter is directly proportional to the strain rate. 

Table 5.33: Evolution of material parameter A of K-Z model 

A 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

0.001/s 0.001 0.001 0.001 0.001 0.001 0.001 

0.01/s 0.01 0.01 0.01 0.01 0.01 0.01 

0.05/s 0.05 0.05 0.05 0.05 0.05 0.05 

0.1/s 0.1 0.1 0.1 0.1 0.1 0.1 

Table 5.34: Evolution of material parameter b of K-Z model 

b 0 Days 5 Days 10 Days 15 Days 20 Days 30 Days 

0.0001/s 1 0.6 1 1 1 1 

0.001/s 0.6 0.6 0.4 0.38 0.46 0.69 

0.01/s 1 0.39 0.24 0.28 0.3 0.45 

0.05/s 0.37 0.3 0.23 0.21 0.28 0.36 

0.1/s 0.27 0.23 0.17 0.12 0.17 0.36 
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Figure 5.104: Evolution of material parameter A of K-Z model 

b 

Table 5.34 and figure 5.105 shows that the material parameter b decreases with the increase of 

the strain rate and stages of degradation. With the increase of degradation, the parameter b 

decreases up to the degradation stage of 15 days and after that, it shows an increase in the last two 

degradation stages. The exception being at lowest strain rate, where it remains constant except at 

5 days. As this parameter is affected by the strain rate as well as the degradation. Therefore, this 

parameter is dependent on the viscous as well as the elastic parameters of the model. 

 

Figure 5.105: Evolution of material parameter b of K-Z model 
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5.4 Constitutive Modelling of MaxonTM Monofilament Yarn 

Khan Model 

Khan Model is used to model the uniaxial tensile test behaviour for the undegraded and degraded 

maxonTM fibres. During each stage of degradation, it was assumed that the stiffness parameter 

does not change during a degradation stage with the increase of the strain rate and the only viscous 

parameter is changing for that degradation stage with the increase of strain rate. Thus, the viscous 

parameter is assumed as stain dependent and stiffness parameter is assumed to be dependent on 

degradation. 

Undegraded MaxonTM fibre 

Parameters are obtained by using the uniaxial tensile test data as presented in chapter 4. Table 

5.35 shows the value of parameters required to model the undegraded maxonTM fibres at different 

strain rate. While keeping these assumptions, the model can fit the experimental data quite well 

as can be seen from the figure 5.106 and r-squared value. Also, viscous parameters are decreasing 

with the increase of strain rate, as shear thinning is experienced by the polymeric material with 

the increase of strain rate. Shear thinning indicates that with the increase of strain rate, the 

viscosity experienced by the polymer molecules is decreasing [1-3]. Figure 5.107 shows the shear 

thinning phenomena experienced by the maxonTM fibres.  

 

Figure 5.106: Modelling the constant strain rate behaviour for undegraded MaxonTM fibres at 

different strain rates by Khan Model 
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Table 5.35: Evolution of parameters of Khan Model for undegraded MaxonTM fibre with the 

increase of strain rate 

StrainRate 
Parameters 

Undegraded Specimen 

0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

c1 130 130 130 130 130 

c2 590 590 590 590 590 

n2 0.75 0.75 0.75 0.75 0.75 

η1 9970 860 95 25 18 

η2 2021 1210 260 90 45 

Viscosity Function 

Figure 5.107 shows the evolution of viscous parameters with the strain rate. This evolution can 

be modelled by using the power law function as shown in figure 5.108. Following this, the viscous 

parameter is kept constant for further stages of degradation and only parameters which are based 

on the stiffness of the spring are made to change. As it was assumed that only the degradation 

affects the elastic parameters.  

 

Figure 5.107: Evolution of viscous parameter of MaxonTM fibres for Khan model 

 

Figure 5.108: Modelling of the viscous parameter by a power law for MaxonTM fibres 



 
183 

Table 5.36: Evolution of stiffness parameters of Khan Model with degradation stage 

Number of Days 
Stiffness parameters 

0 Days 20 Days 40 Days 

c1 130 62 30.6 

c2 590 505 320.8 

n2 0.75 0.75 0.75 

Figure 5.109 and table 5.36 shows that the parameters c1 and c2 decrease with the increase of the 

degradation stages. Parameter n2 remains constant and does not vary with the strain rate as well 

as degradation. These results fall in line with the experimental results for the initial and secondary 

stiffness. 

 

Figure 5.109: Evolution of Khan parameters with the degradation stages 

 

Figure 5.110: Modelling the constant strain rate behaviour for 20 days degraded maxonTM 

fibres at different strain rates by Khan Model  
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Figure 5.110-5.111 shows the modelling of the constant strain rate (CSR) behaviour for various 

degradation stages. From the figure, it can be analyzed that the model can fit the experimental 

results well as shown by the r-squared value. As we move from degradation of 20 days to 40 days, 

fibres begin to change its behaviour from ductile to brittle. In the initial stages of degradation, 

fibres show the strain hardening effect. The model is not able to capture this strain hardening 

effect. However, the brittle behaviour is captured well by the model, which explains the 

limitations of the model to the viscoplasticity.  

 

Figure 5.111: Modelling the constant strain rate behaviour for 40 days degraded maxonTM 

fibres at different strain rates by Khan Model  

 

Figure 5.112: Modelling the degradation behaviour of maxonTM fibres at a constant strain rate 

of 0.0001/s by Khan Model 



 
185 

Figure 5.112-5.116 shows the modelling of the maxonTM fibres with the increase of the 

degradation stages at the constant strain rate. At higher strain rate, when the model shows 

increased stiffness, the model behaves much better than the one at lower strain rates.  

 

Figure 5.113: Modelling the degradation behaviour of maxonTM fibres at a constant strain rate 

of 0.001/s by Khan Model 

 

Figure 5.114: Modelling the degradation behaviour of maxonTM fibres at a constant strain rate 

of 0.01/s by Khan Model 
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Figure 5.115: Modelling the degradation behaviour of maxonTM fibres at a constant strain rate 

of 0.05/s by Khan Model 

 

Figure 5.116: Modelling the degradation behaviour of maxonTM fibres at a constant strain rate 

of 0.1/s by Khan Model 

Kontou – Zacharatos Model 

As previously discussed, equation 5.7 and equation 5.8 are obtained by solving the equation 5.5 

by finite difference method and is used to solve the force and strain by imposing the strain and 

force respectively. 
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Undegraded Specimen 

Table 5.37 shows the material parameters of undegraded maxonTM fibres by K-Z model with the 

increase of strain rate. Figure 5.117-5.121 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force. Figure 5.117-5.121, it can be analysed that unlike 

Khan model, K-Z model can fit better at a lower strain rate, as shown by the r-squared value. 

Table 5.37: Evolution of parameters of K-Z Model for undegraded MaxonTM fibres with strain 

rate 

0 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 450 440 430 415 415 

n2 -0.6 -0.5 -0.45 -0.4 -0.4 

E2 410 410 410 410 410 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 1 1 0.65 0.3 

 

Figure 5.117: K-Z model for undegraded maxonTM fibres at a constant strain rate of 0.0001/s 

 

Figure 5.118: K-Z model for undegraded maxonTM fibres at a constant strain rate of 0.001/s 
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Figure 5.119: K-Z model for undegraded maxonTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.120: K-Z model for undegraded maxonTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.121: K-Z model for undegraded maxonTM fibres at a constant strain rate of 0.1/s 
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20 Days Degradation 

Table 5.38 shows the material parameters of 20 days degraded maxonTM fibres by K-Z model. 

Figure 5.122-5.126 shows the modelling results at the constant strain by imposing the strain and 

by imposing the force simultaneously. Figure 5.122-5.126, it can be said that the K-Z model is 

able to capture the experimental data quite well as shown by the r-squared value. 

Table 5.38: Evolution of parameters of K-Z Model for 20 days degraded maxonTM fibres with 

the increase of strain rate 

20 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 450 430 430 420 410 

n2 -0.65 -0.6 -0.53 -0.5 -0.45 

E2 410 410 410 410 410 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 1 1 0.65 0.3 

 

Figure 5.122: K-Z model for 20 days degraded maxonTM fibres at a constant strain rate of 

0.0001/s 

 

Figure 5.123: K-Z model for 20 days degraded maxonTM fibres at a constant strain rate of 

0.0001/s 
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Figure 5.124: K-Z model for 20 days degraded maxonTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.125: K-Z model for 20 days degraded maxonTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.126: K-Z model for 20 days degraded maxonTM fibres at a constant strain rate of 0.1/s 
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40 Days Degradation 

Table 5.39 shows the material parameters of 40 days degraded maxonTM fibres by K-Z model. 

with the increase of strain rate. Figure 5.127-5.131 shows the modelling results at the constant 

strain rate by imposing the strain and by imposing the force simultaneously. From figure 5.76-

5.80, it can be analysed that the K-Z model can fit the experimental results well as shown by the 

r-squared value. At this stage of degradation, fibres have become very fragile and are brittle. 

Strain reached by the fibres is not very high and model captures almost all the data points. 

Table 5.39: Evolution of parameters of K-Z Model for 40 days degraded maxonTM fibres with 

the increase of strain rate 

40 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 248 248 240 240 235 

n2 -0.65 -0.56 -0.44 -0.43 -0.44 

E2 57 57 110 110 110 

A 0.0001 0.001 0.01 0.05 0.1 

b 1 1 1 1 1 

 

Figure 5.127: K-Z model for 40 days degraded maxonTM fibres at a constant strain rate of 

0.0001/s 

 

Figure 5.128: K-Z model for 40 days degraded maxonTM fibres at a constant strain rate of 

0.001/s 
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Figure 5.129: K-Z model for 40 days degraded maxonTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.130: K-Z model for 40 days degraded maxonTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.131: K-Z model for 40 days degraded maxonTM fibres at a constant strain rate of 0.1/s 



 
193 

Evolution of model parameters for K-Z Model with the degradation stages  

n1 

Table 5.40 and figure 5.132 shows the evolution of material parameter n1 of K-Z model. With the 

increase of the strain rate, for undegraded fibres, material parameter n1 decreases up to the strain 

rate of 0.05/s and for the last stage of degradation, it remains constant. For 20 days of degradation, 

it decreases first then become constant and at last decreases again. At last stage of degradation, 

parameter remains constant till 0.001/s and further decrease at last. With degradation, parameter 

n1 decreases with the degradation. However, at 20 days of degradation, it remains constant at a 

strain rate of 0.0001/s and 0.01/s. 

Table 5.40: Evolution of material parameter n1 of K-Z model 

n1 0 Days 20 Days 40 Days 

0.0001/s 450 450 248 

0.001/s 440 430 248 

0.01/s 430 430 240 

0.05/s 415 420 240 

0.1/s 415 410 235 

Table 5.41: Evolution of material parameter n2 of K-Z model 

n2 0 Days 20 Days 40 Days 

0.0001/s -0.6 -0.65 -0.65 

0.001/s -0.5 -0.6 -0.56 

0.01/s -0.45 -0.53 -0.44 

0.05/s -0.4 -0.5 -0.43 

0.1/s -0.4 -0.45 -0.44 

 

Figure 5.132: Evolution of material parameter n1 of K-Z model 
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n2 

Table 5.41 and figure 5.133 shows the evolution of material parameter n2 of K-Z model. Material 

parameter n2 decreases with the increase of strain rate. With the increase of degradation stages, 

the value of the parameter increases for the intermediate stage and then decreases for the last stage 

of degradation. 

 

Figure 5.133: Evolution of material parameter n2 of K-Z model 

E2 

Table 5.42 and figure 5.134 shows the evolution of material parameter E2 of K-Z model. 

Parameter remains constant for the first two stages of degradation, even with the increase of the 

strain rate. It decreases for the last stage of degradation and with the increase of strain rate it 

increases. For undegraded and 20 days of degradation, material parameter follows the assumption 

and stiffness parameter remain constant with respect to the strain rate. However, they remain 

constant with degradation which is a total violation of the assumptions. 

Table 5.42 Evolution of material parameter E2 of K-Z model 

E2 0 Days 20 Days 40 Days 

0.0001/s 410 410 57 

0.001/s 410 410 57 

0.01/s 410 410 110 

0.05/s 410 410 110 

0.1/s 410 410 110 
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Figure 5.134: Evolution of material parameter E2 of K-Z model 

A 

Table 5.43 and figure 5.135 shows that the material parameter A increases with the increase of 

strain rate and with degradation ait remains constant. The value of the parameter is the value of 

the strain rate. Therefore, it can be said that this parameter is directly proportional to the strain 

rate. 

Table 5.43: Evolution of material parameter A of K-Z model 

A 0 Days 20 Days 40 Days 

0.0001/s 0.0001 0.0001 0.0001 

0.001/s 0.001 0.001 0.001 

0.01/s 0.01 0.01 0.01 

0.05/s 0.05 0.05 0.05 

0.1/s 0.1 0.1 0.1 

Table 5.44: Evolution of material parameter b of K-Z model 

b 0 Days 20 Days 40 Days 

0.0001/s 1 1 1 

0.001/s 1 1 1 

0.01/s 1 1 1 

0.05/s 0.65 0.65 1 

0.1/s 0.3 0.3 1 
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Figure 5.135: Evolution of material parameter A of K-Z model 

b 

Table 5.44 and figure 5.136 shows that material parameter b remains constant with the increase 

of the degradation up to the strain rate of 0.01/s. For the last stage of degradation, it remains 

constant throughout. For the first two stages of degradation, the value of parameter decreases at 

a higher strain rate of 0.05/s and 0.1/s. 

 

Figure 5.136: Evolution of material parameter b of K-Z model 
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5.5 Constitutive Modelling of BiosynTM Monofilament Yarn 

Khan Model 

Khan model is used to model the uniaxial tensile test behaviour for the undegraded and degraded 

biosynTM fibres. During each stage of degradation, it was assumed that the stiffness parameter 

does not change during a degradation stage and the only viscous parameter is changing for that 

degradation stage with the increase of strain rate. Thus, the viscous parameter is assumed as stain 

dependent and stiffness parameter is assumed to be dependent on degradation.  

Undegraded BiosynTM fibre 

Parameters are obtained by using the uniaxial tensile test data as presented in chapter 4. Table 

5.45 shows parameters obtained by fitting the experimental data. While keeping these 

assumptions, the model can fit the experimental data quite well as can be seen from the figure 

5.137 and r-squared value. Viscous parameters are decreasing with the increase of strain rate, as 

shear thinning is experienced by the polymeric material with the increase of strain rate. Shear 

thinning indicates that with the increase of strain rate, the viscosity experienced by the polymer 

molecules is decreasing [1-3]. Figure 5.138 shows the shear thinning phenomena experienced by 

the biosynTM fibres. 

Table 5.45: Evolution of parameters of Khan Model for undegraded biosynTM fibre with the 

increase of strain rate 

StrainRate 
Parameters 

Undegraded Specimen 

0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

c1 141 141 141 141 141 

c2 1033 1033 1033 1033 1033 

n2 1 0.85 0.8 0.8 0.77 

η1 14712 1419 131 35 16 

η2 202 175 90 29 19 

 

Figure 5.137: Modelling the constant strain rate behaviour for undegraded biosynTM fibres at 

different strain rates by Khan Model 
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Viscosity Function 

Figure 5.138 shows the evolution of viscous parameters with the strain rate. This evolution can 

be modelled by using the power law function as shown in figure 5.139. Following this, the viscous 

parameter is kept constant for further stages of degradation and only parameters which are based 

on the stiffness of the spring are made to change with degradation, as it was assumed that only 

the degradation affects the elastic parameters. 

 

Figure 5.138: Evolution of viscous parameter of biosynTM fibres for Khan model 

 

Figure 5.139: Modelling of the viscous parameter by a power law for biosynTM fibres 

Figure 5.140 and table 5.46 shows that the parameters c1 decreases with the increase of the 

degradation up to 20 days of degradation. Further, for the last degradation stage, the value of 

parameter decreases. Figure 5.140 and table 5.47 shows that the parameters c2 decreases with the 

increase of the degradation and remain constant with the strain rate. 
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Table 5.46: Evolution of stiffness parameter c1 of Khan Model with degradation stage 

c1 0 Days 10 Days 20 Days 30 Days 

0.0001/s 141 80 75 95 

0.001/s 141 80 75 95 

0.01/s 141 80 75 95 

0.05/s 141 80 75 95 

0.1/s 141 80 75 95 

Table 5.47: Evolution of stiffness parameter c2 of Khan Model with degradation stage 

c2 0 Days 10 Days 20 Days 30 Days 

0.0001/s 1033 780 646 112 

0.001/s 1033 780 646 112 

0.01/s 1033 780 646 112 

0.05/s 1033 780 646 112 

0.1/s 1033 780 646 112 

 
Figure 5.140: Evolution of Khan parameters with the degradation stages 

Figure 5.141and table 5.48 shows the evolution of the parameter n2, at the lowest strain rate it 

remains constant, irrespective of the degradation stages. At other degradation stages, the evolution 

decreases with the increase of the strain rate. But, at the last stage of the degradation, it reaches 

the same value as at the beginning as that of the lowest strain rate. 

Table 5.48: Evolution of stiffness parameters of Khan Model with degradation stage 

n2 0 Days 10 Days 20 Days 30 Days 

0.0001/s 1 1 1 1 

0.001/s 0.85 0.92 0.89 1 

0.01/s 0.8 0.85 0.83 1 

0.05/s 0.8 0.92 0.86 1 

0.1/s 0.77 0.92 0.81 1 
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Figure 5.141: Evolution of Khan parameters with the degradation stages 

Figure 5.142-5.144 shows the modelling of the constant strain rate (CSR) behaviour at different 

degradation stages by using the parameters mentioned above. From these figures, it can be 

analysed that the model can fit the experimental results well as shown by the r-squared value. For 

the last stage of degradation, as discussed in chapter 4 the biosynTM fibres show change of shape 

from the J-shape to the S-shape curve. The Khan model can capture this transition for the last 

stage of degradation, only for the highest strain rate, there is some deviation from the experimental 

data. Other than that, all the data points are captured well by the Khan model as shown by the r-

squared value. 

 

Figure 5.142: Modelling the constant strain rate behaviour for 10 days degraded biosynTM fibres 

at different strain rates by Khan Model  
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Figure 5.143: Modelling the constant strain rate behaviour for 20 days degraded biosynTM fibres 

at different strain rates by Khan Model  

 

Figure 5.144: Modelling the constant strain rate behaviour for 30 days degraded biosynTM fibres 

at different strain rates by Khan Model  

Figure 5.145-5.149 shows the modelling of the biosynTM fibres with the increase of the 

degradation stages at the constant strain rate. With the increase of degradation stages, as the fibres 

are changing their behaviour from rubbery to the glassy behaviour, the model can simulate this 

glassy characteristic of the polymer quite well. For the undegraded fibres, there exists strain 

hardening of the polymer, and model is not suitable to capture this strain hardening phenomenon. 
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Figure 5.145: Modelling the degradation behaviour of biosynTM fibres at a constant strain rate of 

0.0001/s by Khan Model 

 

Figure 5.146: Modelling the degradation behaviour of biosynTM fibres at a constant strain rate 

of 0.001/s by Khan Model 
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Figure 5.147: Modelling the degradation behaviour of biosynTM fibres at a constant strain rate 

of 0.01/s by Khan Model 

 

Figure 5.148: Modelling the degradation behaviour of biosynTM fibres at a constant strain rate 

of 0.05/s by Khan Model 
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Figure 5.149: Modelling the degradation behaviour of biosynTM fibres at a constant strain rate 

of 0.1/s by Khan Model 

Kontou – Zacharatos Model 

As previously discussed, equation 5.7 and equation 5.8 are obtained by solving the equation 5.5 

by finite difference method and is used to solve the force and strain by imposing the strain and 

force respectively. 

Undegraded Specimen 

Table 5.49 shows the material parameters of undegraded biosynTM fibres by K-Z model with the 

increase of strain rate. Figure 5.150-154 shows the modelling results at the constant strain by 

imposing the strain and by imposing the force. The model is not able to capture the strain 

hardening induced in the biosynTM fibres and show a deviation from the experimental curve at the 

end.  

Table 5.49: Evolution of parameters of K-Z Model for undegraded biosynTM fibres with the 

increase of strain rate 

0 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 1320 1320 1320 1320 1320 

n2 -1 -1 -0.95 -0.95 -0.85 

E2 118 132 200 270 330 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.66 0.38 0.3 0.075 0.3 
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Figure 5.150: K-Z model for undegraded biosynTM fibres at a constant strain rate of 0.0001/s 

 

Figure 5.151: K-Z model for undegraded biosynTM fibres at a constant strain rate of 0.001/s 

 

Figure 5.152: K-Z model for undegraded biosynTM fibres at a constant strain rate of 0.01/s 
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Figure 5.153: K-Z model for undegraded biosynTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.154: K-Z model for undegraded biosynTM fibres at a constant strain rate of 0.1/s 

10 Days Degradation 

Table 5.50 shows the material parameters of 10 days degraded biosynTM fibres by K-Z model with 

the increase of strain rate. Figure 5.155-5.159 shows the modelling results at the constant strain 

by imposing the strain and by imposing the force simultaneously. From figures, it can be said that 

the model is able to capture data points as shown by the r-squared value. In case of biosynTM 

fibres, from the first degradation stage itself, fibres behaviour has changed from rubbery to the 

glassy one. Because of this change of behaviour, biosynTM fibres are not undergoing large 

deformation, which is the salient point for being able to capture the points at this stage of 

degradation.  
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Table 5.50: Evolution of parameters of K-Z Model for 10 days degraded biosynTM fibres with 

the increase of strain rate 

10 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 810 810 810 810 810 

n2 -1 -0.95 -0.9 -0.9 -0.9 

E2 82 82 82 82 82 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.66 0.46 0.27 0.36 0.3 

 

Figure 5.155: K-Z model for 10 days degraded biosynTM fibres at a constant strain rate of 

0.0001/s 

 

Figure 5.156: K-Z model for 10 days degraded biosynTM fibres at a constant strain rate of 

0.001/s 
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Figure 5.157: K-Z model for 10 days degraded biosynTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.158: K-Z model for 10 days degraded biosynTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.159: K-Z model for 10 days degraded biosynTM fibres at a constant strain rate of 0.1/s 
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20 Days Degradation 

Table 5.51 shows the material parameters of 20 days degraded biosynTM fibres by K-Z model with 

the increase of strain rate. Figure 5.160-5.164 shows modelling with the increase of strain rate, at 

this stage of degradation fibres have become fragile and brittle. At this stage, because of the brittle 

behaviour of the fibre, strain reached by the fibres is not very high and model is able to capture 

the data points quite well as shown by the r-squared value. 

Table 5.51: Evolution of parameters of K-Z Model for 20 days degraded biosynTM fibres with 

the increase of strain rate 

20 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 640 640 640 640 640 

n2 -1 -0.9 -0.85 -0.83 -0.79 

E2 67 67 88 120 120 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.66 0.5 0.3 0.3 0.25 

 

Figure 5.160: K-Z model for 20 days degraded biosynTM fibres at a constant strain rate of 

0.0001/s 

 

Figure 5.161: K-Z model for 20 days degraded biosynTM fibres at a constant strain rate of 

0.001/s 
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Figure 5.162: K-Z model for 20 days degraded biosynTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.163: K-Z model for 20 days degraded biosynTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.164: K-Z model for 20 days degraded biosynTM fibres at a constant strain rate of 0.1/s 
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30 Days Degradation 

Table 5.52 shows the material parameters of 30 days degraded biosynTM fibres by K-Z model with 

the increase of strain rate. Figure 5.165-5.169 shows modelling with the increase of strain rate, at 

this stage of degradation fibres changes the shape of the curve from J-shape to the S-shape. K-Z 

model responds to this change in a positive way and fits the data points well, as can be seen from 

the r-squared value.  

Table 5.52: Evolution of parameters of K-Z Model for 30 days degraded biosynTM fibres with 

the increase of strain rate 

30 Days 0.0001/s 0.001/s 0.01/s 0.05/s 0.1/s 

n1 210 210 210 210 210 

n2 -0.95 -0.95 -0.85 -0.8 -0.77 

E2 78 106 160 190 190 

A 0.0001 0.001 0.01 0.05 0.1 

b 0.9 0.6 0.43 0.34 0.34 

 

Figure 5.165: K-Z model for 30 days degraded biosynTM fibres at a constant strain rate of 

0.0001/s 

 

Figure 5.166: K-Z model for 30 days degraded biosynTM fibres at a constant strain rate of 

0.001/s 
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Figure 5.167: K-Z model for 30 days degraded biosynTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.168: K-Z model for 30 days degraded biosynTM fibres at a constant strain rate of 0.05/s 

 

Figure 5.169: K-Z model for 30 days degraded biosynTM fibres at a constant strain rate of 0.1/s 
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Evolution of model parameters for K-Z Model with the degradation stages  

n1 

Table 5.53 and figure 5.170 shows the evolution of material parameter n1 of K-Z model. Material 

parameter n1 remains constant with the increase of strain rate but decreases with the increase of 

the degradation stages. This evolution is consistent with the conclusions made in the chapter 

experimental results. This behaviour of the evolution of model lead to the conclusion that 

parameter n1 is a stiffness parameter. 

Table 5.53: Evolution of material parameter n1 of K-Z model 

n1 0 Days 10 Days 20 Days 30 Days 

0.0001/s 1320 810 640 210 

0.001/s 1320 810 640 210 

0.01/s 1320 810 640 210 

0.05/s 1320 810 640 210 

0.1/s 1320 810 640 210 

 

Figure 5.170: Evolution of material parameter n1 of K-Z model 

n2 

Table 5.54 and figure 5.171 shows the evolution of material parameter n2 of K-Z model. For 

undegraded fibres and 10 days of degradation, the parameter n2 remains constant and changes by 

a small amount. But, with the change of fibres from rubbery to the glassy state, this parameter 

starts decreasing with the increase of strain rate. This behaviour is observed in the last two stages 

of degradation.  
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Table 5.54: Evolution of material parameter n2 of K-Z model 

n2 0 Days 10 Days 20 Days 30 Days 

0.0001/s -1 -1 -1 -0.95 

0.001/s -1 -0.95 -0.9 -0.95 

0.01/s -0.95 -0.9 -0.85 -0.85 

0.05/s -0.95 -0.9 -0.83 -0.8 

0.1/s -0.85 -0.9 -0.79 -0.77 

 

Figure 5.171: Evolution of material parameter n2 of K-Z model 

E2 

Table 5.55 and figure 5.172 shows the evolution of material parameter E2 of K-Z model. 

Parameter stays constant for the first stage of degradation and with the increase of the strain rate. 

For other degradation stages, the evolution of model parameter increases with the strain rate.  

Table 5.55: Evolution of material parameter E2 of K-Z model 

E2 0 Days 10 Days 20 Days 30 Days 

0.0001/s 118 82 67 78 

0.001/s 132 82 67 106 

0.01/s 200 82 88 160 

0.05/s 270 82 120 190 

0.1/s 330 82 120 190 
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Figure 5.172: Evolution of material parameter E2 of K-Z model 

A 

Table 5.56 and figure 5.173, shows the evolution of material parameter A of K-Z model. Material 

parameter A increases with the increase of strain rate and the value of the parameter is the value 

of the strain rate. Therefore, it can be said that this parameter is directly proportional to the strain 

rate. 

 

Figure 5.173: Evolution of material parameter A of K-Z model 
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Table 5.56: Evolution of material parameter A of K-Z model 

A 0 Days 10 Days 20 Days 30 Days 

0.0001/s 0.0001 0.0001 0.0001 0.0001 

0.001/s 0.001 0.001 0.001 0.001 

0.01/s 0.01 0.01 0.01 0.01 

0.05/s 0.05 0.05 0.05 0.05 

0.1/s 0.1 0.1 0.1 0.1 

b 

Table 5.57 and figure 5.174 shows that the material parameter decreases with the increase of the 

strain rate. With the increase of the degradation sages, it shows a slight increase, parameter is 

affected by the strain rate as well as the degradation. Therefore, this parameter is dependent on 

the viscous as well as the elastic parameters of the model. 

Table 5.57: Evolution of material parameter b of K-Z model 

b 0 Days 10 Days 20 Days 30 Days 

0.0001/s 0.66 0.66 0.66 0.9 

0.001/s 0.38 0.46 0.5 0.6 

0.01/s 0.3 0.27 0.3 0.43 

0.05/s 0.075 0.36 0.3 0.34 

0.1/s 0.3 0.3 0.25 0.34 

 

Figure 5.174: Evolution of material parameter b of K-Z model
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5.6 Constitutive Modelling of CaprosynTM Monofilament Yarn 

Khan Model 

Khan Model is used to model the uniaxial tensile test behaviour for the undegraded caprosynTM 

fibres. For caprosynTM, data for degradation stage is not available, as the rate of degradation was 

too fast. Therefore, it was not possible to perform the uniaxial tensile tests for the degraded 

caprosynTM. For the undegraded caprosynTM fibres, it is assumed that only viscous parameter is 

varying with the increase of strain rate. Thus, the viscous parameter is assumed as stain dependent 

and stiffness parameter is assumed to be independent of the strain rate.  

Undegraded CaprosynTM fibre 

Parameters are obtained by using the uniaxial tensile test data as presented in chapter 4. Table 

5.58 shows the value of parameters obtained by fitting the experimental data. While keeping these 

assumptions, the model can fit the experimental data quite well as can be seen from the figure 

5.175 and r-squared value. From the table, only viscous parameters are decreasing with the 

increase of strain rates. With the increase of strain rate, shear thinning is experienced by the 

polymeric material and thus viscous parameter decreases with the increase of strain rate as can be 

seen from the figure 5.176. Shear thinning indicates that on increasing the strain rate, the viscous 

flow experienced by the polymer molecules is decreasing [1–3]. By using the parameters from 

the table 5.58, the model can fit the constant strain rate behaviour of the caprosynTM fibres.  

 

Figure 5.175: Modelling the constant strain rate behaviour for undegraded caprosynTM fibres at 

different strain rates by Khan Model 
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Table 5.58: Evolution of Khan Model parameters for undegraded caprosynTM fibre with strain 

rate 

StrainRate 
Parameters 

Undegraded Specimen 

0.0001 0.001 0.01 0.1 0.5 

c1 110 110 110 110 110 

c2 875 875 875 875 875 

n2 1 0.93 0.88 0.87 0.83 

η1 14712 1419 131 16 6.8 

η2 202 175 90 19 5 

Viscosity Function 

Figure 5.176 shows the evolution of viscous parameters with the strain rate which depicts the 

shear thinning phenomena quite well. This evolution of viscosity can be modelled by using the 

power law as shown in figure 5.177. 

 

Figure 5.176: Evolution of viscous parameter of caprosynTM fibres for Khan model. 

 

Figure 5.177: Modelling of the viscous parameter by a power law for caprosynTM fibres 
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Kontou – Zacharatos Model 

As previously discussed, equation 5.7 and equation 5.8 are obtained by solving the equation 5.5 

by finite difference method and is used to solve the force and strain by imposing the strain and 

force respectively. 

Undegraded Specimen  

Table 5.59 shows the material parameters of undegraded caprosynTM fibres by K-Z model with 

the increase of strain rate. Figure 5.178-5.182 shows the modelling results at the constant strain 

by imposing the strain and by imposing the force. From table 5.59, parameter n1 stays constant 

with the increase of strain rate, n2 decreases with the increase of the strain rate. Parameter E2 and 

b remain constant up to the strain rate of 0.01/s and after that, it increases.  Material parameter A 

increases with the increase of strain rate and with degradation it stays constant. The value of the 

parameter is the value of the strain rate. Therefore, it can be said that this parameter is directly 

proportional to the strain rate. 

Table 5.59: Evolution of parameters of K-Z Model for undegraded caprosynTM fibres with the 

increase of strain rate 

0 Days 0.0001/s 0.001/s 0.01/s 0.1/s 0.5/s 

n1 870 870 870 870 870 

n2 -1 -0.93 -0.87 -0.89 -0.85 

E2 140 140 140 180 220 

A 0.0001 0.001 0.01 0.1 0.5 

b 0.45 0.45 0.45 0.18 0.13 

 

Figure 5.178: K-Z model for undegraded caprosynTM fibres at a constant strain rate of 0.0001/s 
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Figure 5.179: K-Z model for undegraded caprosynTM fibres at a constant strain rate of 0.001/s 

 

Figure 5.180: K-Z model for undegraded caprosynTM fibres at a constant strain rate of 0.01/s 

 

Figure 5.181: K-Z model for undegraded caprosynTM fibres at a constant strain rate of 0.1/s 
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Figure 5.182: K-Z model for undegraded caprosynTM fibres at a constant strain rate of 0.5/s 

5.7 Conclusion 

Five materials are used in this study, namely PLA, PGLA, caprosynTM, biosynTM and maxonTM. 

These materials are modelled by using the Khan model and K-Z model. Both models are an 

extension of the three-element standard solid model, they are used to model the uniaxial tensile 

test results obtained from progressive degradation of the biodegradable polymer fibres. Both the 

models are able to capture the uniaxial tensile tests data points quite well as seen from the r-

squared value. K-Z model considered the non-linear spring in parallel to the Maxwell element, 

instead of Kelvin element as in Khan model. Here, Maxwell element is non-linear and has an 

Eyring dashpot in series along with the linear spring. Non-linear spring is dependent on the 

strain 𝜀(𝑡). Model parameters are found out by using the method of least squares in Excel by 

using the uniaxial tensile test data. Goodness of fit is measured by using the R-squared function 

of excel. For Khan model it was assumed that during each stage of degradation, stiffness 

parameter does not change during a degradation and only viscous parameter is changing for that 

degradation stage with the increase of strain rate. So, the viscous parameter is assumed as strain 

dependent and the stiffness parameter is assumed to be dependent on the degradation. Model 

seems to follow the experimental results with the assumptions made and gives the good fit, as can 

be seen from the r-squared value. For the K-Z model, no restrictions were placed on the model 

parameters and focus is kept on fitting the data points precisely. Model parameters obtained this 

way closely resembles the evolution of mechanical parameters in the earlier chapter. Evolution 

of elastic parameter follows the same trend as that of the evolution of initial and secondary 

stiffness in the previous chapter. Model can fit the experimental data more precisely as compared 

to the Khan model.  

Both the models depict the shear thinning phenomena experienced by the polymer fibres. In case 

of PLA fibres, viscosity function described by equation 5.3 can model the shear thinning 
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phenomena quite well. Khan and K-Z model are non-linear viscoelastic models, and both were 

able to follow the viscoelastic characteristics of these biodegradable fibres. 
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Chapter 6: Conclusion and Future Work



 
224 

6.1 Conclusion 

Tissue engineering deals with the regeneration of new tissue, regenerative devices will be going to 

prosper in the future. The ACL is one of the four main ligaments of the knee, which helps in keeping 

the knee stable. For the ACL injury, the scaffold is used to provide immediate stabilization to the 

problem. The selected scaffold should provide the conditions for the cells to proliferate and generate 

the tissue. Pore size should be in the range of 200-250 µm for the cells to grow, transport of oxygen and 

other important nutrients required for growth. These pores will also help to carry the metabolic waste 

out of the system. Porosity and surface area of the scaffold must be optimized as it affects the 

mechanical integrity of the scaffold. The highly porous structure may lead to catastrophic failure as it 

is more fragile when compared to the less porous scaffold. So, the equilibrium should be maintained 

between the connectivity and the mechanical integrity.  

The aim of a scaffold should be to restore the functioning of ACL during the rehabilitation period and 

to provide cells with a suitable microenvironment for growth. Biodegradable polymers in case of the 

ACL should supply the long-term load bearing capabilities, strengthen the torn tissue during the 

rehabilitation period and subsequently lose the mechanical properties. In the meantime, ligament must 

restore its full capacity during rehabilitation. By the time the device decays, the cultured cell over the 

scaffold should form new tissues. New tissues formed thus replace the biomechanical functions slowly 

over the time. This is the general idea that how a tissue engineering can be used to solve the problem 

of ACL injury. These characteristics will prevent the requirement of the revision surgery which should 

be the prime focus of the development of medical device in ACL repair.  

Material selection for scaffold is the major challenge, in this work five biodegradable materials were 

used in this study, namely PLA, PGLA, caprosynTM, biosynTM and maxonTM. Current work focuses on 

the mechanical characterization of these biodegradable polymers and to study the in-vitro degradation 

of these biodegradable polymers at 37 °C, which is the human body temperature. For simulating the 

degradation behaviour of these biomaterial, they were subjected to the PBS environment. Then uniaxial 

tensile tests were performed up to failure. Five strain rates were chosen, higher strain rate of 0.1/s is 

chosen to disregard the viscoelastic phenomena and lower strain rate of 0.0001/s is chosen to accurately 
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reproduce the loading program. Degradation depends on the degree of hydrophilicity; the ester group is 

responsible for the degradation which leads to chain scission. When the ester bond in the polymer chain 

is attacked by the water molecule, it degrades into the shorter chain containing the carboxylic end group 

known as oligomers. As the number of chain containing this carboxylic group increases with time, they 

start to act as a catalyst and catalyses the hydrolysis of other ester bonds.  

After the immersion of these biodegradable fibres into PBS, degradation starts to occur in the region of 

low crystallinity. The swelling in these regions is more as compared to the crystalline region, as large 

volume of water begins to get swelled in these regions. A negative gradient exists from the surface to 

centre and continues till the saturation has reached. Hydrolytic degradation starts to cleavage the chains 

from the initial stage of degradation. At the beginning, the concentration of oligomer units was very 

low. In the later stages of degradation, there are enough oligomer units in the solution; which acts as a 

catalyst to accelerate the rate of degradation, which is justified by the experimental data obtained. 

PLA and PGLA are multifilament, on the application of load, friction is generated between these multi-

filaments. When these fibres are soaked in the PBS for degradation, they start absorbing the water 

molecule and becomes soft. Water acts as a lubricant between the filaments and these fibres are thus 

able to reach higher load.  Hydrophobic nature of PLA explains the low rate of degradation as not 

enough water molecules is able to get inside the molecular structure. Thus, justifying their low 

degradation behaviour. Further, with the degradation; a large volume of PBS gets swelled in the PLA, 

making the polymer soft. With various degradation stages (progressively increasing), failure now occurs 

at large deformation. From the experimental results, it is concluded that after 150 days of degradation 

at 37 °C, crystalline phase remains inside the PLA fibres and is capable to withstand the loading.  

PGLA fibres in the beginning of degradation absorb more water molecule which makes the PGLA fibres 

soft, this leads to increase in the displacement of fibres at break at the initial stages of degradation. 

When PGLA fibres reaches at the end of their life, these fibres show pigmentation, thinning and 

shortening of the length. As the fibres are experiencing more degradation they become soft and results 

in decrease of stiffness. The mobility of the amorphous phase decreases with the increase of degradation 

stages. It is referred to as the physical ageing. Shrinkage of the length of the fibres is observed at the 
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end of the degradation stages before losing their mechanical properties. PLA and PGLA fibres follow 

a S-shape force vs displacement curve, if the S-shaped curve is prestressed enough, then it may get 

converted into the J-shaped curve; as the initial portion of the force-displacement curve gets lost due to 

the prestressing of the fibres.  

CaprosynTM, biosynTM and maxonTM are monofilament fibres, with the application of load there is no 

friction as being the monofilament. These monofilament fibres follow the J-shaped curve or concave 

shape, this implies that in the beginning of the curve, a small increase in the value of force gives a large 

extension. Therefore, the total energy absorbed till fracture is less when compared to the equivalent 

Hookean curve, this means that the toughness for these cases will be less than the equivalent Hookean 

curves. This is important as the release of energy drives the crack propagation, the material which 

releases less energy is tougher than the other one. With the increase of strain rate, the material gets 

stiffer and these J-shape curve gets converted into a S-shaped curve.  

DSC is used to find the degree of crystallinity at the end of each different degradation stages. For PLA, 

the rate of degradation is slow and even after 150 days of degradation at 37 °C, crystalline phase 

remains. Twin peaks are observed for the PLA, which indicates the presence of at least two distinct 

crystal lamellae. BiosynTM and PGLA fibres loses the load bearing capabilities after 30 days. Whereas, 

maxonTM fibres can bear the mechanical load for the 40 days. MaxonTM fibres have relatively lower rate 

of degradation than the biosynTM and PGLA fibres. Water helps in lowering the glass transition 

temperature simultaneously making the polymer soft. This type of degradation depends on the degree 

of hydrophilicity of the polymer and this can significantly affect the rate of degradation. DSC helps in 

analyzing the structure of polymer during degradation and making the correlation between the evolution 

of mechanical properties with the structure of the polymers.  

The rate of degradation for biosynTM is quite fast as they start to lose their crystalline phase after the 

initial stage of degradation. For PGLA and maxonTM the rate of degradation is relatively slow, as 

initially, the degradation starts to occur in the amorphous phase. But overall, PGLA and biosynTM loses 

their mechanical properties in almost the same time. The loss of crystalline phase matches with the 

ability to withstand mechanical loading for PGLA, biosynTM and maxonTM. Therefore, it can be said 
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that the presence of crystalline phase is a measure of load bearing capability of these fibres. However, 

the same cannot be said for the PLA, as not enough data is available because the rate of degradation is 

low.  

Evolution of the mechanical properties during degradation is a continuous process, which imposes 

serious complications in predicting the behaviour of these biodegradable fibres. Therefore, they need 

to be modelled by a suitable mathematical model to understand the behaviour in a clinical relevant 

loading condition. Khan model and the K-Z model are used to model the uniaxial tensile test data of 

these fibres. Both models are based on the three-element standard solid, they are easier to implement 

and have five material parameters in both the cases. Both models can capture the uniaxial tensile test 

data quite well as shown by the r-squared value. For Khan model, it was assumed that during each stage 

of degradation, stiffness parameter does not change during a degradation stage and only viscous 

parameter is changing for that degradation stage with the increase of strain rate. So, the viscous 

parameter is assumed as strain dependent and the stiffness parameter is assumed to be dependent on the 

degradation. For the K-Z model, no restrictions were placed on the model parameters and focus is kept 

on fitting the data points precisely. Model parameters obtained this way closely resembles the evolution 

of mechanical parameters, in case of K-Z model. Evolution of stiffness parameter follows the same 

trend as that of the evolution of initial and secondary stiffness. K-Z model can fit the experimental data 

more precisely as compared to the Khan model, as parameters were optimized for each case. Khan and 

K-Z model are non-linear viscoelastic models, and both were able to capture the viscoelastic 

characteristics of these biodegradable fibres. Tissue engineering effectively provides a window of 

opportunity to patients who are in an immediate need for tissue replacement. Regenerative devices will 

provide a feasible solution to the healthcare problems. The aim of a scaffold should be to restore the 

functioning of ACL during the rehabilitation period and to provide cells with a suitable 

microenvironment for growth. Biodegradable polymers in case of the ACL should supply the load 

bearing capabilities, strengthen the torn tissue during the rehabilitation period and subsequently lose 

the mechanical properties. Meanwhile, ligament must restore its full capacity during rehabilitation. By 

the time the device decays, the cultured cell over the scaffold should form new tissues. New tissues 

formed thus replace the biomechanical functions slowly over the time. 
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6.2 Future Work  

Current work focuses on the mechanical characterization of these biodegradable polymers and to study 

the in-vitro degradation of these biodegradable polymers at 37 °C, which is the human body 

temperature. Along with it, Khan model and the K-Z model are used to model the uniaxial tensile tests 

data of these biodegradable materials. Further, digital image correlation (DIC) experiments can be 

performed on these biodegradable fibres. DIC is an innovative non-contact optical technique for 

measuring strain and displacement. DIC compares the digital photographs of a component at different 

stages of deformation. It tracks the block of pixel and measure the surface displacement and based on 

this generate the strain field. Pixel range must be random with the range of intensity and contrast. 

Generally, DIC setup does not require any lighting setup as the surface of the material have the required 

texture but in case of these biodegradable fibres, it is not possible to distinguish between the two points. 

Therefore, a proper lightning setup is required, to properly illuminate the surface. As the longitudinal 

displacement in this case is below sub-pixel domain, therefore it requires a modification of the technique 

available in literature to evaluate the sub-pixel displacement. This technique can be useful to determine 

the Poisson’s ratio which is one of the important parameter required in other viscoplastic models. Also, 

there is a need of mounting a camera over the grips of the tensile test equipment. In this way, the large 

displacement produced as in case of the PLA fibres can be measured without losing the point in focus.  

After getting these parameters from the DIC tests, the modelling and simulation of the data already 

obtained during the production of this thesis can be used for as a base point for three-dimensional 

modelling. Three-dimensional model can be built in ABAQUS to figure out the optimized parameters 

required for the real geometry. Further, modelling can include the elements from the fluid mechanics 

as well, by using the concepts of computational fluid dynamics. This analysis can help in simulating 

the movement of fluid through the pores along with how the degradation product formed during the 

rehabilitation can be excreted through these pores. It will give more insight inside the working of these 

scaffolds. By employing the material mechanics simulation, engineered 3-D scaffold and knitted 

degradable scaffolds can be designed, which can be also be produced by the 3-D printing.  
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The production of these scaffolds should include the optimization between the pore size and the 

mechanical integrity. Material mechanics simulation can be achieved by the designing the 

representative volume element (RVE), which is the smallest block, their design and simulation can be 

done by using the finite element method (FEM). This will help in predicting the macroscopic properties 

of the 3D scaffold, it will further help in designing the biomechanics compatible tissue implants. 

Scaffold can be prepared either by using the techniques of 3d printing and other techniques for 

preparation of scaffold. In this technique, sequences of 2D geometries are formed layer by layer, 

ultimately to form a 3D structure of interest. A binder solution is added onto the print bed by an inkjet 

printing head which is followed by the layer of powder. It can be used to form some complex shapes 

with high precision and resolution. As fabrication involves the use of high temperature, not all the 

polymers can be fabricated by 3D printing.  

The disadvantage of these material is that they are not able to provide adequate environment for the cell 

adhesion as they lack biological recognition sites. So, to use them as a biodegradable material, there is 

a need to modify their surface chemically and physically. To achieve this, functionalization should be 

done by bioactive molecules and ligands which are recognized by cells. There are numerous bioactive 

molecules present which are employed for the functionalization of aliphatic polyesters. Some of them 

are proteins, carbohydrates, and nucleic acid which have been used for functionalization to modify their 

surface. Recent advancement in 3-d printing involves printing of layers with different biodegradable 

material, which can also be coated by using a bioactive material to obtain a better structure as a scaffold. 

Then, in-vivo tests can be performed by making an implant of these three-dimensional scaffold, this 

will help in understanding the behaviour of bioactivity and biocompatibility by utilizing a physical 

model. These tests are important, as in-vivo condition is rather harsh than the in-vitro environment and 

degradation proceeds more rapidly. Tissue Engineering (TE) is an interdisciplinary subject and by using 

the knowledge from chemistry, physics, engineering, life science and clinical science the problems in 

this field can be solved. In case of Ligament Augmentation Device (LAD), after these initial steps, 

successful biodegradable ligament augmentation device can be achieved. 
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