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RESUMO 

Considerando a evolução dos materiais compósitos, uma nova classe de materiais emerge com 

o propósito de alcançar materiais sustentáveis, renováveis, atendendo às novas regulações 

ambientais, com aplicações em diversos sectores. 

Decorrentes de aplicações biomédicas e tendo em conta as recentes abordagens da Engenharia 

de Tecidos, os polímeros biodegradáveis e absorvíveis, como o ácido poliláctico (PLA), revelam 

uma funcionalidade biológica e mecânica apropriada para sistemas de distribuição de drogas, 

scaffolds, suturas e dispositivos de fixação óssea, estando o PLA atualmente aprovado para uso 

clínico pela Food and Drugs Administration (FDA). 

Estruturas como os ligamentos humanos que sofrem ruturas parciais ou totais podem beneficiar 

do uso de enxertos sintéticos ou dispositivos de auxílio ao ligamento com base em PLA. Apesar 

de os dispositivos de PLA existentes apresentarem uma resistência mecânica à fadiga e à fluência 

com elevada acumulação de deformação permanente que podem promover a frouxidão ou a 

rutura precoce do dispositivo, a matriz de PLA pode ser reforçada recorrendo a vários tipos de 

abordagens de forma a melhorar as suas propriedades mecânicas. 

Neste estudo, o PLA é reforçado com nanopartículas inorgânicas com base de carbono, 

denominadas durante este trabalho como nanoestruturas de carbono, sendo elas os nanotubos 

de carbono (CNT) e as nanoplaquetas de grafeno (GNP), para possível aplicação ao dispositivo 

médico para a reparação do ligamento cruzado anterior 

Foi realizada a produção de PLA reforçado nanotubos de carbono funcionalizados com grupos 

carboxilo (CNT-COOH) e de PLA reforçado com nanoplaquetas de grafeno (GNP) e alguns dos 

seus derivados, por mistura a quente seguida de moldagem por compressão, gerando filmes 

finos dos nanocompósitos. 

A avaliação física, química, estrutural e mecânica destes nanocompósitos é apresentada, tendo 

sido possível determinar as temperaturas de transição vítrea e de fusão, através de calorimetria 

de varrimento diferencial (DSC) a cristalinidade por raios-X de difração (XRD) e a estrutura 

morfológica interna com a microscopia de varredura eletrónica (SEM). Além disso, foi realizada 

uma análise mecânica estática e dinâmica, com análise dinâmico-mecânica (DMA), ensaios de 

tração quasi-estáticos, medição do campo de deformações, testes cíclicos monotónicos de 

força, ensaios de fluência combinados com a modelação numérica simples da deformação, 

ensaios de fadiga. Foram também avaliados os efeitos da degradação hidrolítica em solução 

salina (PBS) a 37 ° C e a biocompatibilidade com os tecidos in vitro com fibroblastos humanos e 

in vivo com ratos. 

No campo das pequenas deformações, as nanoestruturas de carbono CNT-COOH e GNP 

provaram melhorar substancialmente resistência à fluência e à fadiga da matriz de PLA e 

simultaneamente melhorar significativamente as suas propriedades mecânicas estáticas, sem 

alterações significativas à estrutura morfológica, física e química do PLA. As taxas de degradação 

hidrolíticas, as perdas de peso molecular e de resistência mecânica para os nanocompósitos de 
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PLA/CNT-COOH são mais reduzidas do que as de PLA e dos nanocompósitos de PLA/GNP, não 

sendo crítico para dispositivos de substituição ou auxílio do ligamento. 

A melhoria de desempenho do comportamento de fadiga e de fluência do PLA conseguida com 

a incorporação dos CNT-COOH é a inovação destacada neste trabalho. Este foi o avanço mais 

notável e excecional deste trabalho confirmando e perspetivando os nanocompósitos como um 

material promissor com a proposta futura da sua utilização para o reforço de fibras de PLA para 

dispositivos ligamentares, bem como de fabricação de componentes para outros sectores que 

não o biomédico, tais como o aeroespacial, o aeronáutico, o automóvel e a indústria de 

embalagem de alimentos, entre outros. 
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ABSTRACT 

A new class of materials is emerging within the polymer composites accentuating the search for 

sustainable and renewable materials with applications in several sectors. 

Arising from biomedical applications, with recent approaches of Tissue Engineering, 

biodegradable and bioabsorbable polymers such as polylactic acid (PLA) revealed appropriate 

biological and mechanical functionality for drug delivery systems, cell scaffolds, sutures and 

fixation bone devices, approved by Food and Drugs Administration (FDA). 

Human ligaments partial or total rupture treatment could benefit from the use of synthetic 

grafts or augmentation ligament devices based on PLA. Although existent PLA devices exhibit 

poor mechanical resistance to fatigue, leading to excessive laxity or early device failure, PLA 

mechanical properties could be reinforced resorting to several types of approaches. 

In this study, PLA is reinforced with inorganic carbon-based nanoparticles, called in this work 

carbon nanostructures, i.e. carbon nanotubes (CNT) and graphene (GNP), to be applied in 

medical devices used to repair or replace an injured anterior cruciate ligament (ACL). 

A chemical, physical, structural and mechanical evaluation is presented for PLA reinforced with 

carboxyl groups functionalized carbon nanotubes (CNT-COOH) and reinforced with graphene 

nanoplatelets (GNP) and some GNP derivates, produced by melt blending followed by 

compression moulding, generating thin films. 

PLA/CNT-COOH and PLA/GNP nanocomposites glass and melting temperature, crystallization 

behaviour, internal morphological structure, static and dynamic mechanical analysis, hydrolytic 

degradation effects and biocompatibility with tissues were successfully assessed by differential 

scanning calorimetry (DSC), X-ray diffraction (XRD), scanning electron microscope (SEM), 

dynamic mechanical analysis (DMA), quasi-static tensile tests, strain measurements field, 

monotonic cyclic tests, creep tests combined with simple numeric modelling of creep strain, 

fatigue tests, in vitro degradation at 37oC immersed in a phosphate buffered saline solution (PBS) 

and in vitro and in vivo biocompatibility with human fibroblasts and mice. 

Within the small deformations range, CNT-COOH and GNP carbon nanostructures substantially 

improved creep and fatigue resistance of PLA matrix, upgrading considerably its static 

mechanical properties, without changing significantly the morphological, physical and chemical 

structure of PLA. Hydrolytic degradation rates, molecular weight and tensile strength loss for 

PLA/CNT-COOH are reduced when compared with PLA and PLA/GNP. 

Improvement of PLA fatigue and creep behaviour achieved with incorporation of CNT-COOH 

carbon nanostructures, is important to highlight. This was the most remarkable result of this 

work. It confirms carbon nanostructures as promising materials for reinforcing PLA, with a future 

prospect of applying it for PLA fibres reinforcement either for medical devices or other industrial 

sectors like aeronautics, automotive and food packaging, among others. 
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CHAPTER 1: INTRODUCTION 

1.1. OBJECTIVES AND MOTIVATION 

The medical devices sector, promotes research on new polymeric biomaterials and composites, 

trying to incorporate new findings on tissue biology and wound healing behaviour. On these 

matters the critical aspects include material-tissue interface bearing, influence of fillers and 

nanofillers into composites, coupling new materials with Tissue Engineering techniques, among 

others. Emergence of nanomaterials and nanoparticles applied for reinforcement of polymeric 

features, pave the way for a novel and innovative research area with many recent 

developments. 

Gradual sophistication on medical devices engineering turned this theme into a highly 

committed, diversified, multidisciplinary and intensive research field. This can be highly 

motivator if the aim of this study is essentially to bring forth a specific nanocomposite from the 

beginning, to explore, to ascertain and to understand its behaviour. In its essence, this doctoral 

thesis proposes exactly that. Main goal is to generate nanocomposites from polylactic acid (PLA) 

matrix to be applied on a ligament replacement or ligament augmentation devices. Repair of 

ligaments when subjected to partial or total ruptures is still an ongoing research subject, 

regarding limitations of autografts, allografts and synthetic grafts. The search for an optimal 

synthetic graft that could fulfill functional requirements of ligament as well as to be able to 

prosecute recent innovations related to Tissue Engineering techniques is currently a challenge 

for scientific community, including physicians and engineers. 

Attending to PLA properties as a biodegradable polymer, this could be applied on a temporary 

clinical approach for the ligament repair, as a scaffold to sustain the applied loads while 

simultaneously promoting the tissue regeneration.   

Concerning neat PLA mechanical characteristics, nanocomposites with inorganic carbon-based 

nanoparticles, namely, carbon nanotubes (CNT) and graphene (GNP), were produced followed 

by an almost complete study, apropos structural, physical, mechanical and biocompatibility 

behaviour. Several requirements need to be fulfilled before a novel medical device is released 

for the market. Such devices must be able to replace, augment or repair natural human 

ligaments, promoting its regeneration. Very demanding experiments associated to the material 

and to the medical device need to be successful before applying for its certification. A unique 

and novel study is presented and it is expected to pave the way for future developments leading 

to novel medical devices. 

PLA nanocomposites suitability for ligament replacement or ligament augmentation devices 

resides on their potential ability to improve fatigue and creep resistance without inducing 

cytotoxicity in the surrounding tissues. 
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Despite that, PLA/CNT and PLA/GNP nanocomposites performance may rise interest of their 

application in other sectors where composites are already used. Attending worldwide 

environmental concerns, strict policies to encourage recycling have been imposed on plastics 

and composites life cycle assessments. PLA has the advantage of coming from a natural and 

biological source, putting forward the importance of using renewable resources, where PLA 

nanocomposites might play an important role in several industrial sectors. 

 

1.2. MEDICAL DEVICES 

A wide definition of medical device was referred by Gupta et al.as it could be a machine, an 

implement, an implant or an in vivo reagent that allows diagnosis, prevention and treatment of 

any disease [1].  

Nowadays medical devices are a reality worldwide, combining several materials in their design 

like polymers, metals, ceramics and composite materials. Clinical success in medical devices 

development is only attainable through extensive collaboration of different research areas such 

as Physics, Bioengineering, Mechanical Engineering, Medicine, Chemistry, Material Science 

among others. 

The long-term success of a medical device depends on several factors, like the type of material 

employed, the design of the prosthesis, the fabrication techniques, sterilization, employment 

and the physiological conditions of the patient. Attending to its specific application there is the 

need to have knowledge on specific materials, starting on the distinction between hard and soft 

tissue applications. Orthopedics and dental medicine are related with the hard tissues and 

employ metals and ceramics. Cardiovascular implants and plastic surgery deal with soft tissues 

better mimicked by polymers. 

Polymeric biomaterials and its composites have been the most pursued material solutions 

concerning soft tissue applications, like ligament combined with Tissue Engineering, due to 

several singular features. Biocompatibility and controlled degradability coupled with mechanical 

properties are the most important requirements for engineering a medical device adjusted to 

the new vision of medical devices colligated with Tissue Engineering techniques. 

Biomaterial development arises from clinical urge, but it is also compelled by the market. There 

are relevant aspects concerning medical device production such as the production number, 

medical relevance and commercial potential. Commercialization and clinical use of medical 

devices is regulated by FDA, US Federal Drug and Food Administration. FDA classified medical 

devices into three classes, according to the risk to the user and to the human body fragility [2]: 

• Class I: reduced risk or no risk and accessible to the public 

• Class II: medium risk and approval process that includes special controls - standards 

performance levels and general controls.  

• Class III: most dangerous and it requires a rigorous premarketing approval standard, 

which may delay its release by months or years. 
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This classification depends on factors like how long medical device is in contact with the human 

body (short, medium or long-term), human body invasiveness, affected anatomy and potential 

damages on the design and manufacture of the medical device. 

Portugal follows this regulation and another segment of procedures, namely Directiva 

93/42/CEE, directed to medical devices manufacturers attending to: clinical research and 

functional evaluation, classification, border demarcation, conformity evaluation, market 

placement, manufacturers’ registration for surgery and in vitro diagnosis, acquisition and 

utilization, and finally market supervision. 

Traumatic and non-traumatic injuries such as burns, heart failures, ligament ruptures, vision 

problems, lead to biomaterial application into medical devices like orthopedic and dental 

implants, stents and vascular grafts, intraocular lens.  

Indeed, the implementation of a medical device is a complex process, with several actions to 

take by specific facilitators (Fig. 1. 1). This process can take years and it requires a high financial 

commitment. 

For ligament application, as for replacement or augmentation, devices are manufactured as 

complex fibrous structures, in order to mimic ligament structure and hierarchical organization. 

Several requirements presented on Chapter 1, needs to be followed in order to obtain a 

functional appropriated device. 
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Fig. 1. 1 – Flow chart for medical device implementation referring actions and facilitators [3] 

 

1.3. THESIS GUIDELINES AND STRUCTURE 

Aiming to evolve a medical device suitable for ligament repair when subject to rupture, namely 

synthetic grafts or augmentation devices for autografts, a study on the bulk material to be 

produced into fibrous structure devices is developed. 

Recently research as scaffold for ligament replacement coupled with Tissue Engineering 

techniques [4, 5] and already approved by FDA, PLA is chosen as the bulk material for this study. 
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Although presenting high long-term accumulated strain on creep and fatigue experiments [6, 7], 

PLA still presents high biological compatibility, considerable static mechanical properties and 

suitable behaviour for ligament applications.  

In order to reinforce long-term mechanical properties of PLA, several approaches have been 

performed, namely employing nanomaterials as nanofillers for nanocomposites production. 

Attending to PLA mechanical disadvantages, resorting to inorganic carbon-based nanoparticles, 

in this work designated by carbon nanostructures, is a recent approach employed in several 

industrial sectors. Hence, in medical area, it is a novel approach which is still underexplored due 

to concerns about CNT and GNP toxicity and biocompatibility. 

Non-permanent clinical application of synthetic grafts in ligament repair could benefit from 

PLA/CNT and PLA/GNP arrangements to form nanocomposites combining Tissue Engineering 

techniques, taking the advantage of nanoparticles ability to tailor the device up to the nanoscale. 

This thesis research aims to evaluate a material that can be turn into a medical device for 

ligament augmentation or ligament replacement produced in a filament shape. Two hypotheses 

could be assessed within this study belonging to complementary research areas in medical 

devices. The first one pertains the material analysis itself, evaluating its appropriateness for the 

envisaged application, especially regarding mechanical behavior and tissue biocompatibility . 

The second one deals with the fibrous architectures suitable to achieve an optimized 

combination of materials and architectures leading to an ideal scaffold for ligament repair. 

 

 

Fig. 1. 2 – Fibrous structure (Anterior cruciate ligaments ligament prosthesis/synthetic JEWELACL from 

Neoligaments®) 

 

Material analysis begins with material production and associated processes for PLA and PLA/CNT 

and PLA/GNP nanocomposites. Within the material analysis, mechanical properties, physical 

and morphological structure and biological compatibility will be essayed in thin films shape. 

Static tensile, fatigue and creep, DMA testing are presented, as well as SEM, XRD, GPC and DSC 

tests of all available material. This encloses a complete study of these nanocomposites, which 

also can be applied in other areas. 

Chapter 2 describes the ligament structure, properties and approaches for ligament 

replacement. Understanding mechanical behaviour of ligaments and the necessary 
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requirements for a suitable medical device capable to perform ligament repair after its rupture, 

are extremely relevant for an affective study on material selection for synthetic grafts. 

In Chapter 3, a brief review on the materials used for nanocomposites production is provided, 

i.e. PLA and carbon nanostructures, CNT and GNP. 

In Chapter 4 the production processes used for PLA and its nanocomposites is detailed. 

Advantages and difficulties associated to the production processes are discussed. Melt blending 

followed by compression moulding appears to be an appropriate method for the 

nanocomposites production. 

Chapter 5 reports the experimental analysis of the materials, specifically the physical properties, 

thermal characteristics and structural morphology, i.e. DSC, XRD and SEM analysis. 

In Chapter 6, a static mechanical analysis is performed, with quasi-static tensile tests and strain 

field measurements, resorting to non-contact optical technique for strain measurement. 

Long-term mechanical behaviour of medical device is revealed in Chapter 7, through time-

dependent mechanical analysis using creep, fatigue and DMA tests. Numerical models were 

coupled with creep tests in order to explore viscoelastic behaviour of PLA and nanocomposites. 

Chapter 9 is completely devoted to biocompatibility studies of the materials, namely in vitro 

studies with human fibroblasts and in vivo on mice, implanted subcutaneously. 

In Chapter 10 overall conclusions are drawn. Also, some challenges to complement the present 

study are suggested as well as some future perspectives about PLA and nanocomposites 

application for ligament medical devices and for other sectors. 

Attending to flow chart for the medical device study (Fig. 1. 3), design, namely, materials study 

is complete, along with experimental validation in thin films, leading to a possible patent on the 

material. Similar study should hereafter be developed on the architectures and its experimental 

validation on the fibrous structure for future prototyping. 

After fibrous structure validation, prototype should follow for clinical testing validation before 

market availability. 
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 Fig. 1. 3 – Flow chart for the thesis study approach 
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CHAPTER 2: LIGAMENT TISSUE AND REPAIR 

Cruciate ligaments, namely anterior cruciate ligament (ACL) are considered the most injured 

knee ligaments and the most commonly injured ligament during sporting activities or trauma.  

ACL common injuries are mostly partial or total ruptures and usually affect its normal kinematics, 

causing pain and instability, limiting its functionality.  

The repair or replacement of ACL is necessary for the patient to keep its normal daily activities. 

In this perspective, it is emerging a growing search for artificial ligaments which should perfectly 

replace human natural ligaments. For this purpose, it is important to understand morphology, 

structure, composition and mechanical behavior of ligaments, in this study, specifically of the 

ACL. 

The anterior cruciate ligament (ACL) matrix is mostly composed by collagen type I, II, III, VI, 

glycosaminoglicans, glyco-conjugates and elastic components [1]. This ligament is a dense, 

helical and complex structure,  organized by levels [2] and capable of supporting multiaxial 

stresses and different tensile strains [3]. 

Frequently, ACL’s repair is performed by its surgical replacement, resorting to autografts, 

allografts or synthetic grafts. Yet, these still present limitations, turning into a research impetus 

for artificial solutions [4-6]. However, the orientation of the ACL’s bundles, its structure and 

elastic components, turns ACL into a unique structure, different from other ligaments and 

tendons, turning the development of a suitable graft a difficult process. Also, regarding 

autografts, the main choice of physicians, the development of augmentation devices for ACL 

might be interesting in order to help fixation of the autografts during ligament recovery period 

and tissue regeneration. Hence, a brief discussion on existing solutions and different approaches 

for ACL replacement is proposed during this Chapter.  

 

2.1. ANTERIOR CRUCIATE LIGAMENT (ACL) 

2.1.1. HISTOLOGY AND STRUCTURE 

The ligaments, like the menisci and cartilages belong to the category of supportive connective 

tissues [7]. Chemically, ACL matrix is mostly composed by collagen type I, responsible for the 

tensile strength of the ligament, collagen type III, important for the ligament ductility and for 

the fixation of the adjacent matrix for collagens and for basement membranes, and collagen 

type VI which serves as a gliding component between functional fibrillar units. It is also found 

some collagen type II and IV. Apart from collagen, ACL contains glycosaminoglicans (water 

content), which modifies the viscoelastic response and improve ACL shock absorption. Glyco-

conjugates, such as laminin, entactin, tenascin, and fibronectin, are also found in ACL and are 

important in intra and extracellular matrix morphology, cellular adhesion, and cell migration, 
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essential functions in the healing process and in tissue growing. Lastly, elastic components, 

namely oxytalan, elaunin, mature elastic fibers, and elastic membranes, permit extreme 

distance changes during motion of the ACL [1]. 

ACL is a dense and complex helical structure capable of support multiaxial stresses and different 

tensile strains [3]. It has a hierarchical organization similar to tendons, composed by several 

levels, namely, collagen molecules, fibrils, fibril bundles, and fascicles that run parallel to the 

long axis of the tissue (Fig. 2. 1 and Fig. 2. 2).  

The major difference between tendons and ligaments is the structural orientation of fibres, 

being the last ones anisotropic. The collagen fibrils have a crimp pattern which change 

orientation periodically [8]. ACL presents a collagenous network structure which is planar, 

parallel and twisted from the femoral attachment site to the tibial attachment site [2] [9]. 

Considering the human knee movements, especially rotation which reaches approximately 140o 

in extension/flexion, the ACL and the peripheral fiber bundles are able to twist till 90o. During 

flexion, ACL fibers remain isometric in length, promoting an equal load distribution of all fiber 

bundles to maximize its strength [4]. 

Having a diverse orientation of the bundles, along with its structure and the elastic component, 

turns ACL into a unique structure, very different from other ligaments and tendons, making it 

harder to develop the graft reproduction of the original ACL.  

 

 

Fig. 2. 1– ACL hierarchical structure [1] 
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Fig. 2. 2 – ACL hierarchical structure with SEM images [10] 

 

The knee joint is composed of three major bones: distal epiphysis of the femur, proximal 

epiphysis of tibia and patella; and three articulations: two tibiofemoral joints and one 

patellofemoral joint. Related to the knee position, ACL is inserted in the posteromedial surface 

of the lateral femoral condyle and extends until the intercondylar eminences of the tibia [11, 

12] (Fig. 2. 3). 

Cruciate Ligaments play an important role in the stabilization, support and guidance of the 

knee’s motion. They are crucial on the anterior-posterior knee motion, being its primary function 

to prevent the anterior translation of the tibia relative to the femur. ACL is the intra-articular 

complex ligament of the knee which controls motion by stabilizing the femur-tibia joint, being 

its main functions to support and to strength the knee, avoiding excessive anterior translation 

of the tibia relative to the femur and preventing dislocation and fracture of bones in the knee 

joint [13]. Other functions of the ACL include resisting internal rotation of the tibia and varus or 

valgus stress of the tibia in the presence of collateral ligament injury[14]. 

A sheath of vascularized epiligament surronds the ligament [15]. 

Noteworthy that the knee is a hinge type synovial joint, which means that it is bathed in synovial 

fluid in order to lubricate and reduce friction between the articular cartilage-bones [7]. This 

synovial fluid causes the degradation of mechanical properties of a suture repaired ligament 

tissue, turning the bounding resistance of a reconstruction by simple suture problematic during 

the tissue recovering, implying the reduction of mobility for several months. 

Concerning to dimensions, ACL length varies from 31 to 38 mm of length [12] and 7 to 12 mm of 

width [1] and it is composed of two separate bundles, the anteromedial and the posterolateral, 

being the second shorter than the first [16]. 
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Fig. 2. 3 – Anatomy of the knee [17] 

 

2.1.2. MECHANICAL BEHAVIOUR 

When subjected to load, ligaments transmit tensile forces and orientate collagen fiber bundles 

by the main tensile load direction. These are not as unidirectional as those of tendons, due to 

the intra-articular complex of bones and ligament movement, during flexion and extension.  

Consequently, the fiber bundles within the ligament are not all be tensed at the same time and 

promoting resistance to load of the different fiber bundles within the ligament attending to 

different positions of joint rotation. Thus, the ligament behaves as two or multiple structures 

that slides or crosses each other [18].  

Also attending to flexion and tension movements of the knee, mechanical characteristics of ACL 

are crucial, once the anterior part of ACL is tensed throughout flexion, while the posterior parts 

are only tensed or functional at full extension [19]. In Fig. 2. 4 it is showed the load-extension 

curve of tendons or ligaments, divided in different behavior zones [20].  Ligaments present a 

triphasic mechanical behavior, which can be explained by its fibres gradual recruitment 

behavior.  

In the non-linear or toe region the ligament presents a low amount of stress per unit strain. As 

applied load increases, ligament collagen fibers are recruited, being in the toe region 

straightened and elongated until it crimped [21]. Structure elongates easily and together with 

the crimped collagenous fibre micro-structure stretching, the elongation increases, depicting a 

rising of the slope of stress-strain curve, due to a stiffening effect of tissue. This process occurs 

regarding the fibres bundles anisotropy, with different orientations, and considering that some 

might be slack initially. Thus, fibres are gradually recruited to resist the elongation of the ACL, 

extending the toe-region. The force is firstly applied to the tissue and then is transferred to the 

collagen fibril. This will promote a lateral contraction of fibrils, the release of water, and the 
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straightening of the crimp pattern in the collagen fibrils. Then, the force is transfer to the 

collagen molecules, inducing the stretching of the collagen triple helix and occurring interfibrillar 

slippage between crosslinks [9]. This results in an increase in stress per unit strain which 

characterizes the linear region and the transition to this region on the stress-strain curve. This 

transition occurs when fibres reach around 5% strain. Extension leads to fibres elastic elongation 

that responds increasing linearly with the load. 

After linear region, occurs the yield and failure region, which exhibits a slight decrease in stress 

per unit strain and marks the failure of the ligament [9], by ACL length change and tissue 

damaging which is relatively permanent.  

Progressing to the fourth zone, ACL accumulates enough damage leaving ACL in an eminent 

failure situation, due to the difficulty of the tissue to resist further load.  

The fifth zone might exhibit a series of small load drops, exhibited by some ligaments, resulting 

from the tensile difference among stretched fiber bundles being.  At this time, some of the fiber 

bundles have already sequentially failed, before the rest of the structure  promoting the load 

drops [22]. Finally, defibrillation of the collagen fibers occurs leading to the ligament fail and 

causing a decrease in stress per unit strain [13] (Fig. 2. 4). Until strain does not reach the yield 

region, where ligament initiate damage, the tissue can return to its original mechanical shape. 

 

 

Fig. 2. 4 – ACL mechanical behavior. Load-extension curve for ligaments or tendons [23] 

 
The mechanical behaviour of ligaments depends on the patient’s characteristics like gender, 

genetic variations, age, living environment, physical activity or body chemistry, as it is possible 

to verify from several developed studies, presented in Table 2. 1. 

During normal everyday function, the ACL receives small loads that are only 20% of its failure 

capacity [24, 25]. It is subject to a million of cyclic loads of 300N per year and to tensile forces of 
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630N [26]. Also, depending on the flexion angle, ACL can present significantly different, when 

subjected to load motion [27-29].The strength of ligaments generally depends on the density of 

collagen [30]. 
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Table 2. 1–  Mechanical properties of ACL under uniaxial tensile experiments [31] 

Specie Bundle 
Number of 

specimens 
Age 

Young’s 

Modulus 

(MPa) 

Ultimate 

Load (N) 

Ultimate 

Stress 

(MPa) 

Ultimate 

Strain (%) 

Stiffness 

(N/mm) 

Pre-

condition 

Strain 

rate 
References 

Human - 17 17-50 128±35 1526±658 24.36±9.38 0.28±0.07 308±89 Yes 100%/s [32] 

Human  - 3 21;30;30 309.7±29.5 - 34.3±3.96 13.4±1.75 - - 100%/s [33] 

Human 
- 20 48-86 65.3±24.0 734±266 13.3±5.0 48.5±11.9 129±39 - 1/s 

[34] - 6 16-26 111±26 1730±660 37.8±9.3 60.25±6.78 182±56 - 1/s 

Rhesus Monkey - 25 - 186±26 830±0.11 66.1±8.4 60±6.3 194±28 - 0.66/s 

Human 

- 9 22-35 - 2169±157 - - 242±28 Yes 
200 

mm/min 

[35] - 9 40-50 - 1503±83 - - 220±24   

- 9 60-97 - 658±129 - - 180±25   

Human - 10 29-55 - -- - - 141±99 Yes 
500 

mm/min 
[36] 

Human - 3 
63-81 
Av. 69 

- - - 8.6±1.1 201±102 - 57%/s [37] 

Human 

AM 
(anteromedial) 

7 
21-30 

(Av.26) 
283.1±114.4 - 45.7±19.5 19.1±2.8 - - 100%/s 

[38] 
AL 

(anterolateral) 
7 

21-30 
(Av.26) 

285.9±140.6 - 30.6±11.0 16.1±3.9 - - 100%/s 

PB 
(posterolateral) 

7 
21-30 

(Av.26) 
154.9±119.5 - 15.4±9.5 15.2±5.2 - - 100%/s 

Human 
- 10 - - 472.4±27.4 - 30.8±2.3 - - 

125 
mm/min 

[39] 
- 10 - - 625.2±22.5 - 35.8±2.8 - - 

500 
mm/min 
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2.1.3. VISCOELASTIC BEHAVIOUR OF NATURAL LIGAMENTS 

Ligaments fall under viscoelastic behaviour, since they exhibit both viscous or fluid (measure of 

resistance to flow) and solid (elasticity) or elastic characteristics under deformation, dependent 

of the type and pattern of the tensile load. They present a creep behaviour (slow continuous 

increase in strain), when subjected to a constant stress and stress-relaxation (slow continuous 

decrease in stress over time) when subjected to a constant strain [40]. Hence, ligaments are 

considered viscoelastic materials and depending on load solicitations, exhibit hysteresis. The 

fact that stress and strain are time-dependent functions on viscoelastic materials, the response 

on the rate which the load is applied or removed can be affected. Hence tensile loads in the 

material are dependent on the strain and strain rate (velocity of deformation). Indeed, ligaments 

show time-dependent effects as a response to loading [41], and creep and stress are correlated, 

so ACL can be considered a nonlinear viscoelastic material [42, 43].  

It is also a fact that viscoelasticity of the ligament depends on factors like age, type of injury, 

healing process, composition and type of ligament, pathology and others [42]. This has already 

been studied in human and animal [41, 44-47].and it has been made consisting of a creep or 

relaxation tests at one load level, during healing or when damaged, grafted and with prosthetic 

[46, 47]. 

For the description of ACL viscoelastic behavior, structural, phenomenological and continuum 

models [48, 49] and viscoelastic models such as linear, quasilinear and nonlinear have been 

developed [44, 49-51]. However, the choice for a model to is not consensual and still limited for 

long term viscoelasticity studies. 

Also during this study it was hard to find mathematical models to describe accurately human 

ACL and validate it with creep and relaxation experiments. The need to develop a model that 

could be efficient in the description of ACL viscoelasticity and the review of existing models are 

the starting point to create an aggregate study concerning the evolution of ligament grafts.  

The most suitable numerical models for ACL mechanical behaviour description are the ones 

which consider viscoelasticity. Hence, there are several constitutive models that can be used to 

predict ligament behaviour.  

Under a reduced stress or small strain level for normal structural applications linear 

viscoelasticity is usually used, but for short term testing under high stress or high strain level, 

the nonlinear viscoelasticity theory is the most appropriated [52] 

 

2.1.3.1. LINEAR AND QUASILINEAR VISCOELASTIC MODELS 

The definition of linear viscoelastic models (deformation depends only on one load level of 

relaxation or creep) is based on Boltzman integral, relating time dependent stress, ����, and 

time dependent strain, ����, with ����, as the relaxation function, and ����, as the creep 

modulus. However, this is not the ideal model to describe ligaments, due to their nonlinear 
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viscoelasticity expressed by nonlinear superposition, leaving relaxation function dependent on 

strain level [41].  

Quasilinear viscoelasticity (QLV) model [53] has its relaxation function depending on strain and 

simultaneously is separable into the product of a function of time and a function of strain. With 

this model the time-dependent relaxation function is independent of strain and the strain 

history is controlled by a Heaviside step function. 

QLV has been used to describe viscoelastic behavior in biologic tissue and to describe 

experimental results in many tissues, but attending to nonlinearity viscoelasticity of the 

ligaments it is not complete.  

Provenzano et al.[41] considered the increase in tissue deformation over time with a constant 

load (creep) and the decrease in load with time at a constant tissue elongation (stress 

relaxation). The authors showed that QLV is not enough to describe all viscoelastic behavior and 

that nonlinear viscoelasticity of ligament requires a more general description for testing both 

creep and relaxation stress, at multiple levels of the recoverable loading region (Fig. 2. 5).  

Thornton et al. [45] proved that stress relaxation proceeds more rapidly than creep, considering 

fiber gradual recruitment due to the increase in strain over time being this the reason for the 

differences in stress relaxation and creep behavior. This may explain the decrease in the rate of 

creep with load increasing. 

This fact is not explained by linear viscoelasticity, showing that either the linear or the QLV 

theory, were able to modelling both behaviors with interrelated constitutive coefficients. This 

evolved the use of QLV model, since it has been used only for a limited number of strain levels 

and to describe the relaxation response of the ligament. Differences in stress relaxation and 

creep behavior are explained by the gradual recruitment of collagen fibers during creep 

observed due to the increase in strain over time, i. e. , decreasing the rate of creep with load 

increasing [21]. For long term viscoelasticity of ligaments only in the linear viscoelastic model 

proposed by Thornton et al.[45] creep was predicted from relaxation attending to the collagen 

fibers recruitment. So it is a need to study ligament behavior at multiple deformations attending 

to his recovery loading phase. 

Still QLV have showed that the difference in rate between creep and relaxation occurs when the 

nonlinearity is of a strain stiffening type (stress-strain curve is concave up)[49] . 

The use of QLV theory is a nonconsensual theme. Some authors’ considerer as a valuable tool 

for biomechanics, but others tagged its limitations; it cannot describe all nonlinear viscoelastic 

behavior more general formulations, do not consider creep rate and relaxation rate dependency 

for ligaments at high stress and strain levels and cannot interrelate creep and relaxation [45, 

49]. 
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Fig. 2. 5 – Stress relaxation at multiple levels of strain (log scale).  As QLV fit (green lines) based on 0.82% strain 

predicts the same rate for all strains, it shows that QLV is insufficient to describe the dependence of rate on strain 

of the data [43] 

 

2.1.3.2. NONLINEAR MODELS 

Modified superposition principle [54], the Bernstein, Kearsley and Zapas (BKZ) theory[55], the 

Schapery theory [56], are examples of nonlinear viscoelastic models. Some of these nonlinear 

viscoelastic theories have been proposed to overcome some of the QLV limitations [41, 51]. 

These have not been used yet in ligaments, but its results in the polymers showed potential for 

these tissues. Their contribution allows the relaxation function to depend on strain level and 

creep to depend on stress. 

Examples of these models are the ones described by Johnson et al.[57] which are suitable for 

large deformations or by Pioletti et al. [58] taking into account the strain rate or even by Oza et 

al. [59] assuming the strain-dependent modulus is separable into the product of a function of 

time and a function of strain. 

Provenzano et al. [40], compared Schapery’s theory [56] and modified superposition [54], 

assessing their ability to reproduce viscoelastic response of ligaments(Fig. 2. 6). The results were 

that both theories are able to model these data. However, modified superposition model, with 

the help of power law formulation, allows for an easier interpretation of elastic and rate 

nonlinearity. Both the QLV and these nonlinear proposed models are phenomenological models 

with parameters that lack physical meaning and do not relate to the micro-structural changes 

that are associated with creep and relaxation.  
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Fig. 2. 6 – Application of Schapery’s nonlinear viscoelasticity theory and single integral modified superposition 

theory to experimental stress-relaxation results of Provenzano et al.[41, 51] 

 

Also, a nonlinear superposition model with a non-separable form for relaxation was described 

to interrelate creep and relaxation applied to the ligament (Fig. 2. 7) [59]. It allows the relaxation 

function to depend on strain level and creep to depend on stress, unlike QLV. This work 

succeeded to interrelated creep and relaxation for primary creep described by a sum of power-

law terms in time. As expected relaxation proceeds more rapidly than creep, attending to the 

strain stiffening type nonlinearity. 

 

 

Fig. 2. 7 – Creep and relaxation theoretical predictions and experimental data resultant from Oza’s model [59] 

 

Recently, it was developed a simple model to describe relaxation, creep and strain-stiffening in 

parallel-fibered collagenous tissues [60], considering that the collagen fibers behave as linear 

elastic springs with equal elastic modulus responsible for creep response, and proteoglycan-rich 

matrix is assumed to behave as a Maxwell-type viscoelastic material, responsible for stress 

relaxation response [61]. 
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2.2. ANTERIOR CRUCIATE LIGAMENT (ACL) INJURIES 

The ACL is the intra-articular complex ligament of the knee and ruptures or tearing affect its 

normal kinematics, diminishing the functionality of the joint [62].  

Data about the number of injuries worldwide, effects of injury on the ligament structure and 

unpredictability of ligament healing is limited. Despite that, some official numbers point to 100 

000 and 200 000 ACL ruptures per year in the United States (U.S.) [63, 64], with an annual 

incidence in the general population of approximately 1 in 3500 [65, 66]. There is an estimation 

of more than 4 million knee arthroscopies which are performed worldwide each year, with the 

incidence of these tears increasing at about 1.3% a year in this population [67]. ACL injuries 

account for more than a $500 million in U.S. health-care costs each year. 

Most athletes who participate in professional levels of sports like football, basketball, handball 

and soccer have an increased risk for ACL injuries [67]. Frequently, young, active individuals, and 

for some sports, females are reported to have a higher risk for ACL injuries [68, 69]. 

Besides gender and completion level, other intrinsic and extrinsic factors may contribute to ACL 

injuries, like the weather, the shoe surface and the playing field, the body size and limb girth, 

the flexibility, strength, reaction time, foot morphology, the ligament laxity, among others [70]. 

However, more than 70% of ACL injuries occur from noncontact injuries, i.e., without a direct 

blow to the knee joint [70-72]. For instance, landing, pivoting, cutting, sidestepping,  or lateral 

cutting maneuvers might promote ACL injury [68, 73]. Noncontact injuries are associated with 

deceleration and hyperextension. 

Once ACL suffer a completely rupture or tear it cannot be repaired by itself, so there is the need 

to replace it. Usually, an ACL injury will require surgery to restore normal knee functions and 

return to playing sports or working out at the desired intensity. Recovery time after surgery for 

ACL injuries is ordinarily from 6 to 12 months. 

 

2.3. ANTERIOR CRUCIATE LIGAMENT (ACL) REPAIR 

Ligament healing process is a complex mechanism, but itself does not guarantee to promote a 

healthy and successful regeneration. Several factors may harmful influence tissue healing ability, 

namely the  environment of synovial fluid [74], alterations in post-injury inflammatory response 

and cell metabolism [75], intrinsic cell deficiencies [76], different vascular environment [77], and 

load bearing characteristics.  

When an ACL tearing occurs, most common treatment for ACL repair is the primary repair [78], 

i.e. to surgically remove ACL tissue left and replace it with a graft (operative treatment). In some 

cases of ACL injuries, especially for active young athletes, rehabilitation focused on balance 

training and hamstring strengthening to minimize anterior tibial translation under physical 

activity, is considered over ACL reconstruction.   
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Although, primary repair is the most performed treatment on ACL, is no longer a viable option 

for the midsubstance tear [79], in a patient whose injury is associated with bony avulsion or who 

has a knee dislocation. Repair with augmentation can be more successful but requires prolonged 

postoperative immobilization, often leading to subsequent knee stiffness.  

After ACL repair and reconstruction surgery, there are five phases of rehabilitation defined: 

maximum protection (lasting 12 weeks), moderate protection (24 weeks), minimum protection 

(48 weeks), return to activity (60 weeks), and activity and maintenance [80]. Along this study, 

the maximum protection phase will be considered to assess the biomaterials. The maximum 

protection phase corresponds to the early healing period and controlled motion period. The 

control of forces to prevent disruption of the suture or attachment site is required during this 

period. Patient’s motion is not allowed during this period, unless motion under control of 

external forces to protect ligament healing. During the first 6 to 8 weeks, patients recover the 

full range of motion and after that rehabilitation resistant exercises should be applied. The range 

of motion should be monitored for several months, with the return to sport occurring at 3 to 4 

months, with return to full activity at 6 to 9 months [79].  

ACL reconstruction is the main treatment and almost considered a standard for restoring the 

stability of the ACL, with undeniably success, but still significant problems persist. It induces an 

alteration in joint mechanics by graft malposition [81, 82], especially associated with non-

anatomic ligament insertion and alignment, loss of tissue neurosensory function, graft-tissue 

degeneration and neuromuscular deficit. Also complications like arthrofibrosis [83], patellar 

fracture [84] and infection [85, 86] may arise during rehabilitation phase. Frequently, restoring 

ACL normal joint kinematics and kinetics, conventional ACL reconstruction fails in the short and 

in the long term [87, 88]. After 6 weeks of the healing process, it starts the remodeling stage. 

During this last stage, the new extracellular matrix matures into a slightly disorganized 

hypercellular tissue [89]. Intra-articular ligaments healing process is inhibited due to low 

vascularization [75, 90], making the use of grafts an issue by the material selection and its 

dimensioning. Long-term rupture or excessive laxity are also mechanical causes of failure [6]. 

Existing artificial ligaments to date have failed also to provide long-term stability or ease of 

revision surgery. 

With the expansion of functional tissue engineering, a new perspective has emerged for ACL 

repair, based on scaffolds and Tissue Engineering techniques, as an alternative to 

reconstruction. 
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2.4. SOLUTIONS FOR ACL REPAIR 

2.4.1. FUNCTIONAL AND BIOLOGICAL COMPATIBILITY 

Biomaterials biological and mechanical performance are the key factors for the production of a 

suitable device for ACL repair, so they must be implanted having diversified degrees of skill. 

These are applied according to the clinical need and a medical specification.  

The biomaterial definition was proposed by D. F. William in 1987 as “a substance (synthetic or 

natural), employed for the treatment or replacement of organism tissues, organs, or function” 

[91]. Since there is an interaction with the biological system, biomaterial must have appropriate 

functional qualifications, regardless their application like being non-toxic, biocompatible, 

sterilized, and effective, dependent on the specific anatomical site, its functional tissue structure 

and its pathobiology, having certain mechanical and performance requirements, having the 

ability to overcome the healing process and being integrated in the industrial environment 

allowing its technological progression. 

Concepts of biocompatibility, toxicity and the healing process will be discussed in 

Biocompatibility Chapter (Chapter 9). 

Being biomaterials incorporated into medical devices and implanted in the human body, cells, 

tissue and organs must be a concern during their implementation. Biomaterials may also be 

influenced by implantation techniques and diseases mechanisms, as well as anatomic structures 

and tissue functionality attending to its size, geometry, mechanical and biological properties. 

Each biomaterial has its own requirements and performances creating the need to tissue to have 

a consistent physiological function with material properties. These requirements are mechanical 

performance, mechanical durability and physical properties.  

The tissue response to an implant depends on several factors ranging from the chemical, 

physical and biological properties of the materials to the shape and structure of the implant [92].  

Mechanical performance is crucial on a ligament device, especially long term behaviour. 

Considering mechanical properties, ACL grafts have defined standard parameters for tensile 

strength, linear stiffness and energy absorbed at failure of 1730 N, 182 N/mm and 12.8 Nm 

respectively [34, 35], being  these values also dependent on the patient gender and body weight 

[4]. During the rehabilitation process, the artificial ACL should protect the new tissue from the 

forces developed by active mobilization, but should allow the gradual increase of exposure to 

loading. Thus, tissue will develop more naturally in a more effective way. The graft stiffness 

should ideally decrease, to avoid stress shielding [6].  

Regarding fatigue assessment of ACL or ACL grafts there is no indications of requirements and 

no standard protocol defined. Some authors have suggested several approaches for this, such 

as loading the knee to 1000 load cycles at 150 N of displacement to evaluate the initial cyclic 

loading response [93], however with no valid scientific reason for the value. Others applied load 

cycles between 50 and 200 N at 0.5 Hz [94], from 50 to 300 N by gradually adding force until 

tendon failure [95], repeated 100 cycles at increasing loads up to 850 N [96] and loads between 
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50 and 700 N till 60 000 cycles [31]. Some of these studies were done to simulate forces applied 

on the ACL during walking and physical therapy to represent the equivalent activity for eight 

weeks [97]. 

Some additional requirements on dimensioning and biological testing are disposed in Table 2. 2 

and Table 2. 3. 

 

Table 2. 2– Functional requirements for ACL artificial device [6] 

Functional Compatibility  

Length 100 mm 

Maximum elongation 8 – 10 mm 

Maximum strain velocity 70 %/s (1.6 Hz) 

Dynamic load capacity > 1000N 

Tensile Strength  (linear region)   100 – 160 N/mm 

Half-Life load capacity 5 – 7 months 

Creep laxity during rehabilitation < 5 mm 

Maximum Elongation (non linear region) 2 – 5 % 

 

Table 2. 3 – Biological requirements for ACL artificial device [6] 

Biological Compatibility  

Porosity 200 mm 

Cytotoxicity test (ISO 10993-5)  Negative 

Sensitivity test (ISO 10993-10)  Negative 

Irritation test (ISO 10993-10)  Negative 

Genotoxicity test (ISO 10993-3)  Negative 

Graft (clinical trial)  
Absence of Chronic 

Inflammation 

 

2.4.2. LIGAMENT DEVICES REVIEW  

Currently, there are a few available solutions for human ACL replacement. Considering the 

operative treatment, nowadays, four grafts are considered: autograft, allograft, xenograft and 

synthetic grafts [98]. Nevertheless, all of them still currently present limitations and advantages. 

The most appealing one among the clinical community is the autograft. The autograft is a graft 

tissue removed from the patient. Although other existing tissues are considered, frequently, 

autograft is a tendon taken either from the medial hamstrings or the middle third of the patellar 

tendon or the quadriceps tendon [71]. However, the tendon harvesting choice is not consensual, 

even between physicians [99-101]. Harvesting autograft tissue creates a second surgical site 

from which the patient must recover. The additional recovery time can extend a patient’s 
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hospital stay. In addition, the secondary site could be uncomfortable for years after the surgery. 

Also, tissue morbidity associated with graft harvesting is present on autografts.  

On the other side, the replacement also might be performed with an allograft [102, 103], where 

tissue is harvested from a donor, of the same specie, alive or dead. Like autografts, allografts 

exhibit a considerable initial mechanical strength and might promote cell proliferation and new 

tissue growth [13]. However, using allografts is associated with high risk of biologic incorporation 

failure, poor tissue strength and infectious disease transmission and rejection phenomena, 

elevated harvesting costs and tissue availability complications [79].  

Autografts and allografts have limitations, like controlled availability, requirement of additional 

surgery for tissue harvest [15, 98], restrictions associated with pain, donor site scarcity, 

rejection, diseases transfer and elevated harvesting costs [104].  

Another solution for ACL replacement is the xenografts [105] which comes from a different 

species, i. e. animal tissue. These were not successful due to several failures, namely inadequate 

design of different prosthetic devices, inappropriate material selection, and the surgical 

technique used, being artificial ligaments not a viable treatment. Naturally, the main failure 

cause is the catastrophic rupture due to low fatigue strength mainly on the fixation, or abrasion 

on bone tunnels, or excessive laxity due to creep.  

Finally, the synthetic grafts mainly composed by polymers, specifically polyesters and more 

recently, biodegradable polymers. Some solutions are already commercially available [4, 5, 106]. 

Other solutions are still under research evaluation, such as biodegradable polymers [92, 107, 

108]. Therefore, there is a drive for developing artificial solutions.  

There are commercial non-degradable synthetic materials used for ACL repair (Fig. 2. 8)  made 

of polyethylene terephthalate (Leeds-Keio ligament), polypropylene (Kennedy Ligament 

Augmentation Device), and poly (tetrafluoroethylene) (Gore-Tex) [13]. FDA have conditionally 

approved some of these devices for augmentation but are not recommended for primary ACL 

repair  [109]. Although these fulfill the immediate support function of the ligaments, they will 

fail over time, mostly for repeated elongations where they will lead to permanent deformation 

at critical stress points [13].   
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Fig. 2. 8 – Existent artificial ligament devices (from left to right): carbon (Johnson & Johnson™), carbon and 

polyester (Surgicraft™), Leeds-Keio© polyester (Neoligaments™), Dacron (Stryker-Meadox™), bovin glutaraldehyde-

fixed xenograft tendon (Xenotech™), and Gore-Tex© polytetrafluoroethylene (WL Gore™) [110] 

 

Concerning the artificial ligament research, devices of polyester (PES) and polyamide (PAM) 

braided and polyester knitted (Fig. 2. 9) presented higher number of cycles higher the residual 

deformation, lower the maximum load at peak, reduced strain and higher stiffness [106]. 

 

 

Fig. 2. 9 – Residual deformation for PES and PAM devices [106] 

 

Polyurethane urea as a woven band has been used as a material for ligament replacements [111] 

as well as poly desaminotyrosyl-tyrosine ethyl carbonate (poly (DTE carbonate)) scaffold made 

of parallel fibers. Both revealed the capacity to support fibroblast growth with the requested 

strength for an appropriate ACL graft [111]. The use of polydioxanone (PDS) has also been 

investigated as a potential material for scaffold construction [112, 113]. Other biological and 

natural materials have been studied for potential ACL scaffolds, like type I collagen fibers 

arranged in parallel [13], whose grafts showed high biocompatibility, with enhanced cell 

attachment, considerable proliferation and production of extracellular matrix [113]. Issues such 

the lack of structural reinforcement or the arrangement of the fibers in stress direction are 

signalized as some of the causes for long-term failure due to fatigue, creep, and abrasive wear. 

Still, as referred before, existing artificial ligaments to date have failed also to provide long-term 

stability or ease of revision surgery. In Table 2. 4 are displayed the main limitations and 

advantages of each graft. 

 

Table 2. 4 – Types of grafts and its disadvantages: mainly mechanical, laxity and rupture, and biointegration [4, 5] 
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Grafts Advantages Limitations 

Autograft 
Promote remodelling 
Functional compatible mechanical 
properties and degradation 

2nd surgery to remove; availability reduced 

Allograft 

Requires less surgical time than an 
autograft, more availability than 
autografts, functional compatible 
mechanical properties and degradation 

Rejection and diseases transmission; 
degradation and mechanical properties 
incompatible  

Carbon fiber 

Reduction and even distribution of stress 
between graft and soft tissue 
attachment; Encourages ingrowth of 
collagen into implant 

Migration of carbon wear particles; 
Unacceptable implant stretching and 
rupture that led to poor long-term 
functionality; Foreign body response in 
synovium liquid 

Gore-Tex© 
Tensile strength 3 times native human 
ACL 

Progressive long-term laxity;  Lack of tissue 
ingrowth; Fraying at bone tunnels 

Dacron© 
Polyester coating serves to protect 
implant from abrasion 

Poor long-term stability;  Stress-shielding; 
Rupture of  the femoral or tibial insertion 
and of the central body; Elongation 

Kennedy Ligament 
Augmentation 
Device © 

Protects autogenous graft from 
excessive stresses  

Weak implant–graft interface; Inflammatory 
reaction, high complication rate 

LARS Ligament© 

Mimics natural ACL structure and 
orientation; Reduces shearing forces on 
the implant; Porosity encourages tissue 
ingrowth 

Residual post-operative laxity still present; 
No long-term follow-up studies yet 

Leeds-Keio 
Artificial 
Ligament© 

Acts as a scaffold for soft tissue 
ingrowth; Excellent maximum tensile 
strength which exceeds that of native 
ACL 

Acts as more of a load-bearing prosthesis, 
allowing tissue ingrowth; Large number of 
long-term graft ruptures 

Tissue-engineered 
Scaffolds 
 

Duplicate mechanical and structural 
properties of native ACL; Restoration of 
normal knee joint kinematics; Implant 
can resemble normal ACL over time 

Loses strength over time; Allogenicity of 
collagen scaffolds can lead to rejection; 
Consistent reproduction difficult due to 
batch-to-batch variability; Collagen not as 
modifiable as biodegradable polymers 

 

2.5. TEMPORARY APPROACH AND TISSUE ENGINEERING 

A special attention has been payed to synthetic grafts combined with Tissue Engineering 

techniques, as a solution to overcome the major limitations related to long-term mechanical 

behaviour such as laxity, the main cause of long-term failure [6]. 

Polymeric biomaterials can be divided in non degradable and degradable. The first ones are 

considered on a permanent approach for ACL replacement. In contrast, the second ones are 

applied on a temporary approach that are needed for only a limited period of time and are based 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016   31 

on the capacity of living systems to self-repair. Degradable polymers have been a theme of great 

interest for temporary therapeutic applications such as wound closure, tissue repair and 

regeneration, and drug delivery [114-120]. 

The use of synthetic non absorbable solutions has reported undesirable secondary effects, not 

being the best solution for the ligament replacement, which leaded to the development of 

biodegradable and absorbable material solutions. There are some advantages on resorting to 

biodegradable polymers for ligament replacement devices. The development of biodegradable 

solutions allow immediate stabilization, serving as scaffolds for cellular proliferation and 

substitution [121]. 

These do not require a second surgery to remove the implant, which reduces medical costs. 

Biodegradable scaffolds promote the tissue formation over the scaffold and replace the 

biomechanical function, allowing then the gradual recovery and regeneration of the tissue as 

the device degrades (Fig. 2. 10). A biodegradable scaffold must gradually degrade to 

biocompatible products at a rate that allows the new tissue to receive the appropriate level of 

load without danger of rupture.  

Biologically, biodegradable polymers can stimulate isolated cells to regenerate tissues. Also, 

with degradable and absorbable materials, there is no risk of disease transmission, they are not 

limited due to their synthetic source and they can also be sterilized easier than grafts made from 

natural materials without harming the mechanical properties of the device [13]. Moreover, once 

absorbed, biodegradable polymers do not block computed tomography (CT) scans, which 

facilitates subsequent medical imaging evaluations. 

The degradation of mechanical properties of these polymers along time should ideally be 

compatible to the load bearing recovering of the injured tissue. 
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Fig. 2. 10 – Degradation of scaffold combined with tissue regeneration. I- hydration; II-Hydration and Degradation; 

III-Degradation and Mass Loss; IV-Resorption and metabolisation; V-Metabolisation [113] 

 

Nevertheless, there are some clinical requirements for tissue engineering of ligaments that must 

be considered [4, 122], like there must not be any additional surgical procedure for tissue 

harvest, in order to minimize patient tissue morbidity, and surely there is no requirement for 

tendon graft harvest for use in ACL reconstruction. For ligament replacement, the surgical 

technique for implantation must be simple and with reliable fixation methods, enabling the graft 

to withstand aggressive rehabilitation. This intervention must promote immediate stabilization 

of the knee, allowing patients to rapidly return to their daily functions. During this procedure 

the risk of infection or disease transmission should be minimal. The graft material must be 

biocompatibility and should degrade at a rate providing adequate mechanical stability following 

implantation and during the transition to functional replacement tissue during remodeling in 

vivo. Ultimately, the ligament must provide mechanical support during tissue growth without 

causing stress shielding (through the design of matrix geometry, porosity, and mechanical 

properties), having mechanical integrity for sufficient duration to allow host tissue ingrowth 

[123]. So mechanically, ACL scaffold must provide immediate joint stability, allow secure fixation 

with standard methods, mimic the natural stress-strain curve of ACL, matching the natural ACL 

linear stiffness and yield, avoid fatigue failure, stress-shielding of ingrowing tissue, creep, 

abrasion, and unwanted wear that results in particulate debris, and also attend to viscoelastic 

behavior. From a biological point of view the scaffold should allow rapid cellular infiltration, 

promote formation of ligamentous tissue, provide sufficient surface area and void volume with 

the appropriate macro and micro structures for tissue organization and remodeling and 

anticipate bioresorption characteristics in the avascular yet inflamed intra-articular 

environment following surgery [124]. 
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The main goals of using biodegradable polymers as scaffolds should be to promote the ability to 

incorporate cells and growth factors, to support cell proliferation, to promote ligamentous 

tissue formation and to provide osteoconductive and osteoinductive environments [118], by 

being a porous scaffold. It also must have processability to complicated shapes with appropriate 

porosity and as well as maintaining appropriate mechanical properties during most part of the 

tissue regeneration process.  

During the healing process, the ACL reconstruction with autograft, patients usually return to 

normal daily activities after around 3 months after surgery, start doing sports activity after 6 

months [125]. Hence, for a biodegradable ligament device, its tensile fatigue/creep rupture 

strength should be above the stress applied to the graft. During the recovery, the graft strength 

should gradually reduce, while the injured ligament restores its full bearing capacity, through 

regeneration. Therefore, materials with a slower degradation, such as polylactic acid (PLA) 

should be chosen for this ligament replacement. Polycaprolactone (PCL) has a slower 

degradation than that of PLA, but has a low stiffness. PCL may be blended with PLA in order to 

decrease PLA’s brittle behavior regarding slow degrading devices [126]. Indeed, biodegradable 

polymers allow the control of the degradation rate of the device, continuously considering final 

mechanical properties, resorting to techniques as block copolymerization, blending with other 

biodegradable polymers or by using yarns of fibers. Usually, the choice of these materials is 

performed considering different degradation rates and characteristics. FDA have already 

approved the use of poly(hydroxyl acids) to 3D scaffolds construction with the desirable 

characteristics for a biomaterial  [127]. 

For tissue replacement with fibers, PLA fibers started to be clinically used to augment ruptured 

knee ligaments in early 90’s decade [128, 129] and showed similar improvement in its 

reconstruction compared to other synthetic materials [123, 130]. Fibers made of PLA and its 

copolymers showed a tensile strength large enough and a degradation behavior slow enough to 

be suitable as raw material for an augmentation device.  

Currently, PLA is only used as ligament augmentation as an experimental animal study, not in 

humans [129]. Recently, a solution based on a cell seeded, degradable, three-dimensional (3-D) 

braided PLA scaffold and poly(d,l-lactic-co-glycolic acid) (PLGA) scaffold for ACL engineering have 

been applied in rabbits [131, 132]. The objective was to optimize the structure, concerning on 

material composition by choosing an appropriate polymer and its biocompatibility response on 

a cellular level, its degradation and respective mechanical properties. In vitro evaluation 

revealed proliferation of ACL fibroblasts and these were conformed to the geometry of the 3-D 

braided scaffold [133]. 

H. H. Lu et al. developed an in vitro (in rabbits) study in order to optimize braided scaffolds, by 

developing three compositions of fibres, PGA, PLA and their copolymer PLAGA in a ratio of 82:18. 

Fibres scaffolds, previously pre-coated with fibronectin (Fn, PGA-Fn, PLAGA-Fn, PLA-Fn) were 

fabricated [131], where the multi-filament yarns of PGA, PLA or PLAGA were used to produce 

24-yarn bundles with a density of 10 multi-filament yarns per yarn bundle. Comparatively, PGA 

scaffolds presented the highest tensile strength followed by PLA and PLAGA. PGA also revealed 
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the quickest degradation in vitro. PLA scaffolds exhibited superior mechanical properties over 

time and PLA-Fn scaffolds presented the higher ACL cells number measure, turning out that this 

last one was proposed as the more appropriate substrate for ACL scaffold for tissue engineering 

techniques combination [132]. 

Cooper experimented a graft based on similar 18-yarns fibres of PLA-PGLA 10:90 (Fig. 2. 11) to 

form 48-yarn, 3-D circular braids with braiding angles that ranged from 26o to 31o and compared 

it with PLAGA fibers with 9, 30, and 60 yarns per bundle, 3D rectangular braids, in order to assess 

mechanical properties and porosity regarding  fiber number. The last method have produced 

more heterogeneous scaffolds which revealed to be more appropriate for the intra-articular 

region of ACL, considering surgical techniques [131, 133, 134]. 

 

 

Fig. 2. 11– General configuration of ligament scaffold design for 3-D rectangular braid from Cooper et. al study [131] 

 

Recently, Freeman et al. combined the two techniques of polymer fiber braiding and twisting to 

design a novel PLLA braid–twist scaffold for ACL tissue engineering. In this study, 3 types of 

scaffolds were made, a braided scaffold, a twisted fiber scaffold, and a braid–twist scaffold and 

they were compared in order to evaluate the best scaffolds for ACL replacement. The properties 

of these scaffolds can be adjusted by varying the number of incorporated fibers, the degree of 

twisting, or braiding angle, enabling to modify the scaffold mechanical behavior. According to 

stress–strain tests performed on scaffolds, the 4 braid 60-72 scaffold (braid–twist scaffold with 

fibers twisted to 60o, fiber bundles twisted to 72o and yarns braided at 4 stitches per inch) was 

the best of the tissue-engineered scaffolds in this study. The addition of fiber twisting to the 

braided scaffold resulted in a significant increase in the ultimate tensile strength, an increase in 

ultimate strain, and an increase in the length of the toe region in these constructs over scaffolds 

that were braided. Based on the findings of this study, the braid-twist scaffold studied was found 

to be a promising construct for tissue engineering of the ACL [135]. 
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Other tested artificial ligaments made of flexible composites, considering fibers, woven and 

braided structures, performing well for a short period after implantation, but for the long-term 

application were not successful presenting poor tissue integration, poor abrasion resistance and 

fatigue [2, 136]. 

According to tissue engineering there can be different approaches to tissue replacement: the 

use of three dimensional porous matrices that promote tissue regeneration, the use of isolated 

cells that have been expanded in vitro, the use of growth factors [137], gene transfer, among 

others.  

Cell therapy is one of Tissue Engineering techniques more commonly used, especially 

considering sports medicine applications. Usually is performed resorting to mesenchymal 

progenitor cells (MPC) or mesenchymal stem cells (MSC) [138, 139]. Another strategy is gene 

transfer which enables relies on the application of therapeutic factors essential to the healing of 

injured ligaments, like nonviral gene delivery vectors or vectors derived from viruses with 

natural entry pathways in the cell (adenoviruses, lentiviruses/retroviruses) [140-142]. 

Considering growth factors, a wide range have also been used to improve ligamentous and 

tendon tissue repair, namely insulin-like growth factor (IGF), TGF-β, platelet-derived growth 

factor (PDGF), vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF) and 

nerve growth factor (NGF) [143, 144]. Further, as non-invasive treatment the use of platelet-

rich-plasma (PRP), which contains a multitude of growth factors, is usually considered [145, 146]. 

Recently was developed a matrix composed of twisted silk fibers [147], combined with two 

tissue engineering approaches to regenerate damaged tissue, i.e. the use of a 3-D porous matrix 

with the use of isolated cells that have been expanded in vitro, presenting a maximum load of 

2337N, an elastic modulus of 354N/mm and a failure strain of 38.6% [13]. 

For this ongoing research on synthetic and biological scaffolds critical challenges concerning 

implant–host integration, cell survival after transplantation, and short-time degradation have 

been reported [71].  

The application of Tissue Engineering techniques is a reality mostly in autografts, which has 

become an exciting theme on synthetic grafts research. 

 

2.6. CONCLUSIONS 

The chemical composition and geometry of anterior cruciate ligaments (ACL), along with its 

mechanical properties are key issues during a medical device development.  Similarly to other 

biological structures, ACL is a composite and dense material with a very complex hierarchical 

arrangement and of hard mimic that supports multiaxial stress state and several levels of 

deformations. 

Besides consisting of types I, II, III, IV and VI collagen, displaced into several fibril, responsible 

for yield stress, ductility and connecting the fibrillar components, ACL has glycosaminoglycans 

(water content) that commands viscoelastic properties and helps to absorb mechanical impact 
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on the structure. Bundles orientation, structure and elastic components turn ACL into a unique 

structure. 

Currently there exist both natural and artificial solutions for ACL replacement both natural and 

artificial for a permanent approach, but with some limitations. Attending to its biocompatibility 

and rate of success, physicians predominantly choose to apply natural replacers, as autografts 

and allografts. However, they have limited availability and need for harvest surgery, as well as 

donor area shortage, rejection, disease transfer and high harvesting costs. There is a drive for 

researching artificial solutions and for a temporary approach development. This intends to allow 

ACL regeneration around a biodegradable scaffold during ACL recovery period, while this will 

degrade, ending up disappearing. This approach starts by finding an appropriate material within 

the ACL functionality as a biodegradable scaffold and then combines it with Tissue engineering 

techniques, like growing factors. During healing process, artificial ligament should protect the 

new tissue growth from mechanical forces, but simultaneously allow a gradual increased 

exposition to load, promoting an effective natural evolution.  

Currently, failure on ACL replacers is mainly due to rupture or laxity of the device. Natural human 

ACL is continuously subjected to millions of 300 N load cycles per year combined with occasional 

peek tensile forces up to 630 N.  

The search to interrelate stress-relaxation and creep data with strain or stress dependent time 

behavior, respectively, for nonlinear viscoelastic behaviors must proceed. A model for ligaments 

at high stress and strain levels with the capability to interrelate creep and relaxation is essential 

to understand their viscoelastic behavior. It is relevant for the artificial ligament evolution. 

Specific requirements must be followed in order to obtain a biocompatible and mechanical 

functional medical device for ligament replacement or for ligament augmentation. 

Interesting advances have been made in medical devices market, specifically for artificial 

ligaments, being the current research trend the search for a synthetic graft that could be 

combined with Tissue Engineering techniques suitable for a temporary approach with 

biodegradable polymers. 
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CHAPTER 3: MATERIALS: BIODEGRADABLE POLYMERS 

AND CARBON NANOSTRUCTURES 

Large potential for materials faster evolution, concerning medical devices, exists today to be 

released through synchronized cooperation between involved disciplines, from material 

selection, production, surface preparation, cell growth techniques till the tissue repair 

chirurgical practice. Part of this has been attempted at Mechanical Engineering Department, 

during last decade, by tuning the right environment between Mechanical Engineering, 

Biomaterials, Tissue Engineering and Orthopedic Surgeons. 

Regarding ligament replacement or ligament augmentation devices, choosing appropriate 

materials for synthetic solutions as scaffolds that could fit as support during tissue recovery 

while simultaneous promote its regeneration, requires above all biocompatibility and 

mechanical functionality, turning it into a big challenge.  

Currently, biodegradable polymers such as polylactic acid (PLA) have been researched as a 

potential solution. PLA allows proper tissue regeneration and healing, being already approved 

by Food and Drug Administration (FDA). Indeed, PLA scaffold enables a clinical temporary 

approach of ligament replacement that might be combined with Tissue Engineering techniques 

for the healing process stimulation. 

Despite that, PLA mechanical performance must be improved with mechanical reinforcements, 

namely its mechanical resistance to fatigue, preventing laxity or rupture of the device. 

In an attempt to overcome these mechanical limitations and improve PLA mechanical behaviour, 

inorganic carbon-based nanoparticles were added to PLA matrix, namely carboxylic acid 

functionalized carbon nanotubes nanocomposites (CNT-COOH) and graphene nanoplatelets 

(GNP), considering small content of the nanofillers. 

In this Chapter, a brief description of PLA and carbon nanostructures is presented preceding the 

introduction of nanocomposites production. 

 

3.1. BIODEGRADABLE POLYMERS 

Over the past few decades, polymeric biomaterials have revolutionized the biomedical field. 

Several applications have benefited with these materials such as controlled drug delivery 

systems, cell culture supports, scaffolds for tissue engineering, biosensors, actuators, 

bioseparation devices, reactive coatings, medical imaging and medical devices. 

Within polymeric biomaterials, biodegradable polymers have been highly researched for these 

biomedical applications. Most degradable polymers contain in their backbone linkages such as 

esters, orthoesters, anhydrides, carbonates, amides, urethanes, urea, and others.  
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Among these degradable polymers, aliphatic polyester structures are receiving special attention 

by being sensitive to hydrolytic degradation, a feature of interest since living systems are 

surrounded by aqueous environments [1]. 

Aliphatic polyesters have been developed since the late 60’s as biodegradable biomaterials, due 

to its excellent biocompatibility and controllable degradation rates [2], and can be either from 

natural origin, like PLA, or from chemical origin, by poly-condensation of hydroxy acids and of 

diacids polymerization of lactone-type heterocycles. 

Thus, those aliphatic polyesters derived from lactic acid (LA) and glycolic acid (GA), in particular, 

appear to be the most promising because of their excellent biocompatibility and variable 

degradability. 

Degradation can be varied in polymeric biomaterials by controlling the trigger that stimulates 

the process and the mechanism by which it occurs [3]. Degradation of polymeric biomaterials 

can be initiated by an environmental stimulus such as temperature or pH, internal stimulus like 

hydrolysis or enzymolysis or external stimulus like electric or magnetic fields. 

Aliphatic polyesters are thermoplastic polymers with hydrolytically aliphatic ester linkages as 

the backbone, containing flexible ester bonds. Poly-glycolic acid (PGA), PLA [4]  and 

polycaprolactone (PCL), and their copolymers like PLGA are examples of aliphatic polyesters 

commonly used in biomedical devices in Tissue Engineering due to their excellent 

biocompatibility [5-8]. 

These have been used in surgery as suture materials, bone fixation devices such as resorbable 

plates and screws [9] and as degradable matrices for the sustained delivery of bioactive 

substances for about three decades. 

These are typically semicrystalline, hydrophobic, then short functional, and its structure has 

adaptability, making it possible to be used in several particular applications [10]. Their synthesis 

can be made by condensation polymerization reaction of their corresponding acids (diols, diacid, 

hydroxyacid, carboxylic acids and alcohols) or by ring-opening polymerization (ROP) of the 

corresponding cyclic lactones (lactic and glycolic) [11-14]. 

By having an extra methyl group in the repeating unit, PLA becomes more hydrophobic when 

compared to PGA, reducing the molecular affinity with water, which leads to a slower rate of 

hydrolysis [5]. 

These polymers degrade by simple and random hydrolysis of the ester bonds, does not requiring 

the presence of enzymes, preventing inflammatory reactions [15]. Ester bonds usually degrade 

over the course of weeks to months in physiological systems. Polymeric materials may 

eventually break down completely into monomers, or, depending on the extent of degradation, 

into oligomeric chains. The hydrolytic products from such degradation process are then 

transformed into non-toxic subproducts that are eliminated through normal cellular activity and 

urine. 
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3.2. POLYLACTIC ACID (PLA) 

PLA is a thermoplastic with high biocompatibility, biodegradability properties and extensive 

mechanical property profile [11, 16].  

Nowadays, PLA is approved by the US Food and Drug Administration (FDA) and European 

regulatory authorities for all food applications and some chirurgical applications such as drug 

releasing systems [17]. 

Currently some companies are able to produce at an industrial scale and commercialize PLA 

successfully (Table 3. 1), available in several applications grades. 

 

Table 3. 1 – Suppliers of PLA and trade names 

Trade names Company 

NatureWorks®  Cargill Dow  (USA) 

Galacid®  Galactic (Belgium) 

Lacea®  Mitsui Chem. (Japan) 

Lacty®  Shimadzu (Japan) 

Heplon®  Chronopol (USA) 

CPLA®  Dainippon Ink Chem. (Japan) 

Eco plastic®  Toyota (Japan) 

Treofan®  Treofan (Netherlands) 

PDLA®  Purac (Netherlands) 

Ecoloju®  Mitsubishi (Japan) 

Biomer® L  Biomer (Germany) 

 

PLA is obtained from lactic acid and converted back to the latter one when hydrolytically 

degraded [18]. Lactic acid is a naturally occurring organic acid that can be produced by 

fermentation of sugars obtained from renewable resources such as sugarcane. Hence, PLA can 

be produced and used in an environmentally friendly cycle (Fig. 3. 1). 
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Fig. 3. 1 – Positioning of some polymers by source and degradability 

 

PLA synthesis requires rigorous control of conditions (temperature, pressure and pH), the use of 

catalysts and long polymerization times, which implies high energy consumption [11, 15]. 

Lactic acid is a chiral molecule existing in L and D isomers, existing three active forms of poly-

lactic acid, namely pure poly-l-lactic acid (PLLA), the natural isomer, pure poly-d-lactic acid 

(PDLA), with high degradation rate and and poly-d,l-lactic acid (PDLLA). The L-isomer is a 

biological metabolite and constitutes the main fraction of PLA derived from renewable sources 

since the majority of lactic acid from biological sources exists in this form. Along this work the 

active form used was PLLA, always referred as PLA. 

PLLA can crystallize in three forms (α-, α’-, β-, and γ-), presenting a crystalline pattern typically 

semicrystalline [19], with a glass transition temperature between 55 to 70oC [20], depending on 

the grade, production parameters and molecular weight of the polymer [21-23] (Table 3. 2). 

PLLA is a brittle polymer, presenting a high tensile strength but a reduced elongation at break. 

Its Young’s modulus is higher when compared to other polymers (from 3.5 to 4GPa) (Table 3. 2) 

[18]. PLLA must have a high molecular weight in order to have acceptable mechanical properties, 

high melt viscosity, and melting strength during processing [24, 25]. 
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Table 3. 2 – PLLA properties [11, 20, 26-28] 

Properties  

Molecular weight (g/mol) 100 000 to 300000 

Glass transition temperature (oC) 55 – 80 

Melting temperature (oC) 170 – 215 

Crystallinity degree (%) 10 – 40 % 

Yield Strength (MPa) 70 

Tensile Strength (MPa) 66 

Elongation at break (%) 100 -180 

Flexural strength (MPa) 119 

 

The degradation occurs through random hydrolysis of their ester linkages (hydrolytic 

degradation) into lactic acid. This then enters the tricarboxylic acid cycle, and their non-toxic 

products and eliminated from the body in the form of carbon dioxide and water [29]. 

When the water molecules attack the ester bonds in the polymer chains, the average length of 

the degraded chains becomes smaller, creating short fragments of chains with carboxylic end 

groups that render the polymer soluble in water [5]. 

PLLA degrades completely in lactic acid within a period of 10 months to 4 years depending on 

its molecular weight, crystalline extent, the form material, the implantation site [30], the 

presence of plasticizers, aging, and polymer chirality [11]. Its degradation rate is currently 

controllable in vivo and can be adapted to fulfill integration in vivo from weeks to years, by 

changing the chemical composition, crystallinity, molecular weight and distribution [31]. 

Morphology and crystallinity strongly influence PLA biodegradation rate and the mechanical PLA 

properties [32, 33], so PLA scaffolds degrade more slowly in vitro and in vivo than PGA, while 

maintaining mechanical integrity up to several months [34, 35].  

The mechanism of aliphatic polyester biodegradation is the bio-erosion of the material mainly 

determined by the surface hydrolysis of the polymer [5]. Hydrolysis mechanism depends mainly 

on the chemical composition of the samples, the pH of the medium, temperature, surface 

treatments, sample size and shape, reinforcing particles and particle functionalization [36]. 

The degradation behaviour has a crucial impact on the long-term performance of the scaffold. 

Degradation kinetics affects mechanical behaviour and may affect processes such as cell growth, 

tissue regeneration and host response. 

Due to the high strength of the PLLA fibres, it has been investigated as support material (scaffold) 

for the replacement ligament to replace existing non-degradable fibers [37, 38]. However some 

studies revealed that PLLA does not holds enough toughness, fatigue and creep resistance to 

operate effectively in a ligament replacement or augmentation device [39-42]. Like polystyrene 

(PS), standard-grade PLA has high modulus and strength but lacks toughness. PLA toughness can 

be dramatically improved through orientation [43], blending [44] or copolymerization. 
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Hence, several approaches have been explored to introduce functional groups into PLA for 

biodegradation adjustment and mechanical properties improvement [14, 45].  PLA can be 

tailored by formulation resorting to co-polymerizing of the lactide with other lactones-type 

monomers, a hydrophilic macro-monomers (polyethylene glycol (PEG)), or other monomers 

with functional groups (such as amino and carboxylic groups, etc.), and blending PLA with other 

materials [15], other polymers and composite materials with clay or natural fibres [30, 46-50]. 

 

3.3. CARBON NANOSTRUCTURES (CNS) 

Recent innovations have provided the creation of new nanocomposites of polymer matrix based 

materials with remarkable improvements in their physical properties [51, 52], enhanced 

mechanical [53-55], electrical [56-58], thermal [59], fire retardancy [60] or magnetic  properties. 

In fact, polymeric nanocomposites advances promoted significant industrial impact [61-64] and 

still remains in constant evolution as an area of substantial scientific interest. 

Prior to any description, some “nano”-concepts should be imparted. Polymer nanocomposites 

always involve multiphase materials, where at least one of the constituent phases is the 

nanofiller. Nanofillers are defined as fillers that have at least one dimension inferior than 100nm. 

Depending on the dimensionality, four different types of nanofillers can be classified: the zero-

dimension nanoparticles, when all dimensions are inferior to 100 nm; the one-dimensional 

nanofibers, such as carbon nanotubes (CNT) with diameter inferior to 100 nm; the two-

dimensional layered silicates such as clays which the thickness is inferior to 100 nm; and finally 

three-dimensional interpenetrating networks, such as polyhedral oligomeric silsesquioxanes 

(POSS) (all dimensions <100 nm) (Fig. 3. 2). Their physical and chemical properties should be 

measured differently than those of the bulk material [65]. 

 

 

Fig. 3. 2 – Various types of nanoscale materials [65] 

Recently, all types of nanofillers have been used for the preparation of nanocomposites. Among 

nanofillers, different nanomaterials are considered and these can be distinguished by its source, 

as natural, incidental, and engineered nanoparticle. According to U.S. Environmental Protection 
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Agency regulation engineered nanoparticles are divided into four types: the carbon-based 

materials (nanotubes, fullerenes), the metal-based materials (including metal oxides and 

quantum dots), the dendrimers (nanosized polymers built from branched units of unspecified 

chemistry), and nanoclays [65]. 

Nanomaterials enable the development of new systems that mimic the complex hierarchical 

structure of the native tissue, being appropriate for Tissue Engineering scaffolds [5]. According 

to specific biomedical applications, some nanomaterials are more frequently used than others. 

Within metal oxides materials most applicable are gold, silver and platinum nanoparticles and 

zinc or titanium oxides, which are used in ceramics. 

Hydroxyapatite (HA) has been widely used as a biocompatible ceramic material mainly for 

contact with bone tissue, due to its resemblance to mineral bone [66]. 

Since the discovery of fullerenes [67], carbon nanostructures (CNS) like CNT, carbon nanofibres 

(CNF), graphene (GNP) and a wide variety of carbon related forms have been severely explored 

for several applications, including more recently for a variety of biomedical applications [68, 69]. 

CNS have the potential to the needed structural reinforcement for biomedical scaffold. Indeed, 

CNT have been considered one of the most promising candidates for the design of novel polymer 

composites. A small fraction of it into a polymer can promote significant improvements in the 

composite mechanical strength and electrical conductivity.  

Due to the extraordinary properties of CNT and GNP, great enthusiasm exists among researchers 

around the materials world. The level of activity (number of articles and patents) is illustrated in 

Fig. 3. 3, Fig. 3. 4 and Fig. 3. 5 and it is still growing. 

 

 

Fig. 3. 3 – Trends of Nanomaterials in ISI-indexed Articles in 2004-2013, by StatNano – Nano Statistics: Nano 

Scinece, Technology and Industry Scoreboard (2014) 
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Fig. 3. 4 – Number of publications evolution on graphene and graphene nanocomposites[70]. 

 

 

Fig. 3. 5 – Number of publications evolution on carbon nanotubes and carbon nanotubes nanocomposites[71] 

 
Nanocomposites based on PLA reinforced with CNS have attracted great interest in today's 

materials research, because these substances can significantly enhance the bionanocomposite 

properties especially when compared with neat PLA. These improvements can include high 

Young’s modulus, increased strength, flexibility, and heat resistance, decreased gas permeability 

and flammability, and increased rate of crystallization and control of degradability [72]. 

Technically and economically, some authors consider that still exist some factors that may be 

delaying nanocomposites industrial growth, in particular processing challenges of the 

nanocomposites, competition of nanocomposites with other materials for certain applications 

and photooxidation (or photodegradation) instability of nanocomposites [61]. Despite that, 

most applications of nanocomposites with the exception of packaging materials are intended 

for long-term [73]. 
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Considering ligament replacement or ligament augmentation devices, resorting to PLA as matrix, 

nanocomposites with CNT and GNP will be produced during this work. Some detailed 

information about CNT and GNP follows. 

 

3.3.1. CARBON NANOTUBES (CNT) 

3.3.1.1. STRUCTURE 

Carbon may present several structural forms due to the various types of valence bonds that the 

carbon atom might form. Among others, the main five allotropic forms of pure carbon can be 

considered: diamond, graphite, fullerene (or buckminsterfullerene), CNT and GNP (Fig. 3. 6). CNT 

are considered as the fourth allotropic form of carbon. The distinction between the structures 

is done according to how the atoms are bonded, depending on their hybridization state. 

In the diamond form, the carbon atomic orbitals are in sp3 hybridization condition, which is a 

very rigid, hard and stable configuration. The crystalline diamond network is formed by carbon 

atoms with four connections. In the graphite, the carbon atoms have sp2 hybridization, where 

each carbon atom is strongly bounded with the three other atoms on the same plane with a type 

σ bonding, forming a planar hexagonal structure. The bonding of each atom to the axis is π type, 

due to Van der Waals force. Similar to the graphite form, also the fullerene [74] presents a sp2 

bond, but curve due to pentagons. 

Carbon fibres evolution, chemical vapour deposition (CVD) technique appearance, the need to 

decrease their carbon fibres diameter [75] and fullerenes development [74, 76] culminate on an 

experimental study by Iijima on the CNT observation by transmission electron microscopy (TEM) 

[77, 78]. Other theoretical work have been made since that denoting the evolution of CNT [79]. 

 

 

Fig. 3. 6 – Five allotropic form of carbon: a) graphite, b) diamond, c) fullerene (or buckminsterfullerene), d) CNT and 

e) GNP [80] 

CNT are the structural form that most interest has generated among the scientific community 

regarding the multitude of possible applications together with the extraordinary characteristics 

which will revolutionize the future choice of materials. 
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CNT behave like sheets of ordered hexagonal clusters of carbon, with sp2 bonding, rolled into a 

cylinder shape, which can have closed or open endings [77] (Fig. 3. 7) [79]. The chemical bonding 

of the CNT are entirely composed by sp2 carbon-carbon bonds, stronger than the d sp3 of the 

diamond, which are responsible for considerable mechanical properties [81]. 

 

 

Fig. 3. 7 – Graphite sheet (left); partially rolled graphite sheet (middle) and CNT (right) [82] 

 

One of the CNT dimensions should be inferior to 100 nm (according to nanoparticles definition) 

and diameter should be inferior to 2.5 nm, however, this value can vary, according to synthesis 

technique for CNT production, between 0.3, 0.4 e 1.4nm [83, 84]. Its length may be from tens to 

hundreds of micrometers. 

The tube diameter is small enough to display effects of periodicity of a size [85] and the 

cylindrical surface of the CNT can present several symmetries or chirality and geometries 

without applied tension. 

Mostly CNT properties s, such as conductivity and the vibrational spectrum, are a consequence 

of quantum behavior 1D and symmetry properties of the same [86]. This means that the 

electrons movement is confined to a longitudinal movement along the tube axis, turning these 

nanotubes into quantum wires with densities of unidimensional electronic states that may or 

may not become semiconductors. Because of this dimensional property, CNT may have a width-

to-height ratio of about 1000 [85], i.e. corresponding to a high surface-volume ratio. 

It is possible to describe structure CTN using the chiral vector or helicity vector Ch related to CNT 

symmetry and the angle θ helicity [67] (Eq. 3.1 and Eq. 3.2). These are defined in accordance 

with the unit vectors of the hexagonal grid, a1 and a2, and the pair of indexes n and m, unit 

vectors defined along two directions in the graphene network. 

�	 = �� + ���     (Eq. 3. 1) 

��� � = ������
����������    (Eq. 3. 2) 

Ch  vector is perpendicular to the tube axis. The angle θ is measured relative to the zigzag axis. 

The pair of indices (n, m) represents how the graphene sheet is rolled up, ie the number of 

carbon atoms that is distributed around the perimeter of the tube and the number of atoms at 

the tube axis, existing then three possible chiral forms (): the armchair (n, n) with m = n; zigzag 

(n, 0) where m = 0 and helical (n, m). 
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.  

Fig. 3. 8 – Zigzag and armchair structures. The chiral vector and the chiral angle [85, 87] 

 
Similar to the structure, the diameter D of the CNT is associated with the helicity vector, by the 

length of the carbon-carbon bonding, aCC (Eq. 3.3): 

� = �
� ∙ |��| = ���

� �3�!" + #" + !#�    (Eq. 3. 3) 

aCC  length is lengthened to an imposed bending, having as the upper limit the average value of 

the C60 molecule, 1.44Å and as lower limit the average value of graphite 1.41Å. 

The chirality directly influences the properties of the CNT with significant implications in electron 

transport in a way that if 2n + m is a multiple of 3, the CNT is considered metallic, otherwise it is 

considered semiconductor. 

Although chirality have some influence on the elastic stiffness of the CNT, there may be a 

transformation of Stone-Wales [88, 89] (Fig. 3. 9), which is a diatomic reversible change where 

the resulting structure are two pentagons and two heptagons pairs. This is essential in plastic 

deformation of CNT under tension. 

 

Fig. 3. 9 – Stone-Wales transformation on CNT [87] 

Carbon nanotubes can be classified according to the number of layers of graphite sheets (walls) 

and their arrangement, namely single-walled carbon nanotubes (SWCNT), multi-walled carbon 

nanotubes (MWCNT) and a variation of these last, which are double-walled nanotubes 
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(DWCNT). SWCNT consists of only a single layer of rolled graphite while MWCNT are two or more 

layers of concentric graphite sheets coaxially arranged in the center “bonded” by Van der Waals 

forces between layers [82] (Fig. 3. 10). By MWCNT having more graphite layers, their physical 

properties and chirality is more difficult to predict than in SWCNT. 

 

Fig. 3. 10 – SWCNT (left) and MWCNT (right) [82] 

 

3.3.1.2. PROPERTIES  

It is known that the excellent mechanical properties of CNT [90] make them unique materials 

and extensive applicable, raising interest and motivation among the scientific community, in the 

search for validation of both the actual values as the optimization of their techniques. 

Hence, it will be important to describe some of the mechanical, electrical and thermal properties 

defined for CNT and some of their measurement techniques. 

Several studies have been used to characterize the outstanding mechanical properties of carbon 

nanotubes, both theoretical and experimental. 

Measuring mechanical properties in materials of nanometer dimensions is not simple being 

necessary to use more advanced techniques of microscopy such as transmission electron 

microscopy (TEM), scanning electron microscope (SEM) or atomic force microscopy (AFM). 

Some studies have reported limited application for the TEM measurement of the temperature 

dependence with the vibrational amplitude allowing estimation of Young's modulus [91, 92],  or 

for the standard definition of mechanical deformation of the MWCNT on polymer composite 

[93]. Also the measurement by AFM was reported for the measuring of the lateral bending and 

the force on MWCNT [94] and SWCNT [95] and for measuring of the axial compression on the 

tapping mode AFM [96]. SEM was used to measure the stress-strain relation and fatigue of 

MWCNT [97] and SWCNT [98]. 

The excellent mechanical properties of CNT are primarily justified by their chemical bonds 

composed of sp2 carbon-carbon bonding, as mentioned before, but also by their geometrical 

arrangement. These properties are significantly superior to other structures with carbon, as it is 

explicit in Table 3. 3 with experimentally measured values and theoretical values for the Young's 

modulus. CNT are presented as existing stronger and more rigid material [99], high Young’s 

modulus [92, 94], high elastic deformation and high resistance to fracture [100-102]. Despite 
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studies on the search for the exact mechanical properties of CNT, these values are not 

consensual, with the Young's modulus varying up to 1.2 TPa and the tensile strength between 

50 and 200 GPa. Also, attending to the used synthesis technique for CNT production, their 

characteristics may be different. In tensile tests, Young's modulus and in some cases yield 

strength several studies were conducted for both SWCNT and MWCNT, grown by various 

methods (Table 3. 3). 

 

Table 3. 3 – CNT Young’s modulus for some materials [82] 

Materials Young’s modulus Yield Strength  
Production 

Method 
Reference 

Human tendon 550-1200 MPa - - [103] 

Titanium Alloys 110 GPa - - [104] 

Diamond 1.04 TPa - - [105] 

Graphite 1.06 TPa - - [105] 

MWCNT 

0.81 TPa - ARC [106] 

1.28 TPa 14.2 GPa ARC [94] 

1.81 TPa - ARC [92] 

0.27-0.95 TPa 11.63 GPa - [97] 

1.11 TPa - - [107] 

0.91 TPa 150 GPa ARC [108] 

0.01-0.05 TPa - CCVD [109] 

SWCNT 

1.00 TPa 30 GPa Laser ablation [96] 

0.35-1.25 TPa - Laser ablation [110] 

0.97 TPa - - [107] 

 

The mechanical properties study of CNT can be performed considering two regimes, the elastic 

and the plastic. 

Elastic properties of SWCNT began with Robertson's research group  [111] using two types of 

potential models: Tersoff [112] and Brenner [113]. In large radius limit, the rigidity of the tube 

corresponds to the elastic constant of graphite C11 with experimental values of 1.06 TPa [114, 

115], with Brenner result closer to this value than that of Tersoff. It was also found that as the 

deformation increases, the C-C bonds are weakened, decreasing the Young's modulus. 

First measurement of MWCNT Young's modulus was done by TEM in which tubes were included 

on amorphous material with 1.8 TPa value of 11 CNT samples in a range between 0.4 and 4.15 

TPa [92]. Also, Krishnan et al. [110] measured the Young's modulus of SWCNT with a 1.25TPa 

value in 27 samples of nanotubes, and this value was a very similar to the one of elastic constant 

C11 graphite. 

The dependency of elastic properties of CNT with tube diameter and helicity angle is 

controversial, some authors referring the independency between them for diameters lower 

than 0.6nm [107, 111, 116]. In contrast others refer that mechanical properties are affected by 
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helicity [117] or by the diameter [118], separately, or for both [119]. Even, for increasing 

diameters between 8 and 40nm, there could be  a marked decrease in flexural strength of 1TPa 

to 100GPa [120]. 

Regarding the CNT chirality when the armchair structure is listed, after the critical stress, 

excessive deformation is reflected in the spontaneous formation of defects, corresponding to 

plastic flow movements, causing a ductile behavior. On the other hand, for zigzag structure, 

occurs the formation of defects Stone-Wales type that depends on the tube diameter, resulting 

in a variety of behaviors of the CNT between brittle and ductile [121]. 

Thus, static and dynamical properties of CNT under uniaxial tension have been investigated via 

quantum and classical simulations [116, 122-124]. Several empirical atomistic models can be 

used to predict the mechanical properties namely force field model [125], bond order model 

(Tersoff-Brenner) [113, 126-128], semi-empirical model [129], interlayer potentials (Lennard-

Jones potential or registry-dependent graphite potential) [130-133]. 

For mechanical behaviour description of CNT on the plastic regime, some numerical realistic 

models have been discussed like the Tersoff-Brenner empirical interatomic potential which is 

based on molecular-mechanics simulations [134]. When subjected to high deformations, CNT 

become weaken and reversibly change their morphological behaviour, with each shape change 

inducing instantaneous energy release and a discontinuity in the stress-strain curve. These 

changes are explained by a continuum shell model. Considering this model, SWCNT can sustain 

high structural distortions without indication of bonding break or bonding pattern 

rearrangement, which means high elasticity. MWCNT are considered extremely resistant and 

can be repeatedly bent without rupture, suggesting that they are remarkably flexible and 

resilient [135]. Beyond that, the ability of CNT to support loads elastically for large deflection 

angles enables them to absorb and hold considerable amounts of energy [136].  

The continuum Shell model has been also used for molecular dynamic simulations of the van der 

Waals forces on CNT walls [137, 138], for analyzing CNT with different chirality and subjected to 

several temperature [139]. 

 

 

Fig. 3. 11 – Continuum shell model [134] 

Regarding other properties than the mechanical, CNT also have exceptional electrical and 

electronic properties enabling a metal or a semiconductor behaviour, as already mentioned 

depending on the structure, morphology, helicity and of the tube diameter. 
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Having the high surface-volume ratio, the electron movement is confined along the tube axis, 

leaving CNT to be considered as quantum wires, with densities of electronic states 

unidimensional with singularities on both sides of the Fermi level, EF. 

If the CNT allowed electronic states contain the k points of the graphite, then CNT are metallic, 

otherwise they are semiconductors [140]. Metallic CNT can carry large current densities up to 

109 A/cm2 without being damaged [141]. These conduct electricity with essentially no resistance 

at room temperature, i.e. by ballistic transport, where electrons can be considered as moving 

freely through the structure without any diffraction from atoms or defects [82]. 

It was suggested that thermal expansion of MWCNT may be isotropic, unlike carbon fibres and 

graphite, and thermal conductivity is anisotropic. This thermal conductivity for CNT has high 

values, over 2000 W/mK, resulting from the C-C bonding. 

These thermal properties as well as the electrical are crucial in the integration of in vivo material, 

due to improved integration and growth of key components for cell adhesion and proliferation 

[5]. 

It was shown that CNT could surpass nanoclays as effective flame-retardant additives if the 

carbon-based nanoparticles form a jammed network structure in the polymer matrix 

Studies of this integration are presented later in this work, in the perspective of polymeric 

nanocomposite with CNT as well as in vitro and in vivo studies specifically dedicated to Tissue 

Engineering. 

Other important characteristics of CNT are displayed in Table 3. 4 in comparison with other 

allotropic forms  [99]. 

 

Table 3. 4 – Some electrical and thermal properties of CNT when compared to other allotropic carbon forms [99] 

(*plane; **axis) 

Materials Graphite Diamond Fullerene SWCNT MWCNT 

Specific gravity   

(g/cm3) 
1.9-2.3 3.5 1.7 0.8 1.8 

Electrical conductivity  

(S/m) 

4000 * 
3.3 ** 

10-2 – 10-15 10-5 102 – 106 103 – 105 

Electronic mobility  

(cm2/Vs) 
2.0x104 1800 0.5-6 105 104-105 

Thermal conductivity   
(W/mK) 

298 * 
2.2 ** 

900-2320 0.4 6000 2000 

Thermal expansion 

coefficient  (K-1) 
-1x10-6 * 

2,9x10-5 ** 
1 – 3 (x10-6) 6.2x10-5 - - 

Thermal stability on air  

(oC) 
450-650 <600 600 >600 >600 

Due to their great mechanical and physical properties, CNT are considered as the ideal 

reinforcement nanofillers for high performance polymer nanocomposites, once a small amount 

of it could promote significant increase on the mechanical properties of the polymers [142]. This 
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increase could be larger considering an high dispersion production methods [66, 143] and an 

high interfacial adhesion between CNTs and the polymer [144], that could be developed by the 

use of functionalized CNTs [145-149], with hydroxyl and carboxyl functional groups on CNTs 

walls [150, 151]. 

 

3.3.1.3. PRODUCTION 

Depending on the structural quality, purity, size and type of the CNT to synthesize, synthesis 

processes can vary considerably. 

Currently some synthesis methods are defined, including methods that resorts to high 

temperatures, in particular the discharge arc (ARC) [77, 152], and laser ablation [153, 154], and 

methods with low temperature application such as chemical vapor deposition (CVD). 

The first two methods involve hot gaseous carbon atoms condensing generated from the 

evaporation of a solid precursor consisting of carbon, typically graphite. These are used for large 

productions. However, have the disadvantage of high energy consumption. Nevertheless, since 

the 90s that it is possible to grow SWCNT with high quality on a scale from 1 to 10 g, by laser 

ablation[155] and ARC [152] and MWCNT by ARC with quality at a gram level  [152].  

With the method ARC [156], a voltage is applied between two electrodes of solid carbon in an 

inert gas atmosphere of He or Ar. At temperatures between 800-5000oC, this process promotes 

a discharge between the electrodes, causing the injection carbon atoms of anode to be 

deposited at the cathode, forming various types of CNT. By incorporating a metal catalyst such 

as Co or Ni, in the central region of the anode, it is possible the synthesis of the CNT, being these 

deposited in different regions of the reactor. 

The laser ablation [74] uses a high power laser, Nd: YAG, directed to the powdered graphite 

mixed with metal catalyst, positioned in the center of a quartz tube filled with inert and at a 

controlled temperature of 1200oC gas temperature. This targeting allows the evaporation of 

graphite and residual waste to be deposited in different regions. 

However these techniques are limited in the sample volume produced, being also necessary to 

resort to purification techniques, unlike CVD. This last is more frequently used for CNT synthesis 

and can be used in industrial production level. 

CVD is based on the decomposition of the compound precursor gases which contain carbon 

atoms in gaseous or volatile form, over a transition metal catalyst. This is an initiator growth of 

CNT. Heterogeneous reactions are triggered where solids and volatile products are formed by a 

volatile precursor by chemical reactions and solids are deposited on the substrate. 

Basically, the substrate containing the catalyst is placed within the chamber and heated by an 

inert gas such as Ar. After reaching the desired temperature, the precursor gas which contains 

the carbon source is added, resulting in the nucleation and growth of CNT through the carbon 

atoms arising from the decomposition of the precursor gas. During the growth, there are several 

ways to control the size and orientation of the CNT, like through the application of electric and 

magnetic fields. Generally, the transition metal catalyst may be Fe, Ni or Co due to the phase 
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diagram and the carbon between them [157]. Typical growth temperatures are 600-750oC for 

MWCNT and 850-1000oC for SWCNT [158, 159], being constraints on the quality and shape of 

CNT. With this method it is possible to individually produce CNT in a flat substrate or suspended 

agglomerates and to control of the morphology and structure of CNT. 

Currently there are still some challenges in the production of CNT, such as mass production, 

optimization processes to reduce costs and produce high quality CNTs on a large scale. Ideally, 

it will be important to promote the selective production with control of the structure and 

optimized electronic properties. The organization of the CNT in the substrates, location and 

orientation would also be a major update in production as well as the understanding of the CNT 

growth process. 

Purification aims to separate CNT from residual impurities from their production, which can be 

amorphous carbon, catalysts, catalyzing support products, carbon nanoparticles, among others, 

or to separate and serialize CNT according to the type and number of layers desired. This is 

difficult process to achieve since the CNT can have defects and contain a large amount of metal 

catalysts. Furthermore, in terms of equipment, purification uses methods that may not be 

physically larger and the only way to increase production is increasing costs. 

This process can be achieved by the use of dry methods [160-162] or humidity [163-165], 

completely different, considering different impurities. The dry methods resort to the gas-phase 

oxidation to remove amorphous carbon due to its high reactivity as compared to CNT, while the 

wet methods treat CNT in solution like nitric acid (HNO3). 

Issues regarding the synthesis and purification of CNT are relevant topics in the rapidly growing 

fields.  

 

3.3.2. GRAPHENE (GNP) 

3.3.2.1. STRUCTURE 

Graphene (GNP) is another of the considered allotropes (carbon nanotube, fullerene, diamond) 

of elemental carbon (Fig. 3. 13). 

GNP is a 2D single layer sheet of sp2 hybridized bonded carbon atoms densely packed in a 

hexagonal structure, commonly called honeycomb [166, 167], where the in-plane bonding  is σC-

C  and the out-of-plane bonding is π type [168] (Fig. 3. 12). The bond length is of 0.142 nm [169]. 

This contributes to a delocalized network of electrons, being responsible for the electron 

conduction of GNP and provides the weak interaction among graphene layers or between GNP 

and a substrate. Adjacent GNP layers are bound by weak van der Waals forces. 

It has recently been researched on several sectors with different applications including single 

molecule gas detection, transparent conducting electrodes, composites and energy storage 

devices such as supercapacitors and lithium ion batteries [170]. 

Some authors consider that  GNP could be used as a viable and inexpensive filler substitute for 

CNT [171]. 
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Graphene and its derivatives have been recently begun to be studied in nearly every field of 

science and engineering, namely graphene oxide (GO) generated from graphite oxide, reduced 

graphene oxide (RGO) and exfoliated graphite.  

GO is similar to graphene, but presents oxygen-containing functional groups [172-174]. It can be 

obtained from chemical exfoliation of graphite. In contrast to pristine graphite, GO sheets are 

heavily oxygenated, bearing hydroxyl and epoxide functional groups on their basal planes, in 

addition to carbonyl and carboxyl groups located at the sheet edges [175]. The presence of these 

functional groups turns GO sheets into strongly hydrophilic [176], being easier to be dispersed 

aqueously. 

 

 

Fig. 3. 12 – a) GNP is a single layer honeycomb lattice of carbon atoms. b) Graphite viewed as a stack of graphene 

layer [177] 

 

 

Fig. 3. 13 – Allotropic forms by dimensionalities [178] 

 

3.3.2.2. PROPERTIES 

The intrinsic mechanical properties of free-standing monolayer GNP have been measured by 

nano-indentation with the AFM [179, 180]. GNP mechanical stiffness is 1.060 GPa [181], which 

may rival the remarkable in-plane values for graphite [182]. Their fracture strength should be 

comparable to that of CNT for similar types of defects [97]. Young’s modulus is about 0.98 to 
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1.04 GPa [179], very similar to CNT, and a high intrinsic tensile strength from 101 GPa to 130GPa 

[180]. Similarly to CNT, theoretical and experimental approaches have been done to evaluate 

mechanical properties of GNP [183]. 

Recent studies showed that GNP have extraordinary electronic transport properties [167], with 

high electron mobility of 250 000 cm2/Vs at room temperature [170]. GNP charge carriers 

behave as massless relativistic particles (Dirac fermions) [184, 185]  whose dynamics are 

described by the Dirac equation [186], and under ambient conditions they can move with a short 

scattering.  

The band structure of single layer of GNP exhibits two bands intersecting the Fermi level at in 

equivalent point K and K′ of the Brillouin zone [85]. K and K′ are referred as Dirac points where 

valence and conduction bands are degenerated, making GNP a zero band gap semiconductor. 

It exhibits a strong ambipolar electric field effect so that its charge carriers can be tuned between 

electrons and holes by applying a required gate voltage [167]. The charge carrier concentrations 

of up to 1013 cm-2 and room-temperature mobilities of around 10 000 cm-2s-1 were measured.  

Indeed, the high electronic conductivity in single layer is related to low defect density of its 

crystal lattice 

Another remarkable property of GNP is its high thermal stability, especially when compared with 

GO. Its thermal conductivity is measured with a value of inferior to 5000 W/mK for a single-layer 

sheet at room temperature. 

Besides that, an ideal monolayer of GNP has a high transmittance of about 97.7%, highly 

appropriate for transparent thin conducting electrodes [187, 188]. 

GNP cytotoxicity and biocompatibility will be discussed on a further chapter about 

biocompatibility. 

 

3.3.2.3. PRODUCTION 

Bottom-up and top-down methods have been proposed to produce GNP [168, 170]. The first on 

depends on the chemical reaction of molecular building blocks to form covalently linked 2D 

networks and the second relies on the exfoliation of graphite. High quality GNP can be produced 

by bottom-up techniques, in particular, via epitaxial growth [189-191] and chemical vapor 

deposition [192-197], with a small number of defects, or by micromechanical exfoliation or 

mechanical exfoliation of graphite using adhesive tapes [186], in a perspective of top-down 

approach, usually for a large-scale production. Bottom-up methods for large-scale solution-

based processes are useless and impractical. Therefore, the synthesis of GNP starting from the 

oxidation and exfoliation of graphite oxide is mostly preferred. Generally these are followed by 

the chemical reduction [198-203] resorting to several types of reduction agents [204-206]. 

GNP is a hydrophobic material, with no appreciable solubility in most solvents, being essential 

chemical functionalization [207-209]. The oxidation and exfoliation of graphite oxide together 

with the chemical functionalization is preferred to prepare reduced or expanded GNP sheets or 
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chemically functionalized GNP, also due to the higher presence of the defects on graphite oxide. 

Further, on the next chapter, functionalization of CNS will be described with more detail. 

The manufacture of the nanocomposites is highly dependent on the exfoliation of the graphite 

down to single GNP sheet in the matrices, being also extremely dependent on GNP sheets 

homogeneous dispersion, similar to CNT.  By being a one-atom-thick planar sheet of sp2-bonded 

carbon atoms GNP has very large specific surface area (theoretical specific surface area 

of2600 m2/g), making necessary an optimal separation of the sheets from each other to preserve 

their unique properties (associated to individual sheets). 

Mechanical exfoliation of graphite is a simple process of peeling GNP from the bulk graphite 

layer by layer. The peeling should overcome van der Waals forces between adjacent GNP sheets 

and this is mainly a mechanical process that can be done resorting to normal or lateral forces. 

The peeling of two graphite layers apart can be done by micromechanical cleavage with scotch 

tape (normal force) or through graphite self-lubricating ability in the lateral direction (lateral 

force)[210]. The first method is performed resorting to highly oriented pyrolytic graphite (HOPG) 

sheet where scotch tape is applied [166, 167, 211, 212]. This is limited by its low production. 

GNP can also be produced by sonication assisted liquid-phase exfoliation of graphite for a higher 

dispersion of GNP sheets [213]. In this method, organic solvents are used, such as N,N-

dimethylformamide (DMF) and  N-methyl-pyrrolidone (NMP), followed by sonication and 

centrifugation. 

Besides the sonication-based exfoliation method, shear forces methods can also be used to 

laterally exfoliate graphite into GNP sheets like ball milling [214-216]. Two types of ball milling 

can be considered: wet ball milling [216], by adding or solvents like DMF and NMP for graphite 

previous dispersion, or dry ball milling, by adding chemically inert water-soluble inorganic salts 

[217]. 

Regarding other methods including epitaxial growth from SiC and chemical vapor deposition 

(CVD) on metal surfaces have been reported, and CVD appears to be the most promising 

bottom-up technique for reaching large-scale production [170]. 

 

3.4. CONCLUSIONS 

As a biodegradable polymer and resultant from a natural source, PLA is currently used in 

biomedical devices in Tissue Engineering research due to their excellent biocompatibility and 

controllable degradation rates. Withal, PLA is approved by FDA and European regulatory 

authorities for some chirurgical applications and for as drug releasing systems. 

PLA is a brittle polymer, but when compared to other polymers, it presents a higher tensile 

strength and higher Young’s modulus. Therefore, it has been investigated as scaffold for the 

ligament replacement or augmentation device. 

Nevertheless, PLA presents a poor long-term mechanical behavior, concerning high permanent 

deformation on creep and fatigue experiments, requiring its optimization, once currently 
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ligament devices usually tends to develop laxity or earlier rupture of the device by fatigue. 

Hence, several approaches have been tried to improve fatigue resistance of PLA. Inorganic 

carbon-based nanoparticles such as CNT and GNP exhibit extraordinary mechanical behavior 

being a promising solution for reinforce PLA matrix on nanocomposites production. 
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CHAPTER 4: NANOCOMPOSITES PRODUCTION 

Interaction in polymer/carbon nanostructures (CNS) nanocomposites depends on several 

factors like polarity, polymer molecular weight, CNS hydrophobicity, reactive groups, CNS 

quantity and CNS surface-volume ratio. These factors will define the quality of the CNS 

dispersion into the polymer matrix and influence the physical-chemical, mechanical, electrical 

and structural properties of the nanocomposites.  

Some methods are referred to optimize the nanocomposites production particularly those with 

polylactic acid (PLA) as matrix, like dispersion, alignment and functionalization. 

In this chapter, production methods for the expected nanocomposites, PLA/graphene (GNP) and 

PLA/ -COOH functionalized carbon nanotubes (CNT-COOH), are described. 

 

4.1. INTRODUCTION 

4.1.1. CNS DISPERSION 

Using CNS for reinforcing polymers poses some limitations and drawbacks, among them, its 

dispersion in the polymer blend. The result is a nonhomogeneous composite, implying non-

uniformity and poor interactions between the CNS and the polymer matrix interfaces. 

While CNS reinforcements, like CNT and GNP are seen as nanofillers and due to its reduced 

diameter and a high surface-to-volume ratio may have reach a different dispersion than other 

fillers, such as the Al2O3 nanoparticles, carbon fibers or graphite nanoplatelets. For instance, a 

higher number of carbon nanotubes (CNT) will be needed for the same volume fraction in the 

composite comparing to the other agent types, making harder its dispersion. Fig. 4. 1 shows the 

dependence on the size and shape of distribution of the fillers and nanofillers into the polymer 

matrix. The CNTs and GNPs are the most difficult agents to disperse individually and uniformly, 

mostly due to electrostatic interactions and van der Waals forces that promote agglomeration 

[1, 2]. Assuming a uniform distribution, the greater the amount of fillers, regarding their size, 

the greater their surface area in the nanocomposites. This increased area means a larger area 

of interface between the nanofiller and the polymeric matrix. 
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Fig. 4. 1 – Comparison of fillers and nanofillers dispersion (left) and relation surface-volume of each one respectively 

(right) [1] 

 

The geometric aspect and nanoparticle disposition as a filler can also change the dispersion of 

the carbon nanostrucure in the matrix. As an example, CNT may be in string or tangles format. 

Additionally, the method used for adding and separation of it into the matrix is crucial to prevent 

nanoparticle agglomeration. Some techniques have been developed and implemented to 

promote uniform mixture, such as ultrasonication [3, 4], calendering [5], the ball milling and 

extrusion with stir.  

The ultrasonication method uses a bath (solution) with ultrasound energy with a sonicator 

(ultrasonic probe) to promote nanoparticles agitation. When ultrasound propagates by 

compression, attenuated waves are induced in the molecules in the solution, releasing the 

outside nanoparticles of the pellets and separating them. This method is effective to disperse 

CNT in liquids with low viscosity. Polymers, due to their solid or viscous state, must be dissolved 

or diluted with solvents to reduce the viscosity before dispersion of CNT. However, this process 

can damage CNT, if applied for too long or too aggressively, promoting defects on CNT surface 

[3]. 

In calendering (Fig. 4. 2, left), the material goes through a series of rollers rotating at different 

speeds, to be mixed and homogenized by applying shear forces. Acceptable results were verified 

using this method with high shear forces for dispersing CNT in polymer [6]. However, this 

method also has disadvantages, such as the need to maintain the distance between rollers in a 

narrow range 1-5μm, much larger than the CNT’s diameter. This provokes dispersion of larger 

agglomerates, turning harder the individual separation of the CNT. Since in this case the 

materials used should be in a viscous state, it is not suitable for dispersion in thermoplastic 

matrix, but only thermoset in a liquid state. 

The ball milling (Fig. 4. 2, right) method involves the milling and grinding of materials, turning 

them into powder by applying high pressure resultant from the collision of small balls arranged 

in a vessel containing the material. Particles can be reduced to a size of 100nm increasing their 

surface area. This process has been used in several studies, for instance, for the reduction of the 

CNT in nanoparticles [7] or to improve the morphology and composition of the CNT cup-shaped 

[8, 9]. Nevertheless as in the sonication, milling ball can also cause damage the CNT. 
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Fig. 4. 2 – Calendering (left), ball milling (right) 

 

The extrusion with stir process aims to disperse nanoparticles into liquids through a propeller 

which allows to control the mixing speed as a function of size and shape nanoparticles. MWCNT 

dispersed easier than single-walled carbon nanotubes (SWCNT) with this technique [1], 

however, the former tend to cluster [10], requiring higher shear forces to achieve a fine 

dispersion in the polymer matrix. For this it is usual to use a high speed shear forces mixer (10000 

rpm). After stirring, extrusion is applied, i.e. twin screws turn at high speed causing a high shear 

flow that provides CNT mixing and dispersion in the polymer. This method is suitable for 

thermoplastic polymers, when combined with a high nanofillers content [11]. 

All these dispersion techniques can be combined, whenever it is necessary to take into account 

the type of study required, the type of nanocomposite to be obtained, the type of polymers to 

use and the amount of additional filling agents. Above all, it should be emphasized none of these 

techniques is completely effective. 

The influence of the dispersion was tested, for example, in polystyrene composites reinforced 

with 1wt.% CNTs demonstrating an increase of 35% in the elastic modulus and of 25% yield stress 

[12]. Volume-surface ratio dependency was also tested for epoxy compounds with two types of 

multi-walled carbon nanotubes (MWCNT) owning different ratios, resulting in better mechanical 

performance for those with higher ratios [13]. 

GNP may be water dispersible or organic-solvent dispersible by surface modification with 

graphene oxide (GO) [14]. Like CNT, also GNP tends to form irreversible agglomerates or even 

restack to form graphite through Van der Waals interactions, being essential having GNP 

individual sheets well separated from each other, to optimize their unique properties [15]. These 

properties are highly dependent on the graphite exfoliation down to single GNP sheet in the 

matrices. Properties improvement of GNP nanocomposites depends on the graphene layers 

distribution of in the polymer matrix as well as the interfacial bonding between the graphene 

layers and polymer matrix [16].  

Also GNP as a bulk material has tendency to agglomerate in the polymer matrix [17]. Oxidation 

followed by functionalization is done to facilitate the dispersion and stabilize GNP and avoiding 

its agglomeration [18, 19] 
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4.1.2. CNS FUNCTIONALIZATION 

Interfacial interactions between the polymer and the CNT are essential to the performance of 

the nanocomposite, along with dispersion of CNT. 

Carbon atoms disposed on the CNT walls are chemically stable due to their chemical bonding, 

as mentioned previously. These can adhere to the polymer matrix via van der Waals interactions, 

which are considered weak, and for some applications not being sufficient to support the load 

transfer between the CNT and the matrix. Thus it is proposed, among other solutions, the 

chemical modification of the CNT surfaces [20-22], with the introduction of chemical functional 

groups [23]. This process is named functionalization. 

Chemical modification can be performed covalently [24], wherein the added chemical group 

binds directly to the CNT, named chemical functionalization, or non-covalently, where the 

molecules are adsorbed on the CNT surface, as physical functionalization. Chemical 

functionalization can be applied to the terminal or to the sidewalls of CNT. The last is associated 

with sp2 to sp3 hybridization with simultaneous loss of π conjugation in the layer of graphene 

and can be triggered by a reaction of the CNT with high chemical reactivity molecules such as 

fluorine. Fluorine has already been used to functionalize SWCNT by damaging the sidewalls. CNT 

atoms may be replaced by hydroxyl, alkyl and amino groups [25, 26]. Still for the sidewalls 

functionalization there are other methods such as the cycloaddition, in particular using Diels-

Alder reaction [27], the addition of nitrene and carbene [28, 29], chlorination, bromination [27], 

hydrogenation [30], addition of azomethine ylides [31]. Some studies report part of these 

functionalization types, in particular of SWCNT subject to cyclic 1,3-dipolar addition with 

pyridinium ylides to promote their luminescence [31]. MWCNT were also functionalized by Diels-

Alder reaction with furfuryl alcohol [32]. 

Defect functionalization is also considered covalent functionalization. CNT defects may be 

considered small gaps or irregularities or oxygenated zones on the walls of the CNT. Both may 

be on the sidewalls and on the terminal and can be generated from an oxidation process with 

strong acids such as nitric acid (HNO3), sulfuric acid (H2SO4), or with strong oxidizing acids such 

as potassium permanganate (KMnO4) [33], ozone [34] or reactive plasma [35]. MWCNT were 

functionalized with side walls HNO3, H2SO4 and hydrogen peroxide (H2O2) with oxidative plasma 

treatment Air / oxygen (O2) [36]. The stabilization of the defects caused from oxidants is done 

with bonding with carboxylic acid (-COOH) or hydroxyl (-OH) groups. These groups allows CNT 

of being used as precursors in polymeric grafts [37] and biomolecules [23] due to the change of 

its hydrophobicity, the adhesion of polar functional groups, turning them into hydrophilic. 

The chemical functionalization improves mechanical and functional properties of CNT, 

strengthening their links at the interfaces. However, this has some disadvantages related to the 

damage and the number of defects that can be risen by interfering directly on the mechanical 

properties of the CNT and in the disruption of the electron π system, essential for the transport 

properties of the CNT, promoting the electrons and phonons diffraction responsible for 
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electrical and thermal conduction. This functionalization can also produce high levels of toxicity 

to the environment and should be handled and used carefully. 

Alternative methods, like physical functionalization methods can be considered, as the polymer 

wrapping or absorption [37], application of surfactants [38-42] and polymer coating followed by 

surfactant treatment [43].The polymer wrapping method, as it indicates wraps the polymer such 

as polystyrene, polyphenol vinylidene, around CNT, in suspension to form supermolecular 

complexes of CNT, due to van der Waals interactions and the bundle of π-π bonds between the 

CNT and the polymer chains containing aromatic rings. Most commonly used surfactants are the 

nonionics such as laurel polyoxyethylene 8  [38], or nonylphenol ethoxylate [44], the anionics 

such as sodium dodecylsulfate or polystyrene sulfate  [45], and also the cationics such as 

ammonium bromide dodecyl trimethyl [46]. The adsorption of these surfactants reduces the 

tension surface of the CNT, avoiding the formation of agglomerates and allowing CNT to 

overcome the van der Waals attraction with repulsive electrostatic forces. 

Some examples of the of noncovalent functionalization include SWCNT dispersed in aqueous 

stable solution obtained by mixing with ionic surfactant of water-soluble imidazolium [23] or 

MWCNT functionalized with pyrene (polymer) [47]. MWCNT were also filled with supermagnetic 

iron oxide nanoparticles by capillary action [48]. In Fig. 4. 3 are shown the various types of 

functionalization. 

 

 

Fig. 4. 3 – Methods of functionalization. Covalent functionalization of the sidewalls (1a), of the terminal (1b) and the 

defect (2), functionality by surfactants (3), by polymer wrapping (4) [49]. 

 

Most of compatibilization processes applied to CNT may be extended to graphene-based 

derivatives such as chemical modifications and covalent or non-covalent functionalization. 

For pristine GNP there is also the need to functionalization, once it is not compatible with organic 

polymers and tendentiously is difficult to form homogeneous composites [16]. Nevertheless, 

pristine GNP has the tendency to agglomerate and to avoid it facilitating dispersion the oxidation 

of GNP followed by chemical functionalization is commonly done [50]. 

GO sheets are so heavily oxygenated GNP (with hydroxyl, epoxide, diols, ketones and carboxyls 

functional groups) that can modify significantly the van der Waals interactions, being more 

compatible with organic polymers [51-54]. Also, GO sheets strongly hydrophilic due to some 

3 

1a 

4 

1b 2 
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additional carbonyl and carboxyl groups located at the sheets terminal [55, 56]. Hence the 

reduction of functionalized GNP produces organo-modified GNP. 

Functionalization methods for GNP have been researched namely chemical functionalization, 

which may improve GNP solubility and processability and enhance the interactions with organic 

polymers [57, 58]. In this context there are reports on amination (organic amine, amino acids, 

amine-terminated ionc liquids) [14], esterification [58, 59], isocyanate modification [60], 

polymer wrapping (low molecular weight polymers) [61, 62] and electrochemical modification 

using ionic liquids producing an organophilic surface [63]. 

Chemical methods must be applied on GNP, in order to turn it soluble. Also to obtain organo-

modified GNP are used methods like the reduction of graphite oxide (GO) in a stabilization 

medium [64], covalent modification by the amidation of the carboxylic groups [57, 58], non-

covalent functionalization of reduced graphene oxide [62, 65], nucleophilic substitution to epoxy 

groups [54], and diazonium salt coupling [66]. 

In covalent modification [67], nucleophilic substitution of an amine-terminated organic modifier 

is the easiest way to produce functionalized graphene [68]. In this case, large-scale production 

of functionalized graphene from GO is also possible, however, it has some limitations on 

electrical conductivity. Noncovalent modification of a small organic polymer in a pre-reduced 

graphene surface is a good technical alternative with the advantage to improve electrical 

conductivity [68]. 

 

4.1.3. CNS ALIGNMENT 

The difference between random orientation and alignment of CNT may promote significant 

changes in the properties of composites, especially mechanical properties. CNT alignment issue 

can also be assumed as particular a case of dispersion which can change the properties of the 

composites [2]. Due to the anisotropy of the CNT structure, their alignment in a polymeric matrix 

should result from the creation of a one-dimensional structure [69]. This alignment is essential 

to optimize the nanocomposite properties in specific directions, adjusting them to the desired 

properties. However, it may not always be beneficial promoting anisotropic mechanical 

properties. An example for can be given of CNT behavior aligned or randomly oriented: storage 

modulus of polystyrene increased 49% and 10% after being reinforced with aligned and 

randomly oriented CNT films, respectively[70] . 

Still, the CNT diameter and the CNT content in the matrix can influence the degree of CNT 

alignment [1]. If CNT has a smaller diameter it will have a greater extensional flow, enhancing 

the degree of CNT alignment. Concerning CNT content in the matrix, the higher is CNT fraction, 

the higher is the probability for CNT agglomeration, decreasing the composite properties [71]. 

CNT alignment may occur during its production process by applying an electric field during CVD 

or ARC [72-74], however, when included in the polymer matrix this process becomes more 

complex due to CNT dispersion. Thus, several approaches can be followed to rearrange and align 

CNT after being included in the matrix, such as by application of an electric or a magnetic field 
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[75-78], or by inducing shear forces during the heating process of the matrix [79-81]. Also, 

mechanical techniques can be used as mechanical stretching [82] or dielectrophoresis [83]. 

 

4.2. NANOCOMPOSITES PRODUCTION METHODS 

PLA/CNT and PLA/GNP (or graphene derivatives) nanocomposites have been studied, analyzing 

several important properties of PLA, including mechanical properties, electrical conductivity, 

crystallization, thermal resistance and fire retardancy, among others. 

However the production process of these nanocomposites is not simple and requires a careful 

analysis of the most important properties to validate its use attending different applications.  

The properties of polymer nanocomposites depend on the nature of the polymer as polar or 

non-polar, the nanofiller, the type of interaction between the nanofiller and the polymer, the 

nature of surface modification and the dispersion of the nanofiller into the polymer matrix [14]. 

All factors are need to be taken into account during production analysis of the nanocomposites. 

Currently, production of nanocomposites with polymer matrices reinforced with CNS apply 

certain number of methods, including the solution mixing, the melt blending, in situ 

polymerization, the latex technology, among others, depending on the polymer used for the 

matrix [84-86].  

The preferred method, for small samples and nanocomposite films, is solution mixing involving 

three stages, beginning with the CNS dispersion in a suitable solvent by mechanical mixing, 

magnetic stirring or sonication; then the mixture of the polymer at room temperature or above; 

and finally precipitation or molding of the mixture. 

Melt blending (or melt compounding) (Fig. 4. 4), preferably used in thermoplastics, does not use 

the solvent for the CNS dispersion. It is carried out at high temperatures with the application of 

high shear forces equipment such as extruders or injection molding machines or torque 

rheometer mixers. This method could be less effective for the CNS dispersion compared to 

solution mixing, being also limited to low concentrations of the CNS [87]. 

 

 

Fig. 4. 4 –Melt blending process 
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In situ polymerization is appropriate for thermosetting polymers, resorting or not to solvent. 

CNS are mixed with polymerized monomers by addition or condensation reactions. The latex 

technology is a colloidal dispersion of polymer particles in an aqueous medium, which allows 

the dispersion of CNS in polymers produced by emulsion polymerization. The addition of CNS 

should only be carried out after the synthesis of the polymer. First CNS must be exfoliate or 

disperse in a surfactant solution, then this is mixed with latex. The mixture is lyophilized and hot 

processed in order to obtain the nanocomposite. 

Still, there are other methods such as foaming gas, electrospinning, rapid prototyping and 

thermo-induced separation phases dedicated for the preparation of polymeric scaffolds for 

Tissue Engineering  applications [88, 89]. 

Regarding PLA/CNT nanocomposites, the first published study presented a preparation method 

in two phases [90]. Initially PLA was placed in solution with chloroform and combined with 

MWCNT, already dispersed by sonication for 6h, with 0.5, 3, 5 and 10wt.%. The mixtures were 

then placed onto teflon plates to dry at room temperature for one week. After, mixtures were 

dried in vacuum at 80oC for 8h to ensure complete solvent evaporation. In a second stage they 

were cut to in 0.5-1cm2 size and placed between metal plates for hot pressing at 200oC with 147 

bar for 15min. According to the authors, this methodology allowed an uniform dispersion of 

MWCTN into the PLA matrix, confirmed by transmission electron microscopy (TEM). 

Similar approach was used by other research groups [91, 92] with the difference that the PLA 

and SWCNT were melted mixed and then the PLA/SWCNT nanocomposite was extruded and 

compressed and characterized. 

Resorting to functionalized CNT, PLA/MWCNT-COOH-oxalyl chloride (COCl) nanocomposites 

were synthesized [93], first by functionalizing MWCNT with –COOH groups, who reacted with 

thionyl chloride (SOCl2) then functionalized with COOH-COCl. These were added to chloroform 

and sonicated to ensure a homogeneous dispersion. Afterwards PLLA under nitrogen was added 

to the mixture and the reactor was immersed in an oil bath with a mechanical stirring to remove 

the solvent. The resultant reaction was then dissolved in chloroform in excess and with a vacuum 

filter through a polycarbonate membrane to yield the hybrid PLA/MWCNT. Nanocomposites 

were prepared with various different molecular weights, being all examined in scanning electron 

microscopy (SEM) and TEM, revealing that the adhesion of PLA significantly depends on the 

molecular weight. 

Another method developed by Zhang et al. for PLA-MWCNT nanocomposites was a solution 

mixing with precipitation [94]. MWCNT were placed in suspension with dimethylformamide, 

stirred overnight in a glass flask with PLA at 110oC under nitrogen. The resultant mixture was 

soaked in excess methanol, filtered and washed with methanol and dried at 100oC in vacuum 

overnight. This was then analyzed by SEM and TEM (Fig. 4. 5), verifying a uniform dispersion and 

good adhesion of MWCNT on the surface of PLA. 
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Fig. 4. 5 – PLLA-MWCNT (97:3wt.%) em SEM (A); PLLA-MWCNT (97:3wt.%), zoomed SEM (B); SEM for PLLA-MWCNT 

(93:7wt.%) (C,D) [94]. 

 

The melt blending was also the method used by another research group [95], starting the 

process with MWCNT sonication in ethanol for 5min to break some agglomerates. PLLA 

MWCNTs (1.5wt.%) was then added and stirred for uniform distribution. The mixture was left at 

room temperature and atmospheric pressure to remove the excess of ethanol, followed by 

drying in vacuum at 50oC overnight. Finally, the mixture was extruded in a twin screw extruder 

rotating at 200rpm. The extruded material was cut into small pellets and molded by injection, 

conventional and microcellular techniques. However, it was found by SEM that with both 

methods dispersion was not uniform, being the microcellular process better. 

A similar process with the melt blending was carried out [96] for PLA/MWCNT with maleic 

anhydride (C2H2(CO)2O) but using conventional injection mold. Wu et al. have used the same 

method to prepare nanocomposites PLA/MWCNT, PLA/MWCNT-COOH and PLA/MWCNT-OH 

[97]. These mixtures revealed a good dispersion degree, being the best of the PLA/MWCNT-

COOH, then the PLA/MWCNT-OH and finally the PLA/MWCNT. 

A comparative study of PLLA, PLLA with SWCNT and PLLA with –COOH functionalized SWCNT, 

with 1wt.%, done in DSC, revealed the heterogeneous nucleation on the CNT walls generated by 

SWCNT-COOH a, promoting a good interfacial adhesion and a homogeneous dispersion of 

SWCNT in the polymer [94, 98, 99]. Thus the properties of SWCNT were transferred to the 

polymer matrix, thus serving its reinforcement purpose [100]. Other studies were made 
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comparing the same types of nanocomposite and melt blending processing [101] with 

considerable DMA results and good affinity of the PLLA interface with MWCNT. MWCNT were 

chemically oxidized and mixed with HNO3 and H2SO4, for one day, at 130-135oC to create 

carboxyl groups. Afterwards they stirred the SOCl2, at 65-70oC, for 24 h, allowing the conversion 

of carboxyl groups into acyl chlorides (COCl). These MWCNT-COCl reacted with 1,6-hexanediol, 

at 115-120oC, for 48h to produce MWCNT-OH. Thereafter they were washed, filtered and dried 

overnight in a vacuum oven. Finally, they were mixed with PLA with acrylic acid in a mixer and 

compression molded. 

Mechanical properties of the nanocomposite depend significantly on CNT dispersion and on its 

properties as well on the polymer matrix properties. High surface-to-volume ratio, alignment 

and interfacial interactions between CNT and polymer achieve similar level of influence on 

nanocomposite mechanical properties. 

Concerning PLA/GNP and PLA/GO nanocomposites production, the most applied technique is 

solution mixing, being able to disperse more efficiently GNP into the matrix [102, 103], and 

usually using chloroform as solvent [104-106]. Some studies revealed an homogenous 

dispersion and strong interface adhesion [107, 108], unlike others [104] where melt-

compounding could not exfoliate or separate the EG layers completely, promoting sheets 

aggregation [109] 

However melt blending is also used with success for PLA/EPO/GNP green nanocomposites [110] 

and for PLA/GNP nanocomposites melt blended by Thermo Haake Polydrive internal mixer with 

weight percentage content varying between 0.1wt.% to 0.5wt.%[111]. 

Nanocomposites of PLA/GNP prepared by melt blending from a PLA/GNP solvent blending 

masterbatch presented also a good dispersion of GNP with the PLA/GNP nanocomposites being 

efficiently enhanced. This masterbatch of PLA/GNP was developed by dispersing PLA and GNP 

into tetrahydrofuran by ultrasonication and strong mechanical stirring for 2 to 3h, dried in air at 

50oC for 10 h, ground to a powder and further dried at 80oC for 6h in a vacuum oven. Then 

PLA/GNP final mixture was prepared by melt blending at 175oC using the masterbatch and PLA, 

on a twin-roller mill (mixing speed of 60 rpm, and 8 min of time mixing) [112].  

 

4.3. PLA AND NANOCOMPOSITES PRODUCTION  

4.3.1. MATERIALS 

Poly(lactic acid) (PLA) (Ingeo™ 2002D) with 4% D-lactide and 96% L-lactide content and 

molecular weight around 170 000 gmol−1, was purchased from Natureworks LLC® (Minnetonka, 

USA). Higher molecular PLA is more appropriate for the ligament device application due to its 

convenient degradation rates [113]. 

Several grades of polymers and CNS are available commercially, from industrial to research (high 

quality grades), being the choice of these materials complex and dependent on the specific 

intended application. 
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Since CNT mass production is very difficult and not fully controlled yet, industrial batches may 

have no interest to be used in a research study, due to the appearance of several defects, unable 

to provide valid research results. Hence for CNT, a research grade was commercially acquired. 

Also, it was important to achieve high levels of nanoparticles dispersion and homogeneous 

mixtures, and as free as possible of agglomerate mixtures. CNT were chosen considering 

dispersion, nanoparticle size and format, and CNT functionalization. They were purchased 

already functionalized with carboxyl groups and with reduced dimensions. They may promote 

hydrophilicity improving the adhesion to PLA, since they are MWCNT. A brief description of 

these CNT follows. 

Short thin MWCNT with surface modified COOH (MWCNT-COOH), having dimensions of 9.5 nm 

average diameter and less than 1 µm average length, and more than 95% carbon purity was 

obtained from Nanocyl, Belgium (grade Nanocyl™ NC3151, research grade, batch 120828). 

These were produced via catalytic chemical vapour deposition (CCVD). The density for the CNT-

COOH batch used was about 106 g/L. This CNT are indicated for applications requiring surface 

chemistry characteristics and ease of dispersion. 

GNP nanoplatelets were purchased from XG Sciences® (grade M5, Lansing, USA). The average 

thickness is of 6-8 nm, maximum length of 5 μm and surface area between 120 and 150 m2g-1. 

GNP production is based on exfoliation by rapid microwave heating of sulfuric acid-based 

intercalated graphite, followed by ultrasonic treatment [114, 115]. 

Also was prepared GO and GNP, both functionalized. This was done by the research team lead 

by Prof. Fernão D. Magalhães (Faculdade de Engenharia da Universidade do Porto) at Associação 

Rede de Competência em Polímeros (ARCP), at Porto. GO (1wt.%) was prepared according to a 

modified Hummer´s method [116]. 50 ml of H2SO4 were added to 2 g of graphite at room 

temperature and the solution was cooled at 0 ºC using an ice bath, followed by gradual addition 

of 6 g of KMnO4. Then 300 ml of distilled water were added, followed by addition of H2O2 (to 

reduce KMnO4 excess) until oxygen release stopped. GO was washed 5 times with water by 

centrifugation at 4000 rpm during 15 minutes. The solid was dispersed in 500 ml of water by 

sonication (Bandelin Sonorex R K512 H) during 5h and lyophilized for 72h. 

GNP (0.5, 1 and 2wt. %) and GO (1wt. %) were added slowly to PLA in a mixer at 190oC during 

10 minutes. Then the same amount of succinic anhydride (AS) was added to the mixture. Finally, 

4-methylaminopyridine was added to catalyze esterification between hydroxyl and carboxyl 

groups of PLA and GNP (sheet edges)/GO.  

 

4.3.2. SPECIMENS PREPARATION 

All PLA and nanocomposites specimens were prepared by melt blending followed by 

compression moulding, similarly to some of the referred studies and attending especially to 

dispersion grade of the CNS into PLA and the reduction of toxicity that can be induced by other 

methods on the final nanocomposites, like solution mixing or in situ polymerization due to 
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solvent usage. Also, melt blending is a preferred choice because of its low cost and simplicity, 

facilitating large scale production for commercial applications 

Several weight percentages of nanofillers included in the PLA matrix were produced from 0.2 to 

4wt.% [101, 102, 104, 117]. Still other weight percentages, lower [118, 119] or higher [120, 121] 

could be meaningful to produce and test for optimized nanocomposites. However, the physical 

properties and performance of polymer matrix in nanocomposites can be in fact significantly 

improved by the addition of small percentages of carbon nanotubes less than 1 wt.%[93]. 

CNS used were not subjected to any alignment process during specimens productions, merely 

randomly oriented in the matrix. 

Mixture production used a universal torque rheometer Plastograph™ (Brabender®) (Fig. 4. 6) 

available at Associação Rede de Competência em Polímeros (ARCP). In the Plastograph™ 

(Brabender®), at a time, it was possible to produce only 22 g of mixture. Hence the process for 

producing all mixtures for PLA, PLA/CNT-COOH, PLA/GNP, PLA/GO, PLA/GNP-AS and PLA/GO-

AS, with several different compositions of the nanofillers weight percentages was long but 

accurate. 

Mixing parameters were defined according to a few studies which demonstrate nanocomposites 

production by melt blending [97, 110, 111, 122], being adjusted and optimize attending the 

quality of the produced sheets. Biodegradation of the polymers was also fundamental for the 

mixing parameters definition. Although high temperature enhances CNT dispersion by lowering 

the viscosity [123], PLA could degrade prematurely, biodegradable polymers are more sensitive 

to high temperatures, , degrading the polymer intrinsic properties. 

 

  

Fig. 4. 6 – Brabender® Plastograph® EC for melt blending, top and front view. 

 

4.3.2.1. PLA MIXTURES 

PLA, in granular form, was added to the universal torque rheometer Plastograph™ (Brabender®) 

and melt mixed for 10 minutes, at 190 ºC as mixing temperature and with 50 min-1 as mixing 

speed. Average final torque for the mixtures was around 3 Nm (Fig. 4. 7). Mixtures revealed a 

transparent appearance as granular PLA. Mixing parameters were chosen attending the previous 

experience of ARCP research group. 
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Fig. 4. 7 – Plastograph™ Brabender® resulting mixing graph for mixtures 

 

4.3.2.2. PLA/CNT-COOH NANOCOMPOSITES MIXTURES 

Resorting to PLA, nanocomposites mixtures were also prepared by melt blending using the 

rheometer Plastograph with same mixing parameters. Temperature for all processes in 

Plastograph was above melting temperature, near 190 ºC. It was added PLA to the Plastograph™ 

and slowly, at a time, the respective weight percentages of the powder CNT-COOH. This was 

mixed during 10 minutes and with mixing speed of 50 min-1 (Fig. 4. 8, Fig. 4. 9). 

All compositions of PLA/CNT-COOH with different weight percentages of CNT-COOH are 

disposed on Table 4. 1. 

 

  

Fig. 4. 8 – Brabender® Plastograph® EC producing a nanocomposites mixture (left). The screws with the 

nanocomposite mixture (right). 
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4.3.2.3. PLA/GNP AND PLA/GO NANOCOMPOSITES MIXTURES 

GNP and GO, each at a time, were also slowly added to PLA in the melt mixer at 190 ºC during 

10 minutes with the same speed mixing (Fig. 4. 8, Fig. 4. 9). Also, different weight percentages 

of GNP and GO were produced (Table 4. 1). 

 

 

Fig. 4. 9 – Final mixture of a nanocomposite 

 

4.3.2.4. PLA/GNP-AS AND PLA/GO-AS NANOCOMPOSITES  

After slowly added GNP and GO to PLA in the mixer at 190 ºC during 10 minutes, with the same 

speed mixing, the same amount of AS was added to the mixture. Finally, 4-methylaminopyridine 

was added to catalyze esterification between hydroxyl and carboxyl groups of PLA and GNP 

(sheet edges) / GO. Also, all compositions of PLA/GNP-AS and PLA/GO-AS with different weight 

percentages of GNP and GO are disposed on Table 4. 1. 

 

Table 4. 1 – Weight percentages for nanocomposites produced by melt blending and compression moulding 

Specimens Nanofiller 
PLA 

(wt.%) 

Nanofiller 

(wt.%) 

PLA None 100 0 
PLA/GNP0.5 GNP nanoplatelets 99.5 0.5 
PLA/GNP1 GNP nanoplatelets 99 1 
PLA/GNP2 GNP nanoplatelets 98 2 
PLA/GNP4 GNP nanoplatelets 96 4 
PLA/GNP-AS0.5 -AS functionalized GNP nanoplatelets (GNP-AS) 99.5 0.5 
PLA/GNP-AS1 -AS functionalized GNP nanoplatelets (GNP-AS) 99 1 
PLA/GNP-AS2 -AS functionalized GNP nanoplatelets (GNP-AS) 98 2 
PLA/GO1 Graphene oxide (GO) 99 1 
PLA/GO-AS1 -AS functionalized GO (GO-AS) 99 1 
PLA/CNT-COOH0.2 –COOH functionalized MWCNT 99.8 0.2 
PLA/CNT-COOH0.3 –COOH functionalized MWCNT 99.7 0.3 
PLA/CNT-COOH0.5 –COOH functionalized MWCNT 99.5 0.5 
PLA/CNT-COOH0.7 –COOH functionalized MWCNT 99.3 0.7 
PLA/CNT-COOH1 –COOH functionalized MWCNT 99 1 
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Once Plastograph™ has a high utilization rate, it should be very well clean in between each 

nanocomposite mixture, since a mixture can be contaminated with residual remains of previous 

mixtures. 

 

4.3.2.5. COMPRESSION MOULDING  

After mixtures were done, thin films were prepared by compression moulding using the 

produced mixtures in a hot plates press from INEGI, Porto (Fig. 4. 10). Both plates of the press 

were monitored with thermocouples and were initially heated up to 190 ºC with no specific 

heating rate).  

After hot plates press temperature stabilized, at a time, 12 g of each mixture were positioned 

between metal plates. These metal plates were covered with PTFE (Teflon) sheets to avoid 

sticking. Each mixture was placed between Teflon plates with a square mould of 150 mm side 

and 0.300 mm thickness inside the press (Fig. 4. 10).  

 

  

Fig. 4. 10 –Hot press for compression moulding (left). Mixture prepared for compression moulding (right) 

 

The material was allowed to melt on the bottom plate for 15 minutes at 190 ºC. A gradual 

melting process took place during around 20 minutes with bottom and top plates apart (Fig. 4. 

11). Then the top plate was lowered to exert a pressure of 70 MPa during 2 min. The mold was 

then removed from the hot press plates and immersed in cold water for 2 minutes. Finally, the 

plates were detached from the mold (Fig. 4. 12). 
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Fig. 4. 11 –Compression moulding process initial steps of the sequence 

 

 z  

Fig. 4. 12 –Compression moulding process final steps of the sequence 

 

This procedure yields thin films with about 0.430 ± 0.005 mm average thickness (Fig. 4. 13), 

measured in different sheet sections from where specimens were cut for material 

characterization. 

For all tests described in chapters ahead, like physical-chemical, mechanical and of 

biocompatibility, specimens were cut with different dimensions. This information will be given 

in more detail when appropriate. 

 

  
 

Fig. 4. 13 – Final nanocomposite sheet 
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As referred, the density of the CNT-COOH batch used was about 106 kg/m3. Other density 

batches (higher, of 310 kg/m3) have been tried out for the PLA/CNT-COOH mixtures, but with 

poor results for dispersion, macroscopically visible as it can be seen on Fig. 4. 14. 

 

   

Fig. 4. 14 – Mixtures of PLA/CNT-COOH with CNT-COOH high density 

 

4.4. CONCLUSIONS 

Sheets production was inspected visually, they appear to have a good and isotropic dispersion, 

only Teflon marks from the hot pressing could be observed. CNS appear to be well dispersed 

into PLA since sheets presented a uniform coloring of gray and black shades, depending on the 

weight percentage of CNS added to PLA. Sheets also showed a considerable flexibility. 

Mixing energy variables such as mixing temperature, mixing speed and mixing time apparently 

were appropriate for the designed nanocomposites production. However, this can only be 

confirmed with characterization tests on physical, chemical and mechanical properties of the 

nanocomposites, which will be done in the next Chapters.  

Thus, procedures for melt blending and compression moulding for PLA, PLA/GNP, PLA/GO and 

PLA/CNT-COOH thin films production have been established and repeated for all tested 

nanocomposites. It was proved that these procedures might be implemented for future 

productions with these materials. 

Attending to the high utilization rate of the Plastograph™ some nanocomposite mixtures may 

exhibit some contamination with residual remains of previous mixtures which could influence 

structural and mechanical results. 
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CHAPTER 5: PHYSICAL STRUCTURE AND THERMAL 

PROPERTIES 

Accurate analysis of sheets or films production methods implies the analysis of its internal 

structure. Nanofillers dispersion into PLA matrix is the focus of this chapter. 

Equally important are the chemical-physical properties that are analyzed including glass 

transition temperature, melt temperature and crystallinity. 

Glass transition temperature and crystallinity are the major nanocomposite polymer matrix 

property changes of interest, when nanofillers are incorporated into a polymer. Despite that, 

other nano-effects or properties improvements can be observed. 

Improvement in mechanical properties of the polymer is highly expected, with no significant 

changes in physical structure and thermal response of the nanocomposites comparing to PLA. 

 

5.1. SCANNING ELECTRON MICROSCOPE (SEM) 

PLA/GNP and PLA/CNT-COOH mixtures quality evaluation and nanofillers dispersion into the 

polymeric matrix, were assessed through SEM analysis.  

This was a two-step analysis. The first step, after mixtures being ready, specimens were cut 

resorting to cryofracture to be analyzed. In the second step were analyzed ruptured specimens 

from quasi-static mechanical tensile tests. SEM specimens for both analysis were cut from films 

and from tensile tests specimens with a rectangular form with 10 mm width and 40 mm length.  

Cryofracture was done submerging specimens into liquid nitrogen, froze them and then broken 

half, creating a clean fracture that allows to observe clearly the inside films’ structure, revealing 

the internal morphology. Hence the samples were placed into SEM machine (FEI Quanta 400 

ESEM FEG, Philips®, Netherlands) cross-sectioned to observe the internal morphology. 

Specimens from tensile tests were analyzed in the same SEM machine using the same 

procedure. 

Also it is important to mention all specimens were chosen randomly from the films, for all weight 

percentage nanofillers included into PLA nanocomposites. Assuredly, since not all specimens 

belong to the same sheet area, it can be an advantage when evaluating the dispersion. However, 

not all sheets have been tested, so deviations should be considered.  

Yet, SEM analysis was a complex process, due to the PLA, a biodegradable polymer, used as 

matrix for nanofillers. Once SEM is analyzing a certain area, the polymer starts to degrade in 

situ, due to electron beam power, requiring a quick analysis and also an acute and almost 

immediate recording of the image, being difficult to fully explore the regions of interest. 

Results from quasi-static tensile tests are closely related to these SEM analyses, being discussed 

in next Chapter. 
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5.1.1. SEM FOR CRYOFRACTURED SPECIMENS 

Concerning the CNT-COOH dispersion, cryofracture reveals a considerable dispersion of the 

nanofillers. Nanofillers and polymer mixing presented a considerable quality, being feasible to 

distinguish areas where CNT-COOHs are perfectly embedded into the polymer matrix (Fig. 5. 1). 

Some agglomerates were formed or were not separated during nanocomposites production. 

However, on the analyzed sectioned areas of specimens, agglomerates with variable dimensions 

between 1.4 µm and 19 µm (Fig. 5. 2) were identified, not being considered critical. 

Increasing SEM zoom is possible to see the interior of the agglomerate (Fig. 5. 3), were CNT-

COOH bundles are concentrated but also embedded in PLA. 

 

 

Fig. 5. 1 – CNT-COOH agglomerates embedded in PLA matrix from several specimens with different zooms [Above: 

100 µm (left), 50 µm (right); Bellow: 20 µm (left), 10 µm (right)] 
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Fig. 5. 2 – Identified CNT-COOH agglomerates in PLA matrix and respective dimensions 

 

 

Fig. 5. 3 – Inside CNT-COOH agglomerates in a PLA/CNT-COOH0.7 sample 

 

Regarding GNP nanoplatelets, it was desirable its complete separation from each other followed 

by individual dispersion in the PLA matrix, meaning the complete nanoplatelets exfoliation [1]. 

Despite being considerable well dispersed (Fig. 5. 4), melt blending could not exfoliate or 

separate the GNP nanoplatelets completely, forming clusters of GNP (Fig. 5. 5). Furthermore 

sections of GNP nanoplatelets clusters became a preferential path for fracture, generating edges 
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in the nanocomposite interior morphology that promotes fracture (Fig. 5. 5). These clusters can 

compromise the mechanical properties. 

 

  

Fig. 5. 4 – GNP nanoplatelets dispersed and embedded in PLA matrix in PLA/GNP2 nanocomposites, in two zoom 

SEM images 

 

 

Fig. 5. 5 – GNP nanoplatelets cluster in PLA/GNP2 nanocomposites 

 

All dispersion information could be confirmed with TEM images. Transmission electron 

microscopy (TEM) is a far more direct way of visualizing nanocomposite morphology that is 

recommended. Despite TEM revealing the morphology in a small region, it can take images at 

different magnifications and from different locations and orientations until a representative 

picture of the morphology is established, with a higher zoom (Fig. 5. 6).  Either way, with a 

biodegradable matrix could be harder to achieve fair results in TEM. 
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Fig. 5. 6 – One single CNT-COOH with high zoom SEM image 

 

Comparing PLA (Fig. 5. 7), PLA/CNT-COOH (Fig. 5. 8) and PLA/GNP (Fig. 5. 9) nanocomposites, in 

a same SEM zoom, PLA/GNP revealed a more dissimilar interior morphology due to GNP 

nanoplatelets high dispersion in the PLA matrix, attending also to higher weight percentage of 

nanofillers added to the matrix. CNT-COOH were added in low weight percentages showing a 

similar morphology with PLA, presenting small agglomerates. GNP nanoplatelets clusters 

exhibited higher dimensions than CNT-COOH agglomerates. 

 

 

Fig. 5. 7 – PLA specimen SEM images 
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Fig. 5. 8 – PLA/CNT-COOH specimen SEM images with different weight percentages of nanofillers (left: 0.3 wt.% of 

CNT-COOH; right: 0.7 wt.% of CNT-COOH) 

 

 

Fig. 5. 9 – PLA/GNP2 specimen SEM images 

 

Regarding mechanical results discussed in the next Chapter, CNT-COOH dispersion and 

agglomerates seems to not compromise produced nanocomposites when compared with PLA 

produced by the same procedure, unlike GNP nanoplatelets dispersion and clusters. 

Despite that, it is recommended a depth study on melt blending, considering its mixing energy 

and its preferential factors of influence, namely, mixing time, mixing velocity and mixing 

temperature, due to the high complexity of these factors combination and interrelation, a 

change in one of these could represent a significant variation on the mixing result. Concerning 

the fact that a biodegradable polymer is being used, a careful judgment on these interaction 
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factors should be exercised to prevent premature degradation of the polymer during the mixing 

procedure. Thus this mixing production showed an acceptable agreement on the three 

preferential mixing factors, upgrading mechanical properties of the polymeric matrix. 

 

5.1.2. SEM FOR RUPTURED SPECIMENS 

5.1.2.1. PLA/CNT-COOH NANOCOMPOSITES 

 
After PLA/CNT-COOH tensile specimens achieve rupture, SEM images were taken and plastic 

deformation of the nanocomposite matrix was observed. Observed loose bundles of the 

nanocomposites matrix are a good indicator of this phenomenon (Fig. 5. 10 and Fig. 5. 11). 

From a global perspective, PLA/CNT-COOH0.7 nanocomposites contained the lowest 

deformation sections in the matrix comparing to other PLA/CNT-COOH nanocomposites. 

 

 

Fig. 5. 10 – PLA/CNT-COOH0.3 plastic deformation 
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Fig. 5. 11 – PLA/CNT-COOH0.7 plastic deformation 

 

Nevertheless, CNT-COOH agglomerates revealed to be fragile points, influencing the mechanical 

behaviour, especially specimens’ failure behaviour. During tensile test, CNT-COOH agglomerate 

can promote a preferential path were rupture probably can occur (Fig. 5. 12). 

 

  

Fig. 5. 12 – Fragile point created by a CNT-COOH agglomerate 

 

Observed bundles in Fig. 5. 13 indicate the dislocation of GNP clusters inside the PLA matrix 

during tensile tests meaning lack of elasticity and flexibility of PLA/GNP nanocomposites. 

These nanocomposites presented after rupture images very similar to the ones of cryofracture 

indicating that PLA/GNP induces a reduction of PLA matrix elasticity, with inferior plastic 
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deformation than PLA/CNT-COOH nanocomposites. This will be consistent with the results 

obtained from tensile tests, presented on Chapter 6. 

 

  

Fig. 5. 13 – PLA/GNP bundles after specimens tensile tests rupture 

 

5.2. X-RAY DIFFRACTION (XRD) 

Nucleation of crystallization of the matrix can occur when inorganic particle and nanoparticle 

are included in a polymer matrix. With higher nanoparticle content, the increased viscosity 

(decreased chain diffusion rate) can lead to decreased crystallization kinetics [1]. Thus, the 

crystallization process is complex and influenced by several factors namely crystallization rate, 

degree of crystallinity and melting point. 

Depending on crystallization conditions [2], i. e. processing conditions, different crystalline 

structures have been reported for PLA, namely α-, α’-, β-  and γ- forms [3-5], attending to 

crystallization and melting temperatures.  

PLA slow crystallization rate limits a wider application, so several nucleating agents have often 

been used to enhance the crystallization rate of PLA. Additionally, crystallization temperatures 

of semicrystalline polymers can benefit from nucleating agents inclusion [6]. Nucleating agents 

improve PLA crystallization kinetics to increase its nucleation density, by reducing the nucleation 

induction period and increasing the number of primary nucleation sites. [2]. Some crystallization 

studies on well-dispersed samples showed that CNT, CNT-COOH and GNP and its derivatives 

could act as a nucleating agent for nanocomposite [6-9], due to their high surface-volume ratios. 

PP with 0.1wt% CNTs crystallization was increased by about 9ºC from 122ºC to 131ºC [10] as well 

as only 0.03wt% of CNT could accelerate the crystallization of poly(ethylene terephthalate) [11]. 

In the case of nylon as matrix, some studies refer that as CNT content increased, despite more 

CNT could provide nucleation surface, the formed CNT network imposed a much more 

significant confinement effect on mobility of nylon chains that overcame the nucleation effect 

and slowed down the overall crystallization kinetics [12]. 
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Improved crystallization could lead to significant mechanical properties enhancement of the 

matrix. For instance, full crystallization of amorphous PLA, lead to an increase of 25% in flexural 

modulus and strength and increased impact resistance [13, 14]. 

PLA with CNT up to 5wt% acting as a nucleation agent were found to significantly enhance the 

crystallization rate and crystallinity of PLA [15]. CNT-COOH exhibit great heterogeneous 

nucleation effect for PLA crystallization through enhancing the nucleation density. It improved 

crystallization,  promoting cold-crystallization of PLA, with only α- crystal forms during the 

annealing process [16]. Despite that, other studies reveal that CNT cannot play a significant 

nucleating role for PLA melt processing. PLA with 0.08wt% of MWCNT showed modest 

nucleating effects, with no significant crystallinity development although the crystallization 

temperature, Tc, was shifted to higher temperatures [17]. Few studies have researched GNP 

nanoplatelets effectiveness as PLA nucleating agents. In a comparative study of crystallinity of 

PLA, PLA/CNT and PLA/GNP, wide-angle X-ray diffraction (WAXD) observation revealed the 

appearance of strongest diffraction rings connected with α-form reflections of PLA, whereas the 

expected characteristic diffraction of PLA α’-crystals could not be observed. Meaning the 

presence of CNT and GNP has no impact on the crystalline modification of the PLA at this 

crystallization temperature [6]. Still, crystallization kinetics of PLA has been accelerated by both 

as nucleating agents, but CNT showed higher ability to accelerate crystallization than GNP [18]. 

PLA and the PLA/GO nanocomposites demonstrate that both crystallize in α- form, showing very 

similar WAXD diffraction spectra, indicating that the incorporation of GO does not change the 

crystal structure of PLA in the nanocomposites.  However the crystallization temperature of PLA 

shifts to low temperature range in the nanocomposites with increasing the GO weight 

percentage, unlike crystallization rate of PLA which increases with increasing the GO weight 

percentage [18] and with the crystallization temperature. 

WAXD and XRD are X-ray diffraction methods were developed to inspect the crystallinity of PLA 

and possible changes in the nanocomposites. XRD has been used to analyze and verify PLA, 

PLA/CNT-COOH and PLA/GNP nanocomposite crystalline structure [19]. 

Rectangular specimens with 10 mm x 20 mm were analysed on a 4-circles SEIFERT PTS X-ray 

diffractometer, equipped with a germanium detector. A collimator of 2 mm diameter in the 

incident X-ray and a Soller slits with 0.4 rad divergence in the diffracted X-ray were used. The 

diffractogrammes were acquired with Cu Kα radiation, for a 2θ Bragg angle between 5o and 60o, 

using a fixed step size of 0.02°, during 15 s per step, at 20 °C temperature. X-ray powder 

diffraction was carried out on various zones of each sample and it was proved to be 

reproducible. XRD analysis was supported by Centro de Física da Universidade de Coimbra 

(CFisUC), lead by Prof. Maria José Marques. 

XRD results show the amorphous structures of PLA, PLA/GNP and PLA/CNT-COOH 

nanocomposites (Fig. 5. 14 and Fig. 5. 15). 

Being a semicrystalline polymer, PLA presents an amourphous diffraction pattern characterize 

with a curve and with no sharp XRD diffraction peaks, proving its semicrystalline behavior (Fig. 

5. 14). 
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PLA, PLA/CNT-COOH and the PLA/GNP nanocomposites crystallize in α form, characterize by a 

strong and wide amorphous diffraction peak with similar intensities observed from 10º to 25º as 

expected [2]. The XRD diffraction maximum intensities for all occurred at 17.1º for PLA, for 

PLA/CNT-COOH at 16.9º and 17.2º for PLA/GNP (Fig. 5. 15). 

 

 

Fig. 5. 14 – PLA XRD pattern 

 

 

Fig. 5. 15 – PLA, PLA/GNP and PLA/CNT-COOH XRD pattern examples 

XRD results also showed the amorphous structures of PLA, PLA/GNP and PLA/CNT-COOH 

nanocomposites, with no sharp XRD diffraction peaks (excluding PLA/GNP), by presenting the 

same behavior in XRD pattern, despite the different weight percentages of nanofillers and the 
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type of nanofillers in the polymer matrix (Fig. 5. 15). There are no changes on PLA/GNP or 

PLA/CNT-COOH crystalline structure comparing to the PLA’s one. Meaning the incorporation of 

GNP and CNT-COOH did not change the crystal structure of the PLA in the nanocomposites. 

The existence of a sharp peak in PLA/GNP pattern after wide diffraction PLA peak is result of the 

GNP incorporation. This analyzed section revealed the graphite peak of GNP pattern (Fig. 5. 16). 

The second sharp peak near 55º in PLA/GNP XRD pattern represents the same plane of 26º, but 

it is a second order peak (Fig. 5. 16). 

 

 

Fig. 5. 16 – PLA/GNP XRD pattern 

 

With no significant alterations in PLA/GNP and PLA/CNT-COOH XRD patterns, crystalline 

structure of the matrix did not modify, maintaining crystallization in α- form. 

For the specific biomedical application, structures to replace or augment ACL are expected to be 

employed in human body as an implant. Within temperature range is very specific, not being 

required crystallinity structure improvement. Meaning that PLA, PLA/CNT-COOH and PLA/GNP 

manifest identical crystallinity behaviors and similar XRD patterns is acceptable. 

 

 

5.3. DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

As referred before, thermal behavior of polymers and polymers nanocomposites is closely 

related with crystallization. If PLA cannot be crystallized to a large extent, its thermal resistance 

will remain relatively poor [2]. 
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Concerning thermal behavior three temperatures are crucial for polymer nanocomposites 

behavior: glass transition temperature, Tg, melt temperature Tm and crystallization temperature, 

Tc. 

At low temperatures, bellow Tg amorphous polymers are brittle and glassy. Overcoming the Tg, 

polymers turn rubbery and leathery and for high temperatures become viscous fluid, with 

viscosity decreasing with increasing temperature and strain rate. Due to viscosity, PLA, as a 

thermoplastic polymer presents a visco-elastic behavior. 

Tm corresponds to local minimum heat flow of the transition from solid to liquid endothermic 

region. Between Tg and Tm crystallization occurs.  Tc indicates the temperature for when the 

molecules have enough freedom to self-organize into crystals. 

Tg is crucial in the determination of PLA crystallization window since polymer chain mobility is 

related to T – Tg.. PLA Tg depends on the molecular weight. If molecular weight is increased to 

80–100 kg/mol, Tg increases rapidly and then reaches a constant value [2]. Also, PLA chain 

architecture, as linear or branched, can influencer Tg. Branched PLA has a lower Tg value [20].  

The melting point decreases linearly with the D-lactate content [21] and varies with different 

molecular weight [22]. Tm is expected to increase with the Tc [23]. 

Neat PLA exhibits the maximum Tm between 175 and 180oC [2] (Fig. 5. 17).  In this case, PLA 

(Ingeo™ 2002D, Natureworks LLC®) has a specific Tm between 155 and 170oC and a Tg between 

57 and 61oC. 

 

 

Fig. 5. 17 – Tg and Tm for several polymers [24] 

The addition of CNS can modify Tg, Tm and Tc of the polymer matrix due to their constraint effect 

on the polymer segments and chains [25]. If this leads to a change in the Tg, the resultant effect 

on the composite properties would be considered a “nano-effect” and not predictable 

employing continuum mechanics relationships unless the Tg changes were quite insignificant [1]. 

Both increases and decreases in the Tg have been reported dependent upon the interaction 
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between the matrix and CNS. A reduced decrease on Tg of about -1 to-14oC on PLA with 3 wt% 

of nanoclay can be considered a “nano-effect”[26]. 

The combined effects of nucleation and growth define crystallinity. Higher concentrations of 

CNS can provide more surfaces for nucleation which are required when crystal growth has less 

time to occur at faster cooling rates [27, 28]. Considering the high surface-volume ratio of CNS, 

only a very low concentration is needed to provide an enormous interface for nucleation if they 

are fully dispersed [1, 29]. The results for PLA/GNP nanocomposites showed that the thermal 

stability of PLA was significantly improved with a very low loading of GNP [30]. For CNT the same 

is reported. If CNT-COOH are able to increase crystallinity, Tg will shift to higher temperatures 

[16]. In other cases, a very small difference was reported on Tg of PLA and nanocomposites after 

CNT addition, i.e. no measurable change in the glass temperature transition. However, an 

increase of PLA matrix crystallization kinetics was detected after CNT addition [31]. 

PLA/GNP nanocomposites significantly improve thermal stability of PLA with very low GNP 

content [30]. 

The interaction between CNS and the polymer matrix could also be evaluated attending to Tg 

DSC results. PLA/GNP and PLA/GO denoted a significant Tg  increase compared with neat PLA, 

which is an indicator of confined molecular mobility associated with good interaction between 

nanofiller and the matrix [32]. Similar result occurred with a comparison of PLA, PLA/MWCNT 

and PLA/MWCNT-OH [33]. 

Thermal behaviors of PLA, PLA/GNP and PLA/CNT-COOH were studied by DSC (DSC Q20, TA 

instruments, USA), in INEGI. All specimens were cut from films with a very small dimension with 

5 mg weight and heated from 30 to 200°C at a rate of 10°C/min, held at that temperature for 

1 min, then air cooled to 25°C (cooling rate of 25°C/min) before a second heating scan from 30 

to 200°C at 10°C/min scan rate. A nitrogen flow (50 ml/min) was maintained throughout the 

test. Tg, Tc and Tm were determined from the second heating scans [34]. The Tm and Tc were 

taken at the peak value of the respective endotherms and exotherms, and the Tg at the mid-

point of heat capacity changes.  
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Fig. 5. 18 – Heating DSC curve for PLA  

Fig. 5. 18 shows the heating DSC curves for PLA. Neat PLA showed a clear glass transition at 

62.65°C (Tg), and a small melting endotherm at 127.84°C, corresponding to residual crystallinity 

(Tc). PLA may remain mainly amorphous because of its slow crystallization kinetics. The Tm value 

for neat PLA was 154.33°C. 

On PLA DSC heating scans it is observed a small exothermic peak just before the single melting 

peak [2]. Taking into account crystallization conditions and the α′- and α- crystal formation 

requirements [4, 35, 36], this small exotherm peak is due to the transformation of disordered 

α′- crystals to the ordered α-form. For high Tc, only α- crystals are produced leading to a single 

melting peak (Fig. 5. 18). 

Tg slightly increases with CNT-COOH addiction as expected [33], but with a variation up to 1.0%, 

considered insignificant. Hence, as Tg has shifted to higher temperatures, CNT-COOH were able 

to increase PLA crystallinity [16] (Fig. 5. 19 and Fig. 5. 20). This is more evident with higher weight 

percentage of CNT-COOH in PLA, namely PLA/CNT-COOH0.7 nanocomposite (Fig. 5. 20). 

Tm is also insignificantly decreased by the incorporation of CNT-COOH by 1.2% (Fig. 5. 19 and Fig. 

5. 20), which decreases according to the increasing of CNT-COOH content. 

A probable cause for Tg increasing and Tm decreasing could be in the confined movement of the 

PLA chains induced by –COOH groups on CNT terminals, turning PLA chain arrangement more 

difficult. CNT-COOH were able to form strong bonds with PLA functional groups limiting the 

polymer chains motion. Also, adhesion of hydrophilic CNT-COOH with PLA should be related to 

the very short decrease of Tm. 

Tc and Tm for PLA/CNT-COOH nanocomposites were inferior to PLA, which can indicate crystal 

nucleate, therefore the polymer segmental mobility enhancement, facilitating crystal packing 

[37]. 
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Fig. 5. 19 - Heating DSC curve for PLA/CNT-COOH0.3 

 

 

Fig. 5. 20 - Heating DSC curve for PLA/CNT-COOH0.7 

 

PLA/GNP Tg was very similar to PLA. PLA/GNP showed no significant crystallinity development 

although the Tc was shifted to higher temperatures [17]. This increase could mean that GNP 

actually can act as nucleating agent for the crystallization [29]. However, Tc and Tm for PLA/GNP 

nanocomposites were higher than PLA, which can also indicate that its use as nucleating agent 

may have not been achieved, compromising also the movement of the PLA chains confinement. 
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Fig. 5. 21 - Heating DSC curve for PLA/GNP2 

 

 

Fig. 5. 22 – Comparative heating DSC curves for PLA and nanocomposites 

 

Tm for PLA/CNT-COOH nanocomposites was slightly reduced and Tg was insignificantly increased 

when compared with PLA but with negligible value, up to 1.2% and 1%, respectively (Fig. 5. 22). 

PLA and nanocomposites presented a single melting peak, meaning that only α- crystals are 

produced. For instance, PLA cold crystallization process was represented by exothermic peak at 

about 128.84oC. For PLA/GNP, this peak appeared at 132.19oC, for PLA/CNT-COOH0.7 on 

127.51oC and on 123.33oC for PLA/CNT-COOH0.3. These indicate that the crystallization for the 

PLLA/CNT-COOH nanocomposites is faster and earlier than that for the neat PLA. On the other 
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hand, PLA/GNP is slower than PLA. Endo and exotherm peaks were very similar for PLA and 

PLA/CNT-COOH nanocomposites, unlike PLA/GNP with reduced heat flows for both processes. 

 

5.4. CONCLUSIONS 

PLA and PLA/CNT-COOH nanocomposites mixing exhibit a considerable quality, regarding CNT-

COOH and GNP were perfectly embedded into the PLA matrix. Despite some reduced CNT-COOH 

agglomerates and GNP nanoplatelets clusters it is important to analyze mechanical tensile tests 

results and understand how dispersion results could compromise the improvement of PLA 

matrix.  

For high concentrations of CNS into PLA matrix, dispersion of CNS may be more difficult and 

crystallization could change. An adequate and relatively low content of CNS could be very 

meaningful for thermal stability of the nanocomposite. Once CNS dispersion is not totally 

homogeneous, crystallization may differ within several sheet regions. Despite that, CNS may 

work as PLA nucleating agents, improving PLA crystallization kinetics.  

Melt blending followed by compression moulding method presents acceptable results. It is 

indicated an acceptable arrangement within the three preferential mixing factors. XRD studies 

reveal GNP and CNT-COOH nanofillers have no significant influence on crystalline structure of 

PLA. The formation of α- crystals was mutual for PLA and all nanocomposites, presenting one 

single melting peak. 

DSC analysis of crystallization should be done with several heating scans in order confirm 

nanofillers crystallization enhancement and their use as nucleating agent. 

DSC, SEM and XRD studies should be done for the dispersion quality analysis on several distinct 

regions of the same sheet of nanocomposite. 

 

5.5. REFERENCES 

[1] Paul D, Robeson L. Polymer nanotechnology: nanocomposites. Polymer. 2008;49(15):3187-204. 
[2] Saeidlou S, Huneault MA, Li H, Park CB. Poly(lactic acid) crystallization. Progress in Polymer Science. 

2012;37(12):1657-77. 
[3] De Santis P, Kovacs AJ. Molecular conformation of poly (S-lactic acid). Biopolymers. 1968;6(3):299-

306. 
[4] Kawai T, Rahman N, Matsuba G, Nishida K, Kanaya T, Nakano M, et al. Crystallization and melting 

behavior of poly (L-lactic acid). Macromolecules. 2007;40(26):9463-9. 
[5] Eling B, Gogolewski S, Pennings A. Biodegradable materials of poly (l-lactic acid): 1. Melt-spun and 

solution-spun fibres. Polymer. 1982;23(11):1587-93. 
[6] Xu J-Z, Chen T, Yang C-L, Li Z-M, Mao Y-M, Zeng B-Q, et al. Isothermal crystallization of poly (l-

lactide) induced by graphene nanosheets and carbon nanotubes: a comparative study. 
Macromolecules. 2010;43(11):5000-8. 

[7] Chiu W-M, Chang Y-A, Kuo H-Y, Lin M-H, Wen H-C. A study of carbon nanotubes/biodegradable 
plastic polylactic acid composites. Journal of Applied Polymer Science. 2008;108(5):3024-30. 

[8] Papageorgiou G, Achilias D, Nanaki S, Beslikas T, Bikiaris D. PLA nanocomposites: effect of filler 
type on non-isothermal crystallization. Thermochimica Acta. 2010;511(1):129-39. 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016  121 

[9] Zhao Y, Qiu Z, Yang W. Effect of functionalization of multiwalled nanotubes on the crystallization 
and hydrolytic degradation of biodegradable poly (L-lactide). The Journal of Physical Chemistry B. 
2008;112(51):16461-8. 

[10] Lu K, Grossiord N, Koning CE, Miltner HE, Mele Bv, Loos J. Carbon nanotube/isotactic polypropylene 
composites prepared by latex technology: morphology analysis of CNT-induced nucleation. 
Macromolecules. 2008;41(21):8081-5. 

[11] Haggenmueller R, Fischer JE, Winey KI. Single wall carbon nanotube/polyethylene 
nanocomposites: nucleating and templating polyethylene crystallites. Macromolecules. 
2006;39(8):2964-71. 

[12] Li L, Li CY, Ni C, Rong L, Hsiao B. Structure and crystallization behavior of Nylon 66/multi-walled 
carbon nanotube nanocomposites at low carbon nanotube contents. Polymer. 2007;48(12):3452-
60. 

[13] Harris AM, Lee EC. Improving mechanical performance of injection molded PLA by controlling 
crystallinity. Journal of Applied Polymer Science. 2008;107(4):2246-55. 

[14] Perego G, Cella GD, Bastioli C. Effect of molecular weight and crystallinity on poly (lactic acid) 
mechanical properties. Journal of Applied Polymer Science. 1996;59(1):37-43. 

[15] Shieh YT, Twu YK, Su CC, Lin RH, Liu GL. Crystallization kinetics study of poly (L-lactic acid)/carbon 
nanotubes nanocomposites. Journal of Polymer Science Part B: Polymer Physics. 2010;48(9):983-
9. 

[16] Li Y, Wang Y, Liu L, Han L, Xiang F, Zhou Z. Crystallization improvement of poly (L-lactide) induced 
by functionalized multiwalled carbon nanotubes. Journal of Polymer Science Part B: Polymer 
Physics. 2009;47(3):326-39. 

[17] Xu HS, Dai XJ, Lamb PR, Li ZM. Poly (L-lactide) crystallization induced by multiwall carbon nanotubes 
at very low loading. Journal of Polymer Science Part B: Polymer Physics. 2009;47(23):2341-52. 

[18] Wang H, Qiu Z. Crystallization behaviors of biodegradable poly(l-lactic acid)/graphene oxide 
nanocomposites from the amorphous state. Thermochimica Acta. 2011;526(1–2):229-36. 

[19] Gao F. Advances in polymer nanocomposites: types and applications: Elsevier; 2012. 
[20] Pitet LM, Hait SB, Lanyk TJ, Knauss DM. Linear and branched architectures from the polymerization 

of lactide with glycidol. Macromolecules. 2007;40(7):2327-34. 
[21] Kolstad JJ. Crystallization kinetics of poly (L-lactide-co-meso-lactide). Journal of Applied Polymer 

Science. 1996;62(7):1079-91. 
[22] Hartmann M. High molecular weight polylactic acid polymers.  Biopolymers from renewable 

resources: Springer 1998, p. 367-411. 
[23] Flory PJ. Theory of crystallization in copolymers. Transactions of the Faraday Society. 1955;51:848-

57. 
[24] Domb AJ, Kost J, Wiseman D. Handbook of biodegradable polymers: CRC Press; 1998. 
[25] Xie X-L, Mai Y-W, Zhou X-P. Dispersion and alignment of carbon nanotubes in polymer matrix: a 

review. Materials Science and Engineering: R: Reports. 2005;49(4):89-112. 
[26] Pluta M, Jeszka JK, Boiteux G. Polylactide/montmorillonite nanocomposites: Structure, dielectric, 

viscoelastic and thermal properties. European Polymer Journal. 2007;43(7):2819-35. 
[27] Zhang G, Yan D. Crystallization kinetics and melting behavior of nylon 10, 10 in nylon 10, 10–

montmorillonite nanocomposites. Journal of Applied Polymer Science. 2003;88(9):2181-8. 
[28] Di Y, Iannace S, Maio ED, Nicolais L. Poly (lactic acid)/organoclay nanocomposites: thermal, 

rheological properties and foam processing. Journal of Polymer Science Part B: Polymer Physics. 
2005;43(6):689-98. 

[29] Zhang J, Qiu Z. Morphology, crystallization behavior, and dynamic mechanical properties of 
biodegradable poly (ε-caprolactone)/thermally reduced graphene nanocomposites. Industrial & 
Engineering Chemistry Research. 2011;50(24):13885-91. 

[30] Chen Y, Yao X, Zhou X, Pan Z, Gu Q. Poly(lactic acid)/Graphene Nanocomposites Prepared via 
Solution Blending Using Chloroform as a Mutual Solvent. Journal of Nanoscience and 
Nanotechnology. 2011;11(9):7813-9. 

[31] Barrau S, Vanmansart C, Moreau M, Addad A, Stoclet G, Lefebvre J-M, et al. Crystallization behavior 
of carbon nanotube− polylac�de nanocomposites. Macromolecules. 2011;44(16):6496-502. 

[32] Pinto AM, Cabral J, Tanaka DAP, Mendes AM, Magalhães FD. Effect of incorporation of graphene 
oxide and graphene nanoplatelets on mechanical and gas permeability properties of poly(lactic 
acid) films. Polymer International. 2013;62(1):33-40. 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

122  Viviana Correia Pinto, 2016 

[33] Wu C-S, Liao H-T. Study on the preparation and characterization of biodegradable 
polylactide/multi-walled carbon nanotubes nanocomposites. Polymer. 2007;48(15):4449-58. 

[34] Martin O, Averous L. Poly (lactic acid): plasticization and properties of biodegradable multiphase 
systems. Polymer. 2001;42(14):6209-19. 

[35] Zhang J, Tashiro K, Tsuji H, Domb AJ. Disorder-to-order phase transition and multiple melting 
behavior of poly (L-lactide) investigated by simultaneous measurements of WAXD and DSC. 
Macromolecules. 2008;41(4):1352-7. 

[36] Pan P, Kai W, Zhu B, Dong T, Inoue Y. Polymorphous crystallization and multiple melting behavior 
of poly (L-lactide): molecular weight dependence. Macromolecules. 2007;40(19):6898-905. 

[37] Zhang D, Kandadai MA, Cech J, Roth S, Curran SA. Poly(l-lactide) (PLLA)/Multiwalled Carbon 
Nanotube (MWCNT) Composite:  Characterization and Biocompatibility Evaluation. The Journal of 
Physical Chemistry B. 2006;110(26):12910-5. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 

STATIC MECHANICAL BEHAVIOUR 

  



 

 

 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016  125 

CHAPTER 6: STATIC MECHANICAL BEHAVIOUR 

In this chapter a complete study on mechanical properties of produced polylactic acid (PLA) and 

PLA nanocomposites is done through quasi-static mechanical tests and strain field 

measurements during static tests. 

Testing was coupled with innovative optical techniques in order to obtain accurate local strain 

measures, namely digital correlation image (DIC) and feature tracking method (FTM). Very often 

strain measurements from tensile tests machines tend to include deviations associated to grips 

and specimens setup. With non-contact optical techniques is possible to obtain a more realistic 

measure for strain fields. 

Mechanical behavior of PLA and PLA nanocomposites is expected to be validated, attending 

production methods applied. Dispersion and functionalization of nanofillers are also assessed in 

order to complement results from physical structure and thermal properties discussed in the 

previous Chapter. 

Improvement on of PLA mechanical properties with nanofillers addition, results into 

nanocomposites that can be used not only in biomedical applications but also in other sectors 

as the automotive, aeronautics and aerospace. This is a plus, since PLA is a biodegradable 

polymer made from renewable bio-resources, not a petrochemical-based plastic, contributing 

to reduce carbon dioxide (CO2) emissions. 

 

6.1. MECHANICAL BEHAVIOR OF PLA AND NANOCOMPOSITES 

Biodegradable polymers have been researched for several applications in biomedical sector, as 

well as for automotive, aeronautics and aerospace applications, improving the autonomy and 

efficiency of the life cycle of components [1]. 

When compared to other polymers, PLA presents interesting properties like tensile strength 

around 48-100 MPa, Young’s modulus from 3.5 to 3.8 GPa, despite the lowest thermal resistance 

[2], being a considerable candidate to substitute conventional polymers in several applications. 

However, having a low elongation at break (from 2.5 to 100%) could limit its use in some cases. 

At room temperature, PLA tends to be brittle, fracturing through a crazing mechanism, due to 

weak van der Waals forces and strong covalent bonds of the chains. PLA is relatively brittle for 

mode I fracture [3]. Hence, it has reduced mechanical properties as toughness, brittleness and 

fatigue resistance, promoting early failure of components and devices. 

Previous results obtained for PLA mechanical properties disclosed the need to avoid viscoplastic 

deformation [4], which has been the main cause for medical devices failure [5]. 

Attempts have been made to reinforce PLA mechanical properties, through copolymerization 

with other polymers [6, 7] and through composites production with PLA as matrix [7-9]. 
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Considering the excellent mechanical properties of carbon nanostructures (CNS) already 

described on Chapter 3, as well as the low density, high surface-volume ratios and high surface 

area, carbon nanotubes (CNT) and graphene (GNP) are referred as excellent candidates for 

enhancing the mechanical properties of polymers. Indeed, the addition of 1wt%  of these CNS 

can increase the stiffness of the polymer by 10% and increase its resistance to fracture [10]. 

The key-challenge is to achieve a suitable distribution and dispersion of nanofillers within the 

polymeric matrices, combined with high mechanical performance [11]. Indeed, mechanical 

properties of nanocomposites are significantly affected by the dispersion of nanofillers in PLA 

matrix, the interfacial interaction between nanofillers and PLA matrix and the crystallization 

behavior. The improved CNS/polymer interaction facilitates high molecular level dispersion and 

enhanced interfacial interaction. Considerable dispersion and interfacial stress transferring 

promote a more uniform stress distribution and minimize the presence of the stress 

concentration points [12], leading to improved mechanical properties. 

PLA/CNT nanocomposites incorporating CNT with higher surface-volume ratio exhibited higher 

Young’s modulus and more flexibility than those with low aspect ratios, promoting the formation 

of a more compact network and self-assembled [13]. 

Beyond the enhancement of the polymer as a scaffold support, nanocomposites proved an 

overall improvement of polymers mechanical properties when reinforced with CNT in 

biomedical applications [14-17]. In particular, an increase in tensile modulus and elongation at 

break [18], an improvement of Young's modulus and increased tensile flexural strength for 

PLA/multi-walled carbon nanotubes (MWCNT) (with several functionalization methods) [19], an 

increase in tensile strength polystyrene (PS)/MWCNT [20], an increase in stiffness of polyvinyl 

alcohol (PVA)/MWCNT [21] among others [22].  

Young's modulus tendentiously increases with the load for PLA/CNT nanocomposites, however, 

the addition of CNT may decrease tensile strength and elongation at break due to the brittle 

fracture of PLA and nanocomposites [23, 24]. Ascribable to poor dispersion results of CNT into 

polymeric matrices, it might not be uniform for all studies. Despite increasing Young’s modulus, 

toughness or ductility display decreasing trends [24, 25]. 

Nevertheless these are not confirmed trends for research developed on CNT as reinforcement 

for PLA. Tensile strength and elongation at break of nanocomposites can also increase when 

compared to PLA, along with toughness and ductility. This is explained by an effective 

reinforcement assuring the load transfer from the matrix to nanofillers [19, 26-28]. A more 

probable hypothesis when weight percentages of CNT are reduced, less than 1wt%, minimizing 

the agglomerates formation. Some studies revealed the simultaneously improvement of Young’s 

modulus and tensile strength, proving CNT can reinforce effectively polymer matrices [20]. 

Along with dispersion, functionalization of CNT is the ultimate condition to improve ductility of 

the matrix. Besides contributing to turn CNT more compatible both with polymer and solvents, 

improving dispersion and facilitating CNT de-bundling, functional groups maximizes 

nanocomposite interfacial shear strength. Functional groups can reduce the maximum buckling 

force of CNT [29], increasing interfacial shear strength of the nanocomposite. Also, covalently 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016  127 

grafted long-chain molecules tangled with the polymer matrix, promotes a good stress transfer 

from matrix to CNT [30]. Either –OH or –COOH as functional groups on CNT edges revealed 

higher tensile strength and higher Young’s modulus [19] when compared to neat polymer.  

Thermoplastic polymer polypropylene (PP) and PLA have been reinforced with CNT (Table 6. 1), 

considering distinct production methods for nanocomposites, functionalization and weight 

percentages of nanofillers. PLA reinforcement with carbon nanostructures has few research 

studies, being this study an excellent opportunity to understand its mechanical behavior. 

 

Table 6. 1 – Research studies on PP and PLA reinforcements according to production methods, weight percentage 

and respective tensile properties (*compared to neat polymer) 

Ref. Specimens 
Production 

method 

Nanofiller 

(wt.%) 

Yield 

Strength 

(MPa) 

Elongation 

at break 

(%) 

Young's 

modulus 

(GPa) 

Δ Young’s 

modulus 

(GPa)* 

[31] 

PP 

Melt 
blending 

- 36.1 711.4 1.83  

PP/MWCNT 0.3 38.6 742.2 2.1 14.75 

PP/MWCNT 0.6 39 439.2 2.12 15.85 

PP/MWCNT 2.8 40 53.2 2.33 27.32 

PP/MWCNT 4.5 40.4 68.2 2.42 32.24 

[24] 

PLLA 
Solution 
mixing 

3 

40.9 - 0.234  

PLLA/MWCNT 27.5 - 0.138 -41.03 

PLA/MWCNT-COOH 38.8 - 0.388 65.81 

[23] 

PLA 

Solution 
mixing 

- - 1.6 1  

PLA/MWCNT 2.5 - 0.5 2.4 140 

PLA/MWCNT 4.5 - 0.4 2.5 150 

PLA/MWCNT 10 - 0.25 2.1 110 

[32] 

PLA 

Solution 
mixing 

- 63.5 10 0.553  

PLA-MWCNT-COOH  0.5 65.4 19 0.632 14.29 

PLA-MWCNT-COOH  1 70.2 20 0.786 42.13 

PLA-MWCNT-COOH  2.5 85.5 19 0.997 80.29 

PLA_MWCNT 2.5 59.5 10 0.743 34.36 

 
Similar results were obtained resorting to GNP and its derivatives as nanofiller for polymer 

matrix, aiming to improve toughness and strength of the polymer [33-39]. GNP has been used 

in several matrices, e.g. epoxy, polystyrene (PS), polyaniline (PANI), polyurethane (PU), 

poly(vinylidene fluoride) (PVDF), polycarbonate (PC), poly(ethylene terephthalate) (PET), 

poly(3,4-ethyldioxythiophene) (PEDOT) [40] and for different sectors namely biomedical 

applications [41].  

Effective mechanical reinforcement of polymeric materials also occurs using very small loadings 

of GO and GNP, mostly less than 2wt.%. For instance, the incorporation of 1wt.% graphene oxide 

(GO), improved the tensile strength and Young’s modulus of GO/chitosan nanocomposites by 

122% and 64%, respectively, when compared to chitosan [42, 43]. Indeed, for polypropylene 

(PP) with GNP, a 75% increase in yield strength and a 74% increase in the Young’s modulus of PP 

was obtained with only 1wt% of GNP [44]. Improvements of PLA matrix also were achieved with 
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just 0.2wt.% of GNP incorporation attaining a 26% increase in tensile strength and 18% rise in 

Young’s modulus, complemented with the strong interaction between GNP and PLA, ensuring 

the efficient load transfer between both [45]. 

GO (0.4wt.%) incorporated in a polyethylene (PE) matrix revealed limited improvements in the 

achieved mechanical properties, increase of 20% in the Young’s modulus and 13% in the tensile 

strength [46]. Also, GO–PVA composite showed enhancement in mechanical properties by 76% 

and 62% in elastic modulus and strength, respectively, with 0.7wt.% GO [33]. 

When incorporated into PLA, GO and GNP presented similar improved results for mechanical 

properties with very small weight percentages of GO or GNP (0.2 to 0.6wt.%) relating to PLA, 

with Young’s modulus increases up to 156%  and yield strength up to 129%. Attending to the 

presence of oxidized groups over the surface that might benefit interactions with PLA 

hydrophilic groups, GO could present a stronger reinforcement than GNP [45]. On the other 

hand, interaction of GO with polymer matrix should be worse due to its wrinkled morphology 

[47]. 

Most polymer-GNP nanocomposites were produced by solution mixing since it is the more 

suitable and effective method to obtain GNP nanoplatelets exfoliation. In fact, it leads to 

satisfactory results on mechanical properties concerning the neat polymer. 

As for CNT, dispersion and functionalization of GNP will substantially improve mechanical 

properties of the polymer matrix [48, 49]. Although GNP has higher strength, the presence of 

functional groups on the GNP and GO surfaces promotes high level of dispersion in polar 

solvents and water. 

Some research results for GNP and its derivatives as reinforcements for polymers are displayed 

on Table 6. 2. 

 

Table 6. 2 – Research studies about GNP and its derivatives as reinforcements for polymers according to production 

methods, weight percentage and respective tensile properties.(*compared to neat polymer) 

Ref. Specimens 
Production 

method 

Nanofiller  

(wt.%) 

Δ Yield 

Strength 

(%)* 

Δ Young’s 

modulus 

(%)* 

[50] PU/f-GNP 

Melt blending 

0.5 

- 49.1 

Solution mixing - 98.4 

In situ - 14.7 

[51] 
PVA/GO 

Solution mixing 0.07 
38.7 -9.35 

PVA/functionalized-GO 55.3 -11.7 

[44] PP/GO Melt blending 1 75.0 74.0 

[52] PMMA/GO In situ 2 15.0 29.9 

 

In some cases, nanocomposite with GNP and CNT were compared, being arguable which can 

further improve mechanical properties of the matrix. For instance, GNP high specific surface 

area, enhanced nanofiller matrix adhesion/interlocking from their wrinkled surface and 2-D flat 

geometry may result into superior mechanical properties [53]. 
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6.2. QUASI-STATIC TENSILE TESTS 

For the tensile tests specimens were cut from PLA, PLA/CNT-COOH, PLA/GNP and PLA/GNP 

derivatives sheets. Tensile tests were done using a testing machine coupled with an image-based 

feature-tracking method. 

Specimens were cut with an appropriate tool specifically designed with the support of Eng. Nuno 

Viriato Ramos from LOME (Laboratory of Optics and Experimental Mechanics), INEGI, Porto (Fig. 

6. 1). 

 

  
 

 

Fig. 6. 1 – Tool designed for specimens cutting 

 
Specimens were cut in a dog bone format with a gauge length of 80 mm and 10 mm width, grip 

section of 15 mm width and 20 mm length, and overall length of 140mm, following ASTM D882 

norm [54] (Fig. 6. 2and Fig. 6. 3).  

 

 

Fig. 6. 2 –Specimen dimensions for tensile tests 

 

 

Fig. 6. 3 – Real specimen 

 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

130  Viviana Correia Pinto, 2016 

In the framework of experimental solid mechanics, several interferometric and white-light 

optical methods have been proposed and developed in the last decades, for assessing 

displacement or strain measurements over an entire region of interest [55, 56]. These 

techniques contrast with conventional strain gauges or extensometers by the fact that they 

provide full-field data and are contact-free. Among them, non-interferometric methods based 

on image and signal processing have been increasingly used, such as the digital image correlation 

(DIC) [57, 58], the feature tracking method (FTM) [59, 60] and the grid method [61, 62]. This sort 

of techniques differ in terms of post-processing, but they share the same underlying principle of 

assessing the deformation of an object by analyzing the geometrical deformation of a suitable 

pattern, which is assumed perfectly attached to the material surface subtract. In the DIC 

method, the target surface has a random (speckle) texture pattern, which can exist naturally or 

be created by aerosol spray or airbrush painting. In the grid method, a grid pattern (e.g., crossed 

vertical and horizontal lines) of a given pitch is transferred (glued) to the surface of interest. 

Both DIC and grid methods provided full-field displacements of a (quasi-)planar object and have 

been applied to a variety of mechanical and fracture problems, taking advantage of good 

balance between spatial resolution and resolution. However, there is certain case studies where 

neither a random nor a periodic pattern can be conveniently apply to the surface of interest. 

This is the case, for instance, when wet specimens will be tested for hydrolytic degradation 

analysis, or when the specimens have complex curved surfaces, or even when a very short period 

of time is available between specimen preparation and testing. Moreover, when dealing with 

large deformation, either delamination of the painting used in the speckle pattern or significant 

grid pitch variation can occur when choosing the DIC or grid methods, respectively, making 

measurements unreliable. In such cases, the image feature-based tracking method can be a 

suitable alternative. This method only requires few marks (local features) over the region of 

interest, which can be quickly transferred (painted) to a background surface. Normally, this 

technique does not have the same spatial resolution than counterpart DIC and grid methods, 

but can be suitable for measuring strains over uniform or moderate gradient fields [60, 63]. 

Both DIC and FTM were initially tested in order to identify which on will be the suitable for the 

application with no loss to the results (Fig. 6. 4). Some specimens from PLA and PLA/GNP were 

painted with marks for FTM and with speckle for DIC, simultaneously (domino-specimens), on 

the specimen center and tested till rupture. 
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Fig. 6. 4 – Domino-specimens center  

 

No significant differences were found between the results obtained from DIC and FTM. 

Attending to posterior need to test wet specimens, after hydrolytic degradation, FTM based on 

image processing and analysis [64] was used for mechanical properties assessment under quasi-

static tensile tests. This method is suitable for evaluating average strains since uniform strain 

fields are expected at the gauge section. Moreover, this technique has the advantage of 

requiring simpler specimen preparation than counterparts non-interferometric method such as 

digital image correlation [65-67] and grid-based method [68, 69]. 

The FTM requires painting a few marks (local features) over the region of interest, in the gauge 

length of each specimen, with a suitable colour, shape and size. 

Few target points or objects were assumed to mark the surface of interest; furthermore, these 

marks were assumed to follow the material deformation during loading. For the purpose of this 

study the low spatial resolution of this approach was not critical, since uniform strain/stress 

fields were expected over the region of interest. The technique is based on image tracking of 

the centroid of target objects [70]. The strain state in the material can then be estimated by 

computing the change in the relative length among adjacent target points generated during 

deformation.  

Between the reference (0) and a given deformed configurations (t), the in-plane linear strains  

( t−0,βε  with  2,1=β  directions) can be estimated by (Eq. 6.1): 
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where 
1,
0,
+

−∆ ii
tLβ  represents the change of length between two adjacent marks, 

1,
0,
+iiLβ  is the initial 

length in the reference state, and 1,,1 −= βni K  with βn  representing the total number of 

target points on the image along in the β  direction. 

 

 

Fig. 6. 5 – Scheme of the target objects (left). Flowchart of the proposed image feature-based tracking algorithm 

(right) 

 

In order to solve Eq. 6.1, the in-plane coordinates of the target marks ( βx ) are to be determined 

by image processing and analysis. The flowchart of the proposed algorithm is schematically 

shown in Fig. 1b. In a first step, images of the target objects have to be acquired before (0) and 

after (t), deformation. A camera-lens optical system can be used aiming at a region of interest 

with suitable magnification. In practice, saturated images can be recorded, for enhancing 

contrast between the target objects (black) and the uniform substratum of the material (white). 

The recorded images can be cropped before post-processing to define a sub-image in which the 

target objects are limited. Therefore, regions in the field of view outside the specimen (typically 

they correspond to dark zones of the surrounding environment) are systematically eliminated. 

These steps can be advantageous in image segmentation and classification, allowing a suitable 

definition of areas of both target objects and background. A transformation of a grey level 

image, ),( yxf , into the binary image, ),( yxg , was then achieved by a single thresholding 

technique by choosing a suitable threshold value T. In the binary image pixels labeled 1 

correspond to target objects, whilst pixels set to 0 are associated to background. This 

classification is convenient for further image analysis. Morphological analyses applied to the 

binary images were deemed necessary because, in practice, some errors or imprecisions can 

occur in defining the target objects over the region of interest: (i) the marks painted over the 

material surface can be imaged with a pronounced variation of light intensity distribution, from 

which it can be difficult to define a single closed object in the image segmentation step; (ii) 

natural spots of the material reflected over the surface of the specimen may be imaged with a 
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grey level intensity closer to the one of the target marks, resulting, after segmentation, into a 

binary image with parasite stains over the region of interest. This step consists in a combination 

of erosion and dilation in order to completely fill and define the target objects and/or get rid of 

erroneous stain regions in the background persisting after segmentation. Finally, for each image, 

the total number of target objects ( βn ) and their centroid location ($%) is carried out. From 

these coordinates, the distance between two adjacent points can be determined by: 

iiii xxL βββ −= ++ 11,

  
)1,,1( −= βni K    (Eq. 6. 2) 

and 

∑
=

=
m

j

ii

j
x

m
x

1

1
ββ      (Eq. 6. 3) 

At the end, this information is used to solve Eq. 6.1 yielding an estimation of the strain state on 

both 1(x) and 2(y) directions.  

Therefore, for FTM, a camera-lens optical system was used for image grabbing. A charge-

coupled device (CCD) 8-bit Baumer Optronic FWX20 camera (resolution of 1624 × 1236 pixels2) 

was coupled with a telecentric lens. The working distance was set to 103.5 mm, yield a 

magnification factor of 0.018 mm/pixel. A LED lighting system was used for uniform illumination 

during tests. The size of the marks within the gauge section was chosen in a compromise 

between spatial resolution (smaller marks) and accuracy (large marks). During tests, images 

were recorded with an acquisition frequency of 1.0 Hz using a shutter time of 10 ms. The images 

were analyzed in order to track the centroid of the marks during the image sequence. The 

variation of relative distance among marks yield a global estimation of the strains along both 

parallel and perpendicular axes with regard to the uniaxial loading direction. Before testing, 

translation rigid-body tests were carried out in order to evaluate the resolution of the technique. 

In this case, the measured field is theoretically known, allowing a statistical evaluation of noise. 

The standard deviation was kept has an estimation of the accuracy of the technique. A strain 

resolution of about 1.5x10-4 was determined. 

Tensile tests were made in an Instron® ElectroPuls E1000 (High Wycombe, England) from 

LABIOMEP, Porto, under displacement control. The load was measured by means of a load cell 

of 2kN. Tests were considered quasi-static with a deformation rate around 10-4 s-1, being done 

at a displacement rate of 2 mm min-1.  
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Fig. 6. 6 – Broken specimens after tests (left). Instron® ElectroPuls E1000 from LABIOMEP, Porto, Portugal (right) 

 
Table 6. 3 depicts all tested specimens under  quasi-static loading, among then PLA, PLA/GNP, 

PLA/GNP-AS, PLA/GO, PLA/GO-AS, PLA/CNT-COOH, and respective weight percentages of 

nanofillers added to PLA matrix. At least three specimens were considered for each tensile test. 

 

Table 6. 3 – Weight percentages for nanocomposites produced by melt blending and compression moulding 

Specimens Nanofiller 
PLA 

(wt.%) 

Nanofiller 

(wt.%) 

PLA None 100 0 

PLA/GNP0.5 GNP nanoplatelets 99.5 0.5 

PLA/GNP1 GNP nanoplatelets 99 1 

PLA/GNP2 GNP nanoplatelets 98 2 

PLA/GNP4 GNP nanoplatelets 96 4 

PLA/GNP-AS0.5 -AS functionalized GNP nanoplatelets (GNP-AS) 99.5 0.5 

PLA/GNP-AS1 -AS functionalized GNP nanoplatelets (GNP-AS) 99 1 

PLA/GNP-AS2 -AS functionalized GNP nanoplatelets (GNP-AS) 98 2 

PLA/GO1 Graphene oxide (GO) 99 1 

PLA/GO-AS1 -AS functionalized GO (GO-AS) 99 1 

PLA/CNT-COOH0.2 –COOH functionalized MWCNT 99.8 0.2 

PLA/CNT-COOH0.3 –COOH functionalized MWCNT 99.7 0.3 

PLA/CNT-COOH0.5 –COOH functionalized MWCNT 99.5 0.5 

PLA/CNT-COOH0.7 –COOH functionalized MWCNT 99.3 0.7 

PLA/CNT-COOH1 –COOH functionalized MWCNT 99 1 
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PLA and nanocomposites presents a brittle fracture (Fig. 6. 7). Brittle behavior and crazing 

mechanism before fracture were confirmed through the stretching of the PLA bundles in SEM 

images of rupture surfaces obtained from tensile specimens (Fig. 6. 8).  

 

  

Fig. 6. 7 – Specimens brittle fracture (left: PLA; right: PLA/CNT-COOH0.3) 

 

 

Fig. 6. 8 – PLA ruptured tensile tests SEM images (1000x) 

 

Similar crazing mechanism before fracture was confirmed for PLA/CNT-COOH and PLA/GNP (Fig. 

6. 8), with crazing propagation hindered by CNT-COOH agglomerates and GNP clusters, as 

described in previous Chapter. Both PLA/CNT-COOH and PLA/GNP crazing was less noticed than 

PLA, being PLA/CNT-COOH the least pronounced in SEM images (Fig. 6. 9). 
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Fig. 6. 9 – PLA/GNP (left) and PLA/CNT-COOH (right) crazing on SEM images (1000x) 

 

Results from quasi-static tensile tests presented in Table 6. 4 and Table 6. 5, correspond to an 

average of at least three samples tested for each type of film, with Young’s modulus, Poisson’s 

ratio calculation, tensile strength, elongation at break and toughness. The Young's modulus and 

the Poisson's coefficient were determined by least-square regression to the stress-strain curve 

and Y strain-X strain curve, respectively. The toughness was determined by measuring the area 

underneath the stress-strain curve. These methods were applied to all specimens. The deviation 

(Table 6. 5) was calculated like: variable value of nanocomposite – variable value of PLA)/variable 

value of PLA*100. 

Table 6. 4 – Tensile tests results: Average mechanical properties  

Specimens 

Tensile 

strength  

σmax (MPa) 

Elongation at 

yield 

εy (%) 

Toughness 

(MPa) 

Young’s 

modulus  

Y (GPa) 

Possion ratio 

υ 

PLA 59.903±4.927 1.858±0.061 93.942±10.720 3.986±0.421 0.332±0.019 

PLA/GNP0.5 58.371±2.350 1.721±0.057 75.970±10.450 4.197±0.153 0.324±0.015 

PLA/GNP1 61.937±1.890 1.731±0.236 75.336±14.596 4.670±0.090 0.323±0.005 

PLA/GNP2 58.557±3.993 1.603±0.233 63.329±12.118 4.917±0.153 0.317±0.003 

PLA/GNP4 50.343±0.880 1.548±0.076 53.447±3.209 4.086±1.006 0.298±0.015 

PLA/GNP-AS0.5 52.661±1.286 1.591±0.024 59.611±5.530 3.882±0.088 0.331±0.023 

PLA/GNP-AS1 33.275±5.305 0.765±0.024 55.075±5.211 4.580±0.253 0.306±0.007 

PLA/GNP-AS2 45.215±2.045 1.160±0.392 38.400±5.230 4.315±0.145 0.294±0.028 

PLA/GNP_OX1 48.449±1.095 1.608±0.150 64.820±9.421 4.176±0.107 0.319±0.018 

PLA/GNP_OX-AS1 33.014±8.267 0.854±0.206 19.633±11.508 3.915±0.272 0.328±0.024 

PLA/CNT-COOH0.2 70.378±3.566 2.194±0.113 99.596±5.913 4.186±0.231 0.355±0.036 

PLA/CNT-COOH0.3 73.399±3.614 2.140±0.045 111.874±3.138 4.430±0.227 0.316±0.005 

PLA/CNT-COOH0.5 69.063±0134 1.851±0.452 101.195±9.624 4.242±0.054 0.330±0.005 

PLA/CNT-COOH0.7 72.222±1.516 2.251±0.402 114.692±6.343 4.860±0.468 0.305±0.017 

PLA/CNT-COOH1 71.118±3.360 1.318±0.877 97.316±12.874 4.368±0.314 0.326±0.017 
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Table 6. 5 – Variation of mechanical properties of PLA/CNT-COOH, PLA/GNP and PLA/GNP derivatives, comparing to 

PLA results 

Specimens 

Δ Tensile 

strength 

Δσmax (%)  

Δ Elongation 

at yield  

Δεy (%)  

Δ Toughness 

(%) 

Δ Young’s 

modulus 

ΔY (%) 

Δ Possion 

ratio, Δυ 

PLA/GNP0.5 -2.6 -7.4 -19.1 5.3 -2.2 

PLA/GNP1 3.4 -6.8 -19.8 17.1 -2.8 

PLA/GNP2 -2.2 -13.7 -32.6 23.3 -4.4 

PLA/GNP4 -16.0 -16.6 -43.1 2.5 -10.3 

PLA/GNP-AS0.5 -12.1 -14.1 -36.5 -1.6 -0.3 

PLA/GNP-AS1 -44.5 -58.8 -41.4 14.9 -7.7 

PLA/GNP-AS2 -24.5 -37.5 -59.1 9.2 -11.5 

PLA/GNP_OX1 -19.1 -13.4 -31.0 4.8 -3.7 

PLA/GNP_OX-AS1 -52.9 -54.0 -79.1 -1.8 -1.2 

PLA/CNT-COOH0.2 17.5 18.1 6.0 5.0 6.9 

PLA/CNT-COOH0.3 22.5 15.2 19.1 11.1 -4.6 

PLA/CNT-COOH0.5 15.3 -0.4 7.7 6.4 -0.6 

PLA/CNT-COOH0.7 20.6 21.2 22.1 21.9 -8.0 

PLA/CNT-COOH1 18.7 -29.1 9.6 3.6 -1.6 

 

PLA stress-strain curve presents an elastic behavior, with a linear regime, until tensile strength, 

around 61 MPa, followed by the plastic regime, ending up on the specimen break. Concerning 

mechanical properties, PLA has a 3.986 GPa Young’s modulus, 59.903 MPa of tensile strength 

(Table 6. 4) according to expected by suppliers information [2]. Elongation at yield was of 1.858% 

with elongation at break at 2.472%, indeed reduced (Fig. 6. 10). 

 

 

Fig. 6. 10 – PLA stress-strain curves for three specimens  
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The comparison of nanocomposites properties with the PLA ones is crucial to understand how 

CNS could improve them and effectively reinforce the matrix. 

PLA/GNP nanocomposites present similar behavior as PLA stress-strain curves, with an increase 

in their slopes on the linear regime, meaning increased Young’s modulus (Fig. 6. 11), with the 

highest value for PLA/GNP2 (Table 6. 4). This had an augmentation of 2.5 to 23.3%, with weight 

percentages up to 4wt% into PLA matrix. However, neither tensile strength nor toughness 

increased, instead tensile strength decrease up to 16.0% and toughness reduced till 43.1%. 

These results mean GNP did not improve ductility of PLA. Barely PLA/GNP1 showed a slightly 

increase of 3.4% on tensile strength, which is not significant, according to measurement 

deviations recorded. GNP nanoplatelets did not promote a reinforcement of PLA matrix, which 

can also be found in toughness results (Fig. 6. 19). Again inconclusive results can be drawn from 

the variation of tensile strength and elongation at yield with weight percentage of GNP 

nanoplatelets (Fig. 6. 12). 

Similar results were obtained for PLA/GNP derivatives (Fig. 6. 13). PLA/GNP-AS1 and PLA/GNP-

AS2 revealed an increase of 14.9 and 9.2% on Young’s modulus, but 44.5 and 24.5% decrease on 

tensile strength, with 41.4 and 59.1% of toughness reduction, respectively. The trend for PLA/GO 

was similar, observing improvement only in Young’s modulus. For PLA/GO-AS none of the 

mechanical properties revealed improvements from neat PLA. 

All PLA/GNP nanocomposites presented neither an effective reinforcement of the PLA nor a 

ductility improvement (Fig. 6. 11 and Fig. 6. 13). 

Compared to other results, improvement of Young’s modulus is frequent, i.e. incorporating 0.2 

wt% of reduced GO in PLA, an 18% increase in Young’s modulus for 0.4–0.45 mm thick specimens 

is obtained [45]. 

Resorting to same PLA, GNP and GP, PLA/GNP and PLA/GO nanocomposites were produced by 

solution mixing, using chloroform as solvent. In this case, static mechanical results were very 

different from the ones obtained with melt blending. Important to refer that in this study none 

optical techniques were used for strain measurements. PLA/GO with 0.3wt%, of GO presented 

increases of 115% and 95% on Young’s modulus and yield tensile strength, respectively, 

compared to neat PLA. An increase was also denoted for PLA/GNP with 0.4wt% of GNP with 

Young’s modulus and tensile strength rise of 156% and 129%, respectively [47]. 

Indeed, for PLA/GNP and its derivatives, production methods may interfere substantially on 

mechanical results. 
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Fig. 6. 11 – Average stress-strain curves for PLA and PLA/GNP, up to tensile strength 

 
 

 

Fig. 6. 12 – Tensile properties balance between PLA and PLA/GNP nanocomposites versus weight percentages of 

nanofillers 

 

Engineering Strain (%) 
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Fig. 6. 13 – Average stress-strain curves for PLA and PLA/GNP derivatives, up to tensile strength 

 
PLA/CNT-COOH nanocomposites stress-strain curves show the similar behavior as PLA curves, 

with an increase in their slopes on the linear regime and an increase in the total area of each 

nanocomposite, improving PLA’s toughness (Fig. 6. 14).  

There is a considerable increase in PLA/CNT-COOH nanocomposites Young’s modulus, between 

4 and 22%, among all weight percentages, with the best results for PLA/CNT-COOH0.3 and 

PLA/CNT-COOH0.7, with increments of 11 and 22% respectively (Table 6. 4 and Table 6. 5). 

Tensile strength and elongation at break had an augmentation for all PLA/CNT-COOH 

nanocomposites, where the composition PLA/CNT-COOH0.7 experienced the highest increase 

(Fig. 6. 15).  

Through the amount of energy per volume absorbed before rupture, i.e. toughness, it is possible 

to verify a remarkable increase of PLA/CNT-COOH nanocomposites toughness compared to neat 

PLA, implying nanocomposites have the ability to absorb more strain energy before rupture 

(Table 6. 5). This leads to a real reinforcement of PLA-matrix, denoting load transfer from the 

polymeric matrix to nanofillers. Toughness improvement reaches almost 22.1% for PLA/CNT-

COOH0.7 comparing to PLA and between 6% and 19.1% for the other nanocomposites.  

PLA/CNT-COOH0.5 nanocomposites are the exception, presenting misaligned results with the 

observed trend, however within the results calculated deviation. Despite elongation at break 

and Young’s modulus do not present the same increase comparing to PLA, tensile strength has 

a considerable raise, improving also PLA/CNT-COOH0.5 toughness. A probable explanation for 

this deviation can be attributed to the contamination of mixtures during production process. 
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Fig. 6. 14 – Average stress-strain curves for PLA and PLA/CNT-COOH, up to tensile strength 

 

 

Fig. 6. 15 – Comparison between average stress-strain curves of PLA, PLA/GNP2 and PLA/CNT-COOH0.7 up to tensile 

strength 

 

Attending to PLA/CNT-COOH nanocomposites, Young’s modulus raises with the increase of the 

weight percentage of nanofillers in polymeric matrix, with a peak on PLA/CNT-COOH0.7 (Fig. 6. 

17). The same trend occurs with tensile strength and elongation at break, except for PLA/CNT-

COOH0.5 (Fig. 6. 16).  

 

Engineering Strain (%) 
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Fig. 6. 16 – Tensile properties balance between PLA and PLA/CNT-COOH nanocomposites versus weight percentages 

of nanofillers 

 

Within the weight percentages range for CNT and GNP from 0 to 4wt%, Young’s modulus trends 

for PLA/CNT-COOH, already referred, points to an increase up to 0.7wt% and subsequent 

decrease. Similar trend is verified for PLA/GNP. Hence, increasing GNP weight percentage, 

Young’s modulus will increase up to 2wt% and then decrease (Fig. 6. 17). 

 

 

Fig. 6. 17  – Young modulus comparison of PLA and PLA/CNT-COOH and PLA/GNP nanocomposites concerning to 

wt% of nanofillers 
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Fig. 6. 18 – Young modulus balance of PLA and nanocomposites 

 

Along with Young’s modulus (Fig. 6. 18), also toughness of PLA/CNT-COOH nanocomposites 

presented substantial improvement comparing to PLA (Fig. 6. 19), of 6 to 22.1%, exhibiting an 

effective load transfer to nanofillers. From the several weight percentages of CNT-COOH 

nanofillers, the nanocomposite PLA/CNT-COOH0.7 scored higher. 

PLA/CNT-COOH improved PLA ductility, however, still presenting a brittle behavior, also 

confirmed with crystallinity measurements discussed in the previous Chapter. 

 

 

Fig. 6. 19 – Toughness balance between PLA and nanocomposites versus weight percentages of nanofillers tested 
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Regarding results for Poisson ratio (Table 6. 4), results for PLA and all nanocomposites are very 

similar, with reduced deviations. It means that strain in longitudinal and transversal directions 

is identical for all materials. This is also an indicator for isotropic mixtures. 

Measurement deviations presented in results (Table 6. 4) are not significant (up to 10%), 

however, it is important to emphasize that these are result from the unrepeatable 

nanocomposites and PLA production process. Nanofillers dispersion along with production 

equipment, mixing conditions, room temperature variation and specimen cutting process are all 

factors that contribute to deviations in tensile properties measurements. 

 

6.3. STRAIN FIELD MEASUREMENTS 

An innovative study was developed with DIC technique in order to assess strain fields during a 

static test on PLA, PLA/GNP and PLA/CNT-COOH specimens. On a brittle material, in a presence 

of crack or flaw, stress is not uniformly distributed over the entire cross-sectional area [71]. 

Thereby, nanocomposites and PLA were subjected to tensile tests in order to identify possible 

material discontinuities, considered as manufacturing defects, and to study the strain/stress 

field behavior around a hole. No reference to similar studies on PLA or PLA nanocomposites 

were found, 

Specimens of 80x21x0.43 mm3 of PLA, PLA/GNP2 and PLA/CNT-COOH0.7 nanocomposites were 

used to measure strain field during tensile tests. A 1.5mm hole was drilled in specimen center 

in order to increase strain gradients during the test. This approach applied to easily observe the 

influence of different density distribution of the embed nanoparticles, into the PLA matrix, in 

the strain field around the specimen. 

Tensile tests were carried out in the same mechanical testing machine in displacement control, 

using 0.5 mm steps from 0mm to 3mm, considering measurement data up to 1.5 mm, first 

broken specimen.  

DIC was used to monitor a surface of the specimens during the test, to determine the 

displacement fields and to calculate the strain fields inside a specific area of interest (AOI). The 

presence of defects, or any factor responsible for the material anisotropy, is expected to be 

noticed and displayed by unusual distributions of the stress field around the orifice geometry 

and along the specimen body. Although the test is expected to be considered a plane stress state 

(2D), a 3D configuration DIC system was used in order to monitor any out-of-plane displacement 

that could occur during the experiment [72, 73]. 

3D DIC setup included two 5MPixel CMOSIS cameras with two Quioptic Rodagon 80mm focal 

distance lenses. The software used for image post-processing was the VIC-3D™ from Correlated 

Solutions. Fig. 6. 20 illustrates the DIC system setup and its relative position to the Instron® 

machine. 3D DIC requires a random painted texture (speckle) on specimens’ surface. 

The acquired images were processed with a 45 Pixel and 4 Pixel, subset and step size 

respectively. The images were filtered using a low-pass filter and the strain computation was 
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made by considering a Lagrangian tensor with a filter size of 35 within an AOI as the one 

presented in Fig. 6. 20. In order to make the results easier to read the different coordinates 

systems for each specimen were oriented with the best plane fitted to each reference 

reconstructed surfaces. 

 

   

 

Fig. 6. 20 - DIC system setup (left). Specimen after strain measurement testing (center). Selected area of interest 

used for image processing (right) 

 

Isotropy and morphology of PLA and nanocomposites was assessed by the strain field and tensile 

strength analysis, depending on the used scale and the used algorithm. 

Besides its ability to detect spatial displacements 3D DIC algorithms also include surface 

reconstruction by using stereographic principles. This feature allows identifying possible spatial 

distortions of the specimen, before the test, that could affect the measured results. The 

maximum distortion amplitude found was in the PLA/CNT-COOH0.7 specimen with a total value 

of 0.366mm that represents 1.74% of the specimen width. The tridimensional surface 

reconstruction of the AOI for the different specimens can be found in Fig. 6. 21. 

 

 

 

Fig. 6. 21 – Tridimensional reconstruction of the AOI for the three different tested specimens 
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It is assumed that there was no significant influence in the specimen positioning in the machines 

grips that could affect the measured results.  

A comparison between the strain in the principal direction, ε1, and the strain in the vertical 

direction, εyy, can infer about the right angular orientation of the specimens in the different 

tests. A strong agreement between the both the mentioned strain fields is shown, as expected. 

 

 

Fig. 6. 22 – Strain field in the principal direction (left) and in the vertical Direction (right) for PLA specimen for the 

1.5 mm displacement 

 

Since the earlier states of the test, even for the smallest imposed displacement discontinuities 

in the strain fields were observed for the different composites. Such differences can be seen in 

Fig. 6. 23. All the images are represented with the same legend and colour axis. As it can be seen, 

the PLA specimen was the one that presented the most uniform strain field as expected. The 

existence of a strain gradient in the upper and lower sections of the AOI can be explained by the 

effect of the grip over the specimen body. On the other hand, the PLA/GNP2 specimen was the 

one that presented the less uniform strain field. The dashed lines in FIGVVV pretend to mark the 

specimen sections with the highest strain values. These abnormal strain distributions may be 

explained by different density distribution in the embed nanoparticles affect the materials 

properties in specific sections. These results are coupled with the SEM analysis described in 

previous Chapter. 
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Fig. 6. 23 – Strain fields for the PLA (Left), PLA/CNT-COOH0.7 (Center) and PLA-GNP2 (Right) for 0.5mm 

displacements 

 

6.4. CONCLUSIONS 

PLA, PLA/GNP and PLA/CNT-COOH nanocomposites mixing exhibit high quality, regarding CNS 

were perfectly embedded in the polymer matrix. Despite some reduced CNT-COOH 

agglomerates, when looking at mechanical tensile tests results it is possible to verify that 

dispersion results do not compromise the improvement of PLA matrix when including CNT-

COOH via melt blending method. It is indicated an acceptable arrangement within mixing energy 

and the three preferential mixing factors: mixing velocity, mixing temperature and mixing time, 

which lead to significant improvement of mechanical properties of the polymeric matrix in case 

of CNT-COOH nanofillers case. However, it may not be beneficial for PLA/GNP nanocomposites, 

since mechanical properties were not favorable.  

Despite having improved Young modulus when compared to PLA, results for PLA/GNP and 

PLA/GNP derivatives as nanocomposites were not so successful, with a decrease on toughness, 

unable to reinforce PLA matrix. None of PLA/GNP nanocomposites presented an effective 

reinforcement of the PLA or a ductility improvement. Melt blending for PLA/GNP mixing 

production was not accomplished with success; actuality solution blending is more suitable for 

the effect. However, this was not considered attending the possible induced cytotoxicity in 

nanocomposites resorting from the use of chloroform as solvent. 

Nevertheless PLA/CNT-COOH nanocomposites showed a real reinforcement of PLA matrix, 

expressed by mechanical properties data, increasing toughness, i.e. increasing ductility of PLA. 

Therefore, PLA/CNT-COOH nanocomposites have the ability to absorb more strain energy before 
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rupture than neat PLA. This leads us to conclude that there was an effective load transfer from 

PLA matrix to the CNT-COOH denoting a real reinforcement of PLA-matrix. Indeed, this is 

considerable achievement that could lead to major important innovations in several sectors 

employing biomaterials. 

PLA/CNT-COOH improvements of PLA may not be considered large enough for some composites 

applications, however, mixing energy could be optimized with long term research on mixing 

parameters (mixing velocity, mixing temperature and mixing time).  

Similar Poisson’s ratios observed in nanocomposites and PLA, proved that the nanocomposites 

kept isotropic. This was considered an evidence of a well-adjusted production method. 

Still to refer, Young’s modulus and tensile strength values for PLA and nanocomposites are highly 

superior to human ligaments, namely anterior cruciate ligament (ACL). 

Analyzing strain fields with DIC measurements, it is possible to induce isotropy on PLA/CNT-

COOH0.7 nanocomposites as well as in PLA. These specimens presented the most uniform strain 

field. PLA/GNP2 specimen was the one that presented the least uniform strain field which can 

be explained by different density distribution of GNP in the matrix. This density variation can 

affect the materials properties in specific sections, creating fragile points for premature rupture. 

For instance, PLA/GNP2 possible anisotropy did not affect the Young’s modulus improvement of 

PLA, but could have affect tensile strength and toughness results. 

DIC and FTM were successfully applied coupled with static mechanical testing. 

Still, PLA/CNT-COOH and PLA/GNP2 nanocomposites are chosen to be further analyzed in terms 

of their time-dependent mechanical behaviour and hydrolytic degradation, in following 

Chapters. 
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CHAPTER 7: TIME-DEPENDENT MECHANICAL BEHAVIOUR 

Several biomaterials exhibit complex mechanical behaviors such as non-linear time-dependent 

behavior (viscoelasticity and viscoplasticity), fatigue, biodegradation and temperature 

dependency, which are common to other polymers or soft biological tissues. 

Like natural ligaments, polymers exhibit viscoelastic/viscoplastic behavior, i.e. time-dependent 

behavior. This phenomenon is typically observed during creep tests; after an elastic response 

until reaching the creep load level, under a moderate loading rate, a slow and continuous 

increase of strain at a decreasing loading rate follows [1]. 

For some biomedical applications considering load bearing function, including ligaments, 

existing materials, as polylactic acid (PLA) and other, are submitted to cyclic loading above the 

elastic limit, exhibiting hysteresis. Hence, they tend to accumulate plastic strain at each load 

cycle, leading to laxity and consequent failure. Long-term rupture by fatigue and excessive laxity 

due to material creep are the main reasons to ligament devices to fail. Additionally, the original 

material mechanical integrity must be preserved at least during six months, avoiding the risk of 

premature failure. Neat PLA presents higher tensile strength when compared to other polymers 

[2] and co-polymers with d-lactide (PLDA). Despite having a considerable short-term strength at 

higher loading rates, lifetime under static loading conditions is unsatisfactory, being prone to 

creep failure [3, 4]. This can be explained by the plastic flow created by molecular mobility 

induced by stress [3].  

It is important to highlight that failure of polymers and nanocomposites can be explained based 

on thermodynamics, viscoelasticity and molecular bonding principles. 

Considering the nonlinear viscoelastic behavior of ligaments, it is crucial to understand 

viscoelastic properties of PLA, PLA/graphene (GNP) and PLA/ -COOH functionalized carbon 

nanotubes (CNT-COOH) nanocomposites. Time-dependent behaviour of PLA and 

nanocomposites is analyzed in this Chapter, through creep, fatigue and dynamic mechanical 

analysis (DMA) tests. Specimens used for time-dependent analysis are depicted in Table 7. 1, 

taking into consideration the static mechanical properties. 

The time-dependent behaviour of viscoelastic materials can be defined in continuum mechanics 

by constitutive laws , including time as a variable in addition to the stress and strain variables 

[5]. Power law and Burger’s model will be employed to describe experimental time-dependent 

behavior of PLA and nanocomposites. 
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Table 7. 1 – Weight percentages for nanocomposites produced by melt blending and compression moulding 

Specimens Nanofiller 
PLA 

(wt.%) 

Nanofiller 

(wt.%) 

PLA None 100 0 
PLA/GNP1 GNP nanoplatelets 99 1 
PLA/GNP2 GNP nanoplatelets 98 2 
PLA/CNT-COOH0.2 –COOH functionalized MWCNT 99.8 0.2 
PLA/CNT-COOH0.3 –COOH functionalized MWCNT 99.7 0.3 
PLA/CNT-COOH0.5 –COOH functionalized MWCNT 99.5 0.5 
PLA/CNT-COOH0.7 –COOH functionalized MWCNT 99.3 0.7 
PLA/CNT-COOH1 –COOH functionalized MWCNT 99 1 

7.1. CREEP  

Parameters of stress-strain-time relationship, or constitutive law, can be determined employing 

different loading histories, for instance using constant stress (creep) or constant strain (stress 

relaxation). 

Creep testing is a typical experiment performed on viscoelastic materials. As a transient 

experiment, creep implies material quasi-elastic deformation due to an applied load followed 

by a change of deformation with time. 

When subjected to load, segments of molecules of the material rotate and flow relative to one 

another at a rate controlled by material viscosity, stress state, temperature, and time under 

load. 

Under a constant applied load, polymer will deform continuously. Under dynamic loading 

condition, PLA and biodegradable polymers, tend to accumulate plastic strain cycle after cycle, 

leading to laxity and consequent failure. Time-dependent behavior of PLA is related to its 

molecular structure. Amorphous or semi-crystalline PLA is composed of long, covalently-bonded 

molecules randomly distributed throughout the material. Each molecule is able to change its 

spatial conformation by rotation around covalent bonds forming the back-bone of the chain. 

The rate at which a chain can change its conformation depends on temperature and stress state. 

Stress enhances main chain mobility significantly, leading to mobility similar to the melt-state. 

Dynamic rearrangement of molecular segments is stimulated, resulting in a steady rate of plastic 

flow. At higher strain rates, a higher stress level is necessary to obtain the mobility required to 

balance the plastic flow rate. In the case of PLA, the strain range in which steady flow occurs is 

rather small when compared to other polymers (like PMMA [6]).  

The deformation behavior can therefore be seen as a sort of fluid-like behavior, i.e. a fluid with 

a very high viscosity [7]. 

Several studies indicate a real nano reinforcement of the scaffold structure [8-12], related to the 

load transfer exactitude between carbon nanotubes (CNT) or graphene (GNP) and the polymer, 

which ultimately determines the mechanical performance of the nanocomposite [13]. Existing 

experimental results showed an increase of the creep resistance by adding CNT to polymeric 

matrices for different stress levels [14, 15]. 
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Creep and recovery of ultra-high molecular weight polyethylene (UHMWPE) fibers reinforced 

with carbon nanotubes (CNT), at different temperatures were analyzed. Nanocomposite axial 

deformation was lower than that of the neat fiber at each temperature point. It was observed 

that increasing temperatures make the chain segment movement easier, leading to a larger 

creep strain under the same stress state. Being agreed that creep strain and recovery strain of 

both (UHMWPE fiber and UHMWPE/CNTs fiber) increase remarkably with the temperature 

raising, up to 60% creep strain reduction due to CNT reinforcement was observed [16].  

Tensile creep response of poly(propylene) (PP) and PP–CNT nanocomposites with 0.5, 1.0, 2.5, 

and 5 wt.% of CNT was assessed in short-term creep tests, measuring creep strain of PP and its 

nanocomposites. Increasing the temperature, creep compliance also increases. This indicates 

that PP became softer, reducing PP stiffness of the hindered network of polymer chains. 

Interesting was to observe the increase of CNT weight percentage leaded to a significant 

reduction of the of creep strain magnitude, improving the creep resistance. Creep compliance 

of nanocomposites increased with temperature due to improved mobility of the polymer chains, 

influencing interfacial effects between PP and CNT [15]. 

Additionally, Jia et al. [18] presented experimental data of PP/CNT nanocomposites and 

compared it against PP mechanical response. Creep strain increased with temperature, for PP 

and its nanocomposites but creep strains of nanocomposites were always lower than the creep 

strains measured for neat polymer under all test temperatures. Again the creep resistance is 

improved and a remarkable creep strain rate decrease is observed after CNT incorporation [17]. 

Similar results were found for polystyrene (PS)/CNT. Creep strain increased with the increase of 

temperature and stress and decreased with the increase of CNT content. The incorporation of 

CNT decreased remarkably the creep strain and unrecoverable strain under higher temperature 

and higher stress levels. The network formed by the PS chains and CNT can reduce the creep 

strain, increase the recovery ratio and restrict the molecular slippage in repeated loading 

conditions [18]. 

No reports describing creep behavior of PLA/CNT or PLA/GNP nanocomposites were found. 

Measurement and analysis of time dependent behaviour of PLA, PLA/GNP and PLA/CNT-COOH 

nanocomposites, including plastic (permanent) deformation, was conducted and a detailed 

description follows. 

 

7.1.1. CREEP TESTS 

Test specimens for creep were cut in a dog bone format with a gauge length of 80 mm and 10 

mm width, grip section of 15 mm width and 20 mm length, and overall length of 140 mm, 

following ASTM D882 norm [19].  

Creep tests were conducted in the Instron® ElectroPuls E1000 (High Wycombe, England) under 

load control, supplied with a 2kN load cell.  

Specimens were subjected to uniaxial stress during a pre-established time interval. Creep tests 

were performed under several yield stress levels assigned as failure stress fractions, i.e. 10% 
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(T1), 30% (T2), 50% (T3) and 70% (T4). The load ramp was set at 2.5N/s until reaching the desired 

stress level and then kept constant during 600 seconds. Thereafter the load was removed, during 

600 seconds until load resetting (Fig. 7. 1). Specimen axial strain was logged as well as the time 

and the stress level. 

All tests were done at room temperature (20oC) and at least three specimens were taken for 

each case. 

Attending to possible small deviations on the specimens’ dimensions, creep stress levels were 

calculated employing the minimum value obtained from PLA quasi-static tensile strength tests 

(Chapter 6), i.e. 56.355 MPa. 

 

 

Fig. 7. 1 – Creep stress levels to PLA and nanocomposites. 

 

Likewise during quasi-static mechanical testing, during creep tests an image-based feature-

tracking method (FTM) was used to measure the strain field [20-22]. Specimens were painted 

with a few marks (local features) in grid format, over the region of interest, in the gauge length 

of each specimen, with a suitable colour, shape and size. 

For image recording the same setup for quasi-static tensile tests was used: camera-lens optical 

system, a charge-coupled device (CCD) 8-bit Baumer Optronic FWX20 camera (resolution of 

1624 × 1236 pixels2) coupled with a telecentric lens and a LED lighting. The working distance was 

set to 103.5 mm, yield a magnification factor of 0.018 mm/pixel. The image recording acquisition 

frequency was set at 10.0 Hz, with a shutter time of 10 ms. The images were analyzed in order 

to track the centroid of the marks during image sequence. The strain resolution was determined 

as 1.5x10-4. 
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7.1.1.1. STRAIN BEHAVIOUR  

Creep diagram may be divided into the following regions: initial strain, primary creep, secondary 

creep and tertiary creep (Fig. 7. 2). Initial strain corresponds to strain specimen instantaneously 

get on the beginning of the test. This is roughly predicted by the elastic modulus.  

At the primary creep, strain rate is at first relatively high, but decreases towards a stationary 

value. At the secondary creep strain rate is constant. After a long period of test time is possible 

to identify secondary creep where the strain rate starts to increase until eventually rupture 

occurs [5].  

 

 

Fig. 7. 2 – Typical creep curves: constant stress applied (left) and strain response (right) 

 

Releasing the applied load before creep rupture occurs, an immediate elastic recovery equal to 

the elastic deformation occurs, followed by a slow recovery period. Usually, the material does 

not recover to the original shape and a permanent deformation remains. Permanent 

deformation depends on testing time, applied stress and temperature. 

Attending to primary creep, it is possible to observe for PLA (Fig. 7. 3), PLA/GNP (Fig. 7. 6) and 

PLA/CNT-COOH (Fig. 7. 5 and Fig. 7. 7) nanocomposites, an accumulated strain at the end of 

each test.  
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Fig. 7. 3 – Strain behaviour for PLA 

 

 
Fig. 7. 4 – Experimental strain results for PLA, in strain vs time and strain vs log time plots 
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Fig. 7. 5 – Strain behaviour for PLA/CNT-COOH0.2 as an example for PLA/CNT-COOH nanocomposites 

 

 

Fig. 7. 6 – Strain behaviour for PLA/GNP2 as an example for PLA/GNP nanocomposites 
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Fig. 7. 7 – Strain results for PLA/CNT-COOH0.5 for the three tested specimens for each level on constant load phase 

 

Permanent strain, εp, ( Table 7. 2 and Table 7. 3) was the strain measured at the end of the test, 

around 1200s. It has higher values for higher stress levels. During the constant load phase strain 

evolution goes from almost constant, under low stress levels, to a steady increase under high 

stress levels. Indeed, it is evident that PLA and nanocomposites present time-dependent 

behaviour. 

 

Table 7. 2 – Permanent strain for PLA and nanocomposites 

  Permanent strain (%) 

Stress level's name T1 T2 T3 T4 

Stress level (%) 10 30 50 70 

Stress (MPa) 5.634 16.901 28.168 39.435 

S
p

e
ci

m
e

n
s 

PLA 0.0441±0.0066 0.0646±0.0309 0.0702±0.0454 0.0747±0.1289 

PLA/CNT-COOH0.2 0.0353±0.0115 0.0231±0.0095 0.0761±0.0046 0.0570±0.0535 

PLA/CNT-COOH0.3 0.0346±0.0077 0.0347±0.0100 0.0665±0.0040 0.0546±0.0102 

PLA/CNT-COOH0.5 0.0324±0.0124 0.0322±0.0031 0.0278±0.0096 0.0707±0.0209 

PLA/CNT-COOH0.7 0.0354±0.0039 0.0202±0.0064 0.0299±0.0050 0.0544±0.0197 

PLA/CNT-COOH1 0.0411±0.0012 0.0265±0.0163 0.0264±0.0281 0.0372±0.0131 

PLAGNP1 0.0311±0.0200 0.0313±0.0212 0.0312±0.0765 0.0945±0.0132 

PLAGNP2 0.0289±0.0292 0.0239±0.0273 0.0359±0.0686 0.1602±0.0037 
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Table 7. 3 – Permanent strain variation of nanocomposites relatively to PLA  

  Δ Permanent strain (%) εP (%), relatively to PLA 

Stress level T1 T2 T3 T4 
S

p
e

ci
m

e
n

s 

PLA/CNT-COOH0.2 -20.1 -64.3 8.4 -23.7 

PLA/CNT-COOH0.3 -21.6 -46.3 -5.3 -27.0 

PLA/CNT-COOH0.5 -26.5 -50.2 -60.4 -5.4 

PLA/CNT-COOH0.7 -19.8 -68.8 -57.4 -27.2 

PLA/CNT-COOH1 -6.8 -58.9 -62.5 -50.2 

PLAGNP1 -34.5 -63.0 -48.8 114.4 

PLAGNP2 -29.4 -51.6 -55.6 26.5 

 

For PLA, PLA/GNP and all PLA/CNT nanocomposites and for all levels, strain behaviour was 

determined. Under almost stress levels there is a decrease of permanent strain for PLA/CNT-

COOH and PLA/GNP nanocomposites comparing against PLA (Table 7. 2 and Table 7. 3), showing 

an increase of the creep resistance. Exceptions go for PLA/GNP nanocomposites under 70% 

stress level (T4) and for PLA/CNT-COOH0.2 under 10% stress level (T1). 

Comparing to PLA, permanent strain was reduced between 6.8 and 26.5%, for T1 stress level, 

46.3 and 68.6% for T2, 5.3 and 62.5% for T3 and between 5.4 and 27.2% for T4, with the 

incorporation of CNT-COOH. GNP nano-reinforcement was able to decrease 29.4 and 34.5% for 

T1 stress level, 51.6 and 63.0% for T2, 55.6 and 48.8% for T3, with 2 and 1 wt.% of GNP, 

respectively. These are remarkable improvements of PLA mechanical behavior with substantial 

reduction of permanent strain and significant growth of creep resistance. 

Maximum strain (Table 7. 4) was determined to obtain recoverable strain (Table 7. 5), as the 

maximum strain reached for each specimen, at the end of constant load step (600s). 

 

Table 7. 4 – Maximum strain for PLA and nanocomposites 

  Maximum Strain (%) 

Stress level T1 T2 T3 T4 

S
p

e
ci

m
e

n
s 

PLA 0.1585±0.0054 0.4336±0.0123 0.8712±0.0783 1.0705±0.1911 

PLA/CNT-COOH0.2 0.1739±0.0106 0.5026±0.0091 0.9914±0.0052 1.2452±0.0048 

PLA/CNT-COOH0.3 0.1342±0.0382 0.4378±0.0350 0.8729±0.0242 1.2674±0.0175 

PLA/CNT-COOH0.5 0.1278±0.0123 0.0479±0.0011 0.7277±0.0054 1.2093±0.0264 

PLA/CNT-COOH0.7 0.1502±0.0009 0.4142±0.0034 0.6823±0.0098 1.0304±0.0156 

PLA/CNT-COOH1 0.1205±0.0118 0.4788±0.0030 0.7321±0.0077 1.0357±0.0333 

PLAGNP1 0.1331±0.0349 0.4255±0.0234 0.6175±0.0049 0.9984±0.0233 

PLAGNP2 0.1165±0.0182 0.4701±0.0733 0.6003±0.0027 1.0234±0.0507 
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In some cases, under different stress levels, PLA/CNT-COOH nanocomposites reached the 

highest maximum strain and simultaneously attained the least permanent strain. 

The following equations (Eq. 7.1, 7.2 and 7.3) were used to calculate the recoverable strain (εr), 

for PLA and nanocomposites (Table 7. 5): 

&' = &(≈�**+       (Eq. 7. 1) 

&��, = &(≈-**+      (Eq. 7. 2) 

&. = &��, − &'      (Eq. 7. 3) 

Confirming previous results, most of PLA/CNT-COOH display the highest recoverable strains 

under T2 and T4 stress levels. PLA/CNT-COOH0.2 presents the highest recoverable strains under 

all stress levels. PLA/GNP nanocomposites only presented good results under T2 stress level. 

Nevertheless, these results are influenced by the maximum strain achieved. 

 

Table 7. 5 – Recoverable strain for PLA and nanocomposites 

  Recoverable Strain (%) 

Stress level T1 T2 T3 T4 

S
p

e
ci

m
e

n
s 

PLA 0.1144 0.3690 0.8009 0.9958 

PLA/CNT-COOH0.2 0.1386 0.4795 0.9153 1.1882 

PLA/CNT-COOH0.3 0.0996 0.4031 0.8064 1.2128 

PLA/CNT-COOH0.5 0.0954 0.0157 0.6999 0.9760 

PLA/CNT-COOH0.7 0.1148 0.3941 0.6524 1.1386 

PLA/CNT-COOH1 0.0794 0.4522 0.7057 0.9985 

PLAGNP1 0.1042 0.4016 0.5816 0.8381 

PLAGNP2 0.0854 0.4388 0.5691 0.9289 

 

Observing Fig. 7. 8 (and Fig. 7. 4), a semi-log plot, it is possible to observe strain rate tends to 

increase with the increasing of the stress levels. This behavior is common to PLA and 

nanocomposites. 
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Fig. 7. 8 – Log-log strain-time behavior of PLA/CNT-COOH0.2 for all stress levels 

 

7.1.1.2. CREEP COMPLIANCE 

 
Creep compliance is the strain to stress ratio measured at a certain time. This can be obtained 

by dividing the strain by the applied stress, and it can be defined J(t) (Eq. 7.4): 

0�(, 2�(�, 3� = &�(,2�(�,3�
2*     (Eq. 7. 4) 

In the linear range, the creep compliance is independent of stress, i.e. it is the same for all 

stresses at a particular time, suggesting linear viscoelastic behaviour. 

Creep compliance of PLA and its nanocomposites was determined as a function of time during 

the constant load phase (600 seconds). 

Analyzing creep compliance, PLA (Fig. 7. 9), PLA/CNT-COOH (Fig. 7. 10, Fig. 7. 11) and PLA/GNP 

(Fig. 7. 12) nanocomposites present similar behaviour, with creep compliance increasing with 

the increase of stress. This is a common behaviour of polymers, evidencing the nonlinear 

viscoelastic behaviour, since creep compliance curves measured for different stress levels do 

not overlap.  
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Fig. 7. 9 – Creep modulus behavior for PLA for four stress levels 

 

 

Fig. 7. 10 – Creep modulus behavior for PLA/CNT-COOH0.2 nanocomposites for four stress levels 
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Fig. 7. 11 – Creep modulus behavior for PLA/CNT-COOH0.3 nanocomposites for four stress levels 

 

 

Fig. 7. 12 – Creep modulus behavior for PLA/GNP2 nanocomposites for four stress levels 
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Fig. 7. 13 – Creep compliance behavior for PLA and some nanocomposites for T3 (above) and T4 (bellow) stress 

levels 

Although with similar values, a reduction on the magnitude of creep compliance of all 

nanocomposites, compared against PLA, was more evident under T3 and T4 stress levels, 

proving the creep resistance improvement (Fig. 7. 13). PLA/CNT-COOH0.2 and PLA/CNT-

COOH0.3 nanocomposites presents the lowest creep compliance magnitude. Such result 

possibly indicates that the optimal content of nanofillers, necessary to obtain the highest creep 

resistance improvement, is around 0.2 and 0.3%.  
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7.1.2. NUMERIC MODELS FOR VISCOELASTIC BEHAVIOR PREDICTION 

Similarly to soft tissues [23-26], mechanical-based models have been employed to analyze the 

dependency of creep strain with stress. Different viscoelastic models have been used, depending 

on linear [27], quasilinear [28] or nonlinear behaviour exhibit by the material to be characterized 

[29]. 

Stress state in a polymer, caused by a strain-step, will relax to  an equilibrium state [30]. This 

phenomenon is captured by viscoelastic or viscoplastic models [31]. Strain rate dependence is 

also a manifestation of this time-dependent behavior [32]. 

Rheological behavior of polymers have been described by countless constitutive models [31, 33-

37], likewise for nanocomposites [16, 38, 39]. However, there is a lack of experimental data to 

test constitutive models, which has been and still is a setback. Nevertheless, integral models 

models like K-BKZ (Kaye-Bernstein, Kearsley and Zapas) [40, 41], or differential models such as 

PTT (Phan-Thien Tanner) [42, 43] and Giesekus [44-46]  have been used to describe nonlinear 

viscoelasticity of polymers and nanocomposites. Regarding constitutive models, the mechanical 

response of viscoelastic materials to mechanical excitation can be modeled using simple 

mechanical elements like springs and dashpots.  Maxwell and Kelvin-Voigt models are classical 

examples of two-element models used to describe ideal material linear behaviour under small 

stress levels. Indeed, for real materials more complex models must be used, like Schapery’s 

model [47, 48] or nonlinear modified superposition principle [1, 49, 50]. Finite strain condition 

demand more complex models, like Arruda–Boyce model [51], Hasan–Boyce model [35], or 

Bergström–Boyce model [52] that was used to reproduce the observed mechanical behavior of 

ultra-high molecular weight polyethylene (UHMWPE) [53]. 

Under long-term loading, either creep or fatigue (especially in aeronautical and automotive 

applications [54, 55], materials must remain in service for an extended period of time, longer 

than it is practical to run creep experiments. Hence mechanical models could be very useful to 

predict and extrapolate creep behaviour, specially strain and permanent (accumulated) strain. 

After observing the viscoelastic behaviour of PLA and its nanocomposites, Findley’s power law 

and Burgers model were employed to represent creep experimental data. Similar studies were 

done for other polymers and nanocomposites [39, 56-60]. Aiming to verify linear or nonlinear 

viscoelastic behaviour of PLA and nanocomposites, both models were applied and its 

parameters were determined and analyzed. 

 

7.1.2.1. FINDLEY’S POWER LAW  

Empirical models have been used to describe creep curves of polymers. Findley’s power law is 

one example of a widely used empirical model employed to describe creep behaviour of 

polymer, polymer reinforced with fibers (FRP) [61], polymers reinforced with wood [62, 63], 

polycaprolactone (PCL)/starch blends and its nanocomposites with organo-modified layered 
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silicates [56], PLA reinforced with wood [58], or poly(butylene adipate-co-terephthalate) (PBAT) 

biocomposites containing CNT [64]. Findley’s power law has the form [1]: 

&�(� = 4( 5 (
6*7� + &*      (Eq. 7. 5) 

where ���� is creep strain at time t, 89is a reference time unity given in seconds, minutes or 

hours for the ratio 
:

;< be dimensionless, �9 the instantaneous initial strain, A the amplitude of 

transient creep strain and n is the time exponent, . The last three are the creep parameters. 

Some viscoelastic materials may be modelled resorting to a simpler two-parameter power law 

model, rearranging Eq. 7.5, such as: 

&.�(� = 4( 5 (
6*7�

     (Eq. 7. 6) 

with  �= is the relative strain creep (percentage) and A is the slope of the power law, 89is a 

reference time unity given in seconds, minutes or hours for the ratio 
:

;< be dimensionless. A and 

n are parameters that can be obtained by plotting &. versus t. 

Two-parameter power law fitting was applied to experimental strain creep data, considering 

creep compliance results: 

���� = >′� 5 :
;<7@

     (Eq. 7. 7) 

where  

>A = B
C<     (Eq. 7. 8) 

Findley’s power law parameters, A’ and n, were determined for all stress levels (Table 7. 6 and 

Table 7. 7). A’ and n average values are presented and were calculated with an average deviation 

of 7.8%. 

Table 7. 6 – Parameters results for Findley’s power law fitting for PLA and nanocomposites for T1 and T2 stress 

levels 

  Findley’s power law fitting parameters 

Stress level T1 T2 

 

A’ 

(1/MPa)

x10-4 

n R2 

A’ 

(1/MPa) 

x10-4 

n R2 

S
p

e
ci

m
e

n
s 

PLA 3.075 0.0164 0.9007 3.354 0.0263 0.9924 

PLA/CNT-COOH0.2 2.947 0.0175 0.9347 3.126 0.0186 0.9924 

PLA/CNT-COOH0.3 3.516 0.0129 0.8463 3.572 0.0161 0.9877 

PLA/CNT-COOH0.5 3.822 0.0125 0.8457 3.691 0.0197 0.9826 

PLA/CNT-COOH0.7 3.570 0.0121 0.9048 3.663 0.0175 0.9885 

PLA/CNT-COOH1 3.455 0.0122 0.8957 3.565 0.0866 0.9456 

PLAGNP1 2.851 0.0050 0.8306 3.060 0.0098 0.9326 

PLAGNP2 3.046 0.0086 0.8447 3.467 0.0106 0.9493 
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Table 7. 7 – Parameters results for Findley’s power law fitting for PLA and nanocomposites for T3 and T4 stress 

levels 

  Findley’s power law fitting parameters 

Stress level T3 T4 

 

A’ 

(1/MPa) 

x10-4 

n R2 

A’ 

(1/MPa) 

x10-4 

n R2 

S
p

e
ci

m
e

n
s 

PLA 3.246 0.0630 0.9912 2.641 0.0112 0.9527 

PLA/CNT-COOH0.2 3.184 0.0279 0.9973 3.341 0.0475 0.9954 

PLA/CNT-COOH0.3 3.597 0.0222 0.9962 3.522 0.0448 0.9970 

PLA/CNT-COOH0.5 3.775 0.0312 0.9933 3.191 0.0842 0.9963 

PLA/CNT-COOH0.7 3.583 0.0298 0.9962 3.309 0.0574 0.9977 

PLA/CNT-COOH1 3.589 0.0107 0.9715 3.158 0.0552 0.9955 

PLAGNP1 2.901 0.0127 0.9603 0.023 0.0257 0.9876 

PLAGNP2 3.922 0.0114 0.9669 2.927 0.0226 0.9912 

 

A considerable and accurate fitting was accomplished with Findley’s power law for PLA, 

PLA/CNT-COOH and PLA/GNP nanocomposites for T3 and T4 stress levels (Fig. 7. 14 to Fig. 7. 16 

and Table 7. 7). Noteworthy for higher stress levels, PLA and nanocomposites present nonlinear 

viscoelasticity. For T1 and T2 stress levels, the power law fitting presents coefficients of 

determination (R2) lower 0.9 (assumed the limit value) (Table 7. 6 and Table 7. 7). 

Regarding Findley's parameters dependence on stress, A’ and n parameters revealed a stress 

dependence, meaning that PLA and nanocomposites display a nonlinear viscoelastic behaviour. 

 

 

Fig. 7. 14 – Example of Findley’s power law fitting model for PLA for all stress levels  
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Fig. 7. 15 – Example of Findley’s power law fitting model for PLA/CNT-COOH0.2 nanocomposites for all stress levels 

 

 

Fig. 7. 16 – Example of Findley’s power law fitting model for PLA/CNT-COOH0.7 nanocomposites for all stress levels 

 

7.1.2.2. BURGERS MODEL  

Burgers model is a four element model, where a Maxwell and a Kelvin-Voigt model are 

connected in series (Fig. 7. 17) [29].  
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 Fig. 7. 17 – Burgers model 

 

Total strain is given as a function of time and can be described as the sum of three strain parts 

[29]: 

&�(� = & + &� + &D     (Eq. 7. 9) 

��, �" and �E corresponds to 

& = 2 �(�
G       (Eq. 7. 10) 

&�H = 2 �(�
I       (Eq. 7. 11) 

&DH + G�
I� &D = 2�(�

I�      (Eq. 7. 12) 

where �� is the elastic related with  instantaneous mechanical response, �" represents the 

unrecoverable creep strain, which is the Newtonian flow, �E is the delayed response  which is 

recovered after stress removal, ���� is the stress and ���� the strain. 

Moreover, R1 and J� are the modulus and viscosity of the Maxwell spring and dashpot, 

respectively, and R2 and J" are the modulus and viscosity of the Kelvin spring and dashpot, 

respectively. 

Initial four strain functions ����, ��, �",and  �E  , can be reduced to one by elimination of internal 

strain functions (ε1, ε2 and ε3) and reducing the initial four equations into a unique constitutive 

differential equation relating stress and strain: 

2�(� + 5I
G + I

G� + I�
G7 2�(�H + II�

GG� 2�(�K = I&�(� + II�
G� &�(�KH

  (Eq. 7. 13) 

Under constant stress �9, using appropriate initial conditions, a second order differential 

equation can be obtained from Eq. 7.11: 

�� = C< 
LM  and �" = �E = 0 RST � = 0    (Eq. 7. 14) 

�H = C<
UM + C<

UV      (Eq. 7. 15) 

Wherefrom, creep behaviour is described as: 

R1 

R2 
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���� = �9 W �
LM + :

UM + �
LV 51 − YZLV: UV[ 7\   (Eq. 7. 16) 

The complete mathematical functions obtained from Burgers model used for curve fitting creep 

data using a Matlab routine are described in Annex B. 

From Burgers model, it is also possible to estimate creep rate, by differencing Eq. 7.13. At very 

long time, when creep rate get to a constant value, creep rate can be calculated as: 

&H = 2*
I      (Eq. 7. 17) 

Burgers model has been used to analyze several polymers and nanocomposites strain creep 

behaviour. It was used on UHMWPE/CNT [16] (Fig. 7. 18), PP/CNT [39] (Fig. 7. 18), 

sisal/PCL/Starch Composites [65], PCL/starch blends and its nanocomposites with organo-

modified layered silicates [56], bagasse/polyvinyl chloride (PVC), bagasse/ high density 

polyethylene (HDPE) [62] with success in creep fitting and parameters analysis of long-term 

creep of the polymer nanocomposites. 

Some studies proved that CNT are able to improve the elastic modulus of polyurethane (PU) 

matrix, attending to Burgers parameters results, with a content up to 1 wt.% of CNT [66]. GNP 

also was confirmed, resorting to Burgers model and parameters analysis, to have a 

reinforcement effect on PBAT. Elastic parameters values increased with GNP nanoplatelets 

content increasing, improving elastic modulus of PBAT [67]. 

PS nanocomposites with chemically reduced graphene oxide (CRGO), the two elastic parameters 

increase with increasing CRGO content, which confirms the enhanced creep recovery 

performance and the improvement of creep resistance [68]. 
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Fig. 7. 18 – Results for strain creep fitting with Burgers model for UHMWPE/CNT (left) [16] and on PP/CNT (right) 

[39] 

 

Curve Fitting tool running on Matlab® was applied on creep data to assess the Burgers model to 

describe creep behavior of PLA and nanocomposites. Burgers model parameters, η1, η2, R1 and 

R2 were calculated by curve fitting. 

 Fitting curves results for PLA (Fig. 7. 19, Fig. 7. 23), PLA/CNT-COOH0.2, PLA/CNT-COOH0.3 (Fig. 

7. 20 to Fig. 7. 22) and PLA/CNT-COOH0.7 (Fig. 7. 24) under all stress levels are provided. 

Resorting to the Eq. 7.13, the respective stress levels and initial time for constant load phase, 

curve fitting tool allowed a comparison between experimental data and Burgers model fitting 

on those specimens. 

For all stress levels and for PLA and PLA/CNT-COOH chosen nanocomposites, a good curve fitting 

was achieved. Model curves agree reasonable well with the experimental data. 
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Fig. 7. 19 – PLA results for strain creep fitting with Burgers model for stress level T2 

 

 

Fig. 7. 20 – PLA/CNT-COOH0.3 results for strain creep fitting with Burgers model for stress level T2 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016   177 

 

Fig. 7. 21 – PLA/CNT-COOH0.3 results for strain creep fitting with Burgers model for stress level T2 

 

 

Fig. 7. 22 – PLA/CNT-COOH0.3 results for strain creep fitting with Burgers model for stress level T4 
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Fig. 7. 23 – PLA results for strain creep fitting with Burgers model for stress level T4 (zoomed) 

 

 

Fig. 7. 24 – PLA/CNT-COOH0.7 results for strain creep fitting with Burgers model for stress level T4 (zoomed) 

 

Parameters calculated using Curve Fitting Tool on Matlab® are depicted in Table 7. 8 and Table 

7. 9. 

All stress levels present accurate results for the Burgers model fitting, exhibiting a high 

resemblance to experimental data. 

Burgers model was applied successfully to creep strain data for the entire test duration, 

including ramp load, constant load and load release phases. 
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Remaining parameters also reveal a similar trend with stress ((Fig. 7. 26, Fig. 7. 27 and Fig. 7. 28), 

except R2 (Fig. 7. 32) on some specimens, which has a quadratic variation with stress. The stress 

dependency of Burgers model parameters proved nonlinear feature of PLA viscoelastic 

behaviour. Similar trends occur for PLA/CNT-COOH nanocomposites, i.e. a linear variation of 

Burgers model parameters with applied stress (Fig. 7. 29 to Fig. 7. 31). 
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Table 7. 8 – Fitting parameters of Burgers model fitting to PLA and PLA/CNT-COOH nanocomposites 

 

Specimens 
Stress 

level 
Burgers Model parameters 

  
η1 (x105) 

(MPa.s) 

∆I
I  (%) 

η2 (x105) 

(MPa.s) 

∆I�
I�  (%) 

R1 (x101) 

(MPa) 

∆G
G  (%) 

R2 (x103) 

(MPa) 

∆G�
G�  (%) 

PLA 

T1 3.41±1.11 32.4 2.38±0.44 18.6 2.52±0.36 15.0 7.01±5.14 73.4 

T2 2.02±0.37 18.4 2.01±0.36 18.2 2.49±0.17 7.2 3.19±0.42 13.3 

T3 1.53±0. 25 16.6 1.42±0. 28 19.7 2.38±0.18 7.9 1.24±0. 86 69.5 

T4 1.11±0. 27 14.6 0.99±0.18 18.5 2.34±0.14 12.7 0.28±0. 88 31.1 

PLA/CNT-COOH0.2 

T1 6.28±4.25 67.7 3.16±1.34 42.5 2.72±0.43 15.7 4.23±5.00 118 

T2 3.76±0.44 11.6 3.71±0. 31 8.4 2.54±0.16 6.3 1.55±0.21 13.4 

T3 2.70±0.58 21.7 2.32±0. 48 21.0 2.45±0.24 9.9 0.93±0.19 20.5 

T4 1.52±0.34 22.2 1.32±0. 29 22.1 2.35±0.19 8.0 0.50±0.19 37.7 

PLA/CNT-COOH0.3 

T1 6.33±1.02 16.1 4.58±0.47 10.3 2.71±0.60 0.2 1.87±0.51 27.4 

T2 3.70±0.73 19.7 3.57±0.62 17.3 2.63±0.33 1.3 3.07±1.46 47.6 

T3 2.96±0.29 9.7 2.67±0.26 9.6 2.50±0.10 4.0 1.30±0.28 21.4 

T4 1.81±0.19 10.7 1.57±0.5 9.3 2.34±0.12 4.9 6.20±0.86 13.9 

PLA/CNT-COOH0.7 

T1 7.24±1.23 16.9 7.20±1.10 15.3 2.58±0.08 3.1 2.40±0.58 23.9 

T2 3.41±0.97 28.5 3.30±0.77 23.2 2.59±0.08 3.0 3.42±2.08 60.9 

T3 2.06±0.61 29.6 1.87±0.53 28.0 2.42±0.52 2.2 1.03±0.15 14.9 

T4 1.55±0.22 14.1 1.34±0.20 14.8 2.37±0.05 2.2 0.46±0.10 21.9 
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Table 7. 9 – Fitting quality of Burgers model parameters for PLA and PLA/CNT-COOH nanocomposites 

 

Specimens 
Stress 

level 
Fitting quality of Burgers Model parameters 

  SSE R2 DFE 
Adjusted 

R2 
RMSE 

PLA 

T1 0.139 0.9949 6.05E+03 0.9949 4.04E-03 

T2 0.195 0.9991 6.14E+03 0.9991 5.59E-03 

T3 0.790 0.9989 6.25E+03 0.9989 1.12E-02 

T4 5.713 0.9965 6.30E+03 0.9965 2.94E-02 

PLA/CNT-
COOH0.2 

T1 0.057 0.9970 6.04E+03 0.9970 2.78E-03 

T2 0.051 0.9997 6.12E+03 0.9997 2.87E-03 

T3 0.322 0.9995 6.21E+03 0.9995 7.09E-03 

T4 3.046 0.9975 6.28E+03 0.9975 2.13E-02 

PLA/CNT-
COOH0.3 

T1 0.007 0.9996 6.04E+03 0.9996 1.08E-03 

T2 0.044 0.9997 6.12E+03 0.9997 2.67E-03 

T3 0.187 0.9996 6.19E+03 0.9996 5.49E-03 

T4 0.965 0.9991 6.28E+03 0.9991 1.24E-02 

PLA/CNT-
COOH0.7 

T1 0.007 0.9997 6.04E+03 0.9997 1.05E-03 

T2 0.064 0.9997 6.13E+03 0.9997 3.13E-03 

T3 0.400 0.9993 6.21E+03 0.9993 7.84E-03 

T4 1.669 0.9987 6.30E+03 0.9987 1.61E-02 
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Fig. 7. 25 – η1 vs applied stress for PLA 

 

 

Fig. 7. 26 – η2 vs applied stress for PLA 
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Fig. 7. 27 – R1 vs applied stress for PLA 

 

 

Fig. 7. 28 – R2 vs applied stress for PLA 
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Fig. 7. 29 – η1 vs applied stress for PLA/CNT-COOH0.3 

 

 

Fig. 7. 30 – η2 vs applied stress for PLA/CNT-COOH0.3 
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Fig. 7. 31 – R1 vs applied stress for PLA/CNT-COOH0.3 

 

Fig. 7. 32 – R2 vs applied stress for PLA/CNT-COOH0.3 

 

Burgers model R1 parameter (Maxwell spring) establish elastic strain, immediately recovered 

after stress release. For T1 stress level, nanocomposites presented higher R1 values, increasing 

with the decrease of nanofiller content on PLA matrix. Moreover R1 values of PLA for other stress 

levels are lower than for nanocomposites, with PLA/CNT-COOH0.3 presenting the highest R1 

value. This reinforces and confirms Young’s modulus and tensile strength results obtained from 
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quasi-static tensile tests. Opposed to other authors observing the instantaneous elasticity 

modulus was not improved by the presence of the nanofillers [56, 69].  

The retardant elasticity (R2), which is related to the stiffness of amorphous polymer chains in the 

short time, is closely related to the temperature variation influence [56]. Since temperature 

effect was not assessed, no conclusions could be drawn on this influence. 

R2 and η2 decreased with stress level increasing. This could indicate that Kelvin–Voigt unit 

behaved with extremely high modulus and high viscosity flow at a lower stress levels. Observed 

trend of these two parameters reflects the effect of the stress level on short term creep 

resistance of materials. 

Viscosity η1 represents the irrecoverable creep strain. η1 increases with nanofillers content 

increasing for all stress levels. Hence, it confirms the lower flow and the permanent strain 

decrease. Some authors remark that chains mobility encourages creep irreversible strain, being 

higher for PLA. Hence, permanent viscosity and relaxation time decreased as function of 

nanofillers content. Thus, η1 decrease with the increasing stress level as expected. 

 

7.1.3. MONOTONIC CYCLIC TESTS 

In order to evaluate mechanical hysteresis of PLA and nanocomposites specimens, monotonic 

cyclic tensile tests were performed. These are complementary tests of creep testing, in order to 

assess the permanent strain after an applied load cyclic. Hence, hysteresis was assessed 

measuring the permanent (accumulated) strain. 

Resembling studies were performed on PLA/polycaprolactone (PCL) fibres, submitting them to 

load-unloading cycles at different load levels, with or without delay before reloading, allowing 

elastic, plastic and viscous strain components separation [70]. 

Similarly to creep testing, monotonic cyclic tests were performed. Specimens were cut from 

sheets with the same dimensions as creep and quasi-static tensile tests, in a dog bone format 

with a gauge length of 80 mm and 10 mm width, grip section of 15 mm width and 20 mm length, 

and overall length of 140mm, following ASTM D882 norm [19].  

These were done in a Instron® ElectroPuls E1000 (High Wycombe, England) under load control. 

The load was measured by a 2kN load cell. Specimens were subjected to uniaxial cyclic stress 

during 600s, under three stress levels, defined as fractions of tensile strength, i.e. 10% (M1), 

30% (M2) and 70% (M4), at a frequency of 1Hz (Fig. 7. 33). All tests were made at temperature 

of 20oC and averaged results from at least three specimens were used.  

Permanent strain was measured at the end of each test, after 600s cyclic loading, for all stress 

levels. 
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Fig. 7. 33 – Applied stress for monotonic tensile tests for M1, M2 and M4 stress levels (time interval from 0 to 30 s) 

for PLA and nanocomposites 

 

Likewise under creep testing, permanent strain increases with the increasing of applied stress. 

Reduction of permanent strain was observed for nanocomposites, under all stress levels (Table 

7. 10 and Table 7. 11).  

 

Table 7. 10 – Permanent strain for PLA and nanocomposites on monotonic tensile tests 

  Permanent strain (%) 

Stress level's name M1 M2 M4 

Stress level (%) 10 30 70 

Stress (MPa) 5.634 16.901 39.435 

S
p

e
ci

m
e

n
s 

PLA 0.0415±0.0052 0.0608±0.0099 0.1810±0.0079 

PLA/CNT-COOH0.2 0.0068±0.0005 0.0157±0.0067 0.1646±0.0098 

PLA/CNT-COOH0.3 0.0077±0.0002 0.0176±0.0082 0.1457±0.0102 

PLA/CNT-COOH0.5 0.0079±0.0010 0.0234±0.0032 0.1778±0.0084 

PLA/CNT-COOH0.7 0.0039±0.0008 0.0360±0.0051 0.0714±0.0063 

PLA/CNT-COOH1 0.0041±0.0005 0.0283±0.0068 0.1499±0.0097 

PLAGNP1 0.0059±0.0009 0.0328±0.0092 0.1412±0.0112 

PLAGNP2 0.0057±0.0011 0.0367±0.0053 0.1471±0.0104 

 

 

 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016  185 

Table 7. 11 – Percentage variation of permanent strain for nanocomposites relatively to PLA on monotonic tensile 

tests 

  Permanent strain (%) 

Stress level's name M1 M2 M4 

S
p

e
ci

m
e

n
s 

PLA/CNT-COOH0.2 -83.7 -74.1 -9.1 

PLA/CNT-COOH0.3 -81.4 -71.2 -19.5 

PLA/CNT-COOH0.5 -81.0 -61.6 -1.7 

PLA/CNT-COOH0.7 -90.5 -40.9 -60.6 

PLA/CNT-COOH1 -90.2 -53.9 -17.2 

PLAGNP1 -85.9 -46.0 -22.0 

PLAGNP2 -86.3 -39.7 -18.7 

 

For M1 stress level all nanocomposites, revealed impressive reductions of permanent strain, up 

to 90.5% for PLA/CNT-COOH nanocomposites and 86.3% for PLA/GNP (Fig. 7. 34 and Fig. 7. 35). 

PLA/CNT-COOH followed the same trend for higher stress levels, with reductions of 40.9 to 

74.1% for PLA/CNT-COOH and 46.0% for PLA/GNP nanocomposites, for M2 stress level. For M4 

stress level, results for PLA/CNT-COOH showed also a decrease on permanent strain from 1.7 to 

60.6%, being the last for PLA/CNT-COOH0.7 and up to 22.0% for PLA/GNP nanocomposites, 

when compared to PLA and to creep tests results (Fig. 7. 36).  

 

 

Fig. 7. 34 – PLA strain results for monotonic tensile tests for M1 stress level (time interval from 570 to 600 s) 
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Fig. 7. 35 – PLA and some nanocomposites strain results for monotonic tensile tests for M1 stress level (time 

interval from 580 to 600 s) 

 

 

Fig. 7. 36 – PLA and some nanocomposites strain results for monotonic tensile tests for M4 stress level (time 

interval from 580 to 600 s) 

 

During 600 seconds, analyzing first and last monotonic tensile cycle, it was observed the shift of 

stress and strain to higher strain values corresponding to accumulated permanent strain, for PLA 

and nanocomposites (Fig. 7. 37 and Fig. 7. 38). 
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Fig. 7. 37 – PLA and PLA/CNT-COOH0.5 nanocomposite hysteresis for M1 stress level (total, zoomed) 

 

 

Fig. 7. 38 – PLA and PLA/CNT-COOH0.5 nanocomposite hysteresis for M1 stress level (total, zoomed, scale up to 

0.01% strain) 

 

On a comparison between first and last cycles (Fig. 7. 39) is more notorious the permanent strain 

and the difference between stress levels (Fig. 7. 40) and between nanocomposites (Fig. 7. 41). 

Slope for PLA hysteresis curve is higher than the ones of nanocomposites. 
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Fig. 7. 39 – PLA hysteresis for M4 stress level (first and last cycle)  

 

 

Fig. 7. 40 – PLA hysteresis for M1 and M4 stress levels (first and last cycle)  
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Fig. 7. 41 – PLA/CNT-COOH0.2 and PLA/CNT-COOH0.7 nanocomposites hysteresis for M1 and M4 stress levels (first 

and last cycle)  

 

For M4 level stress, the greatest variation among PLA and nanocomposites, namely PLA/CNT-

COOH nanocomposites was for PLA/CNT-COOH0.7, which disclosed the lowest permanent 

strain. Above all, PLA and nanocomposites exhibit a similar hysteretic behaviour. 

7.2. FATIGUE  

Along with transient experiments, dynamic testing (fatigue) should also be performed to have a 

complete material characterization. Under dynamic testing, either stress or strain is varied 

cyclically, usually sinusoidal; the strain or stress response is measured at a convenient frequency. 

As mentioned before, fatigue is one of the major reasons for failure in structural materials. 

Fatigue resistance, in traditional polymer composites, can be improved by nanofillers addition 

[71, 72]. For CNT and GNP, crack-bridging is the dominant mechanism for energy dissipation 

during crack growth [73]. Hence, carbon nanotube dimensions and dispersion has a significant 

influence on the fatigue behavior of the polymeric matrices of nanocomposites. 

Few studies on epoxy/GNP were performed comprising considerable fatigue lifetime data [74]. 

The incorporation of 0.125% weight of functionalized GNP sheets reduced the rate of crack 

propagation in the epoxy under fatigue [75]. Fiberglass/epoxy composites with 0.2wt% of GNP 

platelets infiltrated into the epoxy resin under uniaxial tensile fatigue conditions, improved 

fatigue lifetime up to 3-5 fold [76]. Published experimental fatigue data for PLA/CNT or PLA/GNP 

nanocomposites was not found. In that sense the present study is innovative, opening 

opportunities to other application fields. 
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Comparison with neat PLA was done for uniaxial fatigue testes, using as reference value the PLA 

quasi-static tensile strength (Chapter 6). Attending to possible small deviations on the specimens 

dimensions, as for creep tests, it was considered the minimum value of 56.355 MPa obtained 

from three specimens. 

Fatigue tests were done under load control up to 1 million cycles. Five different load levels were 

used, corresponding to 10, 25, 30, 50 and 70% of tensile strength. Sinusoidal load was applied 

with maximum load corresponding to the chosen stress level. The chosen ratio of the minimum 

stress to the maximum stress experienced during each cycle (stress or R ratio) was R=0.1. The 

applied frequency was 5Hz, surpassing 5 fold the typical frequency assumed for the cyclic loads 

acting on knee ligaments during walking [77, 78] or 4 fold during fast walking [79].  

After rupture, specimens showed a clear fatigue failure (Fig. 7. 42), with an existing fatigue crack 

nucleation along a specimen side, crosswise progressing to full rupture when the resilient 

section is no longer sufficient to support the imposed load level. 

 

 

Fig. 7. 42 – PLA specimen with fatigue failure  

 

It was obtained the average number of cycles until failure (Table 7. 12 and Table 7. 13) and S-N 

curves for PLA and nanocomposites for the 5 levels of applied load (from Fig. 7. 43 to Fig. 7. 48). 

The deviation (Table 7. 13) was calculated like: variable value of nanocomposite – variable value 

of PLA)/variable value of PLA*100. 

Time-dependent response of PLA and nanocomposites depends on applied load as it was 

observed. Time-to-failure tend to significantly decrease when load increases. 
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Table 7. 12 – Average number of cycles until failure of PLA and nanocomposites for each load level 

  Number of cycles 

Stress level's name T1 T2 T3 T4 T5 

Stress level (%) 10% 25% 35% 50% 70% 

Stress (MPa) 5.634 14.084 19.717 28.168 39.435 

Max Load (N) 25.985 64.962 90.946 129.923 181.893 

Min Load (N) 2.598 6.496 9.095 12.992 18.189 

S
p

e
ci

m
e

n
s 

PLA 1 000 000 47879 11562 2558 536 

PLA/CNT-COOH0.2 1 000 000 200999 67127 6263 1245 

PLA/CNT-COOH0.3 1 000 000 507246 39022 8652 1885 

PLA/CNT-COOH0.5 1 000 000 499995 57780 7666 613 

PLA/CNT-COOH0.7 1 000 000 467222 25034 5182 897 

PLA/CNT-COOH1 1 000 000 300999 82784 10576 221 

PLAGNP1 1 000 000 361692 6768 3022 144 

PLAGNP2 1 000 000 329817 18965 478 125 

 

Table 7. 13 – Variation of number of cycles relatively to PLA  

  % of the deviation of number of cycles relatively to PLA 

Stress level's name T2 T3 T4 T5 

Stress level (%) 25% 35% 50% 70% 

S
p

e
ci

m
e

n
s 

PLA/CNT-COOH0.2 319.8 480.6 144.8 132.3 

PLA/CNT-COOH0.3 959.4 237.5 238.2 251.7 

PLA/CNT-COOH0.5 944.3 399.7 199.7 14.4 

PLA/CNT-COOH0.7 875.8 116.5 102.6 67.4 

PLA/CNT-COOH1 528.7 616.0 313.4 -58.8 

PLAGNP1 655.4 -41.5 18.1 -73.1 

PLAGNP2 588.9 64.0 -81.3 -76.7 

 
For all stress levels PLA/CNT-COOH revealed remarkable results with significant improvement of 

PLA fatigue resistance with lifetime increments from 14.4% up to 959.4%, depending on the load 

level and on the weight percentages of CNT-COOH (Fig. 7. 43). For the lower stress levels, 10 and 

25% of tensile strength, all PLA/CNT-COOH nanocomposites display a huge improvement on 

fatigue resistance. 

Under higher stress levels, PLA/GNP fatigue behavior was ineffective, having lower lifetimes 

than PLA, degrading PLA fatigue resistance. Under lower stress levels, 10 and 25% of tensile 

strength, it was strikingly different since the PLA/GNP number of cycles to failure increased 

588.9-655.4%, showing an increase of fatigue resistance 
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Fig. 7. 43 – Tensile strength vs number of cycles 

 

Increasing the load level, lifetime fatigue decreases significantly as expected [3]. A linear relation 

on a semi-logarithmic scale exists between applied stresses and cycles-to-failure [80]. S-N curves 

are plotted as applied tensile vs log of number of cycles to failure to disclose the equation of the 

line that fits better all points. This linear equation can be used to predict fatigue lifetime under 

different loads [81]. Following Wöhler definition, S-N curves are of the type [82] : 

 

ln�_� = >. a + b 

 

Hence, S-N curves were defined after observing S-N charts with the logarithmic scale for number 

of cycles to failure (Table 7. 14 and Fig. 7. 45 to Fig. 7. 48). 

 

Table 7. 14 – Fitting parameters for S-N curves 

  Fitting parameters 

 A b R2 

S
p

e
ci

m
e

n
s 

PLA -3.671 55.262 0.9697 

PLA/CNT-COOH0.2 -4.826 72.569 0.9891 

PLA/CNT-COOH0.3 -4.774 73.093 0.9517 

PLA/CNT-COOH0.5 -4.221 66.379 0.9765 

PLA/CNT-COOH0.7 -4.726 69.661 0.9824 

PLA/CNT-COOH1 -3.879 62.075 0.9726 

PLAGNP1 -3.480 55.104 0.941 

PLAGNP2 -3.211 51.827 0.9446 
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Fig. 7. 44 – PLA fatigue S-N curve 

 

 

Fig. 7. 45 – PLA/CNT-COOH0.2 fatigue S-N curve 
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Fig. 7. 46 – PLA/CNT-COOH0.3 fatigue S-N curve 

 

 

Fig. 7. 47 – PLA/CNT-COOH0.7 fatigue S-N curve 
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Fig. 7. 48 – PLA/GNP2 fatigue S-N curve 

 

Permanent strain at rupture was about 0.06 to 1% to PLA, 0.08 to 0.1 % for PLA/CNT-COOH 

nanocomposites, 0.05 to 0.06% to PLA/GNP nanocomposites. Although permanent strain was 

lower than PLA and PLA/CNT-COOH, PLA/GNP nanocomposites endure fewer cycles before 

failure. Notably, PLA/CNT-COOH nanocomposites not only endure more fatigue cycles before 

failure but accumulate lower permanent strain (laxity) when compared against PLA (Table 7. 13). 

This effect is definitely a novelty in the field, i.e. effective fatigue resistance improvement and 

laxity reduction by nano-reinforcement. 

 

7.3. DYNAMIC MEHCANICAL ANALYSIS (DMA) 

DMA is an accurate method to measure viscoelastic behaviour of materials, through a 

combination of frequency and temperature, also considered as a transient experiment. 

Analyzed parameters include tan δ, storage modulus and loss modulus. Storage modulus 

measures the stored elastic energy, and loss modulus measure the viscous energy dissipated as 

heat. Tan δ is the ratio between storage and loss modulus. The dependence on energy storage 

mechanisms at the interphase of elastic properties of composites is important to highlight 

[83].DMA tests can be performed in a simple tension mode and liquid nitrogen atmosphere, 

with defined temperature rates and ranges, over several frequencies.  

Few DMA studies applied on PLA/CNT [84-87] and PLA/GNP nanocomposites have been 

published [88-90]. Storage modulus of polymers decreases with temperature increase. 

Maximum peak of loss tangent, tan δ, occurs at glass transition temperature (Tg), afterwards tan 
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δ decreases. With the addition of CNT the maximum peak for tan δ shifts to higher values and 

there is a gradual decrease in the peak area with increasing CNT–COOH weight percentage [85].  

PLA/CNT nanocomposites analyzed by DMA, in tension mode and in the linear viscoelastic 

region, showed the storage modulus declined with increasing temperature, indicating to a more 

pronounced reduction above 69oC (Tg of PLA).  In this case, addition of CNT did not significantly 

influence the storage modulus [86]. 

Considering functionalization of CNT with –OH groups (CNT-OH) similar DMA studies conducted 

under similar conditions have been made. PLA/CNT-OH with 0.5 wt% of CNT-OH changes tan δ 

peak to a higher temperature. Increasing weight percentage of CNT-OH, the peak is observed to 

shift to higher temperatures, an indicator of good adhesion between the CNT-OH and PLA matrix 

[87] (Fig. 7. 49). 

 

 

Fig. 7. 49 - Tan δ peaks for several weight percentages of CNT-OH into PLA [87] 

 

Other studies were made comparing PLA, PLA with CNT and PLA with –COOH functionalized CNT 

nanocomposite produced by melt blending processing  comprising considerable DMA results 

and good affinity between PLA interface and CNT was observed [87].  

CNT are able to modify the relaxation mechanism of the polymer and this is denoted with a 

storage modulus increase [91]. An increase of DMA storage modulus with CNT may point to a 

reduction in the mobility of the polymer chain in the PLA/CNT interface [92].  

The addition of CNT-COOH or CNT-OH tends to decrease the frequency dependency of the 

storage modulus, for high stress levels (Fig. 7. 50). This could indicate also the confinement of 

PLA chains imposed by CNT-COOH and CNT-OH, increasing loss modulus for lower frequencies 

[93]. 
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Fig. 7. 50 – Storage modulus for different weight percentages of CNT-OH[93] 

A very resembling behaviour was obtained for some PLA/GNP and PLA/GNP nanocomposites. 

The addition of GNP increases the storage modulus of PLA [89]. Similar results were found for 

PLA/GO (Fig. 7. 51). Glass transition temperature, Tg, measured from tan δ curves obtained by 

DMA increased from 68.7oC for PLA to 71.3oC for PLA/GO. This shift suggests an increase on the 

adhesion between polymer and GO. 

 

 

Fig. 7. 51 – DMA results for storage modulus of PLA and PLA/GO [89] 

 

For the present study, specimens were cut from films with 10x25mm2 dimensions to be analyzed 

on DMA (TA analyzer Model 2080) in order to evaluate the viscoelastic properties of PLA, 

PLA/GNP and PLA/CNT-COOH nanocomposites. The tests were performed on simple tension 

mode, for the range of frequencies: 0.1, 0.2, 0.3, 0.5, 1, 2, 3, 5, 10, 20, 30, 50, 100 Hz, and a 
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temperature range from 20 to 82°C with a heating rate of 5"C/min. Maximum deformation 

applied was of 0.1%, still on elastic region. 

For temperatures below Tg, DMA results for PLA do not present a significant variation with 

temperature up to 52oC or frequencies below 80Hz. From that point on, neat PLA tan δ height 

peak decreases with temperature increasing (Fig. 7. 52) and with frequency augmentation (Fig. 

7. 53).  

PLA/CNT-COOH (Fig. 7. 54) and PLA/GNP exhibit similar dependency with temperature and 

frequency. This is important experimental data when designing medical devices for ligament 

replacement or repair.  

 

 

Fig. 7. 52 – PLA tan δ vs frequency for several temperatures 
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Fig. 7. 53 - PLA tan δ vs temperature for four frequencies: 1, 15, 50 and 100 Hz. 

 

 

Fig. 7. 54 – PLA/CNT-COOH0.7 tan δ vs frequency for several temperatures 

 

At a 1Hz frequency, storage modulus decreases dramatically and loss modulus increases to a 

maximum, so it is possible to identify Tg around 62oC, confirming DSC results previously reported. 

Again a prominent peak in tan δ appears at the Tg for neat PLA. Nanocomposites did not change 

the Tg (Fig. 7. 55 and Fig. 7. 56).  
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Fig. 7. 55 – PLA, PLA/CNT-COOH0.3 and PLA/GNP2 storage modulus at 1Hz  

 

 

Fig. 7. 56 – PLA, PLA/CNT-COOH0.3 and PLA/GNP2 loss modulus at 1Hz  
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Fig. 7. 57 – PLA, PLA/CNT-COOH0.3 and PLA/GNP2 tan δ at 1Hz  

 

PLA/CNT-COOH0.3 shows the highest storage modulus, probably due to stronger intermolecular 

interactions. Modulus increase, together with tan δ increase at Tg when compared PLA and 

PLA/GNP2 (Fig. 7. 57), can be attributed to physical interaction between the polymer and 

reinforcements restricting the mobility of the polymer chains in the presence of the nanofillers.  

A higher storage modulus than neat PLA, indicates that the addition of CNT-COOH into PLA 

matrix results in an increase of elastic properties for PLA/CNT-COOH nanocomposites. 

Qualitatively, storage modulus augmentation confirms tensile tests results for PLA/CNT-COOH 

nanocomposites, suggesting the reinforcing effect of nanofillers leading to restriction of 

molecular chain mobility in PLA matrix. PLA/GNP did not display this effect. 

 

7.4. CONCLUSIONS 

As expected, at higher strain rates, a higher stress level is necessary to obtain the PLA and 

nanocomposites chain mobility required to balance the plastic flow rate. 

The incorporation of CNT-COOH tends to decrease the creep strain and unrecoverable strain. It 

was verified permanent and recoverable strain remarkable decrease for all stress applied 

conditions. Impressive results of permanent strain after constant applied stress were obtained. 

Permanent strain reduction of almost 70% at top was achieved with the incorporation of CNT-

COOH. The molecular network formed of PLA/CNT-COOH chains reduces the creep strain, 

increasing the recovery ratio and restrict the molecular slippage in repeat loading and on 

constant stress during creep tests. For constant applied stress PLA/GNP also presented 
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considerable results for stress levels up to 70% of tensile strength. A future creep analysis should 

be done taking into account the analysis of creep with temperature variation. 

Creep resistance increased for some stress levels with the incorporation of CNT-COOH, through 

the creep compliance analysis. Hence, PLA/CNT-COOH nanocomposites presented a less viscous 

and more elastic relatively to PLA, unlike PLA/GNP nanocomposites. 

Nonlinear viscoelasticity for PLA, PLA/CNT-COOH and PLA/GNP was verified by creep compliance 

results and numerical models assessment. Both Burgers model Findley’s power law can be used 

for these materials on film format specimens, with accurate fitting results to experimental data. 

Findley’s was applied more successfully for strain behaviour during constant load regime for 

high stress levels, above 50 % of tensile. Burgers model was validated on all stress levels. 

Findley’s power law parameter, A’, revealed no linear dependency with stress and n parameter 

was also independent on the stress level. A more complete analysis should be done to draw 

other conclusions about parameters for nanocomposites. Despite that, comparing to neat PLA, 

nanocomposites response revealed the reinforcing effectiveness of nanofillers, especially CNT-

COOH. 

Burgers model fitting exhibited a high resemblance to experimental data for all stress levels. Its 

parameters exhibit linear dependence on stress, which may indicate that nanocomposites 

improved PLA creep resistance, simultaneously confirming quasi-static tensile results. R1 PLA 

values for all the stress levels are lower than for nanocomposites, with PLA/CNT-COOH0.3 

presenting the highest R1 value, confirming Young’s modulus and tensile strength results from 

quasi-static analysis. R2 and η2 decreased with stress level increasing revealing the effect of the 

stress level on short term creep resistance of materials. 

η1 increases with nanofillers content increasing for all stress levels, confirming the lower flow 

and the permanent strain decrease of nanocomposites when compared to PLA. Also, η1 decrease 

with the increasing stress level, as expected. 

Regarding dynamic analysis, nanofillers proved a real improvement on fatigue results, increasing 

fatigue lifetime and effective fatigue resistance of PLA. PLA/CNT-COOH nanocomposites resist 

more fatigue cycles before failure, simultaneously accumulating lower permanent strain (laxity) 

when compared with PLA. In some cases, cycles endurance improvements of almost about 10 

times the endurance of PLA. These are the most remarkable and more noteworthy results of 

this nanocomposites study. 

DMA results confirmed DSC and XRD results for thermo-analysis and crystallinity, combined with 

quasi-static tensile results. Tg was the same for all cases. The nano reinforcements did not affect 

Tg. In spite of that, nanofillers proved to restrict the mobility of the polymer chains, with the 

increase of tan δ on Tg and of the storage modulus at 1Hz frequency. 
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CHAPTER 8: HYDROLYTIC DEGRADATION 

Tissue engineering aims the regeneration of damaged tissues, hence biomaterials are expected 

to be degradable and absorbable with a proper rate to match the speed of tissue new formation. 

Biodegradable scaffold should degrade during the recovery period of the ligament, maintaining 

the essential mechanical properties but allowing degradation of biopolymer, in case of aliphatic 

polyesters by hydrolysis of ester bonds. This phenomenon leads to a gradual molecular weight 

decrease and a gradual load transfer to the newborn tissue before the scaffold become no 

longer necessary [1]. Besides biomaterial applications, polylactic acid (PLA), as an aliphatic 

polyester and biodegradable polymer, can be used on other temporary applications like in 

aeronautical and automotive industries Therefore is crucial the study its mechanical properties 

evolution along time, during its biodegradation [2].. PLA degrades chemically mainly by 

hydrolytic degradation into lactic acid which is broken down into water and carbon dioxide via 

the citric acid cycle, been eliminated from the body in carbon dioxide and water form. Water 

diffusion from degradation medium promotes ester bond chain-scission and crosslinking, 

leaving chains shorten and the polymer brittleness. This mechanism can be affected by factors 

like the polymer molecular structure, ester group density, degradation medium, temperature 

and mechanical loads. Hydrolysis can be modeled by the Michaelis–Menten scheme [3], 

concerning the formation of carboxyl end groups, ester concentration and water concentration.  

Hydrolytic degradation was studied for PLA, PLA/ functionalized carbon nanotubes (CNT-COOH) 

and PLA/graphene (GNP) nanocomposites, namely molecular weight, thermal properties and 

tensile strength evolutions through degradation time which are relevant concerning the 

ligament replacement application described. In this case, 16 weeks was determined as the 

experimental degradation time in a phosphate buffered solution (PBS). 

For each stage quasi-static mechanical (QSM) tests were performed, gel permeation 

chromatography analysis (GPC) for molecular weight measurement, differential scanning 

calorimetry (DSC) and X-ray diffraction for thermal and crystallinity analysis, pH of the medium, 

mass measurements of the specimens and SEM for morphology structure study. Again, dynamic 

mechanical analysis (DMA), creep and fatigue tests were done. These tests were performed to 

compare against neat PLA for different degradation stages. 

Michaelis–Menten scheme was used to predict molecular weight and tensile strength loss for 

polylactic acid and nanocomposites. 

 

 

8.1. BIODEGRADATION  

Standard ASTM D-5488-94d norm [1], defines a biodegradable material in vivo as a material that 

must be able to decompose into carbon dioxide (CO2), water (H2O) metane (CH4), inorganic 
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components or biomass in which the predominant mechanism is the enzymatic action of 

microorganisms [2, 3]. This degradation can be evaluated by standard tests, for a specific period 

of time and when the material is in a different medium, which may be liquid, inert or compound 

[4]. 

Degradation of a polymer can be made by scission of the main chains or the side chains, also 

occurring by crosslinking [5]. Several factors can influence the degradation of polymer such as 

heat, oxidation, light, photolysis, mechanical stress, chemical promoting different types of 

degradation namely thermal [6], photo [7], mechanical [8] and chemical degradation [9]. 

Damage by chemical degradation is more common among polymers and biodegradable 

polymers. Polymers may degrade through enzymatic action of microorganisms [2, 3] leading to 

chemical structure changes of the material, or by non-enzymatic hydrolysis [4], uniquely 

mediated by water. 

Hydrolysis rates can be influenced by some factors such as the crystallinity, chemical structure, 

molecular weight and ester group density of the polymer, the porosity of the matrix, the 

temperature and pH of the degradation medium and the stress/strain state mechanically 

induced. Amorphous regions of the polymer are more susceptible to enzymes [10]. Similarly, 

ester groups’ linkage may be more affected to hydrolysis when exposed to water. Hydrolysis 

rates also highly depend on morphology, thickness and geometry of the specimens. Degradation 

rates of these polymers can be tailored to satisfy the in service time requirements, ranging from 

weeks to several years, by changing chemical composition, crystallinity, molecular-weight value 

and distribution. 

Once degradation is terminated, the polymer disappears, labeling it as absorbable, resorbable 

or bioabsorbable and biodegradable. Being biodegradable, polymers may be used on a 

temporary approach for implantable devices, after a while they are naturally eliminated from 

the body. Being absorbable polymers allow new tissue formation to replace the degraded 

polymer, with progressive mechanical load bearing transfer load to the ligament, reducing 

polymer’s load capacity over time  [11]. 
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Fig. 8. 1 – Factors that influence biodegradability in biomedical application [12] 

 
Polymer degradation time should match the healing process and tissue regeneration. 

Simultaneously, medical device must possess suitable mechanical properties for the ligament 

application and maintaining, during degradation, a compatible strength and stiffness decay with 

the healing process or regeneration [12]. Though, it must take into account that Young's 

modulus and degradation rate of biodegradable polymers are strictly related (Fig. 8. 2). 

 

Fig. 8. 2 – Degradation time vs Young’s modulus [13]. 

 

Polymers like polyglycolic acid (PGA), PLA and their copolymers degrade through hydrolysis of 

the ester bonds [14]. PLA degrades after several months of exposure to a medium, forming lactic 

acid which is normally present in the body. This acid then enters tricarboxylic acid cycle and is 

excreted as water and carbon dioxide. 
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PLA degradation occurs in two stages, firstly with random non-enzymatic chain scission of the 

ester groups that leads to a reduction in molecular weight and an increase in its brittleness. 

Secondly, low molecular weight material can diffuse out of the bulk polymer leading to erosion 

and mass loss [15].  

Although hydrolysis is the main chemical process, biodegradation of PLA is very complex and it 

degradation rate can be mainly affected by polymer reactivity with water and catalysts that can 

be modified by particle size and shape, temperature, medium, crystallinity, percentage of 

isomer, residual lactic acid concentration, molecular weight, molecular weight distribution, 

water diffusion or metal impurities from the catalyst [16-18]. Moreover, high temperatures can 

accelerate PLA degradation. 

Hydrolytic degradation is included in a phenomenological process of diffusion-reaction 

mechanisms called erosion, being the bottom line for it. Erosion is estimated through mass loss 

while degradation is assessed by measurements of molecular weight evolution or the tensile 

strength evolution. Erosion starts with penetration of aqueous solution into the polymer, 

followed by hydrolytic degradation, converting these polymer chains into shorter water-soluble 

fragments. 

Diffusion is the main process behind erosion, based on the water transport and particles 

exchange between the media, the polymer and the host environment. After immersion of the 

polymer device in aqueous solution, water absorption occurs up to a saturation of water 

concentration and the polymer volume expands. Saturation depends on hydrophilicity and 

crystallinity of the polymer and temperature, pH and flow of the media. After water saturation, 

hydrolytic degradation starts leading to the scission of polymer chains and monomers and 

oligomers are released into the aqueous medium, promoting molecular weight loss of the 

polymer. These oligomeric being carboxylic acids groups provoke a pH decrease and an increase 

of the hydrophilicity in the polymer bulk, catalyzing the hydrolysis of other ester bonds and 

therefore speed up the degradation process locally [9]. This mechanism is termed autocatalysis, 

which is frequently observed in thick biodegradable material [19]. PLA scissions occur at the 

ester groups. PLA molecules with carboxylic and alcohol end groups are broken in two, randomly 

in a given ester group, promoting the increase of the number of carboxylic end groups with the 

degradation time. Erosion can be classified depending on the homogeneity of the process, as 

bulk erosion or homogeneous and as surface erosion or heterogeneous. Bulk erosion evolves 

the loss of molecular weight and mass through the whole specimen and the reduction of 

mechanical properties. Bulk erosion is promoted by homogeneous along with homogeneous 

hydrolysis of the ester bonds through the PLA volume. 

If hydrolysis occurs in the region near the surface, surface will be eroded and first removed 

before reaching the bulk, assuming this as surface erosion. In this case, diffusion is slower than 

during bulk erosion. In the case of PLA and its derivates, some studies observed surface erosion 

is predominant regarding bulk erosion [20, 21] and in some cases is characterized by having a 

rate of degradation in the bulk higher than that at the surface. 
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The degradation in semicrystalline polyesters undergoes mainly in the amorphous regions 

because of a higher rate of water uptake in the free volume than in the crystalline regions. The 

degraded segments could then diffuse and give rise to re-crystallization, meaning that PLA which 

has low crystallinity may show increased crystallinity during degradation therefore increased 

hydrolysis rates [22]. 

Hydrolytic degradation behaviour of biodegradable polymer for medical devices can be affected 

by: water permeability and solubility (hydrophilicity/hydrophobicity), polymer chemical 

composition, mechanism of hydrolysis (noncatalytic, autocatalytic, enzymatic), additives (acidic, 

basic, monomers, solvents, drugs), morphology (crystalline, amorphous), device dimensions 

(size, shape, surface to volume ratio), porosity, glass transition temperature (glassy, rubbery), 

molecular weight and molecular weight distribution, physico-chemical factors (ion exchange, 

ionic strength, pH), sterilization and site of implantation [23]. 

Polylactic acid (PLA) is currently used on fracture fixation, ligament augmentation and drug 

delivery microspheres, with a degradation rate of 50% in 1 to 2 years [16, 24].  

The addition of nanostructures to biodegradable polymers can change the polymer degradation 

behaviour. Nanocomposite materials based on inorganic nanoparticles, like CNT and GNP, 

showed a strongly enhanced polymer degradation rate if compared to the neat polymer. 

Concerning nanofillers like CNT and GNP for PLA some research has been made on the study of 

hydrolytic degradation. Some results concerning the use of inorganic nanofillers are summarized 

in Table 8. 1. 

Some authors refer that the incorporation of CNT accelerates the crystallization of PLA in the 

nanocomposites due to the heterogeneous nucleation effect. Furthermore, the crystallization 

rate of PLA is faster in the PLA with functionalized CNT nanocomposite than in the PLA/CNT 

nanocomposites [25].  

Poly(lactic-co-glycolic acid (PLGA)/CNT and PLA/CNT-COOH were tested in vitro for degradation 

analysis. PLGA has a hydrolytic degradation mechanisms controlled by crosslinking and chain 

scission. However, the study showed that the incorporation of CNT increased the dimensional 

stability of the PLGA, but no significant change were reported in degradation kinetics. After 24 

days, PLGA/CNT nanocomposites showed a mass loss behavior similar to neat PLGA. As for 

PLGA/CNT-COOH nanocomposites mass loss occurred quickly with a different infrared spectrum, 

pointing to a greater interaction between CNT-COOH and PLGA in a medium with saline solution, 

therefore a higher erosion of the nanocomposites [26]. It was found also that the dominant 

mechanism of degradation in PLGA /COOH-CNT was the chain scission, which may indicate a 

selective interaction at the interface of the saline solution and the nanocomposites [27]. This 

can be controlled during the production process, the dispersion process and functionalization of 

the nanofillers [28]. The greater the dispersion of the CNT-COOH, the higher the surface 

interaction with the biological medium should be expected. 

It was proved that the degradation rates of the CNT nanocomposites in simulated body fluid 

(SBF) solution were reduced with the increase of nanotube percentage [29] . 
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However, unlike PLA, neat CNT are insoluble in biological fluids. Yet CNT’s functionalized 

properly seem to have high propensity to cross cell membranes [30]. For now some 

biotechnological and natural (plant H2O2 peroxidases) ways for degradation of carbon nanotubes 

in the environment are in development. 

Hydrolytic degradation studies of PLA/GNP nanocomposites are not available, as far as your 

knowledge’s goes. 

The degradation behaviour of medical devices has a crucial impact on the long-term 

performance of a tissue-engineered cell/polymer construct. The degradation kinetics may affect 

a range of processes such as cell growth, tissue regeneration, and host response, being 

important to understand kinetics of degradation of materials used in medical devices. 

 

Table 8. 1 – Summary of some hydrolysis studies of PLA with inorganic carbon-based nanoparticles as nanofillers 

Polymer Nanofillers 
Hydrolysis 

behaviour 
Explanation of hydrolysis Reference 

PLA 
MMT 

(montmorillonite) 
Accelerated Shorter oligomers catalyze hydrolysis [31] 

PLA MMT Accelerated 
Degrease of Tg and degree of 

crystallinity 
[32] 

PLA MMT Delayed Higher degree of crystallinity [33] 

PLA CNT Accelerated Catalytic effect of -COOH groups [25] 

PLA CNT-COOH Accelerated Catalytic effect of -COOH groups [25] 

PLA CNT Accelerated Catalytic effect of -COOH groups [34] 

PLA C60 (fullerene),   CNT Accelerated Lower interactions with matrix [35] 

PLA SiO2 (Silicone dioxide) Accelerated Higher hydrophilicity [36] 

PLA/PCL SiO2 Delayed Protection of enzymatic hydrolysis [37] 

PLA 
MgO (magnesium 

oxide) 
Accelerated Higher water penetration [38] 

PLA 
TiO2 (Titanium 

dioxide) 
Accelerated Higher water penetration [39] 

 

8.2. HYDROLYTIC DEGRADATION  

Specimens were placed, separately, in cell culture flasks (Falcon, BD Sciences™, USA) with 500mL 

of phosphate buffered solution (PBS), the saline solution to degrade. Phosphate buffered saline 

10× concentrate  was prepared by Departamento de Bioquímica da Faculdade Medicina da 

Universidade do Porto research team. Then it was diluted on water in a 1:10 proportion (1L of 

diluted PBS corresponds to 900mL of water mixed with 100 mL of phosphate buffered saline 10× 

concentrate). Different aqueous solutions have been used for hydrolytic degradation, including 

saline solution and distilled water [13], is important to highlight. However, in vitro and in vivo 

PLA hydrolysis on PBS was proved to be very similar [40]. 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

Viviana Correia Pinto, 2016  215 

Closed flasks with specimens and PBS were immersed in a tank filled with water under a 

controlled temperature of 37oC (Fig. 8. 3). Position of the flasks on the bath was important, since 

specimens inside could suffer undesirable deformations, affecting mechanical testing. Hence, 

flasks were placed parallel to the lower face of the tank, ensuring the parallel position of 

specimens related to the lower face of the flasks. Temperature on the bath was controlled by a 

resistance thermostat (VWR®) (Fig. 8. 3) combined with small pieces of thermal insulator foam 

on top of the tank, in order to maintain the water temperature. On the water, a solution of 

algicid and antibacterial fluid (Aqua Resist, VWR®) was blended to avoid water contamination. 

The degradation conditions were defined with the purpose of mimic human body primarily 

physiological conditions. 

During 2, 4, 8, 12 and 16 weeks, separated and labelled specimens were kept on the bath. For 

each stage, specimens were removed from the bath and placed to dry on a stove at 37oC, 

overnight, to interrupt hydrolytic degradation, being stored during a week and after that 

available for testing. 

 

  

Fig. 8. 3 – Cell culture flasks with PBS and specimens and resistance thermostat (VWR®) 

  

A brief study on water transportation in PLA and its nanocomposites was performed to obtain 

water sorption/desorption curves until saturation was reached, assuming both process 

symmetrical and Fickian, i. e.  water sorption/desorption is reversible and may be described by 

the Fick model with the same diffusion coefficient. 

Briefly, during sorption PLA specimens were placed on a flask with 500mL of PBS afterwards 

placed inside a hoven under 37oC. PLA mass was measured at every 20 minutes. This was done 

until PLA mass stabilized, i.e. reached saturation. After then PLA specimens were removed from 

the PBS flask for drying, continuously monitoring theirs mass until they stabilized. This process 

took approximately 7 hours for saturation and more 7 hours for drying. 

 

The specimens were periodically weighed, and their mass increment m(t)-m0 against the initial 

mass m0 was used to find the moisture content during sorption/desorption 
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c�(� = ��(�−�*
�*

,**     (Eq. 8. 1) 

 

According to Fick’s law diffusion the mass transfer for a plane-parallel plate of thickness h, 

results into a weight gain expressed in terms of two parameters, the diffusion coefficient or 

diffusivity, D, and the maximum moisture content, mm: 

��(�
�� =  − d

e� ∑ 
g�h+i�e� j,k l− g�h+i�e�

	� m(nohp*    (Eq. 8. 2) 

where h is the thickness of the sample. 

This procedure was repeated for nanocomposites, PLA/GNP1 and PLA/CNT-COOH1. Results for 

diffusivity D, mass and equilibrium moisture content are displayed in Fig. 8. 4 and in Table 8. 2. 

Fick’s model describes reasonably well water transport in PLA and not so well in PLA 

nanocomposites. Clearly the nano-particles change water transportation in the PLA matrix. 

Further experiments were needed to check such effect but it is an issue presently out of scope. 

 

 

Fig. 8. 4 – PLA and its nanocomposites mass change with time  
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Table 8. 2 – Diffusion coefficient D and equilibrium moisture content mm for PLA, PLA/GNP1 and PLA/CNT-COOH1  

Specimens 
D X10-6 

(mm2/s) 

  

mm ±0.0001 (g) 

PLA 2.417 0.0078 

PLA/GNP1 4.583 0.0043 

PLA/CNT-COOH1 6.250 0.0079 

 

In an initial phase, specimens’ degradation time stages were defined of about 2, 4, 6, 8, 12 and 

16 weeks especially for QSM tests and molecular weight evaluation by GPC. In Table 8. 3 

specimens tested for hydrolytic degradation are described. 

Afterwards chosen sets of specimens and degradation stages were used for a more detailed 

analysis (Table 8. 4). 

 

Table 8. 3 – Weight percentages for PLA/CNT-COOH nanocomposites produced by melt blending and compression 

moulding 

Specimens Nanofiller 
PLA 

(wt.%) 

Nanofiller 

(wt.%) 

PLA None 100 0 

PLA/GNP1 GNP nanoplatelets 99 1 

PLA/GNP2 GNP nanoplatelets 98 2 

PLA/CNT-COOH0.2 –COOH functionalized MWCNT 99.8 0.2 

PLA/CNT-COOH0.3 –COOH functionalized MWCNT 99.7 0.3 

PLA/CNT-COOH0.5 –COOH functionalized MWCNT 99.5 0.5 

PLA/CNT-COOH0.7 –COOH functionalized MWCNT 99.3 0.7 

PLA/CNT-COOH1 –COOH functionalized MWCNT 99 1 

 

Table 8. 4 – Performed tests on PLA and its nanocomposites during hydrolytic degradation 

Specimens GPC Mass pH SEM XRD DSC QSM Creep Fatigue DMA 

PLA * * * * * * * * * * 

PLA/GNP1 * * *    *    

PLA/GNP2 * * * * * * * * * * 

PLA/CNT-COOH0.2 * * *    *    

PLA/CNT-COOH0.3 * * *   * * * * * 

PLA/CNT-COOH0.5 * * *    *    

PLA/CNT-COOH0.7 * * * * * * * * *  

PLA/CNT-COOH1 * * *    *    
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8.2.1. MASS LOSS 

Mass of all specimens was previously measured for mass loss evaluation during hydrolytic 

degradation. Mass of each material and each stage was measured for three specimens. 

Evolution of normalized mass during 16 weeks is plotted in Fig. 8. 5. 

Concerning hydrolytic degradation, mass evolution was almost constant during 16 weeks, with 

short deviation from the initial mass of about up to a maximum of 5% loss. 

The weight loss of both PLA and its nanocomposites was not significant over 16 weeks, leading 

to the need to measure the molecular weight evolution. 

 

 

Fig. 8. 5 – Mass loss evolution along 16 weeks 

 

8.2.2. PH 

PH of PBS was measured previously hydrolytic degradation. PBS solution presented a pH value 

close to 7, on all flasks before degradation starts. 

PH remained almost constant with a slightly decrease of 0.7%  during the initial 12 weeks(Fig. 8. 

6). At the 16th week, a higher reduction around 4% was observed, probably due to PLA 

monomers loose in the aqueous solution with potential to change pH as the result of PLA chain 

scissions. 
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Fig. 8. 6 – pH evolution during 16 weeks 

8.2.3. SEM 

Some specimens of PLA, PLA/GNP2 and PLA/CNT-COOH0.7 were observed by SEM in order to 

identify surface or bulk erosion after 16 weeks of hydrolytic degradation. Specimens were 

similar with the ones tested on the stage 0 of degradation and were prepared by cryofracture. 

Specimens were immersed in liquid nitrogen, freezing them to be broken half afterwards, 

creating a clean fracture that allows to observe clearly the inside films’ structure, revealing the 

internal morphology. Hence the samples were placed into SEM machine (FEI Quanta 400 ESEM 

FEG, Philips®, Netherlands) cross-sectioned to observe the internal morphology.  

 

 

Fig. 8. 7 – SEM results after 16 weeks degraded PLA (450x) 
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Fig. 8. 8 – SEM results after 16 weeks degraded PLA (2500x) 

 

 

 

 

 

Fig. 8. 9 – SEM results after 16 weeks degraded PLA/CNT-COOH0.7 (above) and PLA/GNP2 (bellow) 
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Fig. 8. 10 – Nanocomposites degraded PLA and its nanocomposites specimens surface for several degradation 

stages. From top to bottom PLA/CNT-COOH0.7 on stage 4, PLA/CNT-COOH0.7 on stage 8, PLA/CNT-COOH0.7 on 

stage 16 and PLA on stage 16 

 

PLA and its nanocomposites present visible surface erosion (Fig. 8. 7 to Fig. 8. 10). Despite that, 

polymer and nanocomposites bulk was not visibly affected in a significant way. SEM images did 

not reveal any meaningful visible change on PLA structural morphology or its nanocomposites. 

Polymers able to experience surface erosion have greater ability to achieve a state at which the 

rate of an enzyme reaction is independent of the concentration of the substrate. Hence, PLA 

and its nanocomposites are potential candidates for drug delivery systems, delivering 

medicament, growth factors, among other substances [41]. 

 

8.2.4. X-RAY DIFFRACTION (XRD) 

XRD study was done to be used as a comparative method using non-degraded specimens (Stage 

0). 

Only PLA, PLA/GNP2 and PLA/CNT-COOH0.7 specimens degraded during 16 weeks were 

analyzed by XRD, applying the same procedure applied for non-degraded specimens.  

Rectangular specimens with 10 mm x 20 mm were analyzed on a 4-circles SEIFERT PTS X-ray 

diffractometer, equipped with a germanium detector. A collimator of 2 mm diameter in the 

incident X-ray and a Soller slits with 0.4 rad divergence in the diffracted X-ray were used. The 
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diffractogrammes were acquired with Cu Kα radiation, for a 2θ Bragg angle between 5o and 60o, 

using a fixed step size of 0.02°, during 15 s per step, at room temperature (20oC). X-ray powder 

diffraction was carried out on various regions of each sample to check its reproducibility.  

Similarly to the study developed for stage 0 specimens, XRD analysis of specimens degraded 

during 16 weeks was supported by Centro de Física da Universidade de Coimbra (CFisUC), lead 

by Prof. Maria José Marques. XRD results show the amorphous structures of PLA (Fig. 8. 11), 

PLA/CNT-COOH (Fig. 8. 12) and PLA/GNP nanocomposites (Fig. 8. 13). 

Diffraction patterns of PLA and its nanocomposites degraded during 16 weeks, was 

characterized by a curve with no sharp peaks, remaining similar to the diffraction patterns 

observed in non-degraded materials (stage 0). 

As expected PLA, PLA/CNT-COOH0.7 and the PLA/GNP2 specimens degraded during 16 weeks 

presented a strong and wide amorphous diffraction peak with similar intensities observed in the 

10o -- 25o range. The XRD diffraction maximum intensities occurred at 16.1o for PLA (Fig. 8. 11), 

at 16.8o for PLA/CNT-COOH0.7 (Fig. 8. 12) and 16.2o for PLA/GNP2 (Fig. 8. 13). 

Sharp peak observed on PLA/GNP2 diffraction pattern at 26º, risen from graphite pattern, 

remaining visible at the same angle as the second order peak near 55º (Fig. 8. 13), after 16 weeks 

degradation. 

 

 

Fig. 8. 11 – XRD results of neat PLA non-degraded and degraded during 16 weeks  
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Fig. 8. 12 – XRD results of PLA/CNT-COOH0.7 nanocomposites non-degraded and degraded during 16 weeks  

 

Fig. 8. 13 – XRD results of PLA/GNP2 nanocomposites non-degraded and degraded during 16 weeks  

 

The main feature of degradation was to slightly shift PLA diffraction peak to a lower angle. Some 

authors reasoned that these results indicate the corresponding interplanar spacings of PLA and 

its nanocomposites become slightly increased [25, 42], after hydrolytic degradation. 
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8.2.5. DIFFERENTIAL SCANNING CALORYMETRY (DSC) 

Some degraded specimens were chosen to be analyzed on DSC, applying the same procedure as 

the one used on non-degraded specimens. Thermal behaviors of PLA, PLA/GNP2, PLA/CNT-

COOH0.3 and PLA/CNT-COOH0.7 were studied by DSC (DSC Q20, TA instruments, USA), in INEGI.  

Only specimens from the final degradation stage were assessed, i.e. 16 weeks, to make a 

comparative study between non-degraded and degraded specimens. 

Similarly, to previous DSC tests, all specimens were cut from films with a very small dimension 

weighting 5 mg and heated from 30 to 200°C at a rate of 10°C/min, held at that temperature for 

1 min, then air cooled to 25°C (cooling rate of 25°C/min) before a second heating scan from 30 

to 200°C at 10°C/min scan rate. A nitrogen flow (50 ml/min) was maintained throughout the 

test. Tg, Tc and Tm were determined from the second heating scans [43]. The Tm and Tc were 

taken at the peak value of the respective endotherms and exotherms, and the Tg at the mid-

point of heat capacity changes.  

DSC results present changes on thermal behaviour of PLA, PLA/GNP2, PLA/CNT-COOH0.3 and 

PLA/CNT-COOH0.7 nanocomposites specimens (Fig. 8. 14 to Fig. 8. 17). 

For PLA glass transition temperature Tg and melting temperature Tm, did not change after 16 

weeks of hydrolytic degradation, remaining the same (Fig. 8. 14 and Fig. 8. 15). However, this 

was not a general trend. PLA/CNT-COOH0.3, PLA/CNT-COOH0.7 and PLA/GNP2 revealed 

changes on Tg and on Tm (Fig. 8. 16 and Fig. 8. 17).  Tg suffered a slightly increase and Tm peak 

turned into a double melting peak, with the second peak positioned on a higher temperature. 

 

 

Fig. 8. 14 – DSC results for PLA for degradation stages 0 and 16 weeks 
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Fig. 8. 15 – DSC results for PLA/CNT-COOH0.3 for degradation stages 0 and 16 weeks 

 

Tg and Tm of PLA and its nanocomposites presented higher heat flow peaks, both for endotherms 

and exotherms reactions, except PLA/GNP2 nanocomposites after degrading during 16 weeks 

(Fig. 8. 17). Crystallization temperature, Tc, was different for all tested specimens. PLA degraded 

specimens present a higher Tc, when compared with non-degraded ones. Unlike PLA, all 

nanocomposites showed an inferior Tc than the ones of specimens without hydrolytic 

degradation. 

 

 

Fig. 8. 16 – DSC results for PLA/CNT-COOH0.7 for degradation stages 0 and 16 weeks 
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Fig. 8. 17 – DSC results for PLA/GNP2 for degradation stages 0 and 16 weeks 

 

Double melting peak phenomenon, quite common, was observed in DSC thermogram of 

PLA/CNT-COOH0.7 degraded during 16 weeks in a clear contrast with the unique melting peak 

observed in the non-degraded PLA/CNT-COOH0.7 DSC thermogram. Theoretical explanations 

for double melting peak have been proposed , namely the double lamellar thickness model [44], 

melting-recrystallization model [45]  or the disorder-order phase transition model [46]. In the 

present case, the disorder-order phase transition model probably may explain the observed 

double melting peak, by the new crystal type of disorder α- , the α′- crystal, formed at low 

crystalline temperatures (inferior to 120oC) besides the stable α- crystal [47]. During the heating 

stage, some of the α′- crystals are transformed into more stable α- crystals, therefore α- crystals 

melts at a higher temperature, giving rise to the double melting peak.  

Double melting peak was also observed in PLA/GNP2 DSC thermogram. Transformed α- crystals 

have a higher melting point than the existing α crystals, resulting in the high temperature 

melting peak, as it shows in Fig. 8. 17. 

 

8.2.6. GEL PERMEATION CHROMATOGRAPHY (GPC) 

Gel Permeation Chromatography (GPC) was performed to analyze weight loss of the specimens, 

by determination by micro scale weight. At the end of each degradation stage, the number-

average molecular weight was measured by GPC Polymer PL50, using a Polymer ResiPore 

column (300 × 7.5 mm), and chloroform as solvent and eluent. The sample weighting around 2.5 
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mg was dissolved in 1 ml of chloroform and exposed to ultrasound for 5 min. After filtration 

samples were tested. 

This analysis was performed by the research team lead by Prof. Fernão D. Magalhães (Faculdade 

de Engenharia da Universidade do Porto) at Associação Rede de Competência em Polímeros 

(ARCP), at Porto. 

Results from molecular weight (Mw) evolution are displayed in Table 8. 5 and Table 8. 6, including 

standard deviation (St. Dev.) in gmol-1 and % and variation (Δ) of Mw compared with non-

degraded PLA. 

 

 

Fig. 8. 18 – GPC results for PLA and its nanocomposites for degradation stages between 0 and 16 weeks 

 

After 16 weeks, molecular weight reduces in total about 14.9% for PLA specimens, 6.3 to 14.2% 

for PLA/CNT-COOH nanocomposites specimens and 21.6 to 37.4% for PLA/GNP nanocomposites 

specimens (marked in dark green in Table 8. 5 and Table 8. 6).  

Molecular weight loss was higher for PLA/GNP than that of PLA and of PLA/CNT-COOH, 

indicating higher degradation rates for PLA/GNP than for PLA or PLA/CNT-COOH (Fig. 8. 18).  

PLA/CNT-COOH nanocomposites with lower CNT-COOH content presented the higher loss on 

molecular weight. Similar effect was observed between PLA/GNP1 and PLA/GNP2. Lower 

nanoparticles content apparently induces higher molecular weight loss rates. 

Based on molecular weight of non-degraded PLA, after degradation during 16 weeks, molecular 

weight loss of PLA/CNT-COOH nanocomposites was between 6.7 and 14.8% and between 26.5 

and 40.0% for PLA/GNP nanocomposites (marked in dark blue in Table 8. 5 and Table 8. 6). 

 

 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for augmentation ligament devices: production and characterization 

228      Viviana Correia Pinto, 2016 

Table 8. 5 – GPC results for PLA and nanocomposites: stages 0, 2, 4, 6, 8, 12 and 16 weeks (part I) 

  

Stage 

(weeks) 

 

Molecular 

Weight, Mw 

(gmol−1) 

St. Dev. 

ΔMw 

(gmol−1) 

St. Dev.  

ΔMw 

(%) 

Δn from PLA on 

same stage  

(%) 

Δ from PLA on 

stage 0 (%) 

Δ from 

nanocomposite 

on stage 0  

(%) 

S
p

e
ci

m
e

n
s 

PLA 

0 168291.0 1450.9 0.9 -   - 
2 157802.7 4727.6 3.0 - -6.2 - 
4 153497.0 3345.3 2.2 - -8.8 - 
6 152923.3 2400.8 1.6 - -9.1 - 
8 148629.7 1023.7 0.7 - -11.7 - 

12 145694.0 995.12 0.7 - -13.4 - 
16 143282.0 1492.2 1.0 - -14.9 - 

PLA/CNT-COOH0.2 

0 171037.0 2245.3 1.3 1.6  1.6 - 
2 170785.3 2322.1 1.4 8.2 1.5 -0.1 
4 170863.3 681.74 0.4 11.3 1.5 -0.1 
6 168482.3 2436.1 1.4 10.2 0.1 -1.5 
8 167742.3 3756.2 2.2 12.9 -0.3 -1.9 

12 162688.3 2098.2 1.3 11.7 -3.3 -4.9 
16 147831.0 1902.0 1.3 3.2 -12.2 -13.6 

PLA/CNT-COOH0.3 

0 167089.3 3162.7 1.9 -0.7  -0.7  - 
2 159332.3 377.93 0.2 1.0 -5.3 -4.6 
4 150649.7 1506.8 1.0 -1.9 -10.5 -9.8 
6 148424.7 110.84 0.1 -2.9 -11.8 -11.2 
8 147375.7 536.51 0.4 -0.8 -12.4 -11.8 

12 146599.0 1073.2 0.7 0.6 -12.9 -12.3 
16 143428.7 3102.7 2.2 0.1 -14.8 -14.2 

PLA/CNT-COOH0.5 

0 167606.7 2865.9 1.7 -0.4  -0.4 - 
2 166790.0 3531.5 2.1 5.7 -0.9 -0.5 
4 163806.7 1822.1 1.1 6.7 -2.7 -2.3 
6 161183.3 343.93 0.2 5.4 -4.2 -3.8 
8 160512.0 109.91 0.1 8.0 -4.6 -4.2 

12 160353.7 158.14 0.1 10.1 -4.7 -4.3 
16 156978.0 2271.9 1.4 9.6 -6.7 -6.3 
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Table 8. 6 – GPC results for PLA and nanocomposites: stages 0, 2, 4, 6, 8, 12 and 16 weeks (part II) 

  

Stage 

(weeks) 

 

Molecular 

Weight, Mw 

(gmol−1) 

St. Dev. 

ΔMw 

(gmol−1) 

St. Dev. 

ΔMw 

(%) 

Δ from PLA on 

same stage  

(%) 

Δ from PLA on 

stage 0 (%) 

Δ from 

nanocomposite 

on stage 0  

(%) 

S
p

e
ci

m
e

n
s 

PLA/CNT-COOH0.7 

0 170058.3 358.14 0.2 1.1  1.1 - 
2 169783.7 1017.0 0.6 7.6 0.9 -0.2 
4 168732.7 1154.4 0.7 9.9 0.3 -0.8 
6 164912.0 390.61 0.2 7.8 -2.0 -3.0 
8 160913.0 2205.8 1.4 8.3 -4.4 -5.4 

12 160274.0 1287.1 0.8 10.0 -4.8 -5.8 
16 155851.7 873.02 0.6 8.8 -7.4 -8.4 

PLA/CNT-COOH1 

0 168584.3 3636.3 2.2 0.2 0.2  - 
2 167228.7 1511.4 0.9 6.8 0.2 -0.8 
4 167185.0 551.04 0.3 8.9 -0.7 -0.8 
6 162385.7 1571.3 1.0 6.2 -3.5 -3.7 
8 155501.7 2792.8 1.8 4.6 -7.6 -7.8 

12 155212.0 1869.1 1.2 6.5 -7.8 -7.9 
16 155530.0 235.52 0.2 8.5 -7.6 -7.7 

PLA/GNP1 

0 157631.7 2695.7 1.7 -6.3  -6.3   
2 146061.7 1411.9 1.0 -7.4 -13.2 -7.3 
4 139363.7 406.72 0.3 -9.2 -17.2 -11.6 
6 139520.3 1042.0 0.7 -8.8 -17.1 -11.5 
8 137915.3 3047.5 2.2 -7.2 -18.0 -12.5 

12 129373.0 1974.5 1.5 -11.2 -23.1 -17.9 
16 123610.3 3588.3 2.9 -13.7 -26.5 -21.6 

PLA/GNP2 

0 161309.0 3651.6 2.3 -4.1  -4.1   
2 142501.3 1472.1 1.0 -9.7 -15.3 -11.7 
4 136326.0 606.71 0.4 -11.2 -19.0 -15.5 
6 136049.0 628.24 0.5 -11.0 -19.2 -15.7 
8 125293.0 679.11 0.5 -15.7 -25.5 -22.3 

12 122960.0 1277.5 1.0 -15.6 -26.9 -23.8 
16 100950.7 3391.2 3.4 -29.5 -40.0 -37.4 
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8.2.7. QUASI-STATIC TENSILE TESTS 

For the QSM tests specimens were cut from PLA, PLA/CNT-COOH, PLA/GNP films. Similarly to 

tests performed on non-degraded specimens, specimens were cut in a dog bone format with a 

gauge length of 80 mm and 10 mm width, grip section of 15 mm width and 20 mm length, and 

overall length of 140mm, following ASTM D882 norm [48]. 

Tensile tests were done using the same testing machine, under displacement control, coupled 

with an image-based feature-tracking method (FTM) (Fig. 8. 19). The load was measured 

employing a 2kN load cell. Tests under a constant displacement rate of 2 mm min-1 which 

corresponded to a strain rate of 10-4 s-1 were assumed quasi-static. 

PLA, all PLA/CNT-COOH, PLA/GNP1 and PLA/GNP2 specimens were tested. Table 8. 7 to Table 8. 

9 summarize quasi-static tensile results, which includes tensile strength, elongation at yield, 

toughness and Young’s modulus, respective standard deviations (St. Dev.) and variations (Δ) of 

these with non-degraded PLA and non-degraded nanocomposite. 

Some of PLA/GNP specimens become fragile after 16 weeks of degradation, restraining some 

mechanical characterization, especially long term characterization. 

 

  

Fig. 8. 19 – QSM test on degraded specimens of PLA and its nanocomposites  

 

Through mechanical analysis of the nanocomposites it was found that up to 16 weeks 

degradation, the tensile strength is reduced by about 17.7% for PLA, 28.5 -35.5% for PLA/CNT-

COOH nanocomposites and around 31 - 32.9% for PLA/GNP nanocomposites (marked in dark 

green in Table 8. 7 and Table 8. 8).   

Relatively to non-degraded PLA, PLA/CNT-COOH nanocomposites reveal a similar loss to the 

PLA’s (17.7%) around 16 - 23.5% (marked in blue in Table 8. 7 and Table 8. 8). In the case of 

PLA/GNP nanocomposites strength loss was higher, i.e. around 30.6% - 32.5% (marked in blue 

in Table 8. 8). 

Toughness of PLA decreased 27.1% during 16 weeks of hydrolytic degradation (marked in dark 

green in Table 8. 7). PLA/CNT-COOH nanocomposites toughness reduction was in general 

inferior, between 11 and 18.4%, except for PLA/CNT-COOH0.3 which suffered the highest 
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decrease among PLA/CNT-COOH nanocomposites, i.e. 39.7% (marked in dark green in Table 8. 

7 and Table 8. 8). Also, PLA/CNT-COOH1 mean toughness result reveals an 19.3% increase, not 

following the expected trend (marked in dark green in Table 8. 8). PLA/GNP nanocomposites 

toughness accounted the highest reduction of 44.8 - 47.6%, if compared with PLA and PLA/CNT-

COOH nanocomposites (marked in dark green in Table 8. 8). 

Regarding non-degraded PLA toughness, PLA/CNT-COOH nanocomposites presented a 

reduction of about 2.2 - 28.2%, with highest reduction for PLA/CNT-COOH0.3 and the lowest for 

PLA/CNT-COOH0.7 (marked in blue in Table 8. 7 and Table 8. 8). PLA/CNT-COOH1 toughness was 

not inferior to PLA. This was not expected, since does not follow any reported trend (marked in 

blue in Table 8. 8). PLA/GNP nanocomposites toughness reduction compared with non-degraded 

PLA was around 42.9 - 58% (marked in blue in Table 8. 8).  

In conclusion, mechanical properties of PLA/GNP undergo higher loss during hydrolytic 

degradation, unlike PLA/CNT-COOH which exhibit improved toughness and similar tensile 

strength loss (Fig. 8. 20) if compared with non-degraded PLA. 

 

 

Fig. 8. 20 – Normalized tensile strength vs time on degraded specimens of PLA and its nanocomposites  

 

Young's modulus evolution presented a similar behaviour among PLA and its nanocomposites. 

PLA had a Young’s modulus loss of 12.8% after degrading 16 weeks. PLA/CNT-COOH and 

PLA/GNP nanocomposites showed a loss on Young’s modulus of 10.7 - 24.5% and 18.5 - 22.5%, 

respectively (marked in dark green in Table 8. 9). 

After 16 weeks, when compared with non-degraded PLA, the Young's modulus of PLA/CNT-

COOH and PLA/GNP nanocomposites was reduced by 4.9 to 8.3% and 4.5%, respectively 

(marked in dark green in Table 8. 9). 
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Despite the reduction, after 16 weeks of hydrolytic degradation all nanocomposites displayed 

higher values of Young’s modulus than PLA (marked in bold in Table 8. 9 and Fig. 8. 21). 

Erosion arised as the main degradation process of PLA and its nanocomposites. After 16 weeks 

of degradation their original strength suffered a considerable higher loss than their weight loss. 

 

 

Fig. 8. 21 – Young’s modulus vs time on degraded specimens of PLA and its nanocomposites  
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Table 8. 7 – QSM tests results for PLA and nanocomposites, stages 0, 2, 4, 6, 8, 12 and 16 weeks (part I): tensile strength, elongation at yield and toughness 

  

Stage 

(weeks) 

 

Tensile 

strength  

σ 

(MPa) 

St. 

Dev. 

Δ σ 

(MPa) 

St. 

Dev. 

Δ σ 

(%) 

 Δ 

from 

PLA on 

stage 

0 (%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

Elongation 

at yield 

εy  

(%) 

St. 

Dev. 

Δ εy 

(%) 

St. 

Dev. 

Δ εy 

(%) 

Δ from 

PLA on 

stage 

0 (%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

Toughness 

(MPa) 

St. 

Dev. 

Δ εy 

(%) 

St. 

Dev. 

Δ εy 

(%) 

Δ from 

PLA on 

stage 

0 (%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

S
p

e
ci

m
e

n
s 

PLA 

0 59.903 4.433 7.4  - 1.858 0.065 3.5  - 93.942 10.720 11.4 - - 
2 47.533 0.422 0.9 -20.7 - 2.851 0.995 34.9 53.4 - 76.227 5.1576 6.8 -18.9 - 
4 51.906 0.849 1.6 -13.4 - 1.944 0.414 21.3 4.6 - 72.541 8.8678 12.2 -22.8 - 
6 49.951 1.010 2.0 -16.6 - 2.092 0.523 25.0 12.6 - 67.240 12.864 19.1 -28.4 - 
8 51.433 3.294 6.4 -14.1 - 1.836 0.321 17.5 -1.2 - 63.425 4.3864 6.9 -32.5 - 

12 49.346 0.823 1.7 -17.6 - 1.976 0.237 12.0 6.4 - 61.381 1.6092 2.6 -34.7 - 
16 49.286 2.887 5.9 -17.7 - 2.322 0.349 15.0 25.0 - 68.468 6.483 9.5 -27.1 - 

PLA/CNT-COOH0.2 

0 70.378 4.445 6.3 17.5 - 2.194 0.083 3.8 18.1 - 99.596 5.9130 5.9 6.0 - 
2 48.697 3.519 7.2 -18.7 -30.8 1.904 0.263 13.8 2.5 -13.2 79.435 11.044 13.9 -15.4 -20.2 
4 48.221 1.237 2.6 -19.5 -31.5 2.130 0.577 27.1 14.6 -2.9 75.805 14.388 19.0 -19.3 -23.9 
6 46.365 2.215 4.8 -22.6 -34.1 2.401 0.454 18.9 29.2 9.4 94.135 33.877 36.0 0.2 -5.5 
8 49.360 2.765 5.6 -17.6 -29.9 1.590 0.121 7.6 -14.4 -27.5 61.759 7.0921 11.5 -34.3 -38.0 

12 49.183 0.729 1.5 -17.9 -30.1 2.135 0.575 26.9 14.9 -2.7 67.972 18.533 27.3 -27.6 -31.8 
16 50.293 1.104 2.2 -16.0 -28.5 3.728 0.558 15.0 100.6 69.9 84.458 24.977 29.6 -10.1 -15.2 

PLA/CNT-COOH0.3 

0 73.399 3.581 4.9 22.5 - 2.140 0.045 2.1 15.2 - 111.87 3.1382 2.8 19.1 - 
2 48.799 2.391 4.9 -18.5 -33.5 2.643 1.337 50.6 42.3 23.5 106.63 8.5401 8.0 13.5 -4.7 
4 49.706 1.539 3.1 -17.0 -32.3 2.346 0.848 36.1 26.3 9.6 81.761 10.646 13.0 -13.0 -26.9 
6 49.616 0.461 0.9 -17.2 -32.4 2.568 1.622 63.2 38.2 20.0 112.46 47.109 41.9 19.7 0.5 
8 48.978 1.284 2.6 -18.2 -33.3 1.826 0.433 23.7 -1.7 -14.7 75.037 1.2651 1.7 -20.1 -32.9 

12 49.345 1.735 3.5 -17.6 -32.8 1.678 0.124 7.4 -9.7 -21.6 81.552 9.0884 11.1 -13.2 -27.1 
16 46.437 2.947 6.3 -22.5 -36.7 1.664 0.214 12.9 -10.5 -22.3 67.413 8.170 12.1 -28.2 -39.7 

PLA/CNT-COOH0.5 

0 69.063 10.86 15.7 15.3 - 1.851 0.452 24.4 -0.4 - 101.20 9.6241 9.5 7.7 - 
2 45.067 3.475 7.7 -24.8 -34.7 1.817 0.162 8.9 -2.2 -1.8 65.675 10.813 16.5 -30.1 -35.1 
4 49.261 1.475 3.0 -17.8 -28.7 1.720 0.124 7.2 -7.4 -7.1 84.802 14.489 17.1 -9.7 -16.2 
6 47.921 2.362 4.9 -20.0 -30.6 2.007 0.138 6.9 8.0 8.4 79.041 2.5621 3.2 -15.9 -21.9 
8 47.503 1.320 2.8 -20.7 -31.2 1.951 0.780 40.0 5.0 5.4 44.705 6.0221 13.5 -52.4 -55.8 

12 50.050 2.293 4.6 -16.4 -27.5 1.865 0.377 20.2 0.4 0.8 71.877 0.2243 0.3 -23.5 -29.0 
16 49.160 1.297 2.6 -17.9 -28.8 2.777 0.062 2.2 49.5 50.1 90.060 19.604 21.8 -4.1 -11.0 
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Table 8. 8 – QSM tests results for PLA and nanocomposites, stages 0, 2, 4, 6, 8, 12 and 16 weeks (part II): tensile strength, elongation at yield and toughness 

  

Stage 

(weeks) 

 

Tensile 

strength  

σ 

(MPa) 

St. 

Dev. 

Δ σ 

(MPa) 

St. 

Dev. 

Δ σ 

(%) 

 Δ 

from 

PLA on 

stage 

0 (%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

Elongation 

at yield 

εy  

(%) 

St. 

Dev. 

Δ εy 

(%) 

St. 

Dev. 

Δ εy 

(%) 

Δ from 

PLA on 

stage 

0 (%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

Toughness 

(MPa) 

St. 

Dev. 

Δ εy 

(%) 

St. 

Dev. 

Δ εy 

(%) 

Δ from 

PLA on 

stage 

0 (%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

S
p

e
ci

m
e

n
s 

PLA/CNT-COOH0.7 

0 72.222 1.004 1.4 20.6 - 2.251 0.636 28.3 21.2 - 112.692 6.343 5.6 20.0 - 
2 46.273 3.113 6.7 -22.8 -35.9 2.201 0.875 39.8 18.4 -2.3 62.926 6.620 10.5 -33.0 -44.2 
4 48.428 3.521 7.3 -19.2 -32.9 1.726 0.177 10.3 -7.1 -23.4 98.288 4.958 5.0 4.6 -12.8 
6 48.074 6.983 14.5 -19.7 -33.4 2.437 0.293 12.0 31.2 8.2 80.474 42.634 53.0 -14.3 -28.6 
8 47.523 1.003 2.1 -20.7 -34.2 1.644 0.176 10.7 -11.5 -27.0 60.376 0.185 0.3 -35.7 -46.4 

12 49.231 0.770 1.6 -17.8 -31.8 1.597 0.118 7.4 -14.1 -29.1 73.326 7.716 10.5 -21.9 -34.9 
16 47.078 0.684 1.5 -21.4 -34.8 3.167 0.374 11.8 70.4 40.7 91.922 13.404 14.6 -2.2 -18.4 

PLA/CNT-COOH1 

0 71.118 5.066 7.1 18.7 - 1.318 0.561 42.6 -29.1 - 97.316 12.874 13.2 3.6  
2 44.184 1.285 2.9 -26.2 -37.9 2.119 0.890 42.0 14.1 60.8 67.304 11.360 16.9 -28.4 -30.8 
4 47.209 1.539 3.3 -21.2 -33.6 1.658 0.848 51.1 -10.8 25.8 63.638 10.646 16.7 -32.3 -34.6 
6 51.594 0.461 0.9 -13.9 -27.5 2.138 1.622 75.9 15.1 62.2 74.041 47.109 63.6 -21.2 -23.9 
8 48.162 0.764 1.6 -19.6 -32.3 2.682 1.223 45.6 44.3 103.5 86.733 21.239 24.5 -7.7 -10.9 

12 47.488 1.106 2.3 -20.7 -33.2 2.746 0.077 2.8 47.8 108.4 94.492 21.092 22.3 0.6 -2.9 
16 45.848 1.777 3.9 -23.5 -35.5 3.794 1.046 27.6 104.2 187.8 116.138 32.021 27.6 23.6 19.3 

PLA/GNP1 

0 61.937 2.605 4.2 3.4 - 1.731 0.236 13.7 -6.8 - 75.336 14.596 19.4 -19.8 - 
2 41.452 2.391 5.8 -30.8 -33.1 1.613 1.337 82.9 -13.2 -6.8 74.029 8.540 11.5 -21.2 -1.7 
4 43.570 1.710 3.9 -27.3 -29.7 1.881 0.552 29.4 1.2 8.7 53.110 11.602 21.8 -43.5 -29.5 
6 44.113 0.525 1.2 -26.4 -28.8 1.921 0.402 20.9 3.4 11.0 65.733 10.254 15.6 -30.0 -12.7 
8 43.640 1.154 2.6 -27.1 -29.5 1.195 1.445 121.0 -35.7 -31.0 46.694 6.401 13.7 -50.3 -38.0 

12 44.013 2.778 6.3 -26.5 -28.9 1.714 1.132 66.1 -7.8 -1.0 57.343 9.279 16.2 -39.0 -23.9 
16 41.567 2.534 6.1 -30.6 -32.9 1.440 0.255 17.7 -22.5 -16.8 39.464 7.608 19.3 -58.0 -47.6 

PLA/GNP2 

0 58.557 4.159 7.1 -2.2 - 1.603 0.233 14.5 -14.3 - 97.316 12.118 12.5 3.6 - 
2 42.357 4.350 10.3 -29.3 -27.7 1.592 0.245 15.4 -14.3 -0.7 46.058 7.051 15.3 -51.0 -52.7 
4 45.485 1.449 3.2 -24.1 -22.3 1.573 0.164 10.4 -15.3 -1.9 54.118 11.764 21.7 -42.4 -44.4 
6 41.324 2.396 5.8 -31.0 -29.4 1.434 0.145 10.1 -22.8 -10.6 48.093 7.948 16.5 -48.8 -50.6 
8 42.897 1.477 3.4 -28.4 -26.7 1.670 0.317 19.0 -10.1 4.2 45.674 8.886 19.5 -51.4 -53.1 

12 42.274 0.275 0.7 -29.4 -27.8 1.750 0.148 8.4 -5.8 9.2 55.233 15.689 28.4 -41.2 -43.2 
16 40.425 1.973 4.9 -32.5 -31.0 1.544 0.067 4.3 -16.9 -3.6 53.686 4.739 8.8 -42.9 -44.8 
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Table 8. 9 – QSM tests results for PLA and nanocomposites, stages 0, 2, 4, 6, 8, 12 and 16 weeks: Young’s modulus 

  

Stage 

(weeks) 

 

Young’s 

Modulus 

Y 

(GPa) 

St. Dev. 

Δ Y 

(GPa) 

St. Dev. 

Δ Y 

(%) 

Δ from 

PLA on 

same 

stage  

(%) 

 Δ from 

PLA on 

stage 0 

(%) 

Δ from 

nanocom-

posite on 

stage 0 

(%) 

S
p

e
ci

m
e

n
s 

PLA 

0 3.986 0.454 11.4  - - 
2 2.867 0.668 23.3  -28.1 - 
4 3.603 0.118 3.3  -9.6 - 
6 3.597 0.110 3.1  -9.8 - 
8 3.744 0.104 2.8  -6.1 - 

12 3.565 0.072 2.0  -10.6 - 
16 3.477 0.179 5.1  -12.8 - 

PLA/CNT-COOH0.2 

0 4.186 0.150 3.6 5.0 5.0 - 
2 3.432 0.162 4.7 19.7 -13.9 -18.0 
4 3.307 0.089 2.7 -8.2 -17.0 -21.0 
6 3.414 0.111 3.3 -5.1 -14.4 -18.5 
8 3.632 0.109 3.0 -3.0 -8.9 -13.2 

12 3.507 0.155 4.4 -1.6 -12.0 -16.2 
16 3.654 0.073 2.0 5.1 -8.3 -12.7 

PLA/CNT-COOH0.3 

0 4.430 0.227 5.1 11.1 11.1 - 
2 3.428 0.189 5.5 19.6 -14.0 -22.6 
4 3.416 0.140 4.1 -5.2 -14.3 -22.9 
6 3.541 0.091 2.6 -1.5 -11.2 -20.1 
8 3.520 0.097 2.7 -6.0 -11.7 -20.5 

12 3.481 0.200 5.7 -2.4 -12.7 -21.4 
16 3.740 0.195 5.2 7.6 -6.2 -15.6 

PLA/CNT-COOH0.5 

0 4.242 0.054 1.3 6.4 6.4 - 
2 3.280 0.262 8.0 14.4 -17.7 -22.7 
4 3.526 0.088 2.5 -2.1 -11.5 -16.9 
6 3.504 0.088 2.5 -2.6 -12.1 -17.4 
8 3.575 0.031 0.9 -4.5 -10.3 -15.7 

12 3.634 0.132 3.6 1.9 -8.8 -14.3 
16 3.789 0.078 2.0 9.0 -4.9 -10.7 

PLA/CNT-COOH0.7 

0 4.860 0.468 9.6 21.9 21.9 - 
2 3.341 0.294 8.8 16.5 -16.2 -31.3 
4 3.629 0.071 2.0 0.7 -8.9 -25.3 
6 3.612 0.226 6.3 0.4 -9.4 -25.7 
8 3.617 0.040 1.1 -3.4 -9.3 -25.6 

12 3.662 0.021 0.6 2.7 -8.1 -24.6 
16 3.671 0.011 0.3 5.6 -7.9 -24.5 

PLA/CNT-COOH1 

0 4.368 0.122 2.8 9.6 9.6 - 
2 3.237 0.095 2.9 12.9 -18.8 -25.9 
4 3.497 0.140 4.0 -2.9 -12.3 -19.9 
6 3.944 0.091 2.3 9.6 -1.1 -9.7 
8 3.556 0.021 0.6 -5.0 -10.8 -18.6 

12 3.534 0.085 2.4 -0.9 -11.3 -19.1 
16 3.679 0.096 2.6 5.8 -7.7 -15.8 

PLA/GNP1 

0 4.670 0.090 1.9 17.1 17.1 - 
2 3.531 0.189 5.4 23.2 -11.4 -24.4 
4 3.648 0.039 1.1 1.2 -8.5 -21.9 
6 3.711 0.073 2.0 3.2 -6.9 -20.5 
8 3.658 0.159 4.3 -2.3 -8.2 -21.7 

12 3.856 0.110 2.9 8.2 -3.3 -17.4 
16 3.806 0.085 2.2 9.5 -4.5 -18.5 

PLA/GNP2 

0 4.917 0.210 4.3 23.3 23.3 - 
2 3.935 0.357 9.1 37.3 -1.3 -20.0 
4 4.186 0.099 2.4 16.2 5.0 -14.9 
6 4.004 0.060 1.5 11.3 0.5 -18.6 
8 4.153 0.156 3.7 10.9 4.2 -15.5 

12 3.996 0.518 13.0 12.1 0.3 -18.7 
16 3.808 0.008 0.2 9.5 -4.5 -22.5 
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8.2.8. MICHAELIS-MENTEN’S SCHEME 

Hydrolytically degradable polymers enable the design of temporary implants to provide a certain 

physical or mechanical function during a limited period of time. Polymers should degrade when 

this function is no longer required. 

Medical devices based on biodegradable polymers have been introduced clinically more than 30 

years ago, however, a small rate of application is verified [5]. The uncertainty of degradation 

time, especially regarding mechanical properties evolution, is one disadvantage for an increase 

use of biodegradable implants. Experimental testing of these materials is performed in the 

presence of enzymes, cells or tissues, in vitro in buffer solution [49, 50] or in vivo with animal 

models [51, 52], being difficult to inspect degradation rates. However, human body is a complex 

system with several factors that could widely influence implants degradation. Indeed there is a 

strong need for methodologies to characterize and predict polymeric hydrolytic degradation. 

A first order kinetics equation based on the kinetic mechanism of hydrolysis, has been used to 

model hydrolytic degradation, according to the Michaelis–Menten scheme [53] 

Regarding the carboxyl end groups (C), the ester concentration (E) and the water concentration 

(w) relation, the first-order equation is used: 

q�
q( = hrc� = s�    (Eq. 8. 3) 

where u is the hydrolysis rate of the material, k is the hydrolysis rate constant, assuming that E 

and w are constant in the early stages of the reaction. In addition, water diffusion is uniform 

within the specimen volume. 

Resultant from chain scission, broken molecules of PLA lead to an increase of carboxylic and 

alcohol end groups. Concentrations of carboxyl end groups can be described as: 

� = 
t�     (Eq. 8. 4) 

where Mn is the polymer molecular weight. Using molecular weight and Eq. 8.1 a dependency 

of molecular weight and time can be described by: 

t� = t*jZs�( = s�    (Eq. 8. 5) 

where Mn and M0, are the number-average molecular weight, at a given time t and initially at 

t=0, respectively. um is the hydrolysis rate for molecular weight. 

Similarly, the failure strength of a polymer can be related to the molecular weight, through the 

empirical relation [54]: 

2 = 2o − 4
t� = 2o − 4

t*jus(    (Eq. 8. 6) 

With σ being the fracture strength, �o the fracture strength at infinite molecular weight, and A 

is a material constant. 

Michaelis-Menten approach was developed on normalized Mw and tensile strength evolution in 

time results, being possible to apply a linear regression (Table 8. 10, Fig. 8. 22 and Fig. 8. 23). 
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Fig. 8. 22 – Linear regression for degraded PLA and its nanocomposites for Mw 

 

It is possible to realize that measured strength follows the same trend as the molecular weight, 

in a semi-logarithmic representation (Fig. 8. 22 and Fig. 8. 23), being feasible to use the following 

equation [55]: 

2( = 2*jZs2(     (Eq. 8. 7) 

where uσ is the hydrolysis rate for molecular weight. 

 

 

Fig. 8. 23 – Linear regression for degraded PLA and its nanocomposites for tensile strength 
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Table 8. 10 – Linear regression parameters for PLA and nanocomposites, stages 0, 2, 4, 6, 8, 12 and 16 weeks: Mw 

and tensile strength evolution in time 

 Mw Tensile Strength 

Specimens um b R2 uσ b R2 

PLA 0.0109 -0.0029 0.8668 0.0166 -0.005 0.9834 

PLA/GNP1 0.0141 -0.0257 0.9625 0.0319 -0.0248 0.8982 

PLA/GNP2 0.0254 -0.0281 0.9337 0.0356 -0.03 0.8827 

PLA/CNT-COOH0.2 0.0085 0.0211 0.8326 0.0297 -0.0342 0.8008 

PLA/CNT-COOH0.3 0.0089 -0.0309 0.8190 0.0348 -0.0349 0.8414 

PLA/CNT-COOH0.5 0.0060 0.0021 0.9577 0.0358 -0.0258 0.9111 

PLA/CNT-COOH0.7 0.0057 0.007 0.9768 0.0293 -0.0234 0.8929 

PLA/CNT-COOH1 0.0061 -0.0009 0.8080 0.0288 -0.0201 0.9162 

 

 

Degradation rates of molecular weight and tensile strength were determined successfully 

according to Michaelis-Menten scheme (Fig. 8. 22 and Fig. 8. 23). 

It was possible to observe the mechanical properties evolution during 16 weeks. PLA/CNT-COOH 

tensile strength degradation rates were lower than for PLA, presenting slower mechanical 

properties degradation rates, contrary to PLA/GNP nanocomposites displaying higher 

degradation rates for tensile strength. 

A theoretical prediction may be done considering resultant equations and parameters form Michaelis-Menten 

approach for longer degradation times (Table 8. 11 and  

Table 8. 12). Based on this, it is possible to have an idea of the mechanical and molecular weight 

loss during, for instance, 1 year, of the biodegradable polymer.Certainly, this model does not 

take into account crucial factors that influence degradation in vitro and in vivo, remarking the 

importance of developing better theoretical models encompassing all critical factors affecting 

biodegradation rate.  
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Table 8. 11 – Prediction Mw and tensile strength for PLA and its nanocomposites after 24, 48 and 52 weeks 

 Mw/Mw0 
Loss % of Mw 

(%) 

Specimens 24 48 52 24 48 52 

PLA 0.768 0.590 0.566 23.2 40.9 43.4 

PLA/GNP1 0.832 0.679 0.656 16.7 32.1 34.4 

PLA/GNP2 0.783 0.632 0.610 21.7 36.8 39.0 

PLA/CNT-COOH0.2 0.868 0.751 0.733 13.2 24.9 26.6 

PLA/CNT-COOH0.3 0.878 0.766 0.749 12.2 23.4 25.1 

PLA/CNT-COOH0.5 0.863 0.746 0.728 13.7 25.4 27.2 

PLA/CNT-COOH0.7 0.695 0.495 0.468 30.5 50.5 53.2 

PLA/CNT-COOH1 0.529 0.287 0.260 47.1 71.3 74.0 

 

Table 8. 12 – Prediction Mw and tensile strength for PLA and its nanocomposites after 24, 48 and 52 weeks 

 σ/σ0 Loss % of σ (%) 

Specimens 24 48 52 24 48 52 

PLA 0.6050 0.3690 0.3398 39.5 63.1 66.0 

PLA/GNP1 0.4509 0.2087 0.1835 54.9 79.1 81.6 

PLA/GNP2 0.4160 0.1783 0.1548 58.4 82.2 84.5 

PLA/CNT-COOH0.2 0.5908 0.3586 0.3300 40.9 64.1 67.0 

PLA/CNT-COOH0.3 0.4415 0.2014 0.1767 55.8 79.9 82.3 

PLA/CNT-COOH0.5 0.4353 0.1943 0.1699 56.5 80.6 83.0 

PLA/CNT-COOH0.7 0.4836 0.2394 0.2129 51.6 76.1 78.7 

PLA/CNT-COOH1 0.4947 0.2496 0.2227 50.5 75.0 77.7 
 

 

8.2.9. CREEP TESTS 

Creep mechanical tests specimens were cut in a dog bone format with a gauge length of 80 mm 

and 10 mm width, grip section of 15 mm width and 20 mm length, and overall length of 140 mm, 

following ASTM D882 norm [48]. The same configuration used previously in quasi-static 

mechanical testing. 

Creep tests conditions for hydrolytic degraded specimens were the same as the ones applied for 

creep tests without degradation (stage 0). Tests were performed in the same Instron® 

ElectroPuls E1000 (High Wycombe, England) under load control. Specimens were subjected to 

uniaxial stress during a time interval. Creep tests were performed for merely two stress levels 
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of tensile strength, particularly 10% (T1) and 70% (T4). The load ramp at 2.5N/s until reach the 

stress level and then kept constant during 600 seconds. Thereafter the load is removed during 

another 600 seconds until load is reset. During the test the load, axial strain and time were 

measured. All tests were made at room temperature (20oC) and at least three specimens were 

used for each case. Like before, creep tests were coupled with an image-based feature-tracking 

method (FTM) to measure the strain field [56-58]. Specimens were painted with a few marks 

(local features) in grid format, over the region of interest, in the gauge length of each specimen, 

with a suitable colour, shape and size. 

Attending to possible small deviations on the specimens’ dimensions, it was used as reference 

the minimum tensile strength measured from three 16 weeks degraded PLA specimens’ 

obtained in quasi-static tensile tests and using the maximum cross-sectional area of specimens 

(5.20 mm2) (Table 8. 13). 

Respecting tested specimens, only PLA, PLA/CNT-COOH0.3, PLA/CNT-COOH0.7 and PLA/GNP2 

were considered. Similarly, only two degradation time stages were chosen for creep testing, i.e. 

8 and 16 weeks. 

 

Table 8. 13 – Applied Stress for creep tests on degraded specimens.*considering the minimum of 3 specimens. 

**considering the maximum specimen cross-sectional area (3.14 mm2) 

 Stage (weeks) 

 8 16 

Tensile Strength (MPa)* 48.063 48.318 

Correspondent maximum Load (N) 170 150 

Maximum Stress defined (MPa) ** 32.692 28.846 

Stress level's name T1 T4 T1 T4 

Stress level (%) 10 70 10 70 

Applied Stress (MPa) 3.269 22.885 2.885 20.192 

 

Regarding permanent strain analysis done on previous Chapter, a simple approach was made in 

order to determine and compare permanent strain accumulate on specimens after 8 and 16 

weeks hydrolytic degradation (Table 8. 14). Also, between stages an analysis on the variation of 

permanent strain was developed (Table 8. 15). 

PLA/GNP2 specimens have become fragile after hydrolytic degradation, not being able to be 

accurately tested under creep loading, breaking before the imposed stress level was attained. 

This occurred for degradation stage 8 under both stress levels and for degradation stage 16 

under T4 stress level (Table 8. 14). 
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Table 8. 14 – Permanent strain for PLA and nanocomposites: stages 0, 8 and 16 weeks. Comparison of the 

permanent strain PLA and its nanocomposites  

  

Stage 

(weeks) 

 

Permanent 

strain (%) 

Δ Permanent 

strain 

relatively to 

PLA on the 

same stage 

(%) 

Permanent 

strain (%) 

Δ Permanent 

strain 

relatively to 

PLA on the 

same stage 

(%) 

Stress level's name  T1  T4  

Stress level (%)  10  70  

S
p

e
ci

m
e

n
s 

PLA 

0 0.0441±0.0066  0.0747±0.1289  

8 0.0438±0.0023  0.0777±0.005  

16 0.0519±0.0028  0.0716±0.0041  

PLA/CNT-COOH0.3 

0 0.0353±0.0115 -21.6 0.0546±0.0102 -27.0 

8 0.0380±0.0032 -13.2 0.0731±0.0029 -5.9 

16 0.0474±0.0031 -8.7 0.0569±0.0068 -20.6 

PLA/CNT-COOH0.7 

0 0.0354±0.0039 -19.8 0.0544±0.0197 -27.2 

8 0.0323±0.0027 -26.4 0.0686±0.0041 -11.8 

16 0.0398±0.0030 -23.3 0.0498±0.0047 -30.4 

PLA/GNP2 

0 0.0289±0.0292 -29.4 0.1602±0.0037 26.5 

8 - - - - 

16 0.03348±0.0052 -35.6 - - 

 

Maximum strain achieved by degraded specimens under creep loading was higher compared to 

the non-degraded specimens. Hence, a permanent strain analysis was done, pointing to similar 

reductions on degraded PLA/CNT-COOH and PLA/GNP specimens as the non-degraded ones, 

compared to PLA. 

As expected, permanent strain increased with hydrolytic degradation time (Table 8. 15). 

 

 

 

 

 

 

 

 

 

 

 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

242  Viviana Correia Pinto, 2016 

 

Table 8. 15 – Comparison of the permanent strain PLA and its nanocomposites between stages 0, 8 and 16 weeks 

  Specimens 

Δ Permanent strain 

between stages 

(%) 

Stress level's name  T1 T4 
B

e
tw

e
e

n
 s

ta
g

e
s 

(w
e

e
k

s)
 0-8 

PLA  -0.6 3.9 

PLA/CNT-COOH0.3 10.0 33.9 

PLA/CNT-COOH0.7 -8.8 26.0 

0-16 

PLA 17.8 -4.2 

PLA/CNT-COOH0.3 37.1 4.2 

PLA/CNT-COOH0.7 12.6 -8.4 

8-16 

PLA 18.5 -7.8 

PLA/CNT-COOH0.3 24.7 -22.2 

PLA/CNT-COOH0.7 23.4 -27.3 

 

 

8.2.10. FATIGUE TESTS 

Similarly to creep and monotonic cyclic tests, fatigue conditions for degraded specimens were 

the same as the ones for the non-degrade ones (stage 0). Degradation time stages were also 

limited to the one of 8 weeks, being considered PLA, PLA/CNT-COOH0.3, PLA/CNT-COOH0.7 and 

PLA/GNP2 specimens.  

Attending to possible small deviations on the specimens’ dimensions, it was considered the 

minimum tensile strength value measured in quasi-static tensile tests from three PLA specimens 

degraded during 8 week , i.e. 51.593 MPa. 

However during hydrolytic degradation, specimens deformed due to its position inside the flasks 

(Fig. 8. 24). Moreover only one specimen of each case was tested, not enough to obtain valid 

results. 

Indeed, some of PLA/GNP specimens have become fragile after 16 weeks, restraining long term 

characterization. 

 

 

Fig. 8. 24 – Deformed degraded specimens for fatigue analysis 
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Bearing in mind these limitations, obtained results are presented (Table 8. 16) with the 

suggestion to replicate hydrolytic degradation preventing specimens deformation to validate 

fatigue results. 

Nevertheless, PLA/CNT-COOH specimens were able to complete 1 million cycles under the 

imposed stress (10% of tensile strength), unlike PLA and PLA/GNP. 

 

 Table 8. 16 – Average number of cycles until failure of PLA and its nanocomposites for each load level 

  Number of cycles 

Stress level's name T1 

Stress level (%) 10% 

Stress (MPa) 5.159 

Max Load (N) 23.797 

Min Load (N) 2.380 

S
p

e
ci

m
e

n
s PLA 62312 

PLA/CNT-COOH0.3 1000000 

PLA/CNT-COOH0.7 1000000 

PLAGNP2 14245 

 

 

8.2.11. DYNAMIC MECHANICAL ANALYSIS (DMA) 

DMA tests conditions for hydrolytic degraded specimens were the same as the ones applied for 

creep tests without degradation (stage 0). Limited specimens were analyzed, particularly, PLA, 

PLA/CNT-COOH0.3 and PLA/GNP2 under 2, 8 and 16 weeks’ degradation stages. 

Storage modulus vs temperature and Tan δ vs temperature were measured for PLA under three 

different degradation stages (Fig. 8. 25) only for PLA/CNPT-COOH0.3 (Fig. 8. 26) and PLA/GNP2 

specimens (Fig. 8. 29). 

DMA results agree quiet well with those obtained by DSC, regarding Tg measurement. 

As expected, storage modules decreased with increasing temperature, during degradation time 

for all specimens, however, presenting very close values (Fig. 8. 25 and Fig. 8. 26). 
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Fig. 8. 25 – Storage modulus vs temperature for degraded PLA specimens 

 

 

Fig. 8. 26 – Storage modulus vs temperature for degraded PLA/CNT-COOH0.3 specimens 

 

Height peak of Tan δ, around Tg, decreased with the increase of degradation time for PLA (Fig. 

8. 27) and PLA/CNT-COOH0.3 (Fig. 8. 28). 
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Fig. 8. 27 – Tan δ vs temperature for degraded PLA specimens 

 

 

Fig. 8. 28 – Tan δ vs temperature for degraded PLA/CNT-COOH0.3 specimens 

 

PLA/GNP2 specimens become too fragile of after 16 weeks of hydrolytic degradation, not 

allowing completing successfully DMA tests (Fig. 8. 29). 



Biodegradable polymer nanocomposites reinforced with carbon nanostructures, PLA/CNT-COOH and PLA/GNP, for 
augmentation ligament devices: production and characterization 

246  Viviana Correia Pinto, 2016 

 

Fig. 8. 29 – Storage modulus vs temperature for degraded PLA/GNP2 specimens 

 

8.3. CONCLUSIONS 

According to SEM and macroscopic analysis of the specimens and attending to specimen’s 

thickness is possible to affirm that beyond suffering bulk erosion, PLA also presents surface 

erosion, turning it into an ideal candidate for biomedical applications as it has already been 

reported among scientific community and Food and Drug Administration (FDA). 

After 16 degradation weeks, mass and pH of PBS reduced only about 5% and 4%, probably due 

to PLA monomers loose in the aqueous solution as a result of PLA chain scissions and 

simultaneously influencing the medium acidity. 

XRD analysis, combined with DSC and DMA results, Tg and Tm displayed consistent results about 

the changes that occurred on degraded specimens. For PLA Tg and Tm, did not change during 16 

weeks of hydrolytic degradation, however, for some nanocomposites Tg suffered a slightly 

increase and for all nanocomposites Tm peak turned into a double melting peak, probably due 

to the α′- crystal formed at low crystalline temperatures. The main characteristic diffraction peak 

of PLA slightly shifted to a lower angle, maintaining its diffraction pattern characteristic after 

degradation, pointing to a possible slightly increase corresponding interplanar spacings of PLA 

and its nanocomposites. 

Concerning molecular weight evolution regarding non-degraded PLA, after 16 weeks, molecular 

weight loss for PLA/CNT-COOH nanocomposites was about 6.7 - 14.8% and for PLA/GNP 

nanocomposites was around 26.5 - 40.0%. These results proved that PLA/GNP has the highest 

degradation rates for molecular weight.  
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Regarding static mechanical analysis, tensile strength, toughness and Young’s modulus were 

measured for PLA and its nanocomposites, revealing higher degradation rates of the mechanical 

properties again for PLA/GNP nanocomposites, then for PLA and with PLA/CNT-COOH 

nanocomposites displaying the slower degradation rates. Mechanical properties of PLA/GNP 

undergo higher loss during hydrolytic degradation, unlike PLA/CNT-COOH which exhibit 

improved toughness and similar tensile strength loss, when compared with non-degraded PLA. 

After 16 weeks all nanocomposites revealed higher values of Young’s modulus than PLA. 

PLA/GNP degrade faster than PLA and PLA/CNT-COOH nanocomposites. 

A simple creep and fatigue analysis was made in order to measure permanent strain accumulate 

after creep tests and fatigue lifetime of degraded specimens. The obtained fatigue data, 

indicated that PLA/CNT-COOH kept a higher lifetime fatigue along degradation, unlike PLA and 

PLA/GNP2. Permanent strain of nanocomposites, after degradation, proceeds to be inferior to 

the PLA permanent strain. The improvement on permanent strain reduction obtained under 

dynamic behavior for nanocomposites, compared to PLA, is important to highlight. 
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CHAPTER 9:  BIOCOMPATIBILITY 

9.1. INTRODUCTION 

Tissue and biomaterials concepts are fundamental when developing devices and materials for 

medical applications. Knowledge of biocompatibility, toxicity, degradation and healing process 

are crucial on the biological analysis aiming at the approval to use the nanocomposites produced 

in this work. The referred concepts are correlated to governmental regulatory requirements, 

such as the European Medicines Agency (EMA) and the Food and Drug Administration (FDA, 

United States) guidelines, including non-toxicity, sterilizability, effectiveness and 

biocompatibility. 

In addition, the use of carbon nanotubes or graphene on medical applications is still considered 

a controversial subject. Therefore, the present biological study aims at generating a better 

understanding in the biological performance and impact of these materials, in particular for the 

amount and type of the referred carbon nanostructures. For this, both in vitro and in vivo assays 

were performed in strait collaboration with the Departamento de Bioquímica da Faculdade de 

Medicina da Universidade do Porto, led by Professor Raquel Soares. Furthermore, in vivo studies 

were developed in partnership with the service of Biotério do Centro de Investigação Médica da 

Faculdade de Medicina da Universidade do Porto. 

 

9.1.1. BIOCOMPATIBILITY 

Regarding the evolution of biomaterials, the concept of biocompatibility described by D. F. 

Williams in 1987 is still the preferred term used nowadays [1-3], being defined as the “ability of 

a material to perform with an appropriate host response in a specific application”. Biomaterials 

can be used either as temporarily or permanent implants. Lack of compatibility may compromise 

material integration within the host, thus resulting in a low effectiveness [4]. In both cases, the 

compatibility of the materials with cells and tissues, and ultimately with body, must be 

demonstrated long time before reaching the clinical trials [5]. 

Biocompatibility is strictly related to the specific application and location of the biomedical 

device, and can somehow be defined by biotolerability, i. e. relatively to the surrounding 

physiological environment. Briefly, the biocompatibility concept incorporates the integration 

analysis of the medical device in vivo, in terms of functionality, structure and simultaneously for 

the possibility of new tissue formation along with the degradation of the material. The released 

material must be non-toxic for tissues and create an healthy foreign body reaction For this 

reason, research is now oriented towards generating intrinsically biocompatible systems [6] 

through the study of suitable surface modifications able to modulate specific interactions with 

biological mechanisms [7]. Indeed, any foreign material in contact with the body generates a 
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specific reaction, depending on the particular organ/tissue where it is originated and consisting 

of a complex and integrated defensive response. In order to minimize or inhibit negative 

responses during the healing process, an ideal biomaterial must further possess some properties 

as constant surface properties under operational conditions, avoiding adsorption and 

modification of proteins or modification of the composition of the biological fluids. Also 

important is the constancy of the bulk properties maintaining the functional properties of the 

device, and avoiding the release of potentially toxic substances (monomers, additives or 

degradation products), as discussed in the next topic.  In this perspective, a biomaterial scaffold 

functions as tridimensional model for cell adhesion, proliferation, differentiation and deposition 

of extracellular matrix (ECM), promoting the ideal environment for the formation of new tissue. 

For this, a scaffold should allow the migration, deliver and retention of cells and biochemical 

factors, allowing nutrients diffusion and excretion of cell metabolites [8]. Recalling the concept 

of porosity, which should be adequate to the desired application, with appropriate pore size and 

morphology [9-11]. Ideally, a scaffold should be biocompatible with the tissues, biodegradable 

and with adequate mechanical properties, ultimately meeting specific physical and biological 

conditions of repaired tissue [12]. Moreover, the incorporation of relevant growth factors, as 

well as cells [13-17] can be beneficial towards facilitating scaffold integration and promoting the 

healing process through new tissue ingrowth [18]. 

Over the years, different polymers have been used for several medical purposes, including 

disposable products (e.g. syringes, blood bags, catheters), as materials supporting surgical 

operation (e.g. sutures and adhesives), as prostheses for tissue replacements and even as 

temporary or permanent artificial organs (e.g. vascular grafts). Polylactic acid (PLA) is currently 

used in fracture fixation (Fig. 9. 1), ligament augmentation and drug delivery microspheres, with 

a degradation rate of 50% in 1 to 2 years [19, 20]. In order to replace nondegradable fibers for 

ligament replacement or augmentation devices [21, 22] and taking advantage of the high 

strength of PLA fibers, these have been proposed as scaffolding material. Many attempts have 

recently been made to improve the mechanical properties of polylactides through fabrication of 

blends with other polymers and composite materials with clay or natural fibers [23-27]. 

Concerns about in vivo biocompatibility of PLA have been risen when it produced toxic solutions 

probably as a result of acidic degradation [28]. No significant amounts of accumulated 

degradation products of PLA have been reported in any of the vital organs [29]. In orthopedic 

applications, the release of degradation products may occur with high local acid concentrations, 

which is another concern of triggering an inflammatory response. Indeed, as a material 

degrades, resultant sub-products are phagocyzed by macrophages and multinucleated giant 

cells [30]. However, some studies reported an inflammatory response upon in vivo implantation 

of this type of materials. For instance, poly-L-lactic acid (PLLA) was used in meniscal 

reconstruction in a canine model and was described to originate a chronic inflammation [31]. 

Also, when PLLA was implanted in a dog femur defect model [32], small polymeric particles were 

released as a result of implant degradation, promoting a foreign body inflammatory reaction. 

Nevertheless, other studies reported an inflammatory reaction quite mild, with healing of the 
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surgical wound smoothly without a hitch, considering poly(d,l-lactic-co-glycolic acid) (PLGA) safe 

to use as a bioresorable material for medical use, in the femoral canal of sheep to increase 

cement concentration in total hip replacement [33]. 

Likewise, histologically, no inflammatory or foreign body reaction was observed in the medullary 

cavity of rabbit femur for 52 weeks after the implantation of high strength PLLA rods for more 

than  1 year [34]. Moreover, both in vivo and in vitro studies for 11 weeks in sheeps and dogs, 

PLLA implants were well tolerated with no chronic inflammation and bone healing was healthy 

without callus formation or signs of inflammation [35]. 

 

 

Fig. 9. 1 - Bioabsorbable implants with potential fracture fixation for spine applications. Neurosurg Focus. 2004 

American Association of Neurological Surgeons source [36] 

 
Regarding carbon nanotubes (CNT), biocompatibility and their application as a biomedical 

material constitute a complex and controversial issue. Each application with the inclusion of CNT 

or graphene nanoplatelets (GNP) in the human body should be carefully analyzed according to 

cytotoxicity of the material, toxicity of degradation sub products, as well as size, morphology 

and aggregation of the nanofillers. Aggregation into 2D or 3D structures could promote a non-

desired interaction with cells, with purification and functionalization of the carbon 

nanostructures being of extreme importance [37], as referred in previous chapter.  

Nevertheless, CNT were described to promote matrix deposition by osteoblasts, allowing 

mineralization and bone tissue differentiation and growing [38-40] . Some have been reported 

PLA/CNT nanocomposites with considerable mechanical reinforcing capacity, with no toxicity 

changes, with cell adhesion and proliferation improved in stromal cells in vivo [41, 42]. 

Osteoblast proliferation is noted in similar studies [44-47]. Poly (propylene fumarate (PPF) 

functionalized with single walled carbon nanotubes (SWCNT) [43] presented higher cell viability 

and good cell adhesion and improvement of cell adhesion and proliferation in stromal cells in 

vivo over PPF/propylene fumarate-diacrylate (PF-DA) [41, 42], promoting an improved bone 

regeneration. Twelve weeks following implantation in a rabbit condylar defect, PPF/SWCNT 

composites displayed a greater bone tissue ingrowth than control PPF/PF-DA scaffolds. Also, 
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fewer infiltrating inflammatory cells and more highly organized connective tissue were observed 

around the nanocomposites PPF/SWCNT when compared to PF-DA [44]. 

PLA reinforced with multi-walled carbon nanotubes (MWCNT) when compared to PLA revealed 

an in vitro high fibroblasts and osteoblasts viability and no changes on osteocalcin released from 

osteoblasts with the cell stimulation measure by the formation of collagen I [40, 45]. Other 

studies showed PLA/CNT nanocomposites has an ideal electrical conductivity for bone tissue 

growing, with electrical cell stimulation of osteoblasts through CNT in vivo [40, 44, 46]. When 

tested and compared to neat PLA, these composites showed an increase of 46% of osteoblasts 

proliferation and 307% on its calcium content after 21 days of electrical stimulation from CNT 

[47]. Also, fibroblast-seeded collagen matrices have been proven to be augmented with the 

addition of SWCNT-COOH and to exhibit increased electrical conductivity [48]. Altogether, these 

results create a new field of research regarding the potential application of CNT towards tissue 

engineering and regeneration of tissues that require electrical stimulation, such as cardiac or 

skeletal muscle tissues, among others. 

Similarly to CNT, research regarding the use of GNP in nanocomposites for biomaterials is still 

insufficient to be completely conclusive in biomedical terms.  Indeed, GNP has been reported to 

promote adhesion of human stromal cells and osteoblasts promoting tissue regeneration [49]. 

Nonetheless, studies reported graphene oxide (GO) as a targeted drug delivery vehicle, its 

deposition predominantly in the lungs, being retained for a long time. High uptake and long term 

retention of GO in lungs were demonstrated using radiotracer technique. Here, significant 

pathological changes were observed, including infiltration of inflammatory cells, pulmonary 

edema, and granuloma formation in the lung of mice [50]. Conversely, an in vitro study using 

human alveolar epithelial cells (A549 cells) observed that GO hardly entered cells; however, a 

dose-dependent oxidative stress was reported, with high concentrations of GO resulting in a 

slight decrease of cell viability [49]. A similar dose-dependent effect on cell viability has been 

demonstrated for GNP. Indeed, a decrease in cell survival rate of 6, 14 and 17% was reported on 

osteoblasts cultured on UHMWPE99.9/GNP0.1 films after 1, 3 and 5 days, respectively, in 

comparison to pristine polymer [51]. Nevertheless, an increase on cell viability was described 

after culturing neuronal cells (PC 12 cells) for 2 days on nanocomposite nanofibers of PLGA 

embedded with GO nanosheets, compared to PLGA control [52]. Results with low 

concentrations of GO and GNP into PLA films on cultured mouse embryo fibroblasts revealed no 

adverse effects of these nanoparticles on cell proliferation, with composites containing GO 

resulting in an increased cell proliferation compared to pristine PLA films after 24 hours, 

suggesting a good incorporation of these nanofillers in terms of cytocompatibility [53]. 

 

9.1.2. TOXICITY 

Biomaterials degrade overtime after implantation, with their by-products being released into 

the patient’s body. The toxicity of these by-products, resulting from their low molecular weight 

compounds, can be an issue to patient’s health. In the case of biodegradable polymers, these 
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by-products can be unpolymerized monomers, unremoved ethylene oxide from the sterilization 

process, additives such as anti-oxidants, fragments of polymerization initiator and catalyst. For 

a biomaterial to be considered as nontoxic, the content of these compounds must be below the 

level required by FDA regulations. 

When low molecular weight compounds interact with the cell surface or enter into the cell, the 

normal condition of the cell is disturbed. If this disturbance is large enough to bring an 

irreversible damage to the cell, then the implanted biomaterial induces cytotoxicity. 

Biodegradable polymers must be carefully manufactured and purified polymers so the low 

molecular weight compounds that might adversely interact with living cells can be reduced to 

such a low level as required by FDA regulations[20].  

Although CNT are not degradable, the polymer is, being released in the human body and CNT 

may follow sub-products of the polymer chain scission, revealing the importance to evaluate 

and monitor cytotoxicity induced in the human body. Indeed, an accumulation of carbon 

nanostructures has been verified in the lungs and in the immune system; additionally, the 

absorption of these nanoparticles by endothelial cells, alveolar macrophages, lung and intestinal 

epithelium, nerve cells, among others, has been demonstrated [54-56].  

Attending to the importance of healing process and tissue regeneration after implantation 

combined with the carbon nanostructures release rate into the human body [45], it is crucial to 

control nanocomposites cytotoxicity 

Research on CNT as nanofillers for polymeric matrices and their influence in the human body is 

still scarce and debatable. Some toxic reactions were verified linked with materials degradation 

and heavy metals as Fe, Ni, or Co resorting from CNT catalysis. As for CNT, toxic effects of GNP 

depend upon the amount of nanofillers being released from the polymer into the human body. 

Unlike CNT, GNP synthesis does not require metal catalysis, which could apparently turn GNP 

less toxic when compared to CNT. Here, production methods of nanocomposites, as well as the 

functionalization of carbon nanostructures [57] are essential to assure reduced toxicity.  

The aggregation of CNT into yarns or strings in saline solutions [56, 58, 59], due to high 

intertubular bonding forces (van der Waals and electrostatic forces), which turn them harder to 

manipulate and disperse in the polymeric matrix [60-62], requires production methods with the 

use of solvents that may increase toxicity [57]. Other factors influencing CNT toxicity include 

their high surface-volume ratio, carbon nanostructures dimensions and their weight percentage 

in the biodegradable matrix [18, 63]. A higher surface-volume ratio results in a higher area 

between the nanoparticle and the cell membrane implying higher absorption and transport of 

toxic particles, together with a longer contact time, which can lead to a higher cellular damage 

and reactivity.  

Furthermore, the administration procedure is also a relevant factor to consider when 

performing toxicological studies regarding nanoparticles. The use of CNT and GNP into polymeric 

matrices can be limited due to the induced cytotoxicity associated to the implant 

biodegradation. It has been verified the accumulation of carbon nanostructures on lungs, 

immune system, as well as the absorption of these nanoparticles by endothelial cells, alveolar 
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macrophages, lung and intestinal epithelium, nerve cells, among others [54-56]. However, these 

toxicological studies should be framed according to nanoparticle type, size and format, 

administration procedure and weight percentage into the matrix. For instance, Lam et al. [56] 

administered intratracheally high doses of pure CNTs  to rats (0.5mg / rat), demonstrating that 

these particles reached the lungs and that they may be more toxic than black carbon. Other 

research teams checked for pulmonary toxicity, skin irritability, macrophage response, 

considering the relation of CNT toxicity, absorption, distribution and excretion, influence of 

chemical functionalization in biocompatibility, along with its therapeutic action, concluding that 

results are not consistent to resume a definition of carbon nanostructures in living beings as 

reviewed elsewhere [39, 61, 64]. Despite that CNT entered into cells, a limit for the 

concentration of CNT causing toxicity has been established as 0.01 mg/mL [65]. 

Not all studies revealed poor results regarding carbon nanostructures cytotoxicity. MacDonald 

et al. embedded human dermal fibroblasts in collagen–SWNT composites with up to 2.0 wt.% of 

SWCNT, observing cell viability values in the range of 80-90% for all constructs [48]. Some studies 

on the biocompatibility and cytotoxicity of CNT and GNP are described in Table 9. 1 and Table 9. 

2. 

About the cytotoxicity and biocompatibility of these carbon nanostructures research there is still 

a long way to go, particularly in the perception of its effects regarding public health and the 

environment. However, the research for each biomedical application should be done specifically 

according to its goal [20]. Yet it is still required a significant evolution in order to enable the 

application of CNTs for Tissue Engineering, as drug delivery vehicles or in biosensors, currently 

being recommended caution in its use. 
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Table 9. 1– Studies on cytotoxicity and biocompatibility of CNT and CNT nanocomposites 

Material tested Cell type tested Results 

CNT [66] Osteoblasts, inoculation 
Increased proliferation of osteoblasts, increased of alkaline phosphatase activity, 

absence of cytotoxicity 

Oxidized MWCNT [67] 
Fibroblasts from mice (L929), inoculation in CNT, 

observation for 7 days 
Single cell formation, fusion after 7 days, no cytotoxicity 

Purified MWCNT with different diameters 

[68] 
Astrocytes, contact with the CNT surface 

Normal proliferation, adhesion and functional activity of the CNT, particularly for 

diameters below 100 nm 

MWCNT purified and chemically altered 

[69] 
Neurons, inoculation of CNT, observation for four days CNT location, axons proliferation, absence of cytotoxicity 

MWCNT by CVD, purified [70] 
Human keratinocytes (HaCaT) in solution with 0.1-0.4 mg / 

ml CNT, contact time of 48 hours 

Production of inflammatory cytokines (IL), reducing cell viability dependent on 

time and exposure dose 

CNT purified [71] Human blood neutrophils, 1h of contact time 
Increased superoxide radical anion and inflammatory cytokines (TNF-a) 

decreased cell viability 

SWCNT purified [72] Rat phagocytic cells (J774.1) No cytotoxic effect 

MWCNT purified [59] 
Peritoneal macrophages of mice, incubation in solution 

with 20, 50 and 100 mg / mL CNTs, 24 contact time 

Lactate dehydrogenase and inflammatory cytokines (TNF-a мRNA squirrel) 

release 

SWCNT e MWCNT, arc discharge and CVD, 

purified [58] 

Alveolar macrophages, solution 1.41- 22.6 mg / cm2 of 

MWCNT and 1.41-22.6 mg / cm2 of MWCNT, 6 h of 

contact time 

Cell viability reduction and functional capacity of macrophages decreased 

SWCNT, with Fe as catalyzer [73] Mouse macrophage cells (RAW264.7) 
Increased of pro-fibrotic mediator TGF-b1 without oxidative stress, nitric oxide 

production or apoptosis 

SWCNT, with Fe as catalyzer [74] 
Human keratinocytes (HaCaT) in solution with 0.06 - 0.24 

mg / ml CNT, contact time of 8h 

Accelerates oxidative stress (production of free radicals and peroxides, the 

depletion of antioxidants general reservations), decreased cell viability, 

morphological changes 

SWCNT [75] 
Human embryonic kidney cells (293 HEК) in solution with 

0.78-200 mg / ml SWCNT 

Induction of apoptosis, reduction of the adhesion capacity (and corresponding 

genes), reducing cell proliferation 

PLA/CNT Nanocomposites [76] 
Osteoblasts, nanocomposites contact, electrical current 

effects 
Increased proliferation of osteoblasts 

PU/CNT Nanocomposites [77] 
Osteoblasts, chondrocytes, fibroblasts, smooth muscle 

cells - nanocomposites contact 
Increased adhesion only by osteoblasts, absence of cytotoxicity 

PU/CNT Nanocomposites [78] Astrocytes, rats axons - nanocomposites contact 
Astrocyte adhesion reduction, increased inhibition of axon, absence of 

cytotoxicity 
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Table 9. 2 – Studies on cytotoxicity and biocompatibility of GNP and GNP nanocomposites 

Material tested Cell type tested Results 

GO (labeled with 188R) [50] Intravenous administration on Kun Ming mice (male) 

Little effect on erythrocyte morphology and membrane integrity (10 μg mL−1 

for 1 and 4 h). A part of erythrocyte membranes were ruptured and ghost cells 

were observed (80 μg mL−1 for 4 h). No significant difference was found 

between RBC exposure to PBS and GO (10–80 μg mL−1 for 1 h) 

GO  [79] 
Platelets and intravenous administration in mice (Swiss, 8–12 

weeks, male) 

Strong aggregatory response in platelets through activation of Src kinases and 

release of calcium from intracellular stores. GO i.v. administration induced 

extensive pulmonary thromboembolism in mice 

PLGA/GO 1 and 2 wt% nanofibers [52] PC 12 cells (rat adrenal medulla) 
Cell proliferation: PLGA = 100%, PLGA/GO 1 wt% ≈ 102%, PLGA/GO 

2 wt% ≈ 108%, 48 h) 

PLGA/GO nanocomposites [80] Hela cells (human cells) 
Small increase (≈10%) on cell proliferation comparing to PLGA for PLGA/GO 

2 wt% (48 h) 

PLA/HA (10 wt%)/GO nanofibers [81] MC3T3-E1 cells (osteoblasts) 
Increased cell proliferation comparing to PLA (24h). After 48h, only nanofibers 

with 5 wt% GO presented higher proliferation than PLA/HA 

PLA/GO and PLA/GNP (0.4 wt%) 

nanocomposites [53] 
Mouse embryo fibroblasts 3T3 – ATCC CCL-164 

No variations on cell proliferation until 48 h, except for PLA/GO after 24 h 

(more 13% than pristine PLA). Less platelets activated in PLA/GNP comparing 

with PLA in presence of plasma proteins 

UHMWPE/GNP nanocomposites [51] osteoblasts, ATCC cells after 1, 3 and 5 d Decreased on cell proliferation 

Reduced-PVA/GO nanocomposites human umbilical vein endothelial cells 

After 2.5 h, 56% adhered to nanocomposites, 49% adhered to common tissue 

culture polystyrene (TCPS). After 72h, cell viability increased more than on 

TCPS 
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9.1.3. HEALING PROCESS 

When a medical device is implanted several biological processes occur. First, like after an injury, 

inflammatory cells infiltrate the local area, initiating an acute inflammation (Fig. 9. 2). The 

inflammatory reaction is an attempt to neutralize the implanted device followed by an acute 

inflammation characterized by exudate (proteins and cellular elements) formation and 

leukocyte infiltration. Then, a chronic inflammatory response can be triggered, with the 

presence of macrophages, monocytes and lymphocytes, together with neovascularization and 

tissue formation. This may result in the formation of granular tissue through a disorganized 

deposition of extracellular matrix, leading to the establishment of scar tissue.  

Also, the body may respond to the implanted biomaterial through a foreign-body reaction, i.e. 

encapsulating the foreign body [82]. Chronic inflammation, developing the healing process and 

promoting the granular tissue formation, through macrophages and monocytes production in 

the extracellular matrix, fibroblasts proliferation and endothelial vascular cells infiltration in 

implant area will precede foreign body encapsulation [7]  

For the practical clinical case of ACL rupture, as referred before in chapter 2, ACL’s healing 

process doesn’t occur naturally and is usually done by a surgical intervention through the 

application of a tendon graft for a bone tunnel site which can be very problematic from a 

mechanical and biological point of view. Indeed, natural or surgical repair is often accompanied 

by an exacerbated inflammatory response, resulting normally in a healed ligament with 

impaired function. Thus, it is a challenge to develop such biocompatible materials that do not 

present significant foreign-body reactions or evidence of future reactions from the living body. 

 

 

 

Fig. 9. 2 – Temporal variation in the acute inflammatory response, chronic inflammatory response, granulation 

tissue development, and foreign body reaction [83] 
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9.2. IN VITRO ANALYSIS 

Biomaterial cytotoxicity and biocompatibility has been primarily researched. Cell culture 

techniques have been extensively used for the study of cell-biomaterial interactions. 

Biomaterials can modulate biological processes, particularly interfering with cell adhesion, 

proliferation, and differentiation, as well as function, affecting, in turn, the surrounding material 

properties. Ideally, a biomaterial should generate a moderate inflammatory reaction, 

stimulating reparative cells (fibroblasts) in an organized manner towards a regenerative 

response [10]. In particular, fibroblasts have a crucial role in tissue regeneration due to its ability 

to produce extracellular matrix components, like collagen [84, 85]. 

Therefore, in vitro compatibility of the developed PLA/CNT-COOH and PLA/GNP 

nanocomposites was assessed (Table 9. 3).  

 

Table 9. 3 – Nanocomposites chosen for biocompatibility study 

Polymer / 

nanocomposite 
Nanofiller 

PLA 

(wt.%) 

Nanofiller 

(wt.%) 

PLA None 100 0 

PLA/GNP2 Graphene nanoplatelets 98 2 

PLA/CNT-COOH0.2 –COOH functionalized carbon nanotubes 99.8 0.2 

PLA/CNT-COOH0.3 –COOH functionalized carbon nanotubes 99.7 0.3 

PLA/CNT-COOH0.5 –COOH functionalized carbon nanotubes 99.5 0.5 

PLA/CNT-COOH0.7 –COOH functionalized carbon nanotubes 99.3 0.7 

PLA/CNT-COOH1 –COOH functionalized carbon nanotubes 99 1 

 

For this in vitro assessment, neonatal human dermal foreskin fibroblasts-1 (HFF-1, ATCC SCRC-

1041) were used in order to evaluate the local biological response for human ACL. Fibroblasts 

have a crucial role in tissue regeneration due to its ability to produce extracellular matrix 

components like collagen [84, 85]. 

Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Sigma) supplemented with 

15% inactivated fetal bovine serum (FBS, Sigma) and 1% antibiotic/antimycotic solution (AB/AM, 

Sigma) and maintained in a humidified 5% CO2 atmosphere at 37ºC. When reaching 90% 

confluence, cells were detached using a 0.25% trypsin-EDTA solution (Sigma).  

Before cell seeding, all materials were cut with a diameter of 6.5 mm and immersed in 70% 

ethanol, with the solution being changed three times, as a first cleaning step. Then, all samples 

were washed with Phosphate Buffered Saline (PBS) and UV-sterilized for at least 1 hour.  

Sterilization method applied to biomaterial can compromise its use for biomedical purposes, 

hence an appropriate method should be chosen and carefully analyzed. Effects on the properties 

of several polymers by some sterilization methods have been reported, such as autoclave, steam 

sterilization, ethylene oxide sterilization, γ-irradiation, e-beam sterilization, UV exposure, and 

dry heat sterilization, showing each advantages and disadvantages [37], related to high 

temperatures, impact of radiation beam in molecular weight (due to chain cission) or radiation 
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doses. Most pathogens from the surface of biomedical devices can be inactivated through 

sterilization by irradiation [86]. Although polymer properties can be affected under UV radiation 

exposition, this is the most commonly used method in tissue engineering laboratories. However, 

it should be carefully analysed since its concrete effects are less known. For instance, UV-B 

content in sunlight affects adversely the mechanical properties of polymers, reducing their 

useful life [87]. It is known that exposure of a polymer to radiation can lead to chain scission or 

crosslinking with changes in bulk and surface properties. Despite that, in some cases it can 

improve surface tissue compatibility and surface properties such as surface modulus and 

hardness [86] or not changing cell adhesion, topography and molecular weight distribution to 

not comprising relevant polymer properties for tissue engineering [88]. Other sterilization 

methods can be used for sterilizing the medical device without affecting considerably 

mechanical properties of the polymer or the nanocomposites, such as steam autoclave or heat 

sterilization. 

For both cytotoxicity and biocompatibility assays, three time points have been established: 24, 

48 and 72 h. All assays were performed in triplicate, using serum-free medium.  

 

9.2.1. MTS CYTOTOXICITY ASSAY 

Concerning cytotoxicity of the materials, MTS assay can be used to evaluate cell metabolic 

activity. MTS assay is a colorimetric method for determining the number of viable cells in 

proliferation or cytotoxicity. The solution contains a tetrazolium compound [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; MTS] and 

an electron junction reagent (phenazine ethosulfate, PES). The tetrazolium compound MTS is 

bioreduced by cells in a colored formazol product which is soluble in the culture medium.  

Fibroblasts were seeded on top of PLA, PLA/GNP and PLA/CNT-COOH specimens at a density of 

6x104 cells/mL (for 24 and 48h) and 1x104 cells/mL (for 72h). Cells seeded on PLA alone 

constituted the control group. After the incubation period, cell viability was assessed using Cell 

Titer 96 Aqueous ONE Solution Reagent MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)- 2-(4-sulfophenyl)-2H-tetrazolium] colorimetric assay (Pro- mega, 

Madison, USA), according to supplier’s instructions, by adding a small amount of the reagent 

directly to culture wells and incubating for 3 hours at 37oC. Optical density was measured and 

recorded at 490 nm and the quantity of formazan product as measured by the absorbance is 

directly proportional to the number of living cells in culture. An illustrative scheme of the process 

can be seen in Fig. 9. 3. 
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Fig. 9. 3 – Illustrative scheme for in vitro assays: from petri dish for cell culture to well plates with reagent for 

absorbance registration 

 

As negative control, HFF-1 cells were incubated with 10μL of DMSO (dimethyl sulfoxide), which 

inhibits cell viability in the absence of any material; cells cultured in the absence of materials 

were used as positive control.  Table 9. 4 and Fig. 9. 4 show the results for cell viability assessed 

by MTS assay. 

 

Table 9. 4 – Results for cell viability for the three time points 

 

Polymer / 

nanocomposite 

Cell Viability 

24h 48h 72h 

PLA 0.905±0.036 2.237±0.141 0.653±0.060 

PLA/GNP2 0.911±0.030 1.917±0.676 0.600±0.062 

PLA/CNTCOOH0.2 0.949±0.010 2.607±0.238 0.516±0.011 

PLA/CNTCOOH0.3 0.903±0.024 1.921±0.686 0.661±0.050 

PLA/CNTCOOH0.5 0.922±0.054 0.950±0.012 0.475±0.013 

PLA/CNTCOOH0.7 1.031±0.200 2.126±0.925 0.584±0.016 

PLA/CNTCOOH1 0.936±0.015 2.385±0.088 0.545±0.018 

Petri dish 

Nanocomposites 
DMEM 

HFF-1 Reagent 
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Fig. 9. 4 – Cell viability for HFF-1 cultured on PLA, PLA/GNP and PLA/CNT-COOH nanocomposites after 24, 48 and 72 

hours. Results are presented as mean and error bars represent SD. *Significantly different (p < 0.05). 

 

The results can also be presented as percentage versus control group (100%) which is PLA, 

once PLA has already been certified and approved by FDA for biomedical implant applications 

(Table 9. 5 and Fig. 9. 5). 

 

Table 9. 5 – Comparative results with PLA (control) for cell viability 

 

Polymer / 

nanocomposite 

Cell Viability (%) 

24h 48h 72h 

PLA 100±0 100±0 100±0 

PLA/GNP2 100.66±4.12 106.75±9.10 91.93±11.61 

PLA/CNTCOOH0.2 104.79±1.40 116.54±13.03 78.97±2.02 

PLA/CNTCOOH0.3 99.71±3.30 106.82±13.94 101.23±9.31 

PLA/CNTCOOH0.5 101.88±7.37 42.48±0.65 72.69±2.46 

PLA/CNTCOOH0.7 113.88±27.08 122.31±25.79 89.48±3.08 

PLA/CNTCOOH1 103.42±1.98 106.62±4.84 83.51±3.40 
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Fig. 9. 5 – Cell viability for HFF-1 cultured on PLA, PLA/GNP and PLA/CNT-COOH nanocomposites after 24, 48 and 72 

hours.  Results are presented as mean percentage in comparison to control (PLA) and error bars represent SD 

 

Relatively to the control, PLA, all nanocomposites presented values of high cell viability, very 

similar to PLA values, except for PLA/MWCNT-COOH0.5. Due to some previous mechanical 

results, it is possible to assume some contamination during specimen production process, which 

can also disturb biocompatibility results. After 24h and 48h, cell viability values of 

nanocomposites remain high and in most cases higher than PLA. After 72h, there is a slight 

decrease of cell metabolic activity, which remains, however, above 70%, being a good indicator 

of insignificant cytotoxicity of the nanocomposites compared with PLA. 

 

9.2.2. BRDU INCORPORATION ASSAY 

Cell proliferation can be measured using fluorescence-based assays based, for instance, in the 

incorporation of the thymidine analog BrdU (5-bromo-2’-deoxyuridine). BrdU is commonly used 

in the detection of proliferating cells in living tissues.  

Herein, cell proliferation was evaluated through BrdU assay (Roche Diagnostics, Mannheim, 

Germany), following manufacturer’s instructions. Briefly, HFF-1 were seeded on top of PLA and 

PLA/CNT nanocomposites specimens at a density of 6x104 cells/mL (for 24 and 48h) and 1x104 

cells/mL (for 72h). Cells seeded on PLA alone constituted the control group. Cells were incubated 

with BrdU, which incorporates into the DNA of dividing cells. After incubation with BrdU solution 

at a final concentration of 0.01 mM during the treatment period, an ELISA assay using anti-BrdU-

specific antibodies (Roche Diagnostics, Mannheim, Germany) was performed and the optical 

density of proliferating cells (positive for BrdU) was evaluated using a microplate reader 
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according to supplier’s instructions. The process is very similar to the one of MTS assay. In Table 

9. 6 and Fig. 9. 6 are displayed the results for all specimens for cell proliferation of BrdU assay. 

 

Table 9. 6– Results for cell proliferation for the three time points 

 

Results can also be presented as percentage versus control group (100%), with practically no 

changes for HFF-1 fibroblasts proliferation (Table 9. 7). 

 

Table 9. 7 – Comparative results with PLA (control) for cell proliferation 

 
 

Polymer / 

nanocomposite 

Proliferating cells (%) 

24h 48h 72h 

PLA 0.792±0.330 1.028±0.267 0.811±0.077 

PLA/GNP2 1.078±0.474 0.859±0.206 1.773±0.219 

PLA/CNTCOOH0.2 0.697±0.048 0.735±0.134 1.248±0.576 

PLA/CNTCOOH0.3 0.695±0.043 0.751±0.029 1.380±0.041 

PLA/CNTCOOH0.5 0.986±0.057 0.714±0.047 1.205±0.025 

PLA/CNTCOOH0.7 0.750±0.048 0.858±0.075 1.337±0.433 

PLA/CNTCOOH1 0.730±0.101 0.709±0.035 1.520±0.158 

Polymer / 

nanocomposite 

Proliferating cells (%) 

24h 48h 72h 

PLA 100±0 100±0 100±0 

PLA/GNP2 93.98±8.57 83.62±24.57 200.58±15.00 

PLA/CNTCOOH0.2 88.08±7.47 71.55±15.98 201.13±42.65 

PLA/CNTCOOH0.3 87.75±6.61 73.11±3.50 170.23±6.23 

PLA/CNTCOOH0.5 124.55±8.84 69.45±5.63 148.60±3.71 

PLA/CNTCOOH0.7 94.78±7.50 83.52±8.94 201.44±23.90 

PLA/CNTCOOH1 92.21±15.67 68.96±4.17 187.5±23.92 
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Fig. 9. 6 – Cell proliferation or HFF-1 cultured on PLA, PLA/GNP and PLA/CNT-COOH nanocomposites after 24, 48 

and 72 hours. Results are presented as mean and error bars represent SD. *Significantly different (p < 0.05) 

 

 

Fig. 9. 7 – Cell proliferation for HFF-1 cultured on PLA, PLA/GNP and PLA/CNT-COOH nanocomposites after 24, 48 

and 72 hours.  Results are presented as mean percentage in comparison to control (PLA) and error bars represent 

SD 

 

Regarding cell proliferation, i.e. the possibility of development and growth of fibroblasts within 

PLA and nanocomposites, the values are quite acceptable for all three time points studied with 

a minimum limit of 70% observed for 48h, envisaging a good biocompatibility with human tissue, 

particularly fibroblasts (Fig. 9. 7). For this assay, the PLA/CNT-COOH0.5 nanocomposite was the 
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one that also showed the lowest value for the 48h. However, an increase in cell proliferation 

was observed after 72 h for the conditions with nanocomposites incorporated, which might be 

explained by the fact that a lower cell density was used for this time point. Indeed, fibroblasts 

are known to exhibit a high proliferation rate and, thus, a lower cell number was seeded to 

assess the behavior of HFF-1 after 3 days in culture without having a confluent monolayer of 

cells affecting the results. Nonetheless, compared to the control condition, this result may 

suggest an initial adaptation period of these cells to the environment where nanocomposites 

are present.  

 

9.3. IN VIVO ANALYSIS 

For the in vivo analysis, PLA/GNP and PLA/CNT-COOH nanocomposites were chosen, based on 

proliferating cells results and previous mechanical and degradation results, in order to minimize 

the number of animals for the in vivo testing. Hence, Table 9. 8 displays the chosen 

nanocomposites for in vivo testing. 

 

Table 9. 8 – Nanocomposites for in vivo analysis 

Polymer / 

nanocomposite 
Nanofiller 

PLA 

(wt.%) 

Nanofiller 

(wt.%) 

PLA None 100 0 

PLA/GNP2 Graphene nanoplatelets 98 2 

PLA/CNT-COOH0.3 –COOH functionalized carbon nanotubes 99.7 0.3 

PLA/CNT-COOH0.7 –COOH functionalized carbon nanotubes 99.3 0.7 

 

The in vivo study intended to analyze the inflammatory response resulting from nanocomposites 

implantation. Also, the accumulation and distribution of nanoparticles in the liver are crucial 

aspects to understand the cytotoxicity of the nanocomposites, attending to material 

degradation.  

All animal care and procedures were in accordance to the Portuguese Act 1005/92 (number 3, 

iii) and European Community guidelines (86/609/EEC) for the use of experimental animals.  This 

study was supported by researchers from Biotério da Faculdade de Medicina da Universidade 

do Porto, as well as by researchers from the Departamento de Bioquímica da Faculdade de 

Medicina da Universidade do Porto, under the supervision of Prof. Raquel Soares and Dr. Luisa 

Gradão. For this study, 6-week-old C57Bl/6 mice (Biotério do Centro de Investigação Médica da 

Faculdade de Medicina da Universidade do Porto, Porto, Portugal) were used to determine the 

effect in skin angiogenesis and systemic inflammation triggered by the contact with the 

nanocomposites. Animals were kept under controlled conditions of temperature 23±5ºC and 

humidity of 35±5 % under a 12 h dark/light cycle and allowed free access to regular chow diet 

and water ad libitum. 
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Animals were divided into 4 groups according to the material to test (Fig. 9. 8). Each material 

with equal dimensions (6.5 mm) was implanted subcutaneously (±0.5 cm) into the dorsal 

skinfold. For each mouse, two specimens of the same material were implanted in each dorsal 

pocket (Fig. 9. 8). 
 

 

 

 

 

 

 

 

 

 

Fig. 9. 8– Illustrative scheme for material implantation in the dorsal skinfold of each mouse 

 

Two time points were evaluated for each material, in particular 1 and 2 weeks, mimicking human 

age for 6 months and 1 year [56, 89-91] given hydrolytic degradation process of PLA described 

in previous Chapter. 

Ultimately, the total specimens to analyze were 16, 8 for each stage, 2 specimens of each 

material (Table 9. 9). 

 

Table 9. 9 – C57Bl/6 mice implantation and respective analysis 

 

To perform this study, animals were given anesthesia for the material implantation surgery. 

Control group consists only of the surgical procedure without implantation. After 1 and 2 weeks, 

mice were euthanized with a lethal dose of pentobarbital (30 mg/kg).  

After each end point, blood samples, skin and liver were collected from all the animals. Blood 

samples were collected to evaluate the systemic inflammatory response by assessing the N–

acetyl-ß-D-glucosaminidase (NAG) and nitric oxide (NO) markers in plasma. Skin tissue and liver 

tissue were evaluated histologically with microscopy and macroscopy analysis. 

 Stage week 1 2 
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9.3.1. SKIN MACROCOSPY AND MICROSCOPY 

The process of skin wound healing involves the formation of new extracellular matrix, cell 

infiltration, and tissue remodeling, with two fundamental physiological phenomena implied: 

inflammation and angiogenesis [7, 92].  

The biopsy of skin tissue around the implant was performed and wound tissue was removed 

(Fig. 9. 9 and Fig. 9. 10), fixed in 10 % neutral-buffered formalin, embedded in paraffin blocks 

and sectioned for histological analysis. This process was done for both time points. 

 

 

Fig. 9. 9 – Biopsy to remove wound tissue and implants of PLA (right) and nanocomposites (left) 

 

 

Fig. 9. 10 – Wound tissue with the implants removed: PLA (above, left); PLA/GNP2 (above, right); PLA/CNT-COOH0.3 

(bellow, left) and PLA/CNT-COOH0.7 (bellow, right) 
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Although the tissue was involved in fur, not being able to manage to make cutbacks, 

inflammation was not observed macroscopically. Dermis and epidermis did not present any 

alterations, revealing no signs of inflammation (Fig. 9. 9). 

Skin wound was fixed in 10 % neutral-buffered formalin, embedded in paraffin blocks and 

sectioned for histological analysis. 

 

 

 

Fig. 9. 11 – Capsule formation of the specimens implanted: PLA (above, left); PLA/GNP2 (above, right); PLA/CNT-

COOH0.3 (bellow, left) and PLA/CNT-COOH0.7 (bellow, right) (1mm scale bar).  

 

Results showed the encapsulation of the materials implanted, both for PLA and nanocomposites 

(Fig. 9. 11). There was the formation of a capsule with a thin wall formed by fibroblast 

proliferation with mild inflammatory infiltrate, some macrophages, and some eosinophils 

lymphocytes on the inner surface of the wall of this capsule, with the possibility of being only 

remnants of surgery. The granulation tissue of the implant area seemed homogeneous and 

thinner, presenting good tissue remodeling, which was expected attending to a healthy healing 

process with no inflammatory response.   
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9.3.2. LIVER MACROCOSPY AND MICROSCOPY 

Livers were collected from each mouse, for both end points predicted, presenting no signs of 

inflammation. Macroscopically, all livers presented a healthy appearance as can be seen in Fig. 

9. 12. 

 

Fig. 9. 12 – Exemplificative liver removed from mice 

 

Histological analyses performed in mice livers revealed no toxicity for all the nanocomposites 

implanted, with no accumulation of nanoparticles. As it is possible to see in Fig. 9. 13, cells have 

the natural appearance with no morphological changes or deformation which is a good indicator 

of no inflammatory response. 

  

  

Fig. 9. 13 – Histological results for mice livers after two weeks: PLA (above, left) (50μm); PLA/GNP2 (above, right) 

(50μm); PLA/CNT-COOH0.3 (bellow, left) (100μm) and PLA/CNT-COOH0.7 (bellow, right) (50μm) 
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9.3.3. NAG AND NO CONCENTRATION 

Blood samples were collected (Fig. 9. 14) and centrifuged (2,0009g for 15 min) to evaluate the 

systemic inflammatory markers, namely N–acetyl-ß-D-glucosaminidase (NAG) and nitric oxide 

(NO). The evaluation was done for the end time points studied, one and two weeks. 

 

 

Fig. 9. 14 – Samples of blood collected from mice 

 

As NAG is a lysosomal enzyme highly expressed in activated macrophages, it allows for the 

identification of the presence of active macrophages, being a useful inflammatory marker. NO 

is produced by many cell types, being an important effector molecule for several processes. Also, 

NO production can prevent blood coagulation and thrombus formation [93]. 

To perform NAG assay, 100 lL of rat serum were incubated with equal volume of the substrate 

p-nitrophenyl-NAG solution at 37ºC. The reaction was stopped with a freshly 0.2 M glycine buffer 

(pH 10.6) and the substrate hydrolysis was measured at 405 nm in a spectrophotometer plate 

reader (Thermo Electron Corporation, Multiskan Ascent) [84]. The detection of NO 

concentrations was performed in the serum by colorimetric assay using Griess reagent method. 

For this, 100 lL of rat serum were incubated with equal volume of Griess Reagent, for 15 min at 

room temperature in the shaker. Then, the optical density was measured at 550 nm in a 

spectrophotometer microplate reader (Thermo Electron Corporation, Multiskan Ascent) [84]. All 

samples were tested in triplicate.  

Results for NAG (nmol/mL) and NO (μM) concentrations are presented in Fig. 9. 15 and Fig. 9. 

16, respectively. A statistical study was not performed because n = 2 (number of specimens for 

each material for each time point), due to animal restrictions. 

PLA NO and NAG values obtained were considered the negative control, once PLA is already 

approved by FDA for biomedical applications, and then were considered basal values, 

representing the absence of pathologic inflammation. 
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Fig. 9. 15 – NAG concentrations in serum for all materials tested 

 

 

Fig. 9. 16 – NO concentrations in serum for all materials tested 

 

When compared to PLA, NO and NAG results for PLA/CNT-COOH0.7 and PLA/GNP2 

nanocomposites revealed reduced concentrations of both markers, for both end points, being a 

good indicator of no systemic inflammatory response. PLA/CNT-COOHO.3 presented slightly 

increased values for NAG and NO concentrations, probably due to hemolysate plasma, however, 

these values are not high enough to promote a non-desired inflammatory response. Hence, 

there appears to be no systemic inflammatory reaction in either case. 
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9.4. CONCLUSIONS 

As conclusion for in vitro analysis, cell viability and proliferation results were considered 

acceptable for all nanocomposites concerning biocompatibility concepts, making these 

nanocomposites foreseeable in this specific application. Other in vitro studies may be 

developed, particularly the evaluation of ligament-related genes expression and extracellular 

matrix deposition over time. 

As for in vivo conclusion, studies showed that after 1 and 2 weeks of nanocomposites 

implantation, macroscopically and microscopically epidermis and dermis did not suffer any 

changes. Images showed that there was no inflammatory response in any nanocomposites 

analyzed, with a very similar behavior for all tested materials. The formation of a capsule with a 

thin wall was observed, resulting from fibroblast proliferation in the implantation site. Livers did 

not present histological changes. Obtained values for NAG and NO did not reveal a systemic 

inflammatory response, suggesting no inflammation signs for the nanocomposites tested. 

After all these preliminary biocompatibility results, all the tested nanocomposites presented 

potential to be applied as implanted biomaterials, as such they should be seen as a potential 

solution to reinforce biodegradable polymers in following complex biocompatibility studies. 
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CHAPTER 10: OVERALL CONCLUSIONS, CHALLENGES AND 

FUTURE PERSPECTIVES 

Overall conclusions are drawn in this chapter. Some challenges needed to overcome are 

discussed in order to study more accurately polylactic acid (PLA) and its nanocomposites for 

biomedical applications. 

Future perspectives about the PLA application in medical devices for ligament replacement or 

augmentation, especially as a fiber to form a fibrous structure, or its application in other sectors 

of activity will be stated. 

 

10.1. FINAL CONCLUSIONS 

In general, proposed aims for the work were achieved and main objectives were attained. 

In order to improve PLA mechanical properties for ligament replacement or ligament 

augmentation device, inorganic carbon-based nanoparticles, namely carboxyl groups 

functionalized carbon nanotubes (CNT-COOH) (Nanocyl®, Belgium) and graphene nanoplatelets 

(GNP) (XG Sciences®, USA), called carbon nanostructures (CNS) were added to high molecular 

weight PLA (Natureworks®, USA). 

Within the used mixing energy parameters, PLA, PLA/CNT-COOH (up to 1 wt.% of nanofiller) and 

PLA/GNP (up to 4 wt.% of nanofiller) nanocomposites production was considered well succeed. 

Visually, sheets appear to have a good isotropic dispersion of the CNS presenting a uniform 

coloring of gray and black shades, depending on the weight percentage of CNS added to PLA. 

Melt blending and compression moulding for PLA, PLA/GNP, PLA/GO and PLA/CNT-COOH thin 

films production was successfully accomplished (Chapter 4). 

Accurate analysis of the physical structure and thermal behaviour of PLA and its 

nanocomposites, DSC, SEM and XRD results were performed. This extensive analysis was 

important to validate the production method, proving the quality of the mixing. It was observed 

that CNS were perfectly embedded into the PLA matrix. Although the formation of CNT-COOH 

agglomerates and GNP nanoplatelets clusters, dispersion results did not compromise the 

mechanical improvement of PLA matrix. As expected, higher content of CNS into PLA matrix may 

impair dispersion and crystallization behaviour, being beneficial to use low content of CNS. 

Despite that, no significant influence on crystalline structure of PLA was induced by nanofillers. 

PLA and its nanocomposites presented the formation of α- crystals with one single melting peak. 

Glass transition temperature (Tg) and melting temperature (Tm) confirm a slightly crystallization 

enhancement, disposing nanofillers as nucleating agent. These results were verified with the 

dynamic mechanical analysis (DMA) analysis. 
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Regarding static mechanical analysis 6, PLA/CNT-COOH nanocomposites showed a real 

reinforcement of PLA matrix, exposed by toughness and Young’s modulus, proving significant 

enhancement of PLA ductility. However, PLA/GNP and PLA/GNP nanocomposites did not 

succeed equally. Despite having improved Young modulus when compared to PLA, PLA/GNP 

nanocomposites presented a decrease on toughness, unable to reinforce PLA matrix. Attending 

to limitations related with induced cytotoxicity from solution blending method for PLA/GNP, this 

was not considered on this work. Yet, Young’s modulus and tensile strength values for PLA and 

its nanocomposites are above the range of the identified mechanical properties of human 

ligaments. Accurate strain measurement during static mechanical testing was made possible by 

non-contact optical techniques, is important to highlight. 

Under time-dependent mechanical testing, impressive reductions on PLA permanent strain 

were observed, reaching 70% after the incorporation of CNT-COOH and of GNP. Molecular 

network chains of PLA/CNT-COOH and PLA/GNP nanocomposites reduce the creep strain, 

increasing the recovery ratio and creep resistance. 

Attending to the creep compliance results and numerical models assessment, it was proved that 

PLA, PLA/CNT-COOH and PLA/GNP exhibit nonlinear viscoelasticity-viscoplasticity, being the 

model parameters stress-dependent. Still, Models’ parameters confirmed PLA creep resistance 

enhancement as well as the improvement on Young’s modulus and tensile strength observed in 

experimental testing.  

 Concerning dynamic testing, CNT-COOH nanofillers, used as nano reinforcement, improved 

significantly PLA fatigue performance, increasing PLA fatigue lifetime. 

 Apropos biodegradation, previous analyses were performed on specimens hydrolytic degraded 

during16 weeks. Specimens mass and pH only alterations were registered during 16 weeks 

observing slight reductions of about 5% and 4%, respectively. A slightly shift to a lower angle of 

the characteristic diffraction peak of PLA after degradation was registered, with no significant 

changes on X-ray pattern. PLA/CNT-COOH0.7 and PLA/GNP2 Tg suffered a slight increase and the 

main change was verified on Tm peak turning into a double melting peak, due to the α′- crystal 

formed at low crystalline temperatures. 

Degradation rates for PLA, PLA/GNP and PLA/CNT-COOH were compared, with PLA/GNP 

presenting the highest degradation rates for both molecular weight and tensile strength. 

Molecular weight loss regarding non-degraded PLA, after 16 weeks, was represented 

successfully by Michaelis-Menten scheme, and proved to be applicable to predict of molecular 

weight and tensile strength loss under longer degradation times. 

Permanent strain of PLA nanocomposites, after degradation, proceeds to be inferior to PLA, 

being this feature as an important outcome concerning the dynamic behavior of 

nanocomposites, when compared to PLA. 

Attending to nanocomposites biocompatibility, human fibroblasts viability and proliferation 

were considered acceptable respecting the biocompatibility requirements, making these 

nanocomposites foreseeable for this specific application. As for in vivo analysis, no inflammatory 

response in any nanocomposites analyzed was observed, foreign body reaction presented a 
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healthy progression and no systemic inflammatory response is predictable for nanocomposites 

materials. Notwithstanding, a more complete study on nanocomposites in vitro and in vivo 

biocompatibility should be developed, considering other cell types, vascularization and 

angiogenesis processes analysis. Then after moving to large-sized animal’s application, study 

biocompatibility by using a fibrous structure, i. e. the ligament replacement or augmentation 

device itself. 

Summarizing, fatigue and creep behaviour experimental results as well as biocompatibility data, 

obtained in this study, are considered remarkable achievements, opening the door for 

innovations in several sectors employing biomaterials.  

Globally, the study and its achievements and future perspectives for the nanocomposite 

applications exalt and magnify a personal high interest on knowledge of inorganic nanoparticles 

and its influence on polymers, serving as an exciting stimulus to proceed the research on 

polymers reinforced with nano-structures for several applications. 

 

10.2. CHALLENGES 

10.2.1. ENZYMATIC DEGRADATION 

Besides hydrolytic degradation, enzymatic degradation may be assessed with enzymes such as 

proteinase K [1, 2], pronase E, protease, cathepsin B, and lipase [3], which have been used to 

give rise to hydrolysis of PLA in vivo. This is an important study concerning drug delivery systems 

and other biomedical applications. 

Enzymes are large molecules, unable to diffuse through the crystalline regions, turning 

enzymatic degradation relatively high for materials with low crystallinity.  

It is expected that enzymatic degradation occurs at the beginning of the degradation process. 

Enzymatic involvement can produce pores and fragmentation, making more polymer regions 

accessible to the enzymes [4]. 

Some enzymatic degradation studies have been made on PLA and PLA/CNT nanocomposites 

with proteinase K, being determined the degradation rate attending to concentration, form, 

size, type, and dispersion of the fillers in the matrix polymer [1]. By increasing the diffusibility of 

proteiase K between PLA and CNT, nanocomposite degradation rate is accelerated. 

Related to this subject, catalytic biodegradation of CNT and graphene oxide (GO) in vitro by 

oxidative activity of horseradish peroxidase (HRP) and low concentrations of hydrogen peroxide 

have been proved to be possible by HRP in environmentally relevant settings [5, 6]. This could 

be crucial on the biodegradable nanocomposites application regarding waste legislation and 

their lifecycle, as well as for drug delivery systems application [7]. 
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10.2.2. CREEP ANALYSIS 

Predicting failure mechanisms and lifetimes of nonlinear viscoelastic materials such as PLA and 

nanocomposites is crucial and needs the development of models describing material behaviour. 

Once proved the stress-dependency of models parameters for PLA and nanocomposites, 

different models should be assessed in order to better describe time-stress-strain behaviour. 

Some models like Schapery’s model [8-11], quasilinear viscoelastic model [12]  or the 

superposition model [13] as experienced for ligament and other human tissue could be apply to 

creep experimental data results in order to evaluate accuracy of strain behaviour prediction. 

Along with time-dependent mechanical behaviour, the effects of biodegradation and 

temperature also must be considered.  

Quasi-linear viscoelastic [15] and phenomenological viscoplastic models have been studied in 

the case of small deformations. For large deformations, in the case of fibres or fibrous structures 

analysis, other constitutive models  [16] like Bergström and Boyce [17] could be considered. 

 

10.2.3. ELECTRICAL PROPERTIES STUDY 

Electrical properties of the biodegradable nanocomposites as scaffolds are important issue in 

cell interaction. PLA presents an insulator behaviour [18], however, CNT and GNP are electrical 

conductors [19]. By adding CNS into PLA matrix, electrical conductivity will rise turning the 

nanocomposites into electrical conductors. 

Electrical conductivity of carbon nanostructures (CNS) is the key to the integration of 

nanocomposites in tissues, with direct influence on cell growth, since electrical conduction 

stimulates tissue healing [20]. An example of this was found when PLA/MWCNT nanocomposite 

was integrated on tissues and by applying alternating current (AC) to the substrate, verifying an 

increase in osteoblast proliferation and calcium production [21].  

Studies were conducted to assess the electrical conductivity of nanocomposites PLA/CNT [22, 

23], verifying that the higher CNT content present in the polymer, higher the conductivity, as it 

is seen in Fig. 10. 1, probably due to π bondings of the CNT and the electrons that undergo them. 

When compared with other nanofillers for PLA, PLA/CNT presented the more reduced electrical 

resistivity due to the high surface-volume ratio, hence a more effective interface between PLA 

and CNT [1]. 
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Fig. 10. 1 – Electrical resistivity for several CNT contents into PLA 

 

10.2.4. PLA/PCL/CNT-COOH NANOCOMPOSITES 

In order to improve toughness of PLA and nanocomposites, expecting to obtain a more ductile 

material, a preliminary study was done on mechanical properties of a new nanocomposites 

produced by adding polycaprolactone (PCL) to PLA and CNT-COOH (Fig. 10. 2). 

Production method was exactly the same as the ones used on the production used for PLA/CNT-

COOH, melt blending and compression moulding. 

 

 

Fig. 10. 2 – Stress vs strain curves for PLA/PCL/CNT-COOH nanocomposites 
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Table 10. 1 – Tensile results for PLA/PCL/CNT nanocomposites when compared to PLA results 

Specimens 

Δ Tensile 

strength 

Δσmax (%) 

Δ Elongation 

at yield  

Δεy (%) 

Δ Toughness 

(%) 

Δ Young’s 

modulus 

ΔY (%) 

PLA95/PCL05/CNT0.7 -30.8 125.1 12.4 -72.6 

PLA90/PCL10/CNT0.7 -30.8 57.1 -22.4 -73.3 

PLA80/PCL20/CNT0.7 -47.0 156.8 -10.0 -79.0 

PLA70/PCL30/CNT0.7 -55.0 280.1 52.5 -82.1 

 
Indeed toughness and elongation at yield of PLA/PCL/CNT nanocomposites produced were 

improved when compared with PLA, unlike tensile strength and Young’s modulus which 

presented reduced values (Table 10. 1). 

It suggested proceeding with the analysis of these nanocomposites as an alternative to the 

PLA/CNT-COOH and PLA/GNP nanocomposites whenever compatible with the application 

requirements. 

 

10.2.5. MECHANICAL TESTING ON CONTROLLED ENVIRONMENT 

Attempting to improve mimicking conditions of the human body, mechanical testing, including 

quasi-static tensile tests, creep and fatigue could be done with specimen submerse into the 

saline solution (PBS), water or other and at a controlled temperature by applying an 

environmental controlled bath (e.g. BioPuls Bath™ from Instron®) with adjustable submersible 

pneumatic side action grips on testing machine (Fig. 10. 3). 

In order to compare specimens’ behaviour with and without the controlled-temperature bath, 

a similar bath was prepared for fatigue tests. 

These were performed on PLA samples in three environmental conditions: dry, submersed into 

a distilled water bath at room temperature (20oC) and submersed into a distilled water bath at 

a temperature of 37oC with a maximum variation of 4oC due to stratification of the thermal bath. 

The immersion of specimens in the 20oC bath reduces the Young’s modulus of PLA, aggravating 

results when specimens were submersed into 37oC heated bath. 

Dry and submersed at 20oC temperature, specimens did not rupture within 1 million of cycles, 

against specimens submersed at 37oC temperature which reduced their fatigue lifetime to 

190 000 cycles (mean of 3 specimens value). 

Hence, it is important to understand mechanical behaviour of specimens within a controlled 

bath conditions. 
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Fig. 10. 3 – BioPuls Bath™ with submersible grips from Instron® 

 

10.3. FUTURE PERSPECTIVES  

10.3.1. FIBROUS STRUCTURES PRODUCTION 

A medical device that can fulfill anterior cruciate ligament functionality is essential, it includes 

not only its mechanical properties but its design. All these aspects  are crucial for the medical 

device mechanical performance.  

Fibrous structures, namely braided, have been analyzed taking into consideration fundamental 

parameters like diameter of the fiber, the diameter of the core, the diameter of the braid which 

is an average diameter of the rope and the braid angle. 

A braided structure is formed by the interlacing of fibers in such a way that their paths are not 

parallel to the axis of the structure. 

In this case, the structure reacts to the tensile load in two stages. Initially, the core supports the 

load and the outer braid deforms. In a second stage the two structures supports the load.  

A simple and initial study was performed on fibres and braided structures with other polymers 

aiming to develop a simple analytic tensile model for the structure analysis and to obtain the 

most favourable architectures to project the fibrous structure. Some assumptions were made in 

order to develop the analytical mode. 

Some attempts have been pursued to optimize the fibrous structure to be applied for ligament 

replacement or ligament augmentation. Within this context, several architectures of fibrous 

structures have been plaited in a braiding machine and mechanically tested, in a search of an 

optimal fibrous architecture.  

Future step involve PLA, PLA/GNP and PLA/CNT-COOH nanocomposites fibres production 

followed by the fiber structure braiding, according the optimal fibrous architectural previously 
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determined. Hybrid structures, combination of different fibre types, may be employed for 

further improvement of the fibrous structure. Some important factors in fiber production have 

to be considered including the CNS dispersion and production methods [24-27]. In order to keep 

the same dispersion and melt mixing method, it is suggested to perform melt blending for the 

mixing production, followed by pelletization and extrusion for fibre production.  

It will be appropriate to couple production and experimental data from fibres and the fibrous 

structure with numerical modeling to better tailor a scaffold for ligament tissue engineering. 

By using recent numerical methods dedicated to fibrous materials, some studies have been 

made as a predictive tool to determine the tensile response of different scaffold configurations 

[28, 29]. 

 

 

Fig. 10. 4 – FEM simulation of scaffold 3D geometries for ligament before stretching and at the maximum stretch in 

the cases of X-ray tomography reconstruction [29] 

 

Fig. 10. 5 – FEM simulation of braided structure for anterior cruciate ligament replacement[28] 
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10.3.2. NOVEL APPLICATIONS 

By being truly biodegradable, PLA also responds to important current challenges related to 

environmental policies. Some of the advantages are that PLA can be obtained from a renewable 

agricultural source [30], its production consumes quantities of carbon dioxide [31], it provides 

significant energy savings [32],  it is recyclable and compostable [33], it can help improve farm 

economies and physical and mechanical properties can be manipulated through the polymer 

architecture [2, 34] (Fig. 10. 6). 

These advantages are turn into benefits for consumers, for instance, related to “green tax’’ in 

Germany or meeting environmental regulations in Japan  [4]. 

 

 

Fig. 10. 6 – Lifecycle of PLA 

 

Worldwide, “green” concerns lead to the proposal to increase the introduction of biodegradable 

polymers in several sectors, although reported market drivers and restrictors to their use. The 

legislation in Europe and Asia (Japan and China) mandates waste reduction placing responsibility 

on packaging producers. The research evolves, with Asian and European companies leading 

novel polymer creation and waste legislation drives industry to search for higher value 

applications for recycled material [35]. 

According to a recent market report [36], PLA global market is expected to reach US$2.6 billion 

by 2016 at a Compounded Annual Growth Rate (CAGR) of 28%, globally. Region-wise analysis 

shows that Asia (Pacific) is forecasted to record the highest growth rate of 29.3% during between 

2011 to 2016, with the maximum share of growth rate expected. Europe follows Asia-Pacific 

with a CAGR of 28.9%. The Americas forecasts to drive the global market with a 27.3%. 
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Comparing the end-user industries, textiles and electronics are going to be the major supporters 

of this market. 

Also, attending to the European Bioplastic report[37], biodegradable polymers production is 

expected to increase until 2017, PLA is projected to grow to 298 000 tones (60% from 2011) (Fig. 

10. 7 to Fig. 10. 9). 

 

 

Fig. 10. 7 –  Bioplastics production in 2011[37] 

 

 

Fig. 10. 8 – Bioplastics production in 2016[37] 
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Fig. 10. 9 – Bioplastics production in 2017 by regions[37] 

 

Funding research projects among Europe and Asia are guided to the introduction of biomaterials 

and composites with biopolymers as matrices, from natural and renewable sources into high 

tech sectors like aerospace, aeronautics and automotive, in which composites are already 

applied, in order to evolve high performance and smart materials for components production. 

Nanoreinforcement of polymers with CNT has already proven to be an effective way to improve 

biopolymers properties. So, preparation to processing of biodegradable polymer-based 

nanocomposites, i. e., green nanocomposites are the wave of the future and considered as the 

next generation materials 
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ANNEXX A 

BURGERS MODEL 
 

Mathematical description of the creep tests, the Heaviside unit step function and the Dirac delta 

function are useful functions to apply. The Heaviside function H(t) is defined in: 

v�(� = w* xy. ( ≤ * xy. ( > * 

And the Dirac delta function |�(� has the following properties 

|�(� = vH �(� = w * xy. ( ≠ *∞ xy. ( = * 

 

Bellow follows a description of Burgers model used for creep constant load experiments. 
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