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FOREWORD

Several years of cumulative research has been conducted on the usage of 
fiber reinforced composites for biomedical application, but no one source 
exists where this topic has been addressed in a systematic manner in a whole 
monograph. The focus of this book is on polymer composites applied to 
bioengineering.

Fiber reinforced composites have highly favorable mechanical and 
durability related properties. When compared with metals, they offer many 
advantages such as non-corrosiveness, radio translucency, good bonding 
properties and ease of repair. Since they also offer the potential for chair- 
side and laboratory fabrication, it is not surprising that fiber reinforced 
composites have potential for use in many applications in bioengineering.

For the potential applications to become successful applications, 
requires taking full advantage of the materials properties together with man
ufacturing techniques to realize the biomedical application needs. Hence, 
this book focuses on fiber-based composites applied to bioengineering. 
The book addresses three main areas: first, a comprehensive survey of bio
composites from the existing literature in various medical applications, 
primarily focusing on hard tissues related implants is presented. Second, 
mechanical designs and manufacturing aspects of various fibrous polymer 
matrix composites are described.

The third major issue addressed in the book is the design and devel
opment examples of several medical devices and implants using polymer 
composites. These devices are supposed to be used for hard tissue applica
tions, including prosthetic socket, dental post, external fixator, bone plate,
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orthodontic archwire, orthodontic bracket, total hip replacement, and com
posite screws and pins. Fabrication and mechanical testing of these have 
been shown, with comparisons with other clinically used medical devices. 
In this book, designing procedures for those medical devices using contin
uous fiber reinforced polymer matrix composites are described in sufficient 
detail. Based on these, comparable procedures can be followed if other 
critical designs are to be made.

Professor Eric Wintermantel 
2003



ACKNOWLEDGEMENTS

This book is based on experience gained by the authors at their respec
tive affiliated institutions. We are indebted to these institutions — National 
University of Singapore (NUS), Singapore; Tongji University, China; 
Monash University Malaysia, Malaysia; Chair of Biocompatible Materi
als Science and Engineering at The Swiss Federal Institute of Technol
ogy Zurich, Switzerland, for providing us with the resources, support and 
encouragement.

During the course of our research, we have had support and encour
agement from our colleagues, students and associates. We would like to 
acknowledge all our undergraduate and graduate students, research fellows 
and scientific and industrial collaborators that worked with us. We would 
like to express our gratitude to Prof. Chew Chong Lin, Dr. Loh Poey Ling, 
Assoc. Prof. Kelvin Foong Weng Chiong from the Faculty of Dentistry 
and Prof. Teoh Swee Hin from the Faculty of Engineering at the National 
University of Singapore. In addition, we would like to express our gratitude 
to Prof. Kam W. Leong, and Prof. Edmund Chao, John Hopkins Univer
sity, USA; Prof. S. Suresh, MIT, USA; Prof. H. Hamada, KIT, Japan; Prof. 
Paul J. Hogg, Queen Mary College, University of London; Prof. Dr. Med.
E. Wintermantel, TUM, Germany; Prof. Dr. K. Friedrich, University 
Kaiserslautern, Germany; Prof. Emer. Dr. M. Flemming, Dr. K. Stadler, 
Icotec AG, Switzerland; A. Buck, TSP, Germany; Dr. W. Berner, Preci
sion Implants, Switzerland; Dr. R. Hauert and Dr. R. Hack, Swiss Federal 
Institute for Materials Research and Testing.



viii AN INTRODUCTION TO BIOCOMPOSITES

We wish to thank many students whose contributions especially in the 
case studies have been invaluable, in particular Mr. K. Fujihara, Mr. Amit 
Agrawal, Mr. H. J. Leeks, Ms. Renuga Gopal, and Ms. Teo Chieh Karen.

This research has been supported by grants from the Swiss Federal 
Institute of Technology Zurich, from the Swiss Commission of Technology 
and Innovation and from the 4th European Framework Program and A-Star, 
Singapore.

Finally, we thank the publisher, World Scientific Publishing Company, 
in particular Ms. S. C. Lim and Mr. Steven Patt for their patience in waiting 
for the manuscript and later for revising the proofs.

The Authors



CONTENTS

Forew ord .................................................................................................  v
A cknow ledgem ents ................................................................................  vii

1. Introduction................................................................................... 1
1.1 Biom aterials.............................................................................. 1
1.2 Potential of Biocomposites for Medical Applications . . .  4
1.3 Classification of Composite M a te r ia ls ................................  9
1.4 Scope of this B o o k ................................................................. 13
R e fe re n c es ........................................................................................ 15

2. Biocompatability............................................................................ 18
2.1 The Environment Within the Human B o d y ..........................  18
2.2 Durability of Artificial Implant Materials in the Body . . .  19
2.3 Physiological Interactions Between Implant Materials and

the B ody ....................................................................................  19
2.4 Structural Biocompatibility.................................................... 23
2.5 Example of Biocompatible Im p lan ts .................................... 25
2.6 Sterilization Techniques and the Testing of Biocompatibility 26
2.7 Imaging of Biocomposites after Im p lan ta tio n ...................  31
2.8 S u m m a ry .................................................................................  31
R e fe re n c es ........................................................................................ 32

3. Constituent, Fabrication, and C haracterization..................  35
3.1 Reinforcement M a te r ia ls .......................................................  35
3.2 Reinforcement F o rm s .............................................................. 40

ix



X CONTENTS

3.3 Matrix Materials .....................................................................  45
3.4 F a b ric a tio n ...............................................................................  46
3.5 Characterization........................................................................  59
R eferences......................................................................................... 67

4. Mechanics of Composite M aterials............................................  70
4.1 Introduction...............................................................................  70
4.2 Fiber Volume Fraction ............................................................ 71
4.3 Elastic Properties of Composite M a te r ia ls ........................... 72
4.4 Strength of Composite M ate ria ls ...........................................  76
4.5 Effect of Fiber Orientation on Elastic P roperties................. 81
4.6 Elastic Properties of Multi-Ply L a m in a te s ........................... 84
4.7 Textile C om posites ..................................................................  91
4.8 Behavior of Composite P ro p e r t ie s ........................................ 92

R eferences......................................................................................... 130

5. Designing with Composite M ateria ls.........................................131
5.1 Design C onsidera tions............................................................131
5.2 Design P r o c e s s .........................................................................133
5.3 Materials D e s ig n ......................................................................137
5.4 Component D e s ig n .................................................................. 139
R efe ren ces ......................................................................................... 142

6. Biomedical Applications of Polymer C om posites.................. 143
6.1 Hard Tissue A pp lica tions........................................................143
6.2 Soft Tissue Applications ........................................................161
6.3 Other Biomedical A pplications..............................................165
R e fe re n c e s .........................................................................................166

7. Case S tu d ie s ....................................................................................175
7.1 Dental A pplications..................................................................175
7.2 Orthopedics A pplications........................................................190
7.3 Prosthetic Socket Application................................................. 194
7.4 External Fixator A p p lica tio n ................................................. 201
7.5 C o n c lu s io n ...............................................................................206
R efe ren ces ........................................................................................ 206

G lo s s a ry ........................................................................................................................................  210



INTRODUCTION

Chapter 1

1.1 Biomaterials

There are different definitions of ‘bioengineering’ [Berger et al. , 1996]. 
Here, we refer ‘bioengineering’ to the application of concepts and meth
ods of the physical sciences and mathematics in an engineering approach 
towards solving problems in repair and reconstructions of lost, damaged or 
deceased tissues. Any material that is used for this purpose can be regarded 
as a biomaterial. According to Williams [1987], a biomaterial is a material 
used in implants or medical device, intended to interact with biological 
systems. Thus, a biomaterial must always be considered in its final fab
ricated and sterilized form. Examples of common medical devices are: 
substitute heart valves and artificial hearts, artificial hip and knee joints, 
dental implants, internal as well as external fracture fixators, skin repair 
templates as well as dialysers to support kidney functions or intraocular 
lenses. A material that can be used for medical application must possess a 
lot of specific characteristics, of which the most fundamental requirements 
are related with biocompatibility.

Over the last thirty years, considerable progress has been made in 
understanding the interactions between the tissues and the materials. It has 
been acknowledged that there are profound differences between non-living 
(avital) and living (vital) materials. Researchers have coined the words ‘bio- 
material’ and ‘biocompatibility’ [Williams, 1988] to indicate the biological

1
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performance of materials. Thus, materials that are biocompatible can be 
considered as biomaterials, and the biocompatibility is a descriptive term 
which indicates the ability of a material to perform with an appropriate host 
response, in a specific application [Black and Hastings, 1998]. Researchers 
[Wintermantel and Mayer, 1995] extended this definition and distinguished 
between surface and structural compatibility of an implant. Surface com
patibility means the chemical, biological, and physical (including surface 
morphology) suitability of an implant surface to the host tissues. Structural 
compatibility is the optimal adaptation to the mechanical behavior of the 
host tissues. Therefore, structural compatibility refers to the mechanical 
properties of the implant material, such as elastic modulus (or E, Young’s 
modulus) and deformation characteristics, and optimal load transmission 
(minimum interfacial strain mismatch) at the implant/tissue interface. Opti
mal interaction between biomaterial and host tissue is reached when both 
the surface and the structural compatibilities are met. Furthermore, it should 
be noted that the success of a biomaterial in the body also depends on many 
other factors such as surgical technique (degree of trauma imposed during 
implantation, sterilization methods, etc), health condition and activities of 
the patient. Table 1.1 summarizes several important factors that can be con
sidered in selecting a material for a biomedical application [Ramakrishna 
el al., 2001].

Until recently, most medical devices are still made from single
phase homogeneous and isotropic materials such as polymers, metals, and 
ceramics. A large number of polymers are widely used in various medical 
applications. This is mainly because they are available in a wide variety of 
compositions, properties, and forms (solids, fibers, fabrics, films, and gels), 
and can be fabricated readily into complex shapes and structures. However 
for load bearing applications, they tend to be too flexible and too weak 
to meet the mechanical demands of certain applications e.g. as implants in 
orthopedic surgery. Also they may absorb liquids and swell, and leach unde
sirable products (e.g. monomers, fillers, plasticizers, antioxidants), depend
ing on the application and usage. Moreover, the sterilization processes 
(autoclave, ethylene oxide, and 60Co irradiation) may affect the polymer 
properties. Metals are known for high strength, ductility, and resistance 
to wear. Most common are stainless steel, cobalt-chromium alloys as well 
as titanium and titanium base alloys. Major disadvantages of those metals
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Table 1.1 Various factors of importance in material selection for biomedical applications 
[Ramakrishna et al., 2001].

Factors Description

Chemical/Biological
Characteristics

Physical
Characteristics

Mechanical/Structural
Characteristics

1 st Level Material 
Properties

-  chemical 
composition 
(bulk and surface)

-  density -  elastic modulus
-  shear modulus
-  Poisson’s ratio
-  yield strength
-  tensile strength
-  compressive 

strength
2nd Level Material 
Properties

-  adhesion -  surface 
topology

-  texture
-  roughness

-  hardness
-  flexural modulus
-  flexural strength

Specific Functional 
Requirements 
(based on 
application)

-  biofunctionality
-  bioinert
-  bioactive
-  biostability
-  biodegradation 

behavior

-  form & 
geometry

-  coefficient of 
thermal 
expansion

-  electrical 
conductivity

-  color, 
aesthetics

-  refractive 
index

-  opacity or 
translucency

-  stiffness or 
rigidity

-  fracture toughness
-  fatigue strength
-  creep resistance
-  friction and wear 

resistance
-  adhesion strength
-  impact strength
-  proof stress
-  abrasion 

resistance

Processing & 
Fabrication

-  reproducibility, quality, sterilizability, packaging, secondary 
processability

Characteristics of host: tissue, organ, species, age, sex, race, health condition, activity, 
systemic response
Medical/surgical procedure, period of application/usage
Cost

are their high stiffness compared to host tissues as well as their tendency to 
create severe imaging artifacts in the most advanced diagnostic 3-D imaging 
procedures i.e. X-ray Computer Tomography (CT) and nuclear Magnetic 
Resonance Imaging (MRI). Stainless steel and cobalt-chromium alloys are 
sensitive to corrosion, thus releasing metal ions which may cause allergic
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tissue reactions (Nickel and Chromium allergies) [Speidel and Uggowitzer, 
1998]. Titanium and its alloys, however, expand their range of applications 
because of their excellent biocompatibility. Ceramics are known for their 
good biocompatibility, corrosion resistance, and high compression resis
tance. Drawbacks of ceramics include brittleness, low fracture strength, 
difficulty in fabrication, low mechanical reliability and lack of resilience. 
These drawbacks in the traditional biomaterials have stimulated researchers 
and engineers to develop composite materials as an alternative choice in 
bioengineering applications.

1.2 Potential of Biocomposites for Medical Applications

Composites are those materials that contain two or more distinct constituent 
phases, on a scale larger than the atomic. The term ‘biocomposites’ spe
cially refers to those composites that can be employed in bioengineering. 
The constituents retain their identities in the composite. Namely, they do not 
dissolve or otherwise merge completely into each other although they act 
in concert. Normally, the constituent components can be physically identi
fied and exhibit an interface between one another. In composites, properties 
such as the elastic modulus can be significantly different from those of the 
constituents alone but are considerably altered by the constituent structures 
and contents. From a structural point of view, composites are anisotropic 
in nature. Their mechanical properties are different in different directions. 
Most of the living tissues such as bone, dentin, collagen, cartilage, and skin 
are essentially composites. Those natural biocomposites are not discussed in 
this book, but the reader can refer to, e.g. [D. Taylor, 2003]. Synthetic com
posites are essentially a combination of two constituent phases, i.e. a rein
forcing phase such as fiber or particle and a continuous phase called matrix.

The primary motive in the development of biocomposites is that by vary
ing the type and distribution of the reinforcing phases in the composites it is 
possible to obtain a wide range of mechanical and biological properties, and 
hence to optimize the structure and performance of the biomedical devices 
and their interaction with the surrounding tissues. A schematic diagram 
to show potential use of biocomposites in the repair, reconstruction, and 
replacement of human hard tissues is given in Fig. 1.1. A number of polymer
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Spine Cage, Plate. Rods. Screws 
and Disc
CF/PEEK. CF/Epoxy. CF/PS. 
Bio-Glasx/PU. Bio-Glass/PS. 
PET/SR. PET/Hydrogcl_________

Abdominal Wall Prosthesis
Finger Joint 
PET/SR. CF/UHMWPE

PET/PU. PET/Collagcn

Total Hip Replacement
CF/Epoxy. CF/C. CF/PS. 
CF/PEEK. CF/PTFE. 
CF/UHMVVPE, CF/PE. 
UHMWPE/UHMWPE

Intmm edullarv Nails
CF/LCP. CF/PEEK 
GF/PEEK

Bone Cement
Bone paniclcs/PMMA, 
Titanium/PMMA, UHMWPE/PMMA. 
GF/PMMA. CF/PMMA. KF/PMMA. 
PMMA/PMMA. Bio-Glass/Bis-GMA

Cartilage Replacement
PET/PU. PTFE/PU, CF/PTFE 
CF/C

Total Knee Replacement
CF/UHMWPE. UHMWPE/ 
UHMWPE

External Fixation
CF/Epoxy________

Dental Implant
CF/C. SiC

Arch Wire & Brackets
GF/PC. GF/PP 
GF/Nylon. GF/PMMA 
Dental Restorative Material 
Silica/BIS-GMA 
HA/2.2’ (4-mcthacryloxydiethoxyphenyl)

Denial Post
CF/C.CF/Epoxy 
GF/Polycstcr 
Dental Bridges 
UHMWPE/PMMA 
CF/PMMA. GF/PMMA 
KF/PMMA

Vascular Graft
Cells/PTFE. Cclls/PET 
PET/Collagcn. PET/Gclatin 
PU/PU-PELA

Bone Replacement Material
HA/PHB. HA/PEG-PHB 
CF/PTFE. PET/PU. HA/HDPE 
PET/PU. HA/PE. Bio-Glass/PE, 
Bio-Glass/PHB. Bio-Glass/PS. HA/PLA

Tendon /  Ligament
PET/PHEMA. KF/PMA. KF/PE 
CF/PTFE. CF/PLLA. GF/PU

Boneplatcs & Screws 
CF/PEEK. CF/Epoxy. 
CF/PMMA
CF/PP, CF/PS. CF/PLLA. 
CF/PLA. KF/PC, HA/PE, 
PLLA/PLDLA. PGA/PGA

CF: Carbon fibers, C: Carbon. GF: Glass fibers. KF: Kevlar fibers, PMMA: Polymethymethacrylate. 
PS: Polysulfone. PP: Polypropylene, UHMWPE: Ulira-high-molecular weight polyethylene,
PLDLA: Poly(L-DL-lactide), PLLA: Poly (L-lactic acid), PGA: Polyglycolic acid. PC: Polycarbonate. 
PEEK: Polyetheretheketone: HA: Hydroxyapatite, PMA: Polymelhylacrylate.
B1S-GMA: bis-phenol A glycidyl methacrylate. PU: Polyurethane, PTFE: polytetrafiuoroeihylene. 
PET: polyethyleneicrephthalate. PEA: polteihylacr>'late, SR: silicone rubber,
PELA: Block co-polymer of lactic acid and polyethylene glycol, LCP: liquid crystalline polymer. 
PHB: Polyhydroxybutyrate. PEG: polyethyleneglycol,
PHEMA: poly(20hydroxyethyl meihacrylate)

Fig. 1.1 Various applications of different polymer composite biomaterials.
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matrix composite materials were investigated for medical applications 
over the years. The early composites have been successfully used clinically, 
e.g. cages for spinal fusion, while the others are still under development. 
There are a number of factors that led to the development of composite mate
rials. Some specific advantages of polymer composites are highlighted in 
the following.

In general, tissues are grouped into hard and soft tissues. Bone and tooth 
are the only examples of hard tissues, whereas skin, blood vessels, cartilage 
and ligaments are a few examples of soft tissues. As the names suggested, the 
hard tissues are generally stiffer (with higher elastic modulus) and stronger 
(with higher tensile strength) than the soft tissues (Tables 1.2 and 1.3). 
Moreover they are essentially composite materials with anisotropic prop
erties, which depend on the roles and structural arrangements of various 
components (e.g. collagen, elastin, and hydroxy apatite) of the tissues. For

Table 1.2 Mechanical properties of hard tissues, representative values only, note that 
tissues show broad variation [Black and Hastings, 1998].

Hard Tissue Modulus (GPa) Tensile Strength (MPa)

Cortical Bone (Longitudinal Direction) 17.7 133
Cortical Bone (Transverse Direction) 12.8 52
Cancellous Bone 0.4 7.4
Enamel 84.3 10
Dentine 11.0 39.3

Table 1.3 Mechanical properties of soft tissues, representative values only, note that tissues 
show broad variation [Black and Hastings, 1998].

Soft Tissue Modulus (MPa) Tensile Strength (MPa)

Articular Cartilage 10.5 27.5
Fibrocartilage 159.1 10.4
Ligament 303.0 29.5
Tendon 401.5 46.5
Skin 0.1 -0 .2 7.6
Arterial Tissue (Longitudinal Direction) 0.1
Arterial Tissue (Transverse Direction) 1.1
Intraocular Lens 5.6 2.3
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example, the longitudinal mechanical properties of cortical bone are higher 
than the transverse direction properties (see Table 1.2). The anisotropy of 
the elastic properties of the biological tissues has to be considered as one an 
essential design criterion for implants made from composite biomaterials.

From the mechanical point of view, metals or ceramics seem to be more 
suitable for hard tissue applications (Tables 1.2 and 1.4), while polymers 
for soft tissue applications (Tables 1.3 and 1.5). However, a closer look at 
Tables 1.2 and 1.4 reveals that the elastic moduli of metals and ceramics are 
at least 10 to 20 times higher than those of the hard tissues. Thus, implants 
made from these materials tend to be much stiffer than the tissue to which

Table 1.4 Mechanical properties of typical metallic and ceramic 
biomaterials, representative values only [Black and Hastings, 1998].

Material Modulus (GPa) Tensile Strength (MPa)

Metal Alloys
Stainless Steel 190 586
Co-Cr alloy 280 1085
Ti-alloy 116 965
Amalgam 30 58

Ceramics
Alumina 380 300
Zirconia 220 820
Bioglass 35 42
Hydroxyapatite 95 50

Table 1.5 Mechanical properties of typical polymeric biomaterials, representative 
values only [Black and Hastings, 1998].

Material Modulus (GPa) Tensile Strength (MPa)

Polyethylene (PE) 0.88 35
Polyurethane (PU) 0.02 35
Polytetrafluoroelhylene (PTFE) 0.5 27.5
Polyacetal (PA) 2.1 67
Polymethylmethacrylate (PMMA) 2.55 59
Polyethylene terepthalate (PET) 2.85 61
Polyetheretherketone (PEEK) 3.3 110
Silicone Rubber (SR) 0.008 7.6
Polysulfone (PS) 2.65 75
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they are attached. In orthopedic surgery, this mismatch of stiffness between 
the bone and the metallic or ceramic implants influences the load sharing 
between the bone and implant. Since the amount of stress carried by each 
of them is directly related to their stiffness, bone is insufficiently loaded 
compared to the implant. According to Wolffs law of stress related bone 
remodeling [Hayes and Snyder, 1981], this may lead to lower bone density 
and altered bone architecture. In osteosynthesis, this may affect healing of 
the fractured bones and may increase the risk of refracture of the bone after 
removal of the osteosynthesis implant, e.g. bone plate.

It has been recognized that by matching the stiffness of implant with 
that of the host tissues can reduce such negative effects and support desired 
bone tissue remodeling. In this respect, the use of low-modulus materi
als such as polymers appears interesting. However, low strength associated 
with low modulus usually impairs their potential use. Since fiber-reinforced 
polymers i.e. polymer composite materials offer both low elastic modulus 
and high strength, they have been proposed for several orthopedic appli
cations. A further merit of composite materials is that by controlling the 
volume fractions and local and global arrangement of reinforcement phase, 
the properties and design of an implant can be varied and tailored to suit the 
mechanical and physiological conditions of the host tissues. It is therefore 
suggested that composite materials offer a greater potential of structural 
biocompatibility than the homogenous monolithic materials.

Composite materials offer several other significant advantages over 
metal alloys and ceramics, e.g. absence of corrosion and release of aller
genic metal ions such as Nickel or Chromium, high fracture toughness 
and higher resistance against fatigue failure [Hastings, 1983; Tayton, 1983; 
Tayton and Bradley, 1983]. Polymer composite are basically radiolucent 
materials, however, their radio transparency can be adjusted by adding con
trast medium to the polymer. Moreover the polymer composite materials are 
highly compatible with the modem diagnostic methods such as computed 
tomography (CT) and magnetic resonance imaging (MRI) as they show 
very low X-ray scattering and their magnetic susceptibility is very close to 
that of human tissue. Considering their light weight and superior mechan
ical properties, the polymer composites are also used as structural compo
nents of these imaging devices. For some applications as in dental implants, 
polymer composites can offer better aesthetic characteristic. Furthermore,
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since implants from polymer composites can be manufactured using high 
throughput technologies e.g. injection molding, net shape pressing and high 
speed machining, they become competitive to metal implants from the point 
of view of cost management too.

1.3 Classification of Composite Materials

There are several means which can be used to classify composites in 
applications. Figure 1.2 shows main types of bio-composites according 
to their reinforcement forms. From Fig. 1.2, we can see that there are typ
ically three kinds of reinforcements, i.e. short fibers, continuous fibers, 
and particulates (powders). All of them have been used in the develop
ment of composites for bio-medical applications, such as screws and total 
hip replacement stems made from short fiber reinforcements (Figs. 1.3 
[Tognini, Ph.D. Thesis, ETH Zurich, 2001] and 1.4 [Semadeni, Ph.D. 
Thesis, ETH Zurich, 1999]), orthopedic bone plates fabricated using unidi
rectional (UD) laminae or multidirectional tape laminates (Fig. 1.5) [Evans 
and Gregson, 1998], and powder reinforced dental composites [Nicholson, 
1998; Moszner and Salz, 2001]. Another classification for biocomposites

Fig. 1.2 Classification of biocomposites based on their reinforcement form.
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A

F

Fig. 1.3 Endless carbon fiber reinforced PEEK matrix medical screws made by Composite 
Flow Molding, carbon fiber volume content 62% (by courtesy of Icotec AG, Switzerland) 
[R. Tognini, Ph.D. Thesis, ETH Zurich, 2001].

Fig. 1.4 Hip endoprosthesis stem, injection molded, chopped long fiber reinforced PEEK, 
fiber volume content 50% [M. Semadeni, Ph.D. Thesis, ETH Zurich, 1999].

is based on their biodegradability, i.e. fully resorbable, partially resorbable, 
and nonresorbable composites, as shown in Fig. 1.6.

Resorbable biocomposites are made from those fibers and matrices 
both of which are fully absorbable in the body. Those biocomposites are 
currently and intensively investigated for internal fracture fixation appli
cations. When a metal fixator is used, a second operation generally has to 
be performed to remove the implants when the fractured bone has healed
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Fig. 1.5 Carbon fiber reinforced epoxy composite bone plates (Evans and Gregson, Bio- 
materials, Vol. 19, No. 15, pp. 1329-1342, 1998).

completely. This would cause the patient additional risk, pain and expen
diture. Such an operation can be avoided if a fully resorbable fixator is 
used. Most work in the literature on fully resorbable biocomposite fracture 
fixators has been done based on the group of PLA (polylactic acid) poly
mers. The reason is that PLAs possess two major characteristics that make 
them an extremely attractive bioabsorbable material [Alexander, 1996]:
(1) they can degrade inside the body in a rate that can be controlled, e.g. by 
varying molecular weight, the share of their enantiomers L and D-lactide 
or copolymerising it with PGA (polyglycolic acid) polymer, and (2) and, if 
crystallization of the PLA-polymer is prevented, their degradation products 
are nontoxic, biocompatible, and easily metabolized. The main problem of 
those composites is the coordination of the degradation behavior of both 
phases and, especially, of the interphase between both.

Partially resorbable biocomposites have been fabricated using 
non-absorbable reinforcing materials and absorbable matrix materials. 
Historically, they have been the predecessors of the fully degradable com
posites. However, due to severe inflammatory tissue reactions on the remain
ing, non-degradable phase, most of the research on these materials has 
been stopped. They have been investigated for a number of medical appli
cations such as bone replacements, bone cements and also internal frac
ture fixators. Particulate reinforced materials which have been practiced 
include PMMA (polymethylmethacrylate) and PBT (poly(butylene tereph- 
thalate)) as non-resorbable matrics in combination with HA or PLA’s,
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Non-resorbable Composites

Alumina/PMMA
Bioglass/PS
Bioglass/PU
Bone/PMMA
CF/C
CF/Epoxy (Triacine Resin)
CF/Nylon
CF/PBT
CF/PEEK
CF/PMMA
CF/PP
CF/PS
CF/PTFE
CF/UHMWPE
GF/bis-GMA
GF/PMMA
GF/PP
GF/PU
HA/HDPE
HA/UHMWPE
KF/PC
KF/PMA
PE/PMMA
PET/PU
PMMA/PMMA
PTFE/PU
Silica/bis-GMA
Silica/SR
UHMWPE/bis-GMA
UHMWPE/UHMWPE

Polymer Composite Biomaterials

Partially Resorbable 
Composites

CF/PGA
CF/PLA
CF/PLLA
HA/Alginate
HA/PBT
HA/PEG-PHB
HA/PLA
PET/Collagen
PET/PHEMA
PU/PU-PELA
Alumina/PLLA

Fully Resorbable 
Composites

PGA/PGA
PLA-PGA/PLA
PLLA/PLDLLA

Fig. 1.6 Classification of man-made polymer biocomposites based on biodegradability.

and Polyalkanoates e.g. PHB (polyhydroxybutyrate), combined with non- 
resorbable filler phases e.g. Alumina or Calcium Carbonate. For inter
nal fixator application, the reinforcing material has been mainly carbon 
fibers whereas the matrices used have been various PLAs or PLA-PGA 
copolymers. The only product that raised clinical interest is a composite 
of polyethylene and HA being applied in some bone graft and replace
ment applications. In a nonresorbable biocomposite, both the reinforcing 
phase (fibers or particulate) and the continuous phase are nonresorbable
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in the body. There is a large variety of biocomposites which are nonre- 
sorbable. They are generally used to provide specific mechanical or clin
ical properties unattainable with the traditional biomaterials. Currently, 
the most advanced use of nonresorbable composites is in implants for 
spinal fusion since they provide superior mechanical stability and allow 
proper imaging of the reconstructed or stabilized vertebral column. The 
other potential uses include stems of hip or knee joint prostheses, pros
thetic sockets, bone plates, dental posts, external fixators, orthodontic arch
wires, orthodontic brackets, etc which will be described in Chapter 7 of 
this book.

1.4 Scope of this Book

This book focuses on polymer composites applied to bioengineering, a 
topic which has not been systematically addressed in a whole monograph 
before. There are three purposes for the authors to write the present book. 
First, a comprehensive survey of biocomposites from the existing literature 
in various medical applications, primarily focusing on hard tissues related 
implants, is presented. Second, mechanical (stiffness and strength) designs 
of various fibrous polymer matrix composites are described only based on 
their constituent properties. These composites can be tailored to different 
biomedical applications. For this purpose, a mechanics of composite theory 
is presented systematically. Finally, a number of typical design and devel
opment examples involved with biocomposites are shown in the book.

Although polymer composites have been recognized as potential can
didates for medical devices, implants and substitutes, the majority of them 
are still limited to laboratory investigation level at the present. A great 
body of studies has accumulated concerning various biomedical applica
tions ranging from the hard tissues to the soft tissues. These study reports 
have been broadly distributed in many sources of literature publications. 
There is a need to review and evaluate the contents of these studies so that the 
non-specialist reader can appreciate the current understanding of polymer 
biocomposites and that he or she can be stimulated for future investigations 
in biocomposite science and engineering. Thus, an effort has been made in 
this book to summarize and survey the various biomedical applications of 
polymer composites so far achieved.
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While a number of issues affect the widespread employment of polymer 
composites in bioengineering, the technical need for the design and analy
sis of composite materials and structures remains in place, as an increased 
use of biocomposites also requires taking full advantages of the material 
properties together with manufacturing techniques available. For a syn
thetic composite especially made from continuous or discontinuous fiber 
reinforcement, its mechanical as well as physiological properties are depen
dent on a number of variables. The parameters that will influence the com
posite properties include the mechanical and physiological properties of 
its constituent materials, constituent contents, reinforcement form, struc
ture, and arrangement pattern in the matrix, interface bonding between the 
reinforcement and the matrix phases, and so on. Varying these parame
ters can result in composites with different performances. Thus, a design 
related problem is to achieve a polymer composite with optimal mechani
cal as well as physiological performance by choosing suitable values of the 
design parameters. This is possible only when the composite properties can 
be quantitatively represented as the functions of those design variables. The 
micromechanics theory can be applied to accurately estimate the composite 
properties in terms of its constituent properties and geometrical parameters.

In this book, micromechanics models of the stiffness and strength are 
presented. Composite elastic behavior, its inelastic and strength properties 
can be estimated by rigorous application of micromechanics. The detailed 
development of the model is not shown in the book, but can be found in 
cited literature [Huang, 2000]. Attention has been focused on its wide appli
cability. The analysis and designing procedures for various fiber compos
ites including unidirectional lamina, multidirectional tape laminate, woven, 
braided, and knitted fabric reinforced composites are described in the book. 
The strength characteristics of any continuous fiber reinforced composite 
can be simulated, as long as the fiber orientation in the composite can be 
identified. Prediction of the mechanical properties of a fibrous composite 
primarily involves an analysis of the geometry of the fibrous structure in the 
composite. Once an accurate knowledge has been obtained of the relation
ship between the mechanical characteristics of the composite and the mate
rial properties and geometrical structure of its constituents, stiffness and 
strength designs can be performed. This has been done in the book for com
posites reinforced with a number of typical fiber preforms and structures.
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The third major issue addressed in the book is the design and devel
opment examples of several medical devices and implants using polymer 
composites. These devices are supposed to be used for hard tissue appli
cations, including Prosthetic socket, Dental post, External fixator, Bone 
plate, Orthodontic archwire, Orthodontic bracket, Total hip replacement, 
and Composite screws and pins. Fabrication and mechanical testing of 
them have been shown, with comparisons with other clinically used med
ical devices if possible. Among them, some devices such as bone plate 
and archwire are primary load carrying elements. Their ultimate strength 
behavior must be targeted during the design. It is noted that both of them are 
mainly subjected to lateral loading (bending) in their clinical application. 
According to current understanding, the estimation of composite bending 
strength remains a challenge. In this book, design procedures for those med
ical devices using continuous fiber reinforced polymer matrix composites 
are described in sufficient detail. We believe that comparable procedures 
can be followed if other critical designs are to be made.
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C hapter 2

BIOCOMPATABILITY

2.1 The Environment Within the Human Body

The human environment within the human body can be crudely defined 
as warm, aqueous and saline. The mineral composition of most body flu
ids closely resembles sea water. With the exception of bodily extremities 
exposed to very cold air, most of the body remains at a constant temperature 
close to 37 degrees Celsius. Body fluids with the important exceptions of 
stomach contents, urine, sweat and tears are almost neutral like water itself. 
The body is intolerant of either strong acidity or severe alkalinity, apart 
from specialized locations such as the stomach contents. The principle of 
homeostasis (stability of operating conditions) ensures that there are few, 
if any, deviations from the norm in the internal environment of the body.

Given these major restrictions on extreme chemical activity in the body, 
the internal environment of the body is found to be surprisingly demand
ing on artificial materials. Much of the problems arise from the fact that 
living tissues are involved where cells routinely secrete large quantities 
of enzymes, proteins and other chemicals (such as strong oxidants). It is 
found that proteins, despite their normally mild level of chemical activity, 
interact strongly with artificial materials. When the interactions between 
an implant material and the body are beneficial, the material can be said to 
be biocompatible. When there are hostile interactions, the material is not 
biocompatible.

18
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Metals, polymers and engineering ceramics have been used as implants. 
Metal implants are subject to corrosion from the saline solution that forms 
the inorganic component of blood and other body fluids. This corrosion is 
often accelerated by protein adsorption onto the surface of the metal. The 
mechanism of how protein adsorption controls corrosion is still not fully 
understood. A major advantage of ceramics and polymers is that they are 
largely invulnerable to aqueous corrosion. However, polymers in particular, 
suffer from other problems such as leaching. It is found that blood is an 
effective leaching agent since it contains water, inorganic minerals and sol
ubilizing organic compounds such as lipids. Non-degradable ceramics are 
perhaps the most resistant class of material, but because of their brittleness, 
the use in the body is limited to very selected application, e.g. articulating 
bodies in artificial joints.

2.2 Durability of Artificial Implant Materials in the Body

2.3 Physiological Interactions Between Implant Materials and 
the Body

From the moment an implant enters the body, there will be some kind of 
interaction with human tissues at both the biochemical and cellular levels. 
The initial response after wetting is adsorption of proteins on the surface 
of the implant. The proteins will in turn attract cells to form an adaptive 
region around the implant. In some cases, this adaptive region is benefi
cial and helps generate a bond between the implant and the surrounding 
tissue. A bond is vitally useful for bone implants where a mechanical 
strength is required. In most cases, however, a fibrous capsule forms around 
the implant; the purpose of this is to isolate adjacent tissues from the 
implant. Biocompatibility usually means that a fibrous capsule does not 
form; instead, there is a useful degree of integration between the original 
tissue cells, e.g. bone cells and the implant. A higher degree of biocom
patibility known as bioactivity, means that the cells freely integrate and 
penetrate the implant so that original implant boundary disappears. Instead 
of a boundary, there is a transition region between the original implant and 
the adjacent tissue.
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With the exception of temporary implants such as ‘scaffolds’ and drug- 
releasing implants, the implant should remain intact. However, in many 
cases, the implant is degraded to progressively leak alien materials into 
the body. In other cases, for reasons that are not fully understood, the 
implant may activate the body’s immune system to generate local inflam
mation around the implant. Inflammation involves elevated temperature 
and swelling. It causes discomfort to the patient with possible impairment 
of bodily function (e.g. of the limbs). The immune system has evolved to 
interact and eradicate bacteria and other parasites that are typically minute 
in size. A major problem is that wear-resistant implant materials may gen
erate wear particles that are comparable in size to bacteria and therefore 
activate the immune system [Green e ta l ., 1998]. However, the wear debris 
of biomaterials, unlike bacteria, are not rapidly disposed of. The survival of 
wear debris causes the inflammation that persists with resultant long-term 
tissue damage. The body has evolved to tolerate a short episode of tissue 
damage to combat acute but brief infections. Chronic inflammation that 
persists over a number of years (the service life of the implant) will at the 
very least, subject the patient to long periods of pain. A further category of 
response, which is the most undesirable perhaps, is that the implant is car
cinogenic, i.e. initiates cancer. Fortunately, this has only happened in a few 
exceptional cases. The most common problems associated with implants 
are chronic inflammation and post-operative infection. The act of placing 
an implant, i.e. cutting open the body, presents an excellent opportunity 
for invasion of the body by any bacteria that happen to be present. Once 
the bacteria are inside the body, they are very likely to cause an infection. 
The site of an infection is as critical to the patient’s survival as is the type 
of bacteria. If even a common type of bacteria, which lives harmlessly on 
the skin, is able to gain access to the underlying tissues, then there may be 
severe consequences for the patient.

Apart from cases where known toxic materials are used, the only 
instance where implants caused significant numbers of chronic health prob
lems was where large quantities of wear debris was generated. For reasons 
that are poorly understood, it appears that the minute size and unnatural 
shape of wear debris may provoke a pathological response in the patient. 
The early models of orthopaedic implant were fitted with sliding surfaces 
made of PTFE (Poly-tetra-fluoro-ethylene), since PTFE was known to offer
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a low sliding friction coefficient at moderate sliding speeds and tempera
tures. These implants were found to generate unacceptably large amounts 
of wear debris, necessitating their urgent replacement. PTFE has among the 
lowest friction coefficients in dry sliding against metals or ceramics, but it 
also has amongst the highest wear rates of all known polymers.

The reaction of the body to an implant is illustrated schematically in 
Fig. 2.1.

When a material is implanted in the body, the body may accept the 
material and allow cells to achieve close contact with the material and form 
strong bonds. If a basically biocompatible material is porous or pitted, then 
the cells may invade the pores and pits to achieve a stronger bond. When a 
material is not accepted, the living tissues are unable to maintain intimate 
contact with the material. To prevent such contact, the body forms a casing of 
dense connective tissue around the implant [Hench]. The fibrous component 
of this tissue serves to separate the living cells from the implant material. 
This tissue does not mechanically bond with the implant, which remains 
loosely held in the capsule of dense connective tissue. In many instances, 
a heavily loaded implant may loosen and cease to function [Hench]. In 
extreme cases of incompatibility between the implant and tissue may lead 
to local tissue necrosis. In those rare cases, a very heavy tissue reaction

Fig. 2.1 Interaction between the body and implanted material.
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follows that normally requires removal of the implant and resection of the 
necrotic tissue.

The difference between an bioactive implant that fully intrgrates into the 
tissue and an bioinert implant that becomes encapsulated by a connective 
tissue membrane is illustrated schematically in Fig. 2.2.

The fibrous component of a biocomposite would be vulnerable to fret
ting wear if the fibers are not encased in a solid matrix. Fretting wear is 
caused by microscopic movements between contacting solids. The ampli
tude of movement is typically only a few micrometers, but the wear rate 
is high when compared to the total sliding distance. Contacting fibers are

Biocompatible, bioactive material 

Fig. 2.2 Long-term bonding and non-bonding of implants inside the body.
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particularly vulnerable to this form of wear, which may lead to early fracture 
of the fibers. The fine fretting wear debris might initiate a strong inflamma
tory response from the body that can lead to bone resorption and implant 
loosening or the formation of very dense, even calcifying connective tissue 
membranes. A solid matrix fixes the fibers and prevents escape of any wear 
debris, so it would be expected to suppress any fretting wear problems inside 
the body. However, if the implant material is exposed to bone, a hard, wear 
resistant coating is recommended to protect the composite from the high 
abrasivity of bone tissue. For hip endoprosthesis stems, combined plasma 
sprayed hydroxy apatite— titanium have been proposed [Ha, S.-W. et al.].

2.4 Structural Biocompatibility

Living tissues are not static structures but are instead continuously renewed. 
Ageing cells in the tissue die and are quickly decomposed or removed, to 
be replaced by new cells. A basic example of this process is the human skin 
where dead skin cells on the exterior of the skin are removed by mechan
ical abrasion while below the skin surface, new cells gather. The balance 
between renewal and removal is sensitive to external demands and most 
tissues are capable of adaptive change. The skin provides another exam
ple, when a person, who is unused to manual work, begins to use a shovel 
or other digging implement, the skin on the hands will become thick and 
coarse. When the same person ceases to use the shovel, the skin on the 
hands will soften and revert to its earlier state. A similar process applies to 
bone tissue. Bone, although a large portion of its volume is filled with an 
extra-cellular matrix of bone material, is permeated with living cells — the 
osteoblasts and osteoclasts. Osteoblasts serve to build-up the extra-cellular 
matrix of bone material, while osteoclasts have the function of resorbing the 
extra-cellular matrix. Hormones and other control agents enter the bone to 
establish a balance between formation of bone material by the osteoblasts 
and bone resorption by the osteoclasts. This was first observed by Wolff 
who described that the orientation of the trabecular architecture in cancel
lous bone reacts on changes in the loading regime by rearrangement and 
adaptation of density. In Wolff’s law of bone remodeling, the trabecular 
architecture was described to align to the main stresses, thus minimizing 
shear stresses in the material.
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During a normal active lifestyle, there is sufficient mechanical load on 
the bone to ensure that the balance between formation and decomposition of 
bone material is biased towards retention of bone material. If a bone that is 
normally subject to heavy loads, such as a leg bone becomes unloaded, then 
the extra-cellular matrix inside the bone will be partially resorbed. The clas
sic example of this process is bone loss in astronauts after prolonged periods 
of weightlessness. The dynamic balance between bone strengthening and 
bone resorption, as defined by Wolff’s law is illustrated schematically in 
Fig. 2.3.

When an orthopaedic implant is placed inside a bone, there are local 
changes in stress levels at any point in the bone. The loads on the bone, such 
loads during walking, remain the same, but mechanical stresses in the bone 
adjacent to the implant will be altered. According to Wollf’s Law, this occurs 
by remodeling of the bone architecture and density. In some cases, the local 
stress rather than the overall load on the bone appears to be the controlling 
factor on the retention of bone material. Thus, a significant problem with 
implants is believed to occur when a normally highly stressed section of 
bone becomes largely unstressed. This section of bone may progressively 
atrophy with a reduction in bone mass and increasing mechanical weakness. 
This phenomenon is termed ‘stress shielding’. An implant, which minimizes

Increased
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density of 
bone tissue

Reduced 
mechanical 
stress, lack 
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Renewal of 
bone tissue 
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Above 
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density of 
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Below 
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density of 
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Resorption of 
bone tissue is 
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Fig. 2.3 Dynamics of the balance between bone tissue growth and resorption.
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this process of bone atrophy (or resorption) can be said to be structurally 
biocompatible. As is discussed in later chapters, the main cause of structural 
bio-incompatibility is that most orthopaedic implant materials are much 
stiffer than bone and secondarily, that because of the isotropy and high 
stiffness, these implants can cause a high degree of strain mismatch in the 
interface to bone. This can hinder proper bone bonding of the implant in 
the long term.

2.5 Example of Biocompatible Implants

A type of implant that is used in very large numbers is the orthopaedic 
endoprosthesis for the hip or the ‘artificial hip’ as it is commonly known. 
This prosthesis has restored mobility to hundreds of thousands of patients 
and has an average service lifetime that reaches approximately 20 years. 
This level of treatment was not achieved easily. There were many prob
lems with the initial designs and even the current designs are not without 
problems. Most of the difficulties relate to biocompatibility as discussed 
above since the prosthesis permits near normal articulation of the joint and 
low levels of friction comparable to the original joint. The earliest designs 
of prosthesis resembled a metal hinge and were relatively stiff and inflex
ible. A major improvement in prosthesis was achieved with the ball and 
socket design of prosthesis. This design closely resembled the natural hip 
where the ball was modeled on the head of the femur (hip bone) and the 
socket on the acetabulum of the pelvic girdle. A metal-to-metal combina
tion of ball and socket resulted in a significantly high coefficient of friction 
in the joint. In order to reduce this friction, PTFE was substituted for the 
socket, resulting in excessive wear debris as discussed above. A success
ful combination of materials has been found to be an UHMWPE socket 
and a ceramic or hard metal socket. UHMWPE is the acronym for Ultra 
High Molecular Weight Polyethylene, a polymer with an average molecu
lar weight in excess of I million that is mechanically strong and resistant 
to wear and corrosion. This combination of materials is found to produce 
the least amount of wear debris and a long service lifetime. Despite being 
made of an organic polymer, the UHMWPE socket is found to display 
only moderate amounts of creep during the service lifetime. There are still 
problems caused by wear debris and post-operative infection of the implant
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site, which is fortunately becoming less common. The release of wear par
ticles from the UHMWPE socket causes localized inflammation around the 
joint. While inflammation is a vitally important response by the body to 
infection, the duration of the inflammation is meant to be relatively short. 
The durability of the UHMWPE particles leads to prolonged inflammation 
and pain for the patient. In some cases of inflammation induced by wear 
particles, a phenomenon known as aseptic loosening may occur where the 
prosthesis loses its original bond to the bone. More recently, high precision 
metal to metal and ceramic to ceramic pairs have been introduced that show 
excellent wear properties. However, they cannot be considered as zero- 
wear systems, consequently, aseptic loosening will remain a major clinical 
issue.

Another major unresolved problem is the lack of structural biocompat
ibility since strong high modulus metal alloys are used for the stem that 
extends from the ball. The loads on the stem, especially bending moments, 
can be very high during active motion, so a strong material must be used. 
A major problem with strong metals is that they have a much higher elastic 
modulus than the bone; this prevents structural biocompatibility. A further 
problem with the stem is fretting wear between the stem and the cement 
used to fix the stem in the bone. This results in release of inflammatory 
cement debris and also some metal particles. Many of the metal alloys used 
contain elements such as cobalt, vanadium chromium or nickel, which can 
only be tolerated in minute quantities by the body.

2.6 Sterilization Techniques and the Testing of Biocompatibility

2.6.1 Sterilization techniques

Sterilization of any biomaterial is an essential step in the manufacturing 
process to ensure that bacteria, fungi, viruses or any other parasites do 
not contaminate the patient during implantation of the biomaterial. It is 
unfortunately not possible to obtain perfect sterility and a commonly used 
criterion of the quality of sterilization is the Sterility Assurance Limit or 
SAL [Ratner et a l., 1996], which is based on the probability that an implant 
remains non-sterile after the sterilization process. A commonly accepted 
value of SAL is one in a million. There are several sterilization processes
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in use and under development which are listed below:

(1) Autoclaving in pressurized steam to temperatures in of approximately 
120-140 degrees Celsius at 2-3 bar pressure.

(2) Immersion of the implant in an atmosphere of ethylene oxide (ЕЮ), 
either pure or with carrier gases such as carbon dioxide or freon.

(3) Exposure of the implant to gamma radiation from a cobalt60 isotope 
source.

(4) Immersion of the implant in supercritical carbon dioxide fluid at 
pressures of approximately 20 MPa at ambient or slightly elevated 
temperatures.

Each method has its own particular advantages and disadvantages
(Table 2.1). Steam is effective at destroying pathogens (disease causing
life-form) but is unfortunately destructive to most engineering polymers

Table 2.1 Comparison of sterilization methods.

Method Pressurized Steam ЕЮ Gamma

Advantages -  simplicity -  low cost -  high volume
-  high penetration -  widely used for process

power medical devices -  proven use for
-  short processing 30 years

time -  non-toxic
-  lack of toxic -  no residue &

residues quarantine
-  complete product 

penetration
-  produce minimal 

heat
-  dosimetric 

release
Disadvantages -  high temperature & -  EtO emissions -  discoloration of

pressure -T oxic some products
-  cannot be used -  100% EtO highly -  brittleness of some

on products that inflammable products
are moisture -  physical property -  Cobalt-60 is a
sensitive or changes in proprietary
moisture polymers due to material
impermeable reactivity of 

the gas
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since the glass transition temperature of most polymers is less than 120 
degrees Celsius. Ethylene oxide efficiently kills almost all parasites, the 
problem is that ethylene oxide is also very toxic to human and animal 
life! This means that all traces of ethylene oxide have to removed from 
the sterilized biomaterial by prolonged ‘washing’ with a sterile non-toxic 
gas such as nitrogen. Gamma radiation from the cobalt60 source is highly 
effective at destroying pathogens and does not leave any residual radioac
tivity in the implant. Gamma radiation is widely used to sterilize UHMWPE 
orthopaedic implants as it is an efficient and rapid form of sterilization. The 
main difficulties with gamma ray sterilization are the high cost of the equip
ment and the destructive effect of radiation on polymers. The main effect 
of radiation is to induce cross-linking and chain scission of the polymer 
chains. These undesirable changes in molecular structure lead to embrittle
ment, which necessitates lower service loads and an inferior wear resistance 
inside the body [Besong et al., 1998].

Supercritical fluid extraction (SFE) with carbon dioxide at elevated 
pressures is a new form of sterilization based on the unique ability of super
critical gas such as carbon dioxide to act as a very effective solvent and 
penetrating agent. SFE with carbon dioxide is observed to effectively inac
tive common infectious bacteria without the toxicity problems or materials 
degradation associated with the other sterilization methods. It is a relatively 
recent method and is still not widely used.

Since a biocomposite will contain at least two and possibly three or more 
materials, the question of the optimum sterilization method may become 
much more difficult than for a monolithic material. It is conceivable that 
new sterilization methods may be required.

2.6.2 Testing o f  biocompatibility

The testing of biocompatibility of an implant is a very detailed and time 
and money consuming process. National and international authorities such 
as the International Standards Organization, the European Union and 
American Food and Drug Administration (FDA) rigorously control the 
methods and protocols of biocompatibility testing. With the delays inherent 
in formalized testing and obtaining official approvals, it is estimated that 
the minimum time from the first proposal of the new implant material to its 
approval for release on the market is about 10 years. There are three levels
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of testing. The first level is the in vitro testing of e.g. corrosion in saline 
fluids and strength reduction where in vitro means outside of a living body. 
At this level, basic laboratory tests are performed in a manner that is little 
different from any other engineering material. This level is probably the 
cheapest of all three levels and is widely used to exclude unsuitable mate
rials from further testing. Despite being simpler to perform than the higher 
levels of testing, in vitro testing still presents major technical difficulties. 
An example is wear testing of orthopaedic implants. The required lifetime 
of the implant is about 20 years before excessive wear occurs. Accelerated 
testing is performed, but even a 40-fold reduction test period compared 
to the lifetime still leaves 6 months of continuous wear testing. To pro
vide statistically representative data of wear rates, a multi-channel wear 
test apparatus is used. A multi-channel wear test apparatus allows many 
different specimens of the same material to be tested simultaneously for 
the required period so that sufficient data is generated within a reasonable 
time. The design and operation of the multi-channel wear test apparatus 
presents many technical problems [Pellicciari e ta l.y 2000].

The second level is performed in vivo where the objective is to determine 
whether a material is biocompatible or bioactive and can remain serviceable 
over the required service period. There are two basic forms of in vivo testing, 
cell-culture tests and tests on live animals. Cell-culture tests are a convenient 
and highly sensitive method of testing for toxicity and carcinogenicity in the 
candidate material. Unfortunately, cell-culture tests are unable to provide 
warning of any pathological conditions involving a more complex response 
by an entire animal, so further testing on live animals is always required 
[Bollen and Svendsen, 1997].

Animals such as the guinea pig, the rat or the rabbit are used for testing, 
since these animals are sufficiently closely related to the human species and 
yet are practical to breed and care for in large numbers. The test animals 
are known as ‘models’ since they are expected to provide a reliable model 
of the human response to the new material. There are many tests, which 
include the scratch sensitization test and the intra-muscular implantation 
test [Bollen and Svendsen, 1997]. The scratch sensitization test involves 
contact between the tested material and the abraded skin of a rabbit. Aller
gic reaction to the candidate material is manifested by reddening of the 
rabbit’s skin and swelling of the tissue below. In another form of sensiti
zation test, a guinea pig is used instead. For implantation tests, a rabbit is
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most often used where a block of the test material is surgically placed in the 
muscle adjacent to the spine. An alternative method not involving surgery 
is to inject a small cylinder of the test material into the muscle by using a 
cannula [Bollen and Svendsen, 1997]. The muscle close to the implantation 
site is regularly inspected and samples of the muscle may also be examined 
by microscope. In commercial testing, the emphasis is on rapid testing, 
usually the shortest period consistent with the requirements of technical 
standards and regulatory authorities. For research purposes, the period of 
testing may be considerably longer with a much wider scope of monitoring 
on the live animal. The health of the test animals after implantation may be 
assessed by e.g. urine tests to determine whether there is significant release 
of toxic metals. A more realistic placement site may be chosen instead of 
the muscle close to the backbone, such as in a limb. The test material may 
also be formed into prosthesis that performs the same function in the ani
mal model as in the human patient. An example of this could be a miniature 
orthopaedic implant for placement inside rabbit legs. The mechanical per
formance of the implant material may also be directly tested during this 
period. An example of such a test is the pull-test on dental implants placed 
in the jawbone of an animal. After the specified test period has elapsed, the 
animals may be sacrificed (killed) to permit inspection of the implant and 
surrounding tissue. Microscopic analysis of e.g. the level of bonding and 
integration between the implant material and adjacent tissue is commonly 
performed. There is always an element of doubt whether an animal model 
can adequately reproduce the human response and much expert interpreta
tion is required of the data. For instance, how accurately can the hopping 
and bouncing of a rabbit simulate the walk of an elderly human patient who 
requires an orthopaedic implant? While animal testing is vital for optimiz
ing the composition of implant materials and the design of implants, some 
level of uncertainty about the human response cannot be excluded.

The third and final level, involves testing of a finished design of implant, 
e.g. an orthopaedic implant on volunteers. The purpose of this is to confirm 
whether the new implant does not present any unforeseen clinical problems 
and offers an improvement in healthcare over the existing implants and/or 
treatments. Long-term follow-up of the volunteers is also involved. This 
becomes a major issue for orthopaedic implants, which are often expected 
to last for more than 10 years.
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When an implant is placed in the body, it is vitally important for the surgeon 
to be able to confirm that it is correctly located and attached to adjacent tis
sue. The primary means of confirming location and attachment is to collect 
a diagnostic image by either radiography or magnetic resonance imaging 
(MRI). The conventional materials of choice for implants are metals such 
as titanium alloy or stainless steel. The metallic elements that comprise 
these metal alloys, i.e. titanium or iron and chromium have sufficiently 
high atomic number to be effectively opaque to X-rays. Metals such as 
iron are also magnetic, which leads to distortion of the images obtained by 
MRI. In some cases, the implant may block the MRI scan not only over the 
projected area of the implant but also over adjacent tissue. The strong mag
netic fields involved in MRI may also cause a metal implant to be heated 
by induced electric currents. Human proteins are intolerant of even a few 
degrees in temperature rise. Imaging artifacts and imaging hazards present 
a major problem for die surgeon, who would prefer an implant material that 
is amenable to imaging. For the surgeon and other clinical personnel, dif
ficulties in obtaining good images of the implants after surgical placement 
may be as significant as the long-term problems of e.g. implant wear and 
bone resorption. The advantages of biocomposites are that they are mostly 
composed of organic materials, carbon fibre and glasses. The predominant 
chemical elements in the composites are carbon and hydrogen with silicon 
and oxygen for glasses. All of these elements have low atomic weight and 
are non-magnetic. This means that the implants are transparent to X-rays 
and do not generate blocking artifact in MRI. In some cases, the biocom
posites are so transparent to X-ray that a metal is added to the composite 
in order to generate an X-ray shadow. About 1% by weight of tungsten in 
the form of short fibres is often added to biocomposites for this purpose.

2.7 Imaging of Biocomposites after Implantation

2.8 Summary

Biocompatibility is a measure of two basic characteristics of a material alter 
implantation in the human body. The first characteristic, which is perhaps 
the most self-evident, is the durability of the material in the warm saline
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and protein-rich environment of the body. The second characteristic, which 
enables estimation of the long-term consequences of implantation, is the 
interaction between the material and the body. An incompatible material 
will release toxic substances into the body and is not fully integrated with 
the surrounding tissue. A biocompatible material does not release toxic 
substances and is well integrated with tissue to the extent that there is min
imal formation of a fibrous capsule between the implant and the enclosing 
tissue. The advantage of biocomposites is that a strengthening element of 
moderate biocompatibility can be enclosed with a matrix of very high bio- 
compatiblity. With sufficiently advanced fabrication methods, the structure 
of biocomposites can be optimized to reach higher levels of performance 
than monolithic materials. Biocomposite materials based on carbon and 
other low atomic weight elements present less problems for medical diag
nostic imaging after implantation than conventional metallic materials.

Despite the attractive advantages of biocomposite materials, their 
widespread use will have to await the completion of a full program of testing 
for biocompatibility. Such programs consume large amounts of capital and 
time and are unlikely to be performed without strong commercial interest 
in biocomposites.
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Chapter 3

CONSTITUENT, FABRICATION, AND 
CHARACTERIZATION

As aforementioned, synthetic composites are generally made from two con
stituent materials, a reinforcing phase and a continuous (matrix) phase. Pre
sented in this chapter are typical constituent materials suitable for making 
biocomposites, some commonly used fabrication techniques, and selected 
testing methods for characterizing mechanical properties of composite 
materials. As surface treatments are commonly applied to reinforcement 
fibers, it is generally recommended that biocompatibility tests be performed 
for the composite biomedical devices to ensure that no toxic/harmful sizing 
agent has been involved. Furthermore, a composite processing may also 
give rise to some changes in the material especially biological properties.

3.1 Reinforcement Materials

A variety of fibers and particulates which are biocompatible can be used 
as reinforcements in the fabrication of biocomposites. Some of them are 
summarized below:

3.1.1 Carbon fibers

Carbon (also referred as graphite) fibers are currently the most widely used 
fiber material in the development of biocomposites due to their biocom
patibility, high inertness, and potential mechanical properties such as high 
modulus and strength and good resistance to fatigue and moisture absorp
tion. Many primary-load carrying medical devices intended for use inside

35
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and outside the body have been fabricated using carbon fiber reinforced 
composites, such as total hip (knee) replacement stems, internal fixators 
(bone plates), screws and nails, spine rods, dental posts, external fixator 
components, and prosthetic sockets. Carbon fibers are mainly produced 
from precursors of polyacrylonitrile (PAN), pitch and rayon. Different pre
cursor results in different properties of the carbon fiber. Pitch precursor 
based carbon fibers possess good stiffness, whereas the PAN based car
bon fibers offer very high strength. Some fundamental properties of carbon 
fibers from these two precursors are listed in Table 3.1. The main drawback 
of carbon fibers for biocomposites is in their color —  black.

To aid bonding of carbon fibers to a matrix material in the composite, 
a surface treatment is performed. Surface treatment of carbon fibers can be 
grouped into oxidative and non-oxidative treatments. The principal effects 
of fiber surface treatments are to enhance the interlaminar shear strength 
and tensile/flexural strength of the composites, while a loss in the impact 
fracture toughness is usually experienced depending on the treatment level. 
These changes in the mechanical properties are attributed to the improved 
interface bond quality via the following modifications of the fiber interface: 
(a) increased fiber surface area by promoting mechanical anchoring at the 
interface region, and (b) removal of weak surface layer from the fiber and 
functionalizes the fiber surface to enchance the bonding with the matrix. The 
carbon fibers are supplied in yarns denoted by 3k, 6k, 12k etc., where e.g. 3k 
indicates that the number of individual fiber filaments in the yarn is 3,000.

3.1.2 Glass fibers

Depending on their chemical compositions, glass fibers are provided in 
different grades, i.e. A, C, £, and S. ‘A’ refers to alkali glass. ‘C’ represents 
corrosion resistant glass mainly used in chemical industry. The designation 
‘£ ’ is for electrical since E-glass is a good electrical insulator besides having 
good strength and a moderate Young’s modulus. 5-glass fiber is of high 
strength initially developed for military applications, and can withstand 
higher temperature than other glass-fibers. Its modulus is about 20% greater 
than that of £-glass fiber, and is also stronger and tougher. Its creep rupture 
resistance is significantly better. 5-glass fibers have been used in biomedical 
applications. Their properties are given in Table 3.1. Except for ‘S’ grade,



Ta
ble

 
3.1

 
Pr

op
er

tie
s 

of 
re

in
fo

rc
em

en
t 

fib
er

s 
[P

ila
to 

and
 

M
ic

hn
o,

 1
99

4:
 M

ar
k,

 
19

99
].

Constituent, Fabrication, and Characterization 37

3) ^С '—'о
ш

CSс <ит53 *«лсОйс но
J

(NС\ о\
? ?vO г-t— оо
О о

Си
v 3сл

* 1
£

•Я Е 
5 м 
о  &

5 °  
г! Д

0U ■О >
1 *  СЗ

£
о 1Л  Я 
£  Л  и

с  —
■2 I
и о

ооо
Ш Яси Ь
*  I
§  СЛ

1 
Н О ш w си

£ 
S o

с  оX<и < О О w (X



38 AN INTRODUCTION TO BIOCOMPOSITES

£-glass fibers are also widely used in biocomposite fabrication, which have 
a typical tensile and compressive strengths of about 2 GPa and 1.5 GPa 
respectively and a tensile modulus of 7 4 GPa [Soden et al., 1998]. The 
diameter of a glass fiber filament is between 3 and 20 pm, and mostly is 
12 to 14 pm. The surfaces of glass fibers are normally treated with sizing 
materials, most commonly silane agents, immediately after processing.

Glass fibers are much cheaper but less suitable than carbon fibers and 
hence seldom used inside the body. However, glass fibers do have some 
superiority, i.e. they are transparent. When impregnated with proper matrix 
materials, they can be best used for applications where esthetic appearance 
is of importance and stiffness is not of a critical issue, such as used for the 
development of orthodontic archwires and brackets. Researchers have also 
developed fully resorbable composites using absorbable polymer matrices 
and absorbable calcium phosphate glass fibers [Lin, 1986; Zimmerman 
et a l., 1991]. This would provide a possibility to fabricate fully resorbable 
medical implant devices for the body. However, the absorbable glass fibers 
have been found to have inferior mechanical properties, with a modulus of 
about 48 GPa and a tensile strength of approximately 500 MPa [Lin, 1986].

3.1.3 Aramidfibers

Aramid fibers are made from polyimide and polyamide which are poly
mers. Most polymer fibers are not stiff and strong enough to be used as 
reinforcement in composite fabrication. However, there are some excep
tions. One is aramid fibers, which have the general structure of aromatic 
rings alternating with amide linkages (aromatic amide). The commercial 
names of aramid fibers include Kevlar (Dupont, USA), Twaron (AKZO, 
Europe), and Technora (Teijin, Japan). They are produced in several grades 
(e.g. Kevlar 29, Kevlar 49, and Kevlar 149), by changing the molecular 
structure. They offer high toughness and stiffness properties, and display 
superior properties in tension but poor in compression. Some properties of 
aramid fibers are listed in Table 3.1. The aramid fibers are ductile and able 
to fracture by splitting into small fibrils. They are susceptible to visible or 
ultraviolet light, which results in discoloration with accompanying loss of 
mechanical properties. Water absorption of aramid fibers varies from 1.1 to 
7 wt%. These fibers have relatively high usage temperature (i.e. stable up to
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300°C in the absence of hydrolysis agents) and very low creep, in addition 
to the high specific strength. The linear density of aramid fibers is specified 
using ‘denier’ system. Denier is equivalent numerically to the number of 
grams per 9000 meters in length. Aramid fibers, like most other polymer 
fibers, are generally poor in bonding with polymer matrices. Surface treat
ments using plasma [Li et a l., 1997] or other chemical media are necessary. 
At present, aramid fiber reinforced biocomposites are mainly investigated 
in a laboratory research level.

3.1.4 Other polymer fibers

Another exception is UHMWPE (ultra-high-molecular-weight-polyethy- 
lene) fibers, which are produced via a gel-spinning process in which a 
low concentration solution of ultra high molecular weight (M  > 2 x 106) 
polyethylene is extruded to form a gel precursor fiber. This precursor fiber is 
subsequently hot drawn to produce a very highly oriented molecular struc
ture. Typical properties of UHMWPE fibers are given in Table 3.1. They are 
the lightest fibers with a density of only 0.97 g/cm 3. They are chemically 
inert, are particularly resistant to alkali, moisture, and UV environments, 
and display good abrasion resistance and radiolucency. The main draw
backs are poor creep resistance and matrix compatibility. Bulk UHMWPE 
exhibits excellent biocompatibility. However, there are preliminary data 
demonstrating a less favorable response to UHMWPE fibers [Shieh et al., 
1990]. Questions are always raised regarding whether bulk and fiber prop
erties are equated. Although in theory the basic materials should be the 
same, differences associated with surface characteristics and with different 
manufacturing and processing can be significant.

Other polymer fibers such as PET, PTFE, PU, PGA, and PLLA are 
also used for biocomposite reinforcement purposes. However, they are used 
mainly for their other characteristics such as biostability and bioabsorbabil
ity but not for their mechanical superiority. They are produced by spinning 
processes which are considered in three major categories, i.e. melt, dry, and 
wet spinnings. Depending on the spinneret shape and the drawing condi
tions used, fibers with different rugosity and cross-sectional shapes can be 
obtained. Absorbable polymer (e.g. PGA, PLA, PLLA) fibers have been
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Table 3.2 Properties of other types o f reinforcements [Black and Hastings, 1998].

Particulate
Density
(kg/m3)

Tensile
Modulus

(GPa)

Tensile
Strength

(GPa)

Compressive
Strength

(GPa)

Fracture
Toughness
(M Pam ,/2)

Alumina 3980 366-380 0.31 3-3.8 4
Silica 2480 74 1.0 0.7
Bioglass 2660 35 0.042
Hydroxyapatite (HA) 3160 80-110 0.5-1.0 1.0

used to reinforce absorbable polymer matrices to make fully absorbable 
fracture fixator system [Vert et a l., 1986].

3.1.5 O ther types o f  rein forcem ents

It is noted that all of the above mentioned fibers used in practice can be con
tinuous (long fibers) or discontinuous (short or chopped fibers). In addition 
to the fiber materials, there is another type of reinforcements, i.e. particu
lates. Until recently, only ceramic particulates have been used to fabricate 
composite biomedical devices/components. Commonly used ceramics are 
alumina, silica, hydroxyapatite, and bioglass, of which typical mechanical 
properties are summarized in Table 3.2.

3.2 Reinforcement Forms

Continuous fibers can be made into different kinds of fibrous preforms to 
serve as reinforcement. The simplest preform is arranged unidirectionally. 
Namely, fibers are gathered together and are placed in the same direction. 
In such a case, the direction along the fiber axis is called longitudinal. Simi
larly, we have a transverse direction (transverse to the fiber axis). For clarity, 
a group (bundle) of fibers is called a yarn, tow, or strand. In some cases, a 
group of yams may be used and it is called roving. The mechanical prop
erties of the resulting composite are much higher in the longitudinal than 
in the transverse direction. In most applications, the unidirectional com
posites cannot meet the purposes. The composites from different fibrous 
preform reinforcements will display different properties. Thus, there is 
another variable which can significantly affect the mechanical properties
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of the composites. That is, the fiber (yam) orientation. In order to make 
full use of the load carrying ability of the reinforcement phase, composites 
are fabricated by positioning continuous fibers or yarns in the directions of 
applied stress. This may be achieved by using techniques such as filament 
winding or lamination methods. The fibers must be positioned accurately, 
to obtain the desired mechanical properties. For example, a deviation of 10° 
lead to a 65% decrease in stiffness of the composite. These composite struc
tures are also vulnerable to splitting and delamination, i.e. poor intra- and 
inter-laminar properties, due to the lack of entanglement among filament 
wound or laminated fibers. To overcome these problems, textile preform 
reinforcements were introduced in 1970s, which are fabricated from con
tinuous yarns by weaving, knitting, or braiding techniques. Typical such 
preforms are highlighted below. When all of the yams essentially run in 
a same plane, the resulting preform is named two-dimensional (2D). If, 
in additional, there are yams that go in the direction perpendicular to the 
plane, it is a 3D predorm. The handling of these fabrics is much easier than 
that of individual fibers or yarns.

3.2.1 Woven preform

Woven fabrics are made by interlacing yams in mutually orthogonal direc
tions (Fig. 3.1) using weaving looms. The yarns running along the length 
of the fabric are called ‘warp yarns’ and those orthogonally interlacing the 
warp yams are named ‘fill or weft yams’. The longitudinal direction of 
the fabric is called warp and the transverse direction is called weft or fill. 
The frequency of yams interlacing can be controlled, which results in dif
ferent weave geometries as illustrated in Fig. 3.1. The waviness of yam 
due to interlacing is called ‘crimp’ or ‘fabric crimp’. Lower crimp means 
straighter fibers, and hence will give better mechanical properties for the 
composite reinforced by the fabric. Satin fabric has lower crimp compared 
to plain weave. The drawback of lower crimp is in reduced fabric integrity. 
Namely, yams may easily move during handling. The gaps between the 
adjacent yams (called inter-yam gaps) are controlled by the amount of 
beating (battening) given to the fill yam after interlacing the warp yarns. 
Both the weave geometry (including fabric crimp) and the inter-yam gap 
influence the mechanical properties of the resulting composite material.
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Weave Architectures

Plain Basket 5-harness satin

H B  Warp yam Fill yam

Fig. 3.1 Various 2D weave fabric structures.

Simple weaving looms produce wide and straight (flat) fabrics with two 
sets of yams in the warp (0°) and weft (90°) directions. With specialized 
machinery, it is also possible to produce triaxial weaves with three sets of 
yams, which intersect and interlace with one another at angles in the range 
from 30° to 60°. The woven fabrics can be used to make biocomposites for 
bandage, socket, bone plate etc., applications.

3.2.2 Braided preform

Braided preforms are essentially produced by intertwining warp and fill 
yams, altogether along the braiding direction over a cylindrical mandrel 
(Fig. 3.2). There are two kinds of basic braiding patterns, i.e. the diamond 
(1 x 1) and regular (2 x 2) braids as schematically shown in Figs. 3.3(a) and 
3.3(b), which can be made into either a flat (on a flat machine) or a tubular 
(on a tubular machine) form. The diamond braided fabric has a 1 x 1 inter
section repeat pattern, in which a fiber bundle passes over and under another 
fiber bundles with a braiding angle (Fig. 3.3(a)). The preform condition o f 
a braided fabric is determined by the combination of a spindle rotation and 
a taking up movement of the braiding machine, as shown in Fig. 3.2. The 
spindle moves along the orbit of the braiding machine, and all yarns are
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Braiding machine

Fig. 3.2 Spindle rotation and taking-up movement of a flat braiding machine.

Fig. 3.3 Schematic diagrams of (a) a plain diamond braid, (b) a plain regular braid, and 
(c) a plain diamond braid with axially interlaid yarns. [After Chou, 1992]

gathered at the preform point, where a braided fabric is formed with a pre
scribed braiding angle. The regular braided fabric has a 2 x 2 intersection 
repeat pattern, in which a fiber bundle passes over and under two fiber bun
dles with a braiding angle (Fig. 3.3(b)). In contrast to the weaving preforms, 
a third set of yams, called axial yams, are also possible to be interlaid in 
a braided fabric (Fig. 3.3(c)). The interlacing angles between yams can be 
varied from 20° to 160°. The bias interlacing nature of the braided fab
rics makes them highly conformable and shear resistant. Tubular braids are
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normally formed over an axial-symmetric mandrel, which determines the 
final shape of the braid. Tubular braids of diameters from 1 mm to 300 mm 
are possible. Separate machines are required to make different dimensions. 
Flat braiding is a variation of tubular braiding process. It is also possible to 
introduce 0° yarns to enhance the reinforcement in the 0° direction.

The braided fabrics are widely used as reinforcements to make biomed
ical components such as socket (tubular braid), dental post (tubular braid), 
bone plate (fiat braid), blood vessel (tubular braid), and so on.

3.2.3 K nitted preform

Knitted fabrics (Fig. 3.4) are created by intermeshing loops of yarns using 
knitting needles [Gohl and Vilensky, 1991]. Depending on the direction in 
which the loops are formed, knitted fabrics may be broadly categorized 
into two types— warp knitted fabrics (Fig. 3.4(a)) and weft knitted fabrics 
(Fig. 3.4(b)). By controlling the loop (stitch) geometry and density, a wide 
variety of knitted fabrics can be produced. Because of the looped structure, 
knitted fabrics generally possess more hole (porous) areas than woven or 
braided fabrics, which translate to lower composite mechanical properties. 
On the other hand, this looped structure makes knitted fabrics to be more 
flexible than woven or braided fabrics. In general, weft knitted fabrics are 
less stable and hence, stretch and distort more easily than warp knitted fab
rics so that they are also more formable. In order to enhance the mechanical 
properties, straight yams can be integrated into the knit loops (Fig. 3.5).

(a) (b)

Fig. 3.4 Schematic diagrams of (a) weft knit structure (b) warp knit structure.



Constituent, Fabrication, and Characterization 45

Fig. 3.5 Schematic diagram of a weft knit with interlaid yarns in two directions. [After Ко, 
1989]

In this way, fabric can be tailored for stability in certain directions and con- 
formability in the other directions. Knitted fabrics can be used for making 
composite bone plate, external fixator ring, and other medical devices.

3.2.4 Non-woven preform

Non-woven fabrics are processed from fibers by chemical (binder), elec
tronic (spinning), thermal or mechanical (needle punching and stitching) 
bonding or a combination of the above. In these structures, the orientation of 
the fibers may range from highly regular to completely random. The max
imum fiber volume fraction of composites reinforced with these fabrics is 
limited to about 30%.

3.3 Matrix Materials

There are very many polymers which can be used as matrix materials in fab
ricating various biocomposites. Polymers are very large molecules (macro
molecules) that consist of a number of small repeating units called ‘mers’. 
Variation of the ‘mers’ in terms of chemistry, arrangement, and combina
tion result in polymers with a large variety of properties. The best exam
ples of polymers are within our body. The deoxyribonucleic acid (DNA), 
the genetic material of all living organisms is a polymer. The important 
components of tissues, collagen, elastin, and fibrin are also polymers. The 
majority of polymers used in composite fabrication is synthetic polymers. 
Polymers can be easily processed into various forms including films, solids, 
fibers, foams, and coatings. Their biocompatibility and interesting range of
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properties led to the widespread use of polymers in various medical appli
cations including sutures, joint articulating surfaces, blood pumps, total 
artificial hearts, cardiac assist devices, dialysis equipment, catheters, and 
biosensors. As a polymer matrix plays an important role in a resulting com
posite, knowledge of its properties is required. Some typically used polymer 
matrices are briefly summarized in Table 3.4. These polymers can all be 
used as matrix materials to develop composites for bioengineering applica
tions. The polymer properties are determined by its chemistry, molecular 
structure, and processing history. Table 3.5 summarizes physical and ther
mal properties of a number of commonly used polymers, whereas Table 3.6 
lists typical mechanical properties.

Essentially, polymers can be divided into two classes according to their 
thermal processing behavior, i.e. thermoset and thermoplastic polymers. 
Once processed, a thermoset polymer cannot be softened again at a high 
temperature. On the other hand, a thermoplastic polymer can be softened 
and processed to required forms many times upon being heated.

3.4 Fabrication

A number of techniques have been developed to make polymer based com
posite materials over the years. Some of them are suited for thermoplastic- 
based composites, some for thermoset-based composites, and a few for 
the both. Some methods are limited to particulate and short fiber rein
forcements, whereas others are best suitable for handling continuous fiber 
reinforcements. Similarly, some processes make use of dry reinforcements, 
whereas others use fibers already combined with the matrix polymer as the 
raw materials (called prepregs). Presented in this section are brief descrip
tions for some typical methods which can be used for biocomposite fabri
cation or laboratory development. Additional knowledge can be found in 
the literature, e.g. Astrom [1997] and Gutowski [1997].

3.4.1 Filament winding

Filament winding (Fig. 3.6) is a process in which continuous fiber yarns 
are passed through a low viscosity resin bath for impregnation and then 
precisely wound over a rotating or stationary mandrel. Successive layers
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Table 3.5 Physical and thermal properties of polymers.*

Polymer

Density

(kg/m3)

Water

Absorption

(%)

Glass 

Transition 

Temperature 

(Tg) (°C)

Softening

Temperature

(°C)

Melting (Tm)/ 

Decomposing 

Range 

(Td*) (°C)

PE 954-965 0.001-0.02 — 113 to —103 40-50 125-135

PP 900-915 0.01-0.035 -30 to -3 70-100 160-180

PU 1002-1280 0.1-0.9 -73 to -23 100 180-250*

PTFE 2100-2200 0.01-0.05 20 to 22 - 322-327

PVC 1160-1700 0.04-0.75 -23 to 90 40-110 150*

PA 1020-1150 0.25-3.5 20 to 92 80-200 220-267

PMMA 1120-1200 0.1-0.4 106 to 115 70-115 ~ 170*

POM 1400-1420 0.2-0.4 -13 to 75 110-163 164-175

PC 1200-1260 0.15-0.7 145 138-148 225-250

PET 1310-1380 0.06-0.3 67 to 127 70-185 245-255

PEEK 1290-1490 0.15-0.51 144 140-315 335

PS 1130-1600 0.14-0.43 167 to 230 150-216 >500*

Polysiloxane 1050-1220

* Adopted from Black and Hastings (1998), pp. 288-323.

are laid on at a constant or varying angle until the desired thickness is 

attained. After curing of the part, the mandrel is removed if necessary. 

Sometimes (e.g. thermoplastic polymers), a hot-melt or solvent-dip process 

is used to impregnate the fibers. In another approach (called tow winding), 

thermoplastic prepreg tape is heated to the melting point of the polymer 

just before winding on to the mandrel. To avoid uneven cooling across 

the laminate thickness which may generate residual stresses, mandrel is 

normally heated to above the glass transition temperature of the polymer.

The process is best suited to parts of rotational symmetry (tubes and 

cylinders). It can generate good control of fiber orientation and higher fiber 

contents up to 65% by volume. Care should be exercised to avoid void 

formation at yam cross-over and regions between layers with different fiber 

orientations. As the process uses only one-sided tooling, depending on the 

process control, some cases may lead to poor surface finish.

3.4.2 Pultrusion

Many biocomposite devices can be made through pultrusion (Fig. 3.7). 

It is a process that involves pulling the reinforcement through a bath of
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Fig. 3.7 A schematic show of pultrusion.

liquid thermosetting resin and then directly and continuously through a 

heated die to produce a continuous section. While passing through the 

bath, the reinforcement is properly impregnated with the resin. The die has 

a constant cross-section cavity throughout most of its length, except at the 

tapered entrance, which is designed to squeeze out the excess resin from 

the reinforcement. The heated die permits curing of thermosetting resin and 

determines the cross-sectional shape. Subsequently, the hot solid is cooled 

and cut to the required lengths. In some special cases, prepregs are also 

pultruded to make good quality components.
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The process can also be used to produce thermoplastic composites. In 

such a case, the feedstock (prepreg) possesses both the reinforcement fibers 

and matrix polymer in pre-consolidated or non-preconsolidated form (e.g. a 

commingled yarn containing both reinforcement and thermoplastic polymer 

matrix fibers). A preheating system is used to heat the feedstock to a tem

perature near or in excess of the softening point of the matrix. The feedstock 

then enters a heated die, which melts the matrix polymer and determines 

the cross-sectional shape of the composite. Subsequently, the composite is 

consolidated in a cooling die, pulled out, and cut to the desired lengths.

The pultrusion is best suited for making parts with constant cross- 

section (rods, tubes, pipes, beams, angles, and sheets) in large quantities. 

Very good fiber alignment and fiber volume fractions as high as 60% can be 

obtained. However, there are some limitations on the fiber orientations that 

can be achieved. The reinforcements in different forms such as unidirec

tional fibers (rovings), continuous strand mat, braided, woven, and stitched 

fabrics can be used as feedstock.

3.4.3 Extrusion

An extrusion machine (Fig. 3.8) mainly consists of rotating screws in a 

heated barrel. At one end of the barrel, a die (die cavity designed based 

on the desired cross-sectional geometry of the component) is attached. The 

feedstock (pellets, combined form of polymer matrix and reinforcement) is

Powder or 

granules

Du

oo oo Variable

speed

driveFilter
Plate Rotating

screws

Fig. 3.8 A schematic show of an extrusion.
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fed from a hopper at the other end of the barrel. The feedstock is mixed and 

heated to plasticity and then passed through the die. The extruded product 

is cooled and cut to the desired dimensions.

This process is limited to particulate and short fiber reinforcements 

with sections of uniform cross-section. The capital cost is high. Typical 

reinforcement contents are in the range of 10 to 30% by volume.

3.4.4 Injection molding

In an injection molding (IM) (Fig. 3.9), the feedstock containing polymer 

matrix and reinforcement in a combined form is heated to plasticity in a 

cylindrical barrel at controlled temperature. By means of a rotating screw 

inside the barrel, the material is forced through a nozzle into spruces, run

ners, gates, and cavities of the mold. Upon solidification or crosslinking 

of the polymer, the mold is opened and the part ejected. This process is 

widely used for making thermo-plastic composites and to a lesser extent 

for thermoset composites.

Injection molding equipment is expensive. The process is limited to 

particulate or short fiber reinforcement. The severe shearing action of the

Molded Insulation

Fig. 3.9 A schematic diagram of injection molding (IM).
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screws may also reduce the length of reinforcement. Typical reinforcement 

contents are in the range of 10 to 30% by volume. The process is capable of 

mass producing complicated parts to very accurately controlled dimensions.

3.4.5 Compression molding

Compression molding, as shown in Fig. 3.10, is widely used for making 

composites from prepregs such as sheet molding compounds (SMC), bulk 

molding compound (BMC), or glass mat reinforced thermoplastic (GMT). 

This process uses matching male and female mold halves. A pre-weighed 

charge cut to the size is placed inside the mold, which is then closed, and 

suitable pressure and temperature are applied using a hot press. The applied 

temperature and pressure force the material to fill the mold cavity and facili

tate polymerization (or cross-linking) and consolidation of composite mate

rial. The above mentioned prepregs contain short and randomly distributed 

fibers, and they readily flow to fill the mold. The mold filling ability is lim

ited in the case of prepregs with aligned and continuous fibers (e.g. fabric 

prepregs). However, the technique is used widely to make flat laminates or 

simple shapes from fabric prepregs.

Press table 

Male mold half 

Guidance pin 

Female mold half

Н Н Ш
к \Ч \\Ч \Ч Ч \Ч \\\\\\Ч ^ 5

1t t t t t t t
Molded Component

Fig. 3.10 A schematic diagram of compression molding.
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The technique is suitable for making both thermoset and thermoplas

tic composites. Extremely intricate parts containing undercuts, side draws, 

small holes, and delicate inserts with close tolerances are difficult to pro

duce. The quality of the composite is determined by the mold design, 

molding temperature cycle, and the application of pressure in the correct 

sequence. Ideally, the pressure is applied slowly as the charge softens before 

it starts to gel. It is also essential that mold be adequately vented to allow 

water vapor and other volatiles to escape during the curing/consolidation 

process.

3.4.6 Thermoforming

Thermoforming (Fig. 3.11) is a technique to transform a flat sheet of com

posite into a three-dimensional shape. ‘Press forming or sheet forming’ is 

the simplest such method. The composite sheet, heated to a temperature 

excessive of the softening point of the polymer, is squeezed into shape 

between two tools. Both the tools may be made of metals as in the case of 

compression molding or one metal and another rubber (the latter is called 

rubber-block molding). The rubber tool generates an even pressure and 

reduces the risk of wrinkles in the part. A related method ‘hydroforming’ 

uses hydraulic fluid pressure and membrane to form the composite sheet 

into shapes.

Fig. 3.11 A schematic diagram of thermoforming for composite fabrication.
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A variant is the ‘diaphragm forming’ method, in which the stacked 

composite sheets are sandwiched between two diaphragms (super-plastic 

aluminium sheets or polyamide films). The edges of the diaphragms (not 

the composite sheets) are clamped to a frame and heated to a temperature 

above the melting point of the polymer. Pressure is applied to one side, 

which conforms the diaphragms to the shape of a one-sided tool. To aid the 

forming process, air is evacuated from between the assembly and the tool. 

The component is resulted after cooling of the assembly and removal of the 

diaphragms. This process is also carried out in purpose-built autoclaves.

3.5 Characterization

The usefulness of biocomposites is characterized by their properties. The 

relevant properties can be physical, mechanical, chemical, optical, elec

trical, etc. These properties must be quantitatively determined through 

experiments following some standards. Perhaps the most well known stan

dardization organizations are ISO (International Standards Organization) 

and ASTM (American Society for Testing and Materials), which have doc

umented and never stop updating many standards for the characterization 

of various composite properties. Summarized in this section are only some 

testing methods for composite mechanical properties. For other properties, 

the reader can refer to the relevant standards. In addition, tests for con

stituent properties are also highlighted.

3.5.1 Constituent properties

The mechanical properties of composite materials depend heavily on the 

relative amounts and mechanical properties of its constituents. Measure

ments of these quantities are described as follows:

3.5.1.1 Fiber tests

Due to its small diameter (from 3 |um to 20 |im), mechanical testing of single 

fiber is difficult and only good success has been reported with regard to 

tensile properties. ASTM D 3379 standard describes the testing procedure 

for a single filament, whereas ASTM D 4018 specifies the tensile testing of 

resin-impregnated fibers. In the latter case, the impregnating resin is used
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to produce a rigid specimen, which is easier to handle and test than a loose 

bundle of fibers, and which may ensure uniform loading of the fibers in the 

bundle.

The majority of reported mechanical properties of reinforcement fibers 

has been obtained indirectly: the composite properties are measured and 

employed to retrieve the fiber properties using some micromechanics for

mulae. For example, a direct measurement of fiber properties under longi

tudinal compression or transverse loading does not appear to be feasible. 

Such properties may be inferred from matrix and composite test data.

3.5.1.2 Neat matrix tests

Neat matrix polymers are generally isotropic. Test procedures for these 

materials are well documented. Density, strength, modulus, toughness, 

Poisson’s ratio, failure strain, and creep are some of the most important 

bulk properties to be evaluated for polymer matrices. These properties are 

determined following methods described in ASTM specifications D 792 

(density), D 638 (tension), D 695 (compression), and D 2990 (creep). Test 

methods for measurement of other properties such as coefficient of thermal 

expansion, impact, creep, and fatigue response can be found in other ASTM 

standards published in 1995.

3.5.1.3 Tests of fiber/matrix interface properties

Experimental techniques for characterizing the fiber/matrix interface prop

erties may be grouped into two major means [Mai and Kim, 1998] depend

ing on the nature of specimens used and the scale of testing: one involves 

testing of single fiber microcomposites wherein individual fibers are embed

ded in specially made matrix blocks; and the other uses bulk composite 

laminates to measure the interlaminar/intralaminar properties.

Testing with bulk composite materials always has a limitation in which 

the exact location and modes of failure may possibly not be consistent with 

the underlying principles of the test. Validity of the test must be based on the 

actual examination of the onset of failure. In addition, both the interlaminar 

and mtralaminar properties measured in these tests depend largely on the 

fiber volume content as well as on the strength of the matrix relative to the 

bond strength at the fiber-matrix interface. In fact, the failure may occur at



Constituent, Fabrication, and Characterization 61

the fiber-matrix interface, in the matrix, or in a combination of the both. 

Therefore, they cannot inform the true values of the interface bond quality. 

The significance of these tests is that they provide some measure of the 

relative bond quality of different fiber, matrix and interface combinations.

To assess the fiber/matrix interface bond quality and strength, the test 

methods using microcomposites include the single fiber compression test, 

the fiber fragmentation test, the fiber pull-out test, the fiber push-out (or 

indentation) test, and the slice compression test, with a variety of specimen 

geometries and scales involved. In these tests, the interface bond quality is 

measured in terms of the interface fracture toughness, interface shear bond 

strength at the bonded interface, and the interface frictional shear strength 

which is a function of the coefficient of friction and the radial residual fiber 

clamping stress at the bonded or frictionally bonded interface. The fiber 

pull-out test is one of the most reliable and direct test methods [Mai and 

Kim, 1998]. It allows determination of the properties both at the bonded and 

debonded interfaces from the forces required to break the interface bond as 

well as to pull-out the fiber against the frictional resistance after complete 

debonding. All these micromechanical tests require a suitable theoretical 

model for proper evaluation of the experimental data.

3.5.1.4 Constituent contents

The relative amounts of the reinforcement and the matrix in a composite are 

determined essentially using matrix bum-off (combustion) method (ASTM 

D 2584), matrix digestion method (ASTM D 3171), or some microscopy 

method. In the microscopy method, sections are taken from the compos

ite and polished using standard metallographic techniques. The polished 

surface of the cross-section is viewed under optical microscope to deter

mine the area fraction of the fiber ends, which is assumed equal to the 

volume fraction. To make the measurement reliable, a number of areas of 

the specimen should be observed and the fiber volume fraction is obtained 

by averaging the respective values.

3.5.2 Composite properties

Over the years, a number of methods for characterizing the mechanical 

properties of composite materials have been made into standardizations,
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mainly by ASTM. Some of the most widely used techniques are described 
below:

3.5.2.1 Tensile properties

Static tensile properties, such as tensile strength, tensile modulus, fail

ure strain, and Poisson’s ratio of flat composite materials, are determined 

according to ASTM D 638 and D 3039 standards, whereas tensile fatigue 

behaviors are obtained following D 3479. D 638 specifies a dog-bone

shaped, un-tabbed specimen which is particularly suited for evaluating 

the properties of discontinuous, fiber-reinforced polymer composites, but 

should not be used for highly oriented composite materials because of their 

tendency to split longitudinally at the neck-down region of the specimen. 

D 3039 should be utilized for highly oriented specimens and specifies a 

straight-sided, rectangular test specimen geometry (Fig. 3.12), with the 

standard primarily focusing upon the appropriate procedures for applying 

cyclic versus quasi-static loading. A compliant and strain-compatible mate

rial (usually aluminum or glass fiber reinforced epoxy materials) is used 

for making the end tabs to reduce the stress concentrations in the gripped 

area and thereby promote tensile failure in the gage section.

3.5.2.2 Compressive properties

ke metals, properties of a composite in tension and compression are not

u / h ' 1̂ enera ‘̂ C°mPression testing is one of the most difficult tests

with с ^  6 Pê ormed on comPosites. A number of test methods together

avniH^ Cimf eŜ nS ^ave ^ееп proposed, with a primary focus on the

si \ 7  t sPecimen buckling or global instability under a compres-

either A<?TM r̂w?Q‘;Stâ  compressive Properties can be determined using 
ASTM D 695 or D 3410 test methods. D 3410 is recommended only



Constituent, Fabrication, and Characterization 63

[Specir

Fig. 3.13 IITRI fixture for composite compression test.

for unidirectional, or cross-plaid fiber-reinforced polymer composites (i.e.

[0], [90], or [0/90] laminates), whereas D 695 can be used with any other 

fiber-reinforced polymer composite material. One of the most commonly 

used is the IITRI fixture (named after researchers at the Illinois Institute of 

Technology Research Institute), as shown in Fig. 3.13. During the test, care 

must be taken to ensure the specimen actually fails under uniform compres

sion rather than bending or buckling. The best method for determining the 

proper state of loading that is achieved in the test is to do preliminary testing 

with representative samples which are strain gauged on both the front and 

back. These samples should then be tested to failure and the percent dif

ference between the front and back strain gauge signals compared [Zhang 

et al., 1996]. If the percent difference in strain (£/ — еь) between these 

gauges is 10% or less, where Sf is the strain on the front face of the coupon 

and Еь is the strain on the back face, then the fixture and sample combination 

can be considered to be appropriate for compressive strength determination; 

if the percent difference is greater than 10%, excessive bending will occur 

during the test. This problem can usually be corrected by realigning the test 

fixture, using a thicker test specimen, or shortening the gauge length of the 

sample.
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Fig. 3.14 A schematic diagram of the Iosipescu shear test.

3.5.2.3 Shear properties

Due to anisotropic behavior, the in-plane shear properties of a composite 

material are not necessarily equal to its through-thickness shear properties. 

A number of techniques have been developed to determine both types of 

shear properties of composite materials (ASTM Standards D 2344, D 3518, 

D 3846, and D 5379). Amongst, the Iosipescu test method (ASTM D 5379) 

provides a near-perfect shear stress state in the gage section and allows 

determination of shear properties in all three planes of the composite mate

rial. A schematic diagram of the Iosipescu shear test is shown in Fig. 3.14. 

The action of Iosipescu fixture is to produce pure shear loading with no 

bending at the mid-span section of the specimen between the notches. Any 

thickness specimen may be used, but a thickness of 3—4 mm is preferred, 

he average shear stress generated in the notched section is given by

T =  p/ct

where P is the applied load, с is the distance between roots of notches and t 

is t e specimen thickness. Normal strains (a^) at 45° to the specimen axis 

are measured by using a strain gage and shear strains are computed using
Yxy — ^ 4 5

3.5.2.4 Flexural properties

ягр н ПС* jUu ^exura* ProPerties, such as flexural strength and modulus, 
are determ,ned by ASTM D 790 test method. In this test, a composite beam



Constituent, Fabrication, and Characterization 65

specimen of rectangular cross-section is loaded in either a three-point or a 

four-point bending mode. In either mode, a large span (L) to thickness (/) 

ratio of 16,32,40, or 60 is usually recommended to minimize interlaminar 

shear deformation.

3.5.2.5 Interlaminar fracture properties

Delamination or interlaminar fracture represents one of the weakest failure 

modes in laminated composites, and is considered to be the most preva

lent life-limiting crack growth mode in most composite structures. Con

sequently, ever-increasing attention has been devoted to the understanding 

and characterization of this failure mode. Delamination in composite struc

tures seldom leads to immediate catastrophic failure. Instead, delamination 

occurring under in-plane loading normally induces local damages resulting 

in the loss of stiffness, local stress concentration and local instability, and 

often leads to a redistribution of stresses which could eventually promote 

gross failure. In general, delamination is induced from a crack driving force 

with a mixture of mode I (opening), mode II (forward shear) and mode III 

(anti-plane shear) stress intensities (Fig. 3.15). Because delamination is 

constrained to grow between individual plies, both interlaminar tension and 

shear stresses are commonly present at the delamination front. Therefore, 

delamination is often a mixed-mode fracture process.

Extensive research efforts [Gillespie Jr et a i , 1987; Smiley and Pipe, 

1987; Davies et al., 1992] have been devoted towards establishing a stan

dard method using various interlaminar fracture tests. However, no widely

Mode I (Gj) 

(Opening)

(c)

Mode III (Gm ) 

(Tearing)

Mode II (Gn) 

(Shearing)

Fig. 3.15 Representative of interlaminar fracture modes.
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accepted testing standard has been achieved yet [Davies et al., 1992]. This 

may be attributed to the fact that the ‘fracture mechanics approach well 

suited to characterizing the linear elastic fracture behavior of carbon epoxy 

composites, has been less amenable’ when applied to thermoplastic-matrix 

composites.

3.5.2.6 Test methods for creep

Like bulk polymers, polymer matrix composite materials, depending upon 

their design, may undergo significant amount of permanent deformation 

following long-term exposure to even relatively low levels of load. This 

behavior may be strongly influenced by exposure to moisture and/or organic 

molecules such as lipids. Thus, creep behavior characterization in environ

ments simulating in vivo conditions is important when designing composite- 

material-based medical implant devices. Tensile, compressive, and flexural 

creep and creep-rupture of composite materials may be determined by test 

methods presented in ASTM D 2290.

3.5.3 Nondestructive evaluation

Unlike homogeneous materials which typically fail by the initiation of dis

tinct surface cracks which can then propagate through the material, com

posite materials, due to their complex heterogeneous nature, typically fail 

by the development of dispersed internal damage zones. These damage 

zones can occur within the material during processing, or can be induced 

by post-processing treatment. They may not be evident by visual inspection 

of their external surfaces. Several techniques have been developed for the 

nondestructive evaluation (NDE) of composite materials which allow the 

extent of internal damage to be monitored and evaluated, such as stiffness 

monitoring, ultrasonic imaging, dye-penetrate/radiography, and acoustic- 

emission [Henneke, 1987].

3.5.4 Environmental considerations

An important part of composite material evaluation for medical applications 

is the response of the material to the in vivo environment. In particular, 

fiber/matrix interfacial bond strength in some composite materials has been 

found to be significantly reduced by physiologic saline exposure [Henneke, 

1987], whereas the creep resistance of some polymer matrices, such as
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polysulfone, has been found to be greatly reduced by exposure to lipids 

[Asgian et a l., 1989].

The rate of diffusion and the amount of swelling in environments sim

ulating in vivo conditions are relevant environmental response properties 

which can be evaluated in composite materials. ASTM D 5229 provides a 

test method for measuring through-the-thickness diffusion coefficient for 

moisture diffusion through thin composite plates based upon a weight- 

gain-versus-time method. Important parameters obtained from this test 

method are the percent maximum weight-gain and the out-of-place coeffi

cient of diffusion. In this test method, plate width and length are specified 

to be very large compared to plate thickness to minimize errors caused by 

in-place moisture diffusion via exposed edges of the plate. For specimens 

with thickness-to-width ratios greater than that specified in ASTM D 5229, 

weight-gain studies are still meaningful for determining saturation weight- 

gain levels, and specimen edges can be sealed with protective coatings 

(such as those used for moisture protection in strain gauge applications) to 

minimize sample edge diffusion.

Because moisture diffusion can have a significant effect upon compos

ite behavior, composite based medical implants should be fully saturated 

prior to conducting performance tests of implant function. The ASTM 

provides a composite material environmental conditioning test method 

developed by the F04.14 subcommittee on composites (F 1643) which 

describes a weight-gain-versus-time method that should be followed to 

properly condition composite samples prior to mechanical performance 

evaluation.
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MECHANICS OF COMPOSITE 
MATERIALS

Chapter 4

4.1 Introduction

A composite material primarily consists of two distinct materials, a fiber 

(reinforcement) and a matrix (binder) each with its own mechanical proper

ties such as stiffness and strength. When the two materials are combined to 

make a composite, the mechanical properties depend not just on those of the 

two materials being mixed, but on the relative amount of each material, 

the shape and size of the reinforcement and its orientation with respect to 

the loads that are to be applied to the composite.

The study of composite materials can be divided into two levels. The 

first level, micromechanics, is based on the consideration of the interaction 

of the constituent materials at the microscopic level, i.e. determination of 

properties from those of the fiber and matrix. At the second level, macrome

chanics, the materials are assumed to be homogeneous with effective com

posite properties being used that are not specifically related to those of 

individual constituents.

The simplest of all composite materials is the one made up from iden

tical continuous fibers, which, are all aligned in the same direction and are 

subjected only to loads applied parallel to the fiber direction. There are 

mainly two properties that are of interest, the stiffness (elastic modulus) 

and the strength (tensile strength).

70
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The relative amount of each constituent is indicated through volume frac

tion, and is normally expressed as the ratio of volume of reinforcement and 

the total volume of composites. This describes the relative volume occupied 

by the fiber or reinforcing material in the composite. Fiber volume fraction 

is one of the key inputs for the calculation of all mechanical properties.

Fiber volume fraction primarily depends on the packing pattern of the 

fibers within the composite. The higher the fiber volume fraction, the higher 

the fiber controlled mechanical properties of composite materials. Based 

on idealized packing models, the upper limit of achievable fiber volume 

fraction can be established. There are two simple packing models, which 

can be used to establish an upper bound for the volume fraction —  a 

square array (Fig. 4.1) and a hexagonal array (Fig. 4.2) with circular section 

reinforcement.

4.2 Fiber Volume Fraction

Fig. 4.1 Fibers in square array.

Fig. 4.2 Fibers in hexagonal array.
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For a square array

Maximum V> =  — - =  0.78 
4r2

(4.1)

For a hexagonal array

Area of triangle cell =  r • 2r sin — =  r2Vb (4.2)
6

A r  . 7ГГ 7ТГ
Area of fiber section in cell =  3 ---- =  —

6 2
(4.3)

7Г
Maximum V/ =  — — =  0.9

2\fb

(4.4)

From the two figures, it is readily apparent that volume fractions higher 

than 90% are impossible and that even 78% fiber loading would be very 

difficult to achieve. In practice, the maximum volume fraction is around 

70% in unidirectional aligned fiber composites. In woven materials, the 

total volume fraction rarely exceeds 50% in a given layer of cloth and so 

the effective fiber fraction in either the warp or weft directions is unlikely 

to exceed 40% for a plain weave, satin or harness weave fabric. For loosely 

packed fabrics such as chopped strand mat, the total volume fraction of 

fibers is unlikely to exceed 10% and are normally used to provide filler 

layers between the outer load bearing layers in a multilayer laminate.

4.3 Elastic Properties of Composite Materials

The stiffness properties of composites are strongly dependent on many 

parameters such as fiber volume fraction, fiber length, packing arrangement 

and fiber orientation. For high performance applications the reinforcement 

consists of continuous aligned or woven fibers in discrete layers, with typical 

fiber volume fractions being in the range of 50-70%. To design effectively 

with these systems, it is essential that the material can be characterized in 

terms of its thermal and mechanical properties. In structural composites, the 

reinforcement of high stiffness and strength provides the load-bearing con

stituent, whilst the matrix is generally of low modulus and modest strength.
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Its contribution, however, is significant in that it acts as the medium of load 

transfer in the fibers as well as offering a degree of protection. In deriv

ing expressions to predict mechanical behavior, the contribution of each 

constituent needs to be taken into account.

Simple determination of some of the mechanical parameters are 

described here. A comprehensive description can be found in the references 

at the end of the chapter.

4.3.1 Unidirectional (UD) composites

The analysis of the mechanics of composite material response can take place 

on a number of levels. On a micromechanical level, basic assumptions can 

be made regarding the nature of the interaction between constituents and 

expressions derived to relate the behavior of fiber and matrix directly to that 

of the composite. With a larger scale an assessment based on macroscopic 

homogeneity can be made to relate properties of a structural form to be 

compiled from those of individual lamina layers. Each level of analysis has 

its own strengths and weaknesses, the relative magnitude of which depends 

largely on the extent and quality of property data available for the design 

exercise of concern.

For a material such as a unidirectional lamina, the conditions of trans

verse anisotropy apply. Defining the principal axes of the composite as, ‘ Г 

along the fiber direction and ‘2 ’ transverse to the fiber direction as shown in 

Fig. 4.3. The corresponding elastic modulus along fiber direction would be 

(£ i i) and transverse to fiber direction (£ 22) and G21 is the shear modulus.

4.3.1.1 Modulus of elasticity E\ 1

When a tensile or compressive load is applied parallel to the fibers in a 

unidirectional laminae, it is assumed that the strains on the fiber, matrix 

and composite in direction 1 are the same. This is known as the iso-strain 

condition. Considering the composite material is in equilibrium with the 

application of the force, f n ,  this force must be balanced by an equal and 

opposite force in the fiber, Ff and the matrix Fm (Fig. 4.4).

The force on the fibers is the stress on the fibers, <7 / ,  multiplied by the 

cross-sectional area of the fibers lying perpendicular to the stress. Similarly,
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Fig. 4.3 Principal axes of UD lamina.

F
1 composne

Fig. 4.4 Forces acting on composite along fiber direction.

the force on the matrix is the stress in the matrix multiplied by the cross- 

sectional area of the matrix in the composite. So the stress in the composite 

is the sum of the stresses in the fiber and the matrix multiplied by their 

relative cross-sectional areas (volume fractions).

^composite —  ^matrix "b ^fiber

F\\ =  Fm +  Ff 
О  и  =  <JmA m +  ( J f A f

(4.5)

(4.6)

(4.7)
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Or

011 =  amVM + 0fV f (4.8)

where A is the area of the constituent, V is the volume fraction of the 

constituent and a is the stress in the constituent. The subscripts m and /  

refer to the constituents matrix and fiber respectively.

<J\ 1 /S) I =  Em Vm + E f V f  (4.9)

where, E is the modulus of elasticity of the constituent indicated by its sub

script and ctj j /E\ j is the modulus of elasticity of composite in direction ‘ Г.

E u =  EmVm +  Ef V f  (4.10)

This is the “rule of mixtures” equation.

En = E mV - V f ) + EfVf  (4.11)

where £ц is the elastic modulus of the composite in ‘Г direction —  the 

bigger this number, the stiffer the material.

Since the fiber and matrix often have different elastic moduli, the stress 

in each must be different. The stress is higher in the material with the higher 

elastic modulus (usually the fiber). In fiberglass, the elastic modulus of the 

glass (^75 GPa) is much greater than that of the epoxy matrix (~6 GPa). 

Hence when the volume fraction of fibers is increased, the elastic modulus 

of the composite (measured parallel to the fibers) increases linearly.

In practice, it is very difficult to get more than 70% volume of fibers. 

This puts a practical limit on the maximum stiffness of the composite at 

0.7 x E /.While the rule of mixtures has proved adequate for tensile modulus 

( f n )  in the axial direction, the isostrain rule of mixtures does not work for 

either the transverse modulus (£ 22) or shear modulus (G 12).

4.3.1.2 Modulus of elasticity £22

When a tensile or compressive load is applied perpendicular to the fibers 

in an unidirectional laminae, the composite would respond in a very differ

ent way.

In a fibrous composite with the applied stress perpendicular to the fibers, 

the stress is transferred to the fibers through the fiber matrix interface and 

both the fiber and the matrix experience the same stress. If the matrix and
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F22<«-

5 22

Fig. 4.5 Force acting on composite transverse to fiber direction.

fiber have different elastic properties then each will experience a different 

strain and the strain in the composite will be the volume average of the 

strain in each material. Since the stress is the same in each phase this is 

known as the iso-stress condition.

If a force is applied perpendicular to the fibers, the fibers and matrix 

will stretch in the same direction. The total deflection (<$22) is just the sum 

of the deflections in the fiber (5/) and the matrix (<$„,).

&22 =  5w + 5/  (4.12)

S22 =  em( l-  Vf ) + £f Vf (4.13)

°22/Е22 =  or22(l -  Vf ) / E m + a22Vf I E f  (4.14)

Using Hooke’s law to introduce the elastic modulus and since the stress 

is the same in both the matrix and fiber, we can get the elastic modulus 

( £ 22) perpendicular to the fibers

E22 =  (Ef Em)/(E f [ 1 -  V/] + EmVf ) (4.15)

The stiffness of the composite, measured perpendicular to the fibers 

increases much more slowly than stiffness measured parallel to the fibers 

as the volume fraction of fibers is increased. Since the properties of the 

composite are different in different directions, the composite is anisotropic.

4.4 Strength of Composite Materials

In simple unidirectional composites when loaded along the fibers direc

tion, both the matrix and the fiber experience the same strain (iso-strain
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condition). It is therefore expected for the composite to break at the lower 

of the matrix fracture strain or the fiber fracture strain. There are two cases 

to consider, firstly, where the matrix fails first and secondly, where the 

fiber fails first. The former situation is common in polymer matrix com

posites with low strength brittle matrices such as polyesters, epoxies or 

bis-melamides. The latter case is observed in metal matrix composites or 

thermoplastic polymer composites where, because of plastic deformation 

in the matrix, the failure strain of the fiber is the smaller value.

4.4.1 Matrix triggred failure

At low volume fractions of fibers, the matrix constitutes the major load 

bearing section and the addition of fibers gradually increases the strength 

as the applied load is divided between the fibers and the matrix. However, 

when the strain in the composite reaches the fracture strain of the matrix, 

the matrix will fail. All of the load will then transfer instantly to the fibers, 

which occupying a small fraction of the composite area will see a large 

jump in stress and they too will fail. At the strain at which the matrix 

is about to fracture, smy the stress in the composite can be determined 

using Hookes’ Law since both the fiber and the matrix are still behaving 

elastically, i.e.

The stress in the matrix, <rm, is now equal to the matrix fracture stress, 

but the stress in the fiber is still much less that the fiber fracture stress. 

Before the matrix breaks, the load on the composite is

After the matrix breaks, only the fibers remain to carry the load and the 

stress in the fiber jumps by (1 /V f — 1 )om. If this increase takes the stress 

in the fiber above its fracture strength then the fibers too will snap. This is 

most likely to happen when Vf, the volume fraction of fibers is small and 

when the strength of the matrix is large. This is called matrix controlled 

fracture.

сгц —  E \\sm

a n  =  E f V f sm +  crm(l  -  Vf)

(4.16)

(4.17)

F\\ =<у цА =  [ Ef Vf £m +<rm( l  — Vf)]A 

a n =  F u / V f  =  [ Ef Vf Sm+cr m( 1 -  Vf ) ] / Vf

(4.18)

(4.19)
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However, if the increase in stress is not sufficient to break the fibers 

then the load can be increased until the fibers break, i.e.

au = a f Vf  (4.20)

This is known as the fiber controlled fracture.

Figure 4.6 shows an increase in strength of a glass fiber reinforces 

composite with the increase in the volume fraction of fibers. At low fiber 

fractions, the strength is controlled by the fracture of the matrix; the strength 

increases as the fibers are added. Matrix fracture strength is ~50 MPa and 

the failure strain is 0.010. Fiber fracture strength is ~ 1,200 MPa and the 

failure strain is 0.016. Above a fiber content of 10%, the fibers begin to 

dominate the fracture process and the composite can sustain high stresses. 

Below this, the structural integrity would be lost when the matrix fractures 

as the composite would be full of cracks. Then effective strength of the 

composite is given by the matrix controlled strength.

Fig. 4.6 Typical strength controlled failure.
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4.4.2 Fiber triggered failure

Considering the case where the matrix is ductile and the elastic strain to 

fracture in the fibers is less than the elastic/plastic extension of the matrix. 

At low volume fractions of fibers, the fiber fails first and break. The load 

carried by fibers will transfer to the matrix which, having a reduced cross- 

section, will see a sudden jump in stress. The subsequent failure process 

would depend on the magnitude of an increase in stress in the matrix.

The stress on the composite at the point of fiber fracture (e/)  is

a,, =  Ef 8 f Vf  +  Emef (l -  V» (4.21)

The force on the composite is just the product of the stress and the 

cross-sectional area, so the stress on the matrix after the fibers break is

*rn =  Em6 f  + (V f/l - Vf)of  (4.22)

So the stress on the matrix increases by (V/ / 1  — V f)crf. If the rise 

in stress is not sufficient to fracture the matrix then it will continue to 

support the applied load. Then, the fracture strength of the composite will 

be given by

a„  =  ( 1 - Vf )<rm (4.23)

where aw is the ultimate tensile strength of the matrix; i.e. the addition of 

fibers leads to a reduction in the strength of the composite to levels below 

that of the unreinforced matrix. As the fiber volume fraction increases, 

the fibers carry more of the applied load. When the fibers break, the load 

transferred to the matrix is large and the much reduced cross-sectional area 

of the matrix will be unable to support the load and the matrix too will fail. 

The strength of the composite is determined by the strength of the fibers i.e.

a n =  EfV/Sf + (1 - Vf )Em6f (4.24)

In Fig. 4.7, for glass-polyamide composite, we can see that the tensile 

strength of a composite in which the fibers fail at a lower strain than that of 

matrix initially decreases below that of neat matrix, reaching a minimum 

and thereafter increase. There is, therefore, a minimum volume fraction, 

Vfm\n> of fibers that must be added in order for the composite to have 

strength at least equal to that of the matrix alone.
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Fig. 4.7 Typical strain controlled failure.

In the example shown above, where glass fibers are used to reinforce a 

polyamide matrix, V/min is around 9%.

4.4.3 Transverse strength

The behavior of the composite when loaded in a direction perpendicular to 

the fibers is very different compared to the loading along the fiber direction. 

The additional complexity is introduced due to the presence of fiber-matrix 

interface.

When loaded in the transverse direction, both the fibers and the matrix 

experience the same stress — isostress condition. Hence, the strength in 

transverse direction is determined by the weakest link in the composite. 

Of the two materials that make up the composite, the matrix is invariably 

the weaker material and so fracture will occur when the stress reaches the 

matrix fracture stress. This applies when the matrix and the fiber is perfectly 

bonded and will transmit the entire load applied to it. The presence of the 

fiber-matrix interface either makes it stronger or weakens it, depending on 

the interface properties. Hence, the transverse strength of unidirectional 

composites can be lower than the strength value of matrix alone.
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Fiber/Matrix
Interface

22

Fig. 4.8 Transverse failure in UD composites.

4.5 Effect of Fiber Orientation on Elastic Properties

The elastic and strength properties discussed earlier relate to the properties 

in the primary materials directions, i.e. parallel and perpendicular to the 

fiber direction. For practical application and to derive the best of advantages 

from the composite materials, it is necessary to compute the values in other 

orientations.

The Hooke’s law relationships for the lamina are:

a =  Qe

~tfl" Qn Q \2 0 '  e 1 "
0? = G21 G22 0 • S2

_r 12_ 0 0 ббб_ _Y \2_

(4.25)

(4.26)

where, Q is the stiffness matrix, and,

£ n
Q n =  

Q22 =  

612 =

(1 - V12V21)

E22 
(1 - V12V21)

»l\E\\ _  __________

( 1 - 1̂ 12^21) (1 - ^12^2l)

V]2&22 =  621
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<266 =  G 12

V\2E22 
2̂1 =  — --

here, У12 is Poisson’s ratio representing a strain in the ‘2’ direction resulting 

from a load applied in the ‘Г direction, i.e. (—£2/21); similarly V21 =  

( - e }/e2).
In this case, plane stress is assumed and therefore there are no through 

thickness stresses, i.e. <73 =  Г23 =  Г31 =  0. However we must remember 

that the composite is not isotropic and thus E\ 1 and E22 are not the same.

The compliance matrix S, which is the inverse of the stiffness matrix Q 

is as follows,

S = Q ~ ' 

e =  Scr

S =

1
E\\ 

-  V\2 

En

0

— V12
"Ж Г

1

Ё22
—  0

0 —

1

G 12.

(4.27)

(4.28)

£[

e2 =  s • 02 (4.29)

_V12_ -T12_

Defining the rotation from the special ‘1-2’ coordinate system that is 

aligned with the fibers to a general *x — yf coordinate system that is aligned 

with the direction of loading, the angle between the two is в.

To determine lamina properties with respect to other coordinate axes, 

the stiffness and compliance matrices must be transformed. For rotation by
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I*y

Fig. 4.9 Rotation of fibers from the principal axes.

angle в to axes x, у, it can be shown that:

(Ух Sx
Gy ■ =  IQ] By

. ̂ xy . . Уху .

where [Q] is transformed stiffness matrix given by,

IQ) =  т Л О Ш *

where [Г] is defined as,

cos2 0 sin2 в 2 sin в cos в

sin2 в cos2 в - 2  sin в cos в

— sin 0 cos в sin в cos в cos2 в — sin~ 0

(4.30)

(4.31)
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From the above equations, the engineering constants can be expressed as 

functions of the fiber orientation angle as follows;

=  4 "  cos4 в 4- (  —̂---sin2 0 c°s2 ̂  + t t  s*r4 ^
Ex E\ \ G i 2 E\ )  £2

Vxy =  Ex '̂“ ‘(sin4 в + cos4 в) -  + J- -  sin2 в cos2 в j
4- = 4- sin4 0 + ( 7 7---~ ir ) sin2 cos2 9 + 7Г cos4 0£1 V ^ i2 E\ J Ег

T̂ - = 2  ( i -  + i-  + * £2  _  J - ' j  sin2ecos2 0 + -L (s in46> + cos40) 
G.ty \J ? i £2 £1 G 1 2 / G 12

(4.32)

4.6 Elastic Properties of Multi-Ply Laminates

A laminate is a collection of laminae stacked one over the other in a specified 

manner. Adjacent lamina may be of the same or different materials and their 

fiber orientation with respect to the laminate reference axis may be arbitrary. 

Although the laminate is made up of multiple laminae, it is assumed that 

the individual laminae are perfectly bonded together so as to behave as a 

single, non-homogeneous, anisotropic plate. This assumption means that 

classical plate theory can be used for the laminated plates. The x-y plane is 

the plane of the laminate, the z-direction is perpendicular to the plane of 

the laminate (see Fig. 4.10).

The displacements in the jc , у and z directions are и, v and w respec

tively. It is assumed that laminate displacements in the z-direction only arise 

from bending. There is no variation in thickness in the z-direction (i.e. no 

through thickness strain). The centerline is a line through the thickness of 

the laminate that divides the laminate vertically into two regions of equal 

thickness.

When the laminate bends, as shown in Fig. 4.11, there is no extension 

at the centerline, but on the inside of the bend, above the center line there 

is an increasing amount of compression as we move away from the center 

line. On the outside of the bend, below the center-line, there is an increasing
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Fig. 4.10 Typical laminate construction.

z
t b
Initial Position Final Position

Fig. 4.11 Strain-displacement relationship in a laminate.

amount of tension as we move away from the center-line to the outer surface 

of the laminate. For small angles в =  tan(0) =  dw/dx.

The in-plane displacements (w and i>), which are functions of position 

С*» У> z) within the laminate can be related to the center-line displacements,
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dx

и , 3u -j~. и + —  ax  ax

Initial Position Final Position

Fig. 4.12 Definition of normal strain.

mo and uo and the slopes by

dwo(x,y)  
У, z) =  w0(jc, у ) - z-- ^

vU,y, z )  =  v0(x,y) - z
Эи>о(х, y) 

9y

Now that we have the displacements, we can get the normal strain.

£x — ~  —
dx

du (u + f j  ■ d x )- u

dx

Substituting for u, from eqn. 4.33,

Эно d2w$

dx dx2

(4.33)

(4.34)

(4.35)

(4.36)

The strain term ey is obtained in the same way. The engineering shear strain 

is just the change in the angle between two initially perpendicular sides. 

For small strains, у =  tan (у).
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J  Final Shape

dx
Initial Shape

Fig. 4.13 Definition of shear strain.

Again substituting for и and v then differentiate with respect to x and y. 

The resulting strain matrix may be written as:

sx
ey 

L  Уху,

duo d2Wo !
dx dx2

dv о
■ +  Z- '

d2wo

dy dy2

duo dvo____ L ___ 2 d2w°
dy dx dX'dy

(4.38)

The above equation can be written more simply as

{e} =  (e°} + z(/f) 

where {e0} is the center-line strains and (к) the curvatures:

d2w

(4.39)

e°X

y iI xy

and {лг} =

- 2 -

dx2 
d2w 

dy2 

d2w

dx • dy

(4.40)

When a force is applied to the edge of a laminate, all the laminae of the 

laminate will stretch the same amount, i.e. they will experience the same
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strain. However, the elastic properties of each lamina in the laminate is 

different and depend on:

(1) The fibre and matrix materials.

(2) The volume fraction of fibers and its packing.

(3) The orientation of the fibers and form of fiber placement.

For a specific lamina (termed “fcth” lamina), the stress-strain relationship

wiUbe{a}ft = [fi]*W-
Since the stress in a given lamina is the product of stiffness and strain 

of that lamina, the stress in each lamina will also be different. Force is the 

product of the stress and the cross-sectional area of the lamina (thickness 

x width), the force acting on each lamina can be determined. Within a 

laminate, the sum of the forces in the individual laminae must add up to the 

applied force for equilibrium,

n n

F =  (4.41)

k=\ k= 1

where F\ is the force in the kih lamina of the laminate, aKy is the stress, 

/jt, is the thickness of the k\h lamina and W, the width of the laminate. By 

convention, N is described as force per unit width of the laminate or the 

force resultant. Mathematically, the force resultant is defined as,

r+h/2
Nx =  / axdz (4-42)

J-h/2

for the force resultant in the jc-direction. The term h is the total thickness 

of the laminate. We can write down both the force resultants and moment 

resultants (force per unit width of laminate x distance) as,
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lamina 

lamina

lamina

Fig. 4.14 Lamina position in a laminate.

The above equations (4.43) and (4.44) can be expressed as,

’ Nx ' 

N y 

N*y.

II гм
- Л- +

w ,
°xy\1"

Mx '

My

Mxy |-trl *=i j,,t

CTX

( Т у • zdz

(4.45)

(4.46)

where /z* is the position of the bottom of the lamina with respect to the 

center-line of the laminate and hk+ь the position of the top of the A'th lamina 

with respect to the center line of the laminate as shown in Fig. 4.14.

The lamina stress is the product of the specific lamina stiffness and the 

strain experienced by this lamina,

crx e.x

ay =  [Qlk £ y

*xyt к Уху.

where the stiffness matrix [Q\k is a function of orientation, fiber fraction 

and fiber and matrix materials of the k\h lamina. In a given ply, [Q] is
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constant hence,

Nx

Nxy
= ± rk= I  Jhk

[Q]k

= ± r  
k=\ Jhk

[Qh

Sx

£y

Yxy

S° bx
£°

У
Y°Уху

dz

dz +
k=i Jh“

[Qh
Kx
Ky

Kxy

zdz

(4.48)

similarly, for the moment resultants

Mx

M xy k=\ Jhk

hk+1
[Qh

- t f  
k= i  •/л*

[fil*

Уху

rxO
X
.o

I t f ,

• zdz

zdz +
« rli

t-l
[(21*

Kjc

Kjry

■

(4.49)

Since the stiffness matrices [Q]*, the center-line strains (£0} and curvatures 

{ac} are constant in each ply. The only variable is z, the vertical position 

within each ply. Integrating equation (4.48) and (4.49), we get,

“/»*+!
dz =  hk+1 - hk

LЛ к 
hk+1

/ zdz =  £ (A?+l -  /if)
Jlllc'Ilk 
'hk+1

f l+'z2dz =  \(hl+i-h l)  
Jh k

and

(4.50)J W l = [A B] I«c

\a/| " Lb d \\k

IN\ = Г • №»+1 -  й*) iE jU f ik  • (Aj+I -  л*>1 К
M  U  Л ш Ш  ■ (hl+l - hi)

(4.51)
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Each of the 3 x 3 matrices, [A], [B], [D] in equation (4.50) has a distinct 

function and are termed;

[A] — Extensional stiffness matrix,

[B] —  Extensional-bending coupling matrix,

[D] —  Bending stiffness matrix.

In symmetric laminates, [B] =  0.

4.7 Textile Composites

Textile reinforced composites are fiber reinforced composites whose unit 

structures are characterized by more than one fiber orientation. Figure 4.15 

shows a schematic illustration of the hierarchical nature of textile materials.

The majority of structures made from composites, are made from textile 

composites rather than the simple uniaxial fibers. A rigorous analysis of the 

stiffness of a composite made from textile composites shown above is much 

more complex compared to the unidirectional composite described earlier.

Woven Fabric

Braided Fabric

Knitted Fabric

Fig. 4.15 Schematic illustration of the hierarchy of fibers, yams, and fabrics in textile 

processes.

UDTape

Direct Formed
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For a simple plain woven fabric in which the yams are not excessively 

crimped and having half of the yams in the warp (0°) direction and the other 

half in the weft (90°) direction, the stiffness in each of these directions is 

then simply calculated using the isostrain rule of mixtures, but assuming 

that the volume fraction of fibers, V/, is only half the total fiber content.

For other cases, the analysis of the textile composite essentially consists 

of three steps, somewhat similar to the analysis of a multidirectional tape 

laminate. In the first step, the composite is divided into a number of UD 

laminae. For a multidirectional tape laminate, such division is straightfor

ward: each layer is a UD lamina in its local coordinate system. For a textile 

composite, however, a geometric description for the textile fabric is nec

essary before doing this. In the second step, the UD laminae are analyzed 

in their local coordinate systems. The third step is an assemblage of the 

contribution of all the UD laminae to obtain the properties of the original 

textile composite.

It should be noted that a single layer of textile composite could 

also be a multilayer laminate, with each lamina being a single layer 

braided/woven/knit fabric reinforced composite. In such a case, the lami

nate analysis is exactly the same as that expressed in the preceding section. 

The only difference is that in the analysis of a single lamina layer, the lam

ina instantaneous stiffness matrix expressed in the global coordinate system 

should be used.

4.8 Behavior of Composite Properties

The overall performance of a composite depends primarily on the proper

ties of its constituent fiber and matrix materials, the fiber content, and the 

fiber arrangement. By using techniques described earlier, it is possible to 

quantitatively determine this primary dependence. Furthermore, the com

posite performance also depends secondarily on the “binding condition” 

involved, such as fiber/matrix interface bonding, fabrication defect (e.g. 

misalignment of fibers), void content, etc. Evidently, such a “binding con

dition” is indeterminate a priori. It is difficult to model exactly the secondary 

dependence of the composite properties on the “binding condition”. Fortu

nately, as with the advancement of the composite fabrication technology, 

this secondary dependence can be reduced to a minimum. At the first stage
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of a composite design, this kind of effect can be neglected. A preliminary 

design will only be based on the primary effect consideration. Given the 

working conditions of a structural component and several candidate fiber 

(i.e. reinforcement) and matrix materials together with their properties, suit

able fiber and matrix materials, their contents, and their arrangements to 

develop an optimal composite that can meet all the working conditions can 

be determined.

For example, in order to develop more suitable artificial limbs for ampu

tated patients, measurements from trans-femoral amputee subjects have 

been performed under their walking conditions. Taking Y as upward (nor

mal to the ground) coordinate direction, X as the forward direction of the 

objects’ progression, and Z to the right, the measured maximum dynamic 

forces and moments on the amputees are given as [Peter, 1996].

Fy =  S19N, FX =  330N, FZ =  265N,

Mx =  U N m , My =  35Nm, and Mz =  93 Nm.

Thus, a developed composite socket should be able to sustain the above 

load conditions. In practice, another kind of designing procedure is also 

followed. Namely, a new composite material can also be developed by 

comparing its performance with that of an existing material. This is espe

cially true in some biomedical applications for which designing standards 

have not yet been established. For the below knee prosthesis application, a 

currently used socket material exhibits the properties as shown in Tables 4.1 

and 4.2. Thus, our objective was to develop a new composite socket material 

that can meet the stiffness and strength requirements of Tables 4.1 and 4.2.

In general, there are sufficient degrees of freedom to enable the developed 

composite materials to satisfy the given requirements. An optimal design

Table 4.1 Tensile properties of an existing below knee socket material [Huang and 

Ramakrishna, 1999].

Young’s Modulus (GPa) Ultimate Strength (MPa) Ultimate Strain (%)

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse

3.68 2.12 42.5 32.4 2.15 3.65

Longitudinal =  socket axial; transverse =  transverse to the socket axis.
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Table 4.2 Bending properties of an existing below knee socket material [Huang and 

Ramakrishna, 1999].

Young’s Modulus (GPa) Ultimate Strength (MPa) Ultimate Strain (%)

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse

3.12 2.65 55.1 43.7 4.25 6.45

is then possible by requiring that the developed materials also satisfy some 

additional conditions such as minimum weight or minimum cost.

Here, we only deal with stiffness and strength design of the composites. 

Possible influence of different designing variables on these two properties 

is considered. The designs will be shown in figures and charts.

4.8.1 Unidirectional composites

The in-plane engineering elastic constants of eight UD laminae made from 

four different fibers, given in Table 4.3, and the R57 epoxy (Table 4.4) 

and the PEEK matrix (elastic modulus E =  3.6 GPa and Poisson’s ratio 

v =  0.4) materials are calculated. Results are graphed in Figs. 4.16—4.19. 

Here and in the following, “Gev” refers to “E-glass 21(K43 Gevetex” fibers

Table 4.3 Mechanical properties of four fibers.

Type ASA Г300 E-glass 21 x K43 Gevetex Silenka E-Glass 1200tex

E'u (GPa) 225 230 80 74

e !2 (GPa) 15 15 80 74

G{2 (GPa) 15 15 33.33 30.8

Vf12 0.2 0.2 0.2 0.2

^23 (GPa) 7 7 33.33 30.8

(MPa) 3206 2468 1804 2093

ole (MPa) 2459 1470 910 1312
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Table 4.4 Properties of R57 epoxy resin. (Tensile strength: crH =  45 MPa, compressive 

strength: ou c =  93 MPa, Poisson’s ratio v =  0.414)

(cry) 1 
(MPa)

(ovh
(MPa)

(оу)з
(MPa)

(0^)4
(MPa)

(ET) 1 
(GPa)

(£7)2
(GPa)

(E rh

(GPa)

(Et) 4 

(GPa)

Uniaxial tension 15.8 33.3 42.5 44.7 2.28 1.54 0.94 0.22

Uniaxial compression 35.3 62.2 83.8 92.2 5.42 3.86 2.23 0.63

150

140

130

_  120
£ 110 
CD
— 100 w
•§ 90

0 80

1 70 
Щ 60

§ 40 

30 

20 
10 
0

Fig. 4.16 Longitudinal tensile moduli of UD composites made from different material sys

tems, with Vf =  0.6.

and “Sile” designates “Silenka E-Glass 1200tex” fibers. From Fig. 4.16, 

one can see that the matrix property has negligibly small effect on the 

composite longitudinal modulus, as the longitudinal stiffness of the fibers 

used is significantly higher than the matrix stiffness. On the other hand, 

the matrix property considerably affects the overall transverse and in-plane 

shear moduli of the resulting UD composites, as shown in Figs. 4.17 and 

4.18 respectively. This influence is more distinct for the glass fibers based 

composites. Note that the transverse and in-plane shear moduli of the carbon 

fibers are lower than those of the glass fibers, as a result of lower transverse
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AS4/R57 AS4/PEEK T300/R57 T300/PEEK Gev/R57 Gev/PEEK Sile/R57 Sile/PEEK

Fig. 4.17 Transverse tensile moduli of UD composites made from different material sys

tems, with Vf =  0.6.

5 т  

4.5- 

4

a | | |

AS4/R57 AS4/PEEK T300/R57 T300/PEEK Gev/R57 Gev/PEEK Sile/R57 Sile/PEEK

Fig. 4.18 In-plane shear moduli of UD composites made from different material systems,
with Vf — 0.6.

Fiber volume fraction = 60%

3.5
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Fig. 4.19 Poisson’s ratios of UD composites made from different material systems, with 
V; =  0.6.

and in-plane moduli for the carbon fibers. This means that the influence 

of the matrix stiffness on the overall transverse or in-plane shear modulus 

of the composite is more if the modular ratio between the fiber and the 

matrix in that direction is higher. Off-axial tensile stiffnesses of the AS4/R57 

(carbon/epoxy) and the Silenka/R57 (glass/epoxy) varied with different 

fiber volume fractions are plotted in Figs. 4.20 and 4.21 respectively. The 

figures indicate that the modulus variation with the increase of the fiber 

volume fraction is apparent for the carbon/epoxy composite only when an 

off-axial angle is smaller than 40°. In the contrast, this variation is more 

distinct for the glass/epoxy composite for the whole off-axial loading range. 

This is attributed to two reasons. The first reason is that the carbon fibers 

have much larger modular ratio in the fiber axial direction with respect to 

the R57 resin than the glass fibers do. The second reason is that the glass 

fibers are isotropic and have higher stiffness values in the transverse and the 

in-plane shear moduli, relative to the carbon fibers, giving more increase to 

the overall transverse and in-plane shear moduli of the resulting composite 

(see Figs. 4.17 and 4.18).

The ultimate strengths of four UD composites based on four different 

fibers (Table 4.3) and the R57 epoxy matrix (Table 4.4) subjected to uniaxial
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Off-axis angle, deg.

Fig. 4.20 Off-axial tensile moduli of UD composites made from AS4/R57 material systems, 

with Vf =  0.4, 0.5,0.6, and 0.7.

Fig. 4.21 Off-axial tensile moduli of UD composites made from Silenka E-Glass/R57 mate
rial systems, with Vf =  0.4,0.5,0.6, and 0.7.
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Fig. 4.22 Longitudinal tensile strengths of UD composites made from different material 

systems, with Vf  =  0.5, 0.6, and 0.7.

V,= 0.5 0.6 0.7 0.5 0.6 0.7 0.5 0.6 0.7 0.5 0.6 0.7

AS4/R57 T300/R57 Gev/R57 Si!e/R57

Fig. 4.23 Longitudinal compressive strengths of UD composites made from different mate-

rial systems, with Vf =  0.5,0.6, and 0.7.
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Fig. 4.24 Transverse tensile strengths of UD composites made from different material sys
tems, with Vf  =  0.5,0.6, and 0.7.
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0.5 0.6 0.7
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0.5 0.6 0.7
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vL n ^  Transversecompressi ve strengths of UD composites made from di fferent material 
systems, with Vf  =  0.5, 0.6, and 0.7.



Mechanics of Composite Materials 101
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AS4/R57 T300/R57 Gev/R57 Sile/R57

Fig. 4.26 In-plane shear strengths of UD composites made from different material systems, 

with Vf  =  0.5,0.6, and 0.7.

(longitudinal, transverse, or in-plane shear) load are indicated in Figs. 4.22- 

4.26. The longitudinal strength of the composite is determined by the fiber 

strength, whereas the transverse and in-plane shear strengths mainly depend 

on the matrix strength. It is seen that the longitudinal strengths of the 

carbon/epoxy composites are considerably higher than the corresponding 

strengths of the glass/epoxy composites. This is because the carbon fibers 

are stronger than the glass fibers. However, the overall transverse and in

plane shear strengths of the glass/epoxy composites are slightly higher than 

the counterparts of the carbon/epoxy composites. This means that the mate

rial stiffness in the corresponding direction also has an influence, although 

not very significant in the transverse or in-plane shear case, on the composite 

ultimate strength in that direction.

The influence of the fiber content is different in different fiber direction. 

This is more clearly indicated in Figs. 4.27 and 4.28. The fiber content 

can significantly affect the composite strength only in or very close to the 

longitudinal direction.
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Off-axis angle, deg.

Fig. 4.27 Off-axial tensile strengths of UD composites made from AS4/R57 material sys
tems, with Vf  =  0.4, 0.5,0.6, and 0.7.

m L4 ° ff’axial tensile slrengths of UD composites made from Silenka E-Glass/R57
material systems, with Vf =  0.4,0.5,0.6, and 0.7.
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4.8.2 Multi-ply laminates

There are more design variables for a multidirectional tape laminate, rela

tive to a UD composite. Here, the main focus is on the effect of laminate 

lay-ups on the in-plane stiffness and strength of the resulting composites. 

Two material systems, i.e. the AS4/R57 (carbon/epoxy) and the Silenka 

E-Glass/R57 (glass/epoxy) systems are employed to bring out the effects.

Three sets of laminates with symmetric lay-ups of [±0]iy, [90°/ ± 

0/)O°L, and [±(90°—0)/±Q]s have been considered. The full arrangements 

of these laminates are designated as (from the top layer till the bottom layer), 

[0/—О/—в/6/в/-0/ —6/0], [90°/6V—0/0/0/—0/0/90°], and [9O°-0/- 

90° + 0/в/-в/-в/0/-90° + <9/9O°-0], where the angle 0 can vary from 

0° to 90°. Each lamina ply in a respective laminate is assumed to have the 

same thickness and the same fiber volume fraction. Further, every laminate 

consists of the same constituent materials. The composites are loaded in the 

global x direction, which is taken to be of 0°-direction, and the composite 

stiffness (modulus) and strength are calculated along this direction.

Designed moduli of the angle plied laminates, [±0]ir» made from the 

carbon/epoxy and the glass/epoxy systems are shown in Figs. 4.29 and 4.31

Fig. 4.29 Uniaxial tensile moduli, loaded in 0°-direction, of angle-plied laminates, [± Lo

made from AS4/R57 material systems, with V/ =  0.4, 0.5, 0.6, and
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Fig. 4.30 Uniaxial tensile moduli, loaded in 0°-direction, of angle-plied laminates, [±0]2j. 

made from Silenka E-Glass/R57 material systems, with V/ =  0.4, 0.5, 0.6, and 0.7.

AS4/R57 system

Angle-plied laminates of ^=0.4, loaded in 0 °-direction 
•■•■•Angle-plied laminates of Vf=0.7, loaded in 0 °-direction 

— UD lamina of ^=0.4 , loaded in off-axial angle 
-°-UD lamina of Vf=0.7, loaded in off-axial angle

ql 100 
О

Fig. 4.31 Comparison between the tensile moduli of angle-plied laminates, loaded

in uniaxial (0°-)direction and UD lamina loaded in off-axial direction. The composites are 
made of AS4/R57 system.
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Fig. 4.32 Comparison between the tensile moduli of angle-plied laminates, [±0];»*, loaded 

in uniaxial (0°-)direction and UD lamina loaded in off-axial direction. The composites are 

made of Silenka E-Glass/R57 system.

respectively. At the first glance, they have the same variation trend as the 

corresponding UD laminae loaded in off-axial angles (Figs. 4.20 and 4.21). 

More detailed comparisons as indicated in Figs. 4.31 and 4.32 do show that 

the uniaxial (0°-directional) stiffness of an angle-plied laminate coincides 

with the off-axial stiffness of a UD lamina loaded at the same off-axial 

angle when this angle is greater than 45°. However, when the angle is less 

than 40°, apparent difference exists between the uniaxial moduli of angle- 

plied laminates and the off-axial moduli of the UD laminae. The angle-plied 

laminates “elevate” the stiffness considerably.

Uniaxial strengths of the angle-plied laminates versus ply angles are 

graphed in Fig. 4.33 for the carbon/epoxy system and in Fig. 4.34 for 

the glass/epoxy system. In the case of a UD composite, the fiber failure 

dominated region is very small, see Figs. 4.27 and 4.28. The composite 

failure is caused by fiber fracture only when the external load is applied 

in a very small neighbourhood (less than 5 degree) to the longitudinal 

direction. Out-of this region, the composite failure is initiated from the 

matrix fracture. Accordingly, the off-axial strength of the UD composite
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0 in laminate [±0]2s

Fig. 4.33 Uniaxial tensile strengths, loaded in 0°-direction, o f  angle-plied laminates, [±0]ii>  
made from AS4/R57 material systems, with Vf  =  0 .4 ,0 .5 , 0 .6, and 0.7.

Fig. 4.34 Uniaxial tensile strengths, loaded in0°-direction, of angle-plied laminates, [±0]2j>
made from Silenka E-Glass/R57 material systems, with Vf  =  0.4, 0.5, 0.6, and 0.7.
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Fig. 4.35 Comparison between the tensile strengths o f angle-plied laminates, [±9]is,  loaded 
in uniaxial (0°-)direction and UD lamina loaded in off-axial direction. The composites are 
made o f  AS4/R57 system.
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Fig. 4 .36 Comparison between the tensile strengths of angle-plied laminates, [ ± 0 ] i s  .loaded 
in uniaxial (0°-)direction and UD lamina loaded in off-axial direction. The composites are 
made o f Silenka E-Glass/R57 system.
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reduces significantly when the off-axial angle is greater than 5°. For angle- 
plied laminates, however, the fiber failure dominated region can be as large 
as more than 12.5°. In this region, the composite load carrying capacity is 
the highest. Comparison shown in Figs. 4.35 and 4.36 clearly indicates that 
the laminated composites have superior load carrying ability over the UD 
composites. When the off-axial angle is even larger, equal to or greater than 
40°, no difference has been found between the off-axial strength of the UD 
lamina and the uniaxial strength of the angle-plied laminate. This means 
that the design of a composite as an angle-plied laminate, such as through 
a filament winding fabrication, is efficient only when the external load is 
applied in a relative small region (within ±12.4° — ±22.4°, depending on 
fiber content and on the fiber and matrix modular ratio) with respect to the 
unidirectional direction.

Designed stiffnesses and strengths of the other laminate arrange
ments, i.e., laminates [90° / 0 / - 0 /О °/О °/-0 /0 /90°] and [90°- в /  -  90° +  
0/0 / —в / —в /0 /  — 90° +  0/90° — 0] with varied angles 0, are shown in 
Fig. 4.37 through Fig. 4.44. In general, if loaded in all possible directions, 
the arrangement [ 9 0 ° / в / - в / 0 о/ 0 ° / - в / в / 9 0 о] shows some superiority. 
However, different choice of the angle 0 makes the resulting composite 
have different load carrying ability.

In order to further investigate the load carrying capacity of a resulting 
laminated composite per laminate lay-up, several typical composites from 
each set of arrangements, [± 0 ]* , [90°/ ±  0/O°L, and [±(90° -  0 ) /  ±  в ]5, 
have been designed to sustain varied biaxial loads. The results of the 
AS4/R57 material system are plotted in Figs. 4.45 to 4.47. It appears that 
the arrangement [±0]г* is the worst for carrying varied biaxial loads. How
ever, these laminates are suitable to carry on loads arranged in near close 
to the longitudinal direction, especially for a low angle arrangement (i.e. 0 
is small). Of the three sets of arrangements, [ ± 0 b ,  [90°/ ±  0/O°L, and 
[±(90° — 0 )/ ±  0]5, only one set always has an optimal lay-up. Figure 4.48 
clearly indicates that as long as the composite is subjected to an in-plane 
load, the lay-up [±90°/ ±  0°]s is the best among all the possible arrange
ments of [±(90° -  0 )/ ±  0]*.

It should be realized that while the composite modulus (stiffness) gen
erally increases with the increase of fiber content, this is not always true for 
the composite strength. The reason is that the composite stiffness is linearly
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0 in laminate [9O°/±0/O°]s

Fig. 4.37 Uniaxial tensile moduli, loaded in 0°-direction, o f angle-plied laminates, [90°/ 
^  0/O °L, made from AS4/R57 material systems, with Vf =  0.4, 0.5, 0.6, and 0.7.

Fig. 4.38 Uniaxial tensile moduli, loaded in 0°-direction, of angle-plied laminates, [90°/ ±
0/O °]„ made from Silenka E-Glass/R57 material systems, with V/ =  0.4,0.5,0.6, an .
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Fig. 4.39 Uniaxial tensile strengths, loaded in 0°-direction, o f  angle-plied laminates, 
[90°/ ±  0/0°]*, made from AS4/R57 material systems, with V/ =  0.4, 0.5, 0.6, and 0.7.

0 in laminate [9O7±0/O°]S

Fig. 4.40 Uniaxial tensile strengths, loaded in 0°-direction, of angle-plied laminates,
[90°/ ±  d/0°]s, made from Silenka E-Glass/R57 material systems, with Vf =  0.4, 0.5,
0.6, and 0.7.
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Fig. 4.41 Uniaxial tensile moduli, loaded in 0°-direction, o f  angle-plied laminates, [± (9 0 °— 
в ) /  ±  0]*, made from AS4/R57 material systems, with Vf =  0.4, 0.5, 0.6, and 0.7.

Fig. 4.42 Uniaxial tensile moduli, loaded in 0°-direction, of angle-plied laminates,
[±(90° -  9 )/ ±  6]s, made from Silenka E-Glass/R57 material systems, with Vf  =  0.4,0.5,
0.6, and 0.7.
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Fig. 4.43 Uniaxial tensile strengths, loaded in 0°-direction, o f angle-plied laminates, 
[=r(90° — в ) /  ±  0 ]5, made from AS4/R57 material systems, with Vf =  0 .4, 0.5, 0.6, 
and 0.7.

Fig. 4.44 Uniaxial tensile strengths, loaded in 0°-direction, o f  angle plied laminates,
[± (90  — 6)/  ± 0 ] , ,  made from Silenka E-Glass/R57 material systems, with Vr =  0 .4 ,0 .5 ,
0.6, and 0.7.
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4 Ш
X (0-) directional stress (MPa)

Fig. 4.45 Failure envelops o f three typical angle-plied laminates, [±15°]^ , [±30°]2,, and 
[± 4 5 °]^ , made from AS4/R57 system subjected to biaxial load conditions. The composite 
is safe when loaded within the envelop.

Fig. 4.46 Failure envelops o f three typical angle-plied laminates, [9 0 ° /±  15 /0  ]„ [90 / ±  
3 0 ° /0 °L , and [90°/ ±  45°/0°L , made from AS4/R57 system subjected to biaxial loa 
conditions. The composite is safe when loaded within the envelop.
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Fig. 4.47 Failure envelops o f four typical angle-plied laminates, [± 7 5 0/  ±  15°]s, [± 6 0 ° /  ±  
30°]*, [± 4 5 ° /  ± 4 5 ° ]5, and [± 9 0 ° /  ± 0 ° ] , ,  made from A S4/R57 system subjected to biaxial 
load conditions. The composite is safe when loaded within the envelop.

proportional to the constituent moduli, whereas the composite strength is 
not. The matrix plastic deformation makes a laminated composite have a 
more complicated load distribution to each lamina to laminate.

4.8.3 Woven and braided fabric composites

Compared with UD lamina and multidirectional tape laminates, woven and 
braided fabric composites have better out-of-plane stiffness, strength, and 
toughness properties, lower fabrication costs, and easier handling for good 
production quality. Design of these composites is more difficult, and can 
be influenced by far more parameters. In this section, we only consider the 
basic weave and braid pattern, i.e. a plain weave or a diamond braid preform. 
Further, the fabric is considered to consist of two sets of yams, the fill yams 
and the warp yams. The yam architectures in the fabric can be described 
using equations. Thus, only four fabric geometric parameters are required. 
They are the yam spacing (width), the yam thickness, the inter-yam gap, and 
the braiding angle of the fabric. A braided fabric composite can be regarded 
as a special type of the woven composite with a braiding angle of 45°, from 
a theoretical analysis point of view. It is noted that the first three geometric
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parameters, i.e. the yarn spacing, the yarn thickness, and the inter-yarn 
gap, are related with each set of yams. Therefore, the fill yarn may have 
different values of them from the warp yarn. Furthermore, the overall fiber 
volume fraction of the composite, Vy, and the composite thickness, h/n, 
also have effects on the mechanical performance of the woven and braided 
composites. Their effects are reflected by the fiber packing density, which 
determines the impregnated yam (lamina) properties in the local coordinate 
system, and the relative amount of pure matrix in the representative volume 
element.

For illustration purpose, we choose the following yam parameters in 
our design:

Я] =  «2 =  2.0 mm, t\ =  r2 =  0.6 mm, and gi =  g2 =  0

Further, let hm — 0. These conditions imply that the composites consid
ered will have the same thickness, although different fiber volume fractions 
can be assumed.

Two kinds of material systems are employed: one is the AS4/R57 
carbon/epoxy and the other is the Silenka/R57 glass/epoxy systems. 
Designed results are shown in Fig. 4.48 through Fig. 4.49.

In Figs. 4.48-4.51, the in-plane moduli and tensile strengths of the 
two kinds of woven composites are plotted. It is seen that the stiffness and 
strength properties of the woven composites are the highest along the fiber 
yam (fill or warp) direction, and decrease rapidly when the load direction is 
off the yarn axis aligned. This decrease is more significant when the mod
ular ratio between the two constituent materials is higher. Furthermore, the 
decrease in strength is more distinct than that in stiffness. The figures also 
indicate that increasing the fiber volume fraction only have apparent effect 
on the composite stiffness and strength in the yarn (fill or warp yarn) axial 
direction only. In most other off-aligned directions, the ultimate strength 
of the woven composite does not increase much when the fiber content 
assumes larger values. This means that design of a moderate volume frac
tion is enough for a woven fabric composite. Fabrication of woven fabric 
composites with higher fiber volume fractions, which may costs more, does 
not bring much benefit into composite load carrying capacity if this load is 
not applied in a yam axial direction.
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Fig. 4.48 Uniaxial tensile moduli o f  AS4/R57 woven com posites versus inclined angles.

Inclined angle, deg.

Fig. 4.49 Uniaxial tensile moduli of Silenka/R57 woven composites versus inclined angles.
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Fig. 4 .50 Uniaxial tensile strengths o f AS4/R57 woven composites versus inclined angles.

Fig. 4.51 Uniaxial tensile strengths o f Silenka/R57 woven composites versus inclined 
angles.
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Strength envelopes of the carbon/epoxy and the glass/epoxy com
posites with several fiber volume fractions when subjected to biaxial in
plane loads are plotted in Figs. 4.52 and 4.53 respectively. In general, the 
carbon/epoxy composite has a very much higher load carrying capabil
ity than the glass/epoxy composite. The reason is attributed more to the 
high modular ratio rather than to the high strength ratio between the car
bon/epoxy system, relative to the glass/epoxy system. This can be under
stood from Fig. 4.53, in which only limited load combinations have attained 
their highest level. This means that for the majority of the biaxial load com
binations, the fiber material in the glass/epoxy woven composite has not 
sustained an enough load share before the composite failure. The load shar
ing capacity of a constituent material is directly related with its stiffness. 
One more interesting phenomenon is shown in Fig. 4.52, in which when 
a compression load in the x-direction is equal to the tensile load in the 
у-direction, the composite ultimate strength is significantly lower than the 
other neighboring load combinations. This means that under the given load 
combination, the composite failure is due to the matrix fracture, whereas 
the other neighboring load combinations force the fibers to carry more 
load share. Furthermore, comparisons between Figs. 4.52 and 4.53 with

Fig. 4.52 Strength envelops o f AS4/R57 woven composites subjected to biaxial in-plane 
loads.
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Fig. 4.53 Strength envelops o f Silenka/R57 woven composites subjected to biaxial in-plane 
loads.

Figs. 4.50 and 4.51 clearly indicate that the composite load carrying capac
ity when subjected to arbitrary biaxial load combinations, as long as these 
loads are along the weaving yam directions, is significantly higher than that 
when subjected to an off-yam axis aligned load condition.

Longitudinal tensile moduli and strengths of braided fabric composites 
made of the two material systems versus braiding angles are graphed in 
Fig. 4.54 through Fig. 4.57 respectively. As can be understood, the stiffness 
and strength decrease significantly as the braiding angle becomes larger and 
larger, as long as this angle does not exceed 45°. When the braiding angle 
is larger than 45°, the stiffness and strength in the longitudinal direction 
almost keep unchanged. As a whole, the composite longitudinal stiffness 
is proportional to the increase of the fiber volume fraction, and inversely 
proportional to the braiding angle. However, there are some exceptions, 
as indicated in Fig. 4.55. The tensile modulus of the glass/epoxy braid 
composite with a fiber volume fraction of 0.4 or 0.5 and a braiding angle 
of 25° is equal to or even higher than that of the braid composite with 
a braiding angle of 20°. The reason is that when a longitudinal tensile 
load is applied, the resulting matrix material in the braid composite of 20
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Braiding angle

Fig. 4.54 Longitudinal tensile moduli o f AS4/R57 braided com posites versus braiding 
angles.

Braiding angle, deg.

Fig. 4.55 Longitudinal tensile moduli of Silenka/R57 braided composites versus braiding 
angles.
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braiding angle is subjected to an essential tension. On the other hand, the 
matrix material in the 25° braid composite is under an internal compression 
when the composite is subjected to a longitudinal tensile load. As the epoxy 
matrix is stiffer under compression than under tension, the overall modulus 
of the composite follows the same trend.

Comparing Figs. 4 .5 6 ^ .5 7  with Figs. 4.27-4.28 and Figs. 4.33^4.34, 
it can be seen that the in-plane load carrying ability of braid composites is 
superior to UD composites, but worse than angle-plied laminates. However, 
if loaded in only the longitudinal direction, the UD composite can sustain 
a larger amount of load than the braid composite does. On the other hand, 
the braid composite can generally prevent the composite from delimina- 
tion, whereas an angle-plied laminate is prone to delimination which may 
significantly reduce the composite load carrying capacity.

4.8.4 Knitted fabric composites

In comparison with woven and braided preforms, knitted fabrics have 
looped structures. These looped structures can make a resulting composite 
deform easily. On the other hand, the reinforcing efficiency of the fibers

Fig. 4 .56  Longitudinal tensile strengths of AS4/R57 braided composites versus braid,n; 

angles.
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Braiding angle, deg.

Fig. 4.57 Longitudinal tensile strengths o f  Silenka/R57 braided com posites versus braiding 
angles.

in the composite can be significantly reduced due to the looped structures. 
As we understand, a composite can sustain the maximum amount of load 
if it is applied in the fiber axial direction. A UD composite exhibits the 
highest stiffness and strength in its longitudinal direction. Since no straight 
fibers are arranged in a common knitted structure, it can be expected that 
the stiffness and ultimate strength of the resulting knitted fabric reinforced 
composite cannot gain very high values along any direction.

Two kinds of composites made by reinforcing plain weft knitted AS4 
carbon fibers and Silenka glass fibers in R57 epoxy matrix have been 
designed. The mechanical properties of these composites can be pre
estimated as long as the fabric geometric parameters have been given. Plain 
knitted fabrics have two principal directions, the wale (0°) and the course 
(90°) directions. Four geometric parameters are enough. They are the wale 
number (W), the course number (C), the fiber yam diameter (d), and the 
overall fiber volume fraction (Vf)  in the composite. Suppose the first three 
parameters remain unchanged, namely,

W  — 3.9 cycles/cm, С =  3.4 cycles/cm, and d  =  0.058 cm.
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Fig. 4.58 Strength envelops o f AS4/R57 braid composites subjected to biaxial in-plane 
loads.

AS4/R57 braid com posites of l^=0.5

Fig. 4 .59  Strength envelops o f Silenka/R57 braid composites subjected to biaxial in-piane 

loads.
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The stiffness and strength of the composites having several fiber volume 
fractions ( Vf  =  0.1, 0.15, 0.2, and 0.25) at different load conditions are 
plotted in Figs. 4.60-4.65 respectively.

Figures 4.60 and 4.61 indicate that the stiffness of a knitted fabric com
posite is the highest in the wale (0°) direction, but gradually decreases to a 
minimum at the course (90°) direction. The same is true for the composite 
strength, as shown in Figs. 4.48 and 4.49. Although the knitted AS4/R57 
composites have higher stiffness and strength in the wale direction than the 
Silenka/R57 composites, the difference between them is not significant: 
only a slight increase has been found. This means that the matrix material 
plays a dominant role for the overall stiffness and strength of the knitted 
fabric reinforced composites. The high stiffness and strength properties of 
the fiber materials seem to be not well reflected in the knitted fabric com
posites. In fact, the ultimate failure of the knitted composite is initiated by 
the matrix fracture, giving relatively low ultimate strength to the composite.

Figures 4.64 and 4.65 show bi-axial failure envelopes of the above com
posites subjected to in-plane loads that are applied in the wale and course 
directions. The figures show that the composite ultimate strength increases

Inclined angle, deg.

Fig. 4.60 Off-axial tensile moduli of knitted AS4/R57 composites o f  different fiber volum e 
fractions versus inclined angle.
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Fig. 4.61 Off-axial tensile moduli o f knitted Silenka/R57 composites o f  different fiber vol
ume fractions versus inclined angle.

Fig. 4 .62  Off-axial tensile strengths o f knitted AS4/R57 composites of different fiber vol 

ume fractions versus inclined angle.
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Inclined angle, deg.

Fig. 4.63 Off-axial tensile strengths o f knitted Silenka/R57 com posites o f  different fiber 
volume fractions versus inclined angle.
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Fig. 4.65 Strength envelops o f knitted Silenka/R57 composites o f different fiber volume 
fractions subjected to in-plane biaxial loads.

with the increase of fiber volume fraction, but not very significantly. The 
effect is more distinct when the composite is subjected to its largest pos
sible compressive load in the wale direction. It should be noted that the 
present compressive analysis does not consider any buckling effect on the 
composite ultimate strength.

4.8.5 Comparisons among different composites

In the previous sections, composites with various fiber preform reinforce
ments have been designed in terms of their stiffness and strength prop
erties with respect to the same two material systems, i.e. the AS4/R57 
carbon/epoxy and the Silenka/R57 glass/epoxy systems. It would be useful 
to make a comparison on the mechanical performances of those differ
ent preform composites. Only the in-plane stiffness and strength in their 
respective principal materials directions will be compared. For example, 
the main direction of a UD composite or a braid composite is along the 
composite longitudinal direction, whereas the main direction of a knitted 
fabric composite is along its wale direction. As different fibei preform can 
achieve different fiber volume fraction, a reasonable comparison should
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UDC = unidirectional fiber composite 
W FC=woven fabric composite 
BFC(15 or 20) = braid composite withl 5‘ 

or 20° braiding angle  
KFC = knitted fabric composite

AS4/R57 system

UDC WFC BFC(15) BFC(20) KFC

Fig. 4 .66 Normalized (with respect to fiber volume fraction) tensile moduli o f AS4/R57  
com posites with different fiber preforms.
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Fig. 4.67 Normalized (with respect to fiber volume fraction) tensile strengths o f AS4/R 57  
composites with different fiber preforms.
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UDC WFC BFC(15) BFC(25) KFC

Fig. 4.68 Normalized (with respect to fiber volume fraction) tensile moduli o f Silenka/R57 
com posites with different fiber preforms.
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Fig. 4 .69 Normalized (with respect to fiber volume fraction) tensile strengths of 
Silenka/R57 composites with different fiber preforms.
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be performed without the effect of this fraction. Thus, the moduli and the 
strengths are normalized with respect to the specific fiber volume fraction. 
Results are shown in Figs. 4.66 through 4.69. These figures demonstrate 
that the composite superiority order in stiffness and strength is arranged as 
follows: UD composite, braid composite with 15° braiding angle, woven 
composite, braid composite with 25° braiding angle, and knitted compos
ite. This comparison gives an overall idea for choosing a suitable fibrous 
preform as reinforcement in biocomposite development. It should be, how
ever, realized that the present comparison only focused on stiffness and 
strength performances of the composites along their main directions. In a 
practical design, other issues such as fabrication cost, fabrication defect 
induced reduction in mechanical properties, the performances along other 
directions, etc should also be taken into account.
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Chapter 5

DESIGNING WITH COMPOSITE 
MATERIALS

5.1 Design Considerations

The usage of fibrous composite materials has been increasing in volume 
and applications. Initially, fibrous composites found application in weight 
critical aero-space components. Later, the domain enlarged to infrastructure 
applications with additional performance requirements like, environmen
tal stability, moldability, damage resistance, etc. Today, with biocompati
ble fibers and matrix systems, fibrous composites are finding application 
as biomaterial. A number of fibrous composite implants and devices for 
orthopedic and dental applications have been developed recently.

5.1.1 Properties

The properties that a designer generally finds attractive in composite mate
rials are:

(a) Low density: Arises because the density of both the reinforcing fibers 
and resin matrix are low compared to the metal. This translates directly 
to patient’s convenience in application like external fixators.

(b) High stiffness and strength: This is particularly attractive when com
bined with low density to give high specific stiffness and strength.

131
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(c) Tailor-ability: With the availability of various performing technologies 
the reinforcing fibers can be placed at the desired quantity and angle to 
perform in the most optimal manner.

(d) Aesthetics: With a variety of ceramic fiber and transparent matrix sys
tems, almost all type of color shades can be obtained. This property of 
composite materials is particularly attractive for dental applications.

(e) Non-corrosive: The polymer matrix composites are less susceptible to 
corrosion compared to the metal alloys. This inherent property of the 
matrix translates directly to the composite materials as the fibers are 
enclosed within the matrix.

(f) Toughness: The polymer matrix composites are not brittle. Hence, the 
problem of abrasion and fracture is reduced.

(g) Metal allergy: An increasing number of people exhibit an allergic reac
tion to the presence of metallic devices in the body. The devices made 
of polymer composites eliminate such allergic reaction.

(h) Chair-side handling: Many of the restoration and fabrication of medical 
devices need to be done in situ. The excellent handling properties of 
the fibers and matrix systems, capability of the composite to adapt to 
any shape while they are still green and availability of light curable 
matrix systems have imparted ease of chair-side handling to fibrous 
composites.

5.1.2 Processability

The composite materials in addition to having many attractive properties 
also exhibit advantages in terms of economics, manufacture and materials 
usage. Some of the important advantages in relation to the biomedical device 
applications are:

(a) Economy of scale: This benefit can occur both in small and large vol
umes. With small volumes of biomedical products, relatively simple 
and low cost tooling can be used.

(b) Integration of parts: With the ability to cast or mold complex shapes 
and devices with a lesser number of components can be fabricated. This 
translates into reduced fabrication time and wastages.

(c) Surface texture: Textured surfaces can be directly achieved without any 
additional finishing process.
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(d) Near net manufacture: This advantage eliminates additional operation 
like machining and finishing.

5.1.3 Functionality

Product that are made of composite materials can accept wider design brief 
and performance specifications to achieve innovative functionalities. In 
most cases, the functional, ergonomic and aesthetic requirements can be 
considered simultaneously for each of the components. Later, incremental 
design changes are easier to make with composite materials because for the 
lower prototyping costs.

5.2 Design Process

It is necessary to have a framework in which each design can function. In 
the present case, the composite material as a primary material enhances this 
necessity. From concept to the final design requires a number of steps, where 
the materials characteristics and manufacturing processes are allowed for 
in a systematic manner. The time spent on each step depends on the nature 
of the product and its intended use. Figure 5.1 describes the general design 
process. Many at times it is desirable to consider an alternative design with 
another material, if the advantages of composite materials are not obvious.

5.2.1 Conceptual design

The conceptual design emerges from the design brief, regulations and guid
ance elements such as the existing case studied, standards and research 
literature. A well-defined design brief is essential for the success of the 
design. The effect of the design brief on composite materials is important 
particularly with respect to the multiple functionality requirements. Many 
of the parameters can range by a factor of 100. The design brief there
fore must contain comprehensive information on performance requirement, 
initial cost and operational costs. The regulation and guidance elements 
help the designer to uncover reasons for rejecting certain design configu
rations, materials or processes. The design options derived from the elim
ination process with the addition of a number of other components that
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Fig. 5.1 Design process chart.

would constitute the initial input for the conceptual design. The various 
components will depend on biocompatibility requirements, biomechani
cal requirements, clinical requirements, materials requirements, fabrication 
processes and cost factors. If any of the functional, ergonomic and the aes
thetic requirements cannot be met, then both the components and/or the 
design options need to be reconsidered. This is the stage in the design pro
cess that makes the greatest demands and allows for the maximum scope 
for striking improvements. Theory and practical knowledge are brought 
together during this phase. All conflicting arguments at this stage must be 
resolved before proceeding further. Figure 5.2 depicts a general conceptual 
design process.
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Fig. 5.2 Conceptual design process.

The cost of design is another aspect that needs to be addressed in the 
first phase. The design cost should form an asset rather than an overhead. 
Consequently, it should be costed and included in the overall costs. A design 
team working to a properly costed program is better than a team working 
to an open budget.

5.2.2 D etailed design

This step involves both the embodiment design and alterations required as 
a result of the validation of the embodiment design and any other changes 
in the design brief (Fig. 5.3). The outcome from the conceptual design is 
checked for its fitness of purpose. A weighed analysis is made at this stage 
and based on the deviation from the purpose requirements, a reassessment 
of the design is done. During the weighed analysis, higher weightage is
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Fig. 5.3 Detailed design process.

given to the more crucial components and lower weightage to less impo 
components. f

The nature of fiber reinforced composite is such that the selection о 
processes, materials and properties are closely interrelated, and the choice 
of any one may define the other two. Though this may restrict the designer s 
choice, it is beneficial in the sense that it tends to reduce the potentially very 
large number of possible combinations to a manageable number of options.

The design loop is always iterated a number of times, at least once 
for each of the major stages of conceptual and detailed design, and in 
successively greater depth in order to ensure that there is no fundamental 
problem which would prevent the design being realized.
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The embodiment design should be validated by model, mock-up or 
prototype, depending on which aspects of the design need to be checked. 
This will ensure that the requirements of the design brief can be met. In the 
next step of the detailed design process, the embodiment design process is 
repeated in more depth based on the results of the prototype validation.

5.3 Materials Design

The unique aspect of fiber reinforced composite is the availability of a
number of material options to achieve the design objectives. Broadly, the
options fall in two domains — material selection and material properties.

5.3.1 Materials selection

Materials selections can come from three different groups:

(1) Finished products: Finished products are in the form of sub
components. It can be in bars, rod, panels, tubes, fixtures and fittings, 
etc. A design can also be derived by assembling suitable combinations 
of items. Finished products have benefits such as consistent property 
value, better mechanical properties and low maintenance. The limita
tions are the availability of limited specific shapes, sizes and materials.

(2) Compounds and intermediate materials: The combination of reinforce
ment, resin and additives is preselected by the supplier or compounder 
and production process route is prescribed to produce the optimum 
properties. These can be in the form of injection molding compounds, 
dough molding compounds, sheet molding compounds, prepregs and 
thermoplastic sheet compounds.

(3) Raw materials: Raw materials provide the largest range of options and 
materials can be tailored to a wide range of properties and fabrica
tion processes. The major disadvantage is that property levels must be 
checked to insure that the reinforcement, resin and additive chosen are 
all compatible and that the correct process parameters are used.



138 AN INTRODUCTION TO BIOCOMPOSITES

Fig. 5 .4 Fiber selection process.

5.3.2 M aterial properties

Critical design requirement guide the type of resin and fiber selection that 
will give the highest property level. The level for each of the other properties 
then needs to be checked to insure that they are satisfactory.

(1) Fiber-controlled properties: Fiber-controlled properties depend upon 
both the amount of fiber and its orientation. The degree of anisotropy 
of the fibers depend upon the fiber length. For short fibers the properties 
are essentially isotropic, while for longer fibers the properties become 
increasingly anisotropic. Figure 5.4 briefly describes the fiber selection 
process.
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Fig. 5.5 Matrix selection process.

(2) Resin-controlled properties: Surface finish and corrosion resistance 
characteristics of the product are mostly controlled by the resin prop
erties. Unlike, fiber, many functional composite properties largely 
depends on the amount of resin. The resin properties also decide the pro
cessing method. A brief resin selection method is presented in Fig. 5.5.

5.4 Component Design

At the materials design level, the properties of the two basic constituents 
i.e. reinforcement and matrix properties are exploited to provide additional 
qualities, which they are unable to provide individually. During the compo
nent design stage, other requirement such as functionality, environmental 
considerations and manufacturability are considered.
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5.4.1 Design o f  laminate

Many structural materials generally have isotropic properties and they are 
homogeneous having uniform properties in all directions. A composite 
materials can take a number of different forms. They can be orthotropic, 
where the stiffness and strength in the fiber direction is considerably larger 
than that to transverse fiber direction. It can be planar-isotropic as in the 
case of textile-reinforced composites and approach isotropy as in the case 
of randomly placed chopped fiber reinforced composites. The extent of 
anisotropy is primarily controlled by the type and form of reinforcement.

The anisotropic properties of composite materials are the key to devel
oping highly efficient components. Reinforcement fibers can be strategi
cally placed so that they locally provide the required strength and stiffness. 
Furthermore, by combining different types of fibers, the particular property 
of the fiber can be exploited.

5.4.2 Design fo r  environment

The environmental factors of temperature, aggressive fluids and steriliza
tion environment can have an adverse effect on the performance of the 
composite materials over time. The extent of the effect is a function of the 
fiber and resin system used and the severity of environmental condition. 
In comparison with other engineering materials, composite materials per
form well in many arduous environmental conditions. The acceptance of 
this material in marine and chemical industry is a pointer towards this. Care 
is needed particularly in hot and wet conditions during which the perfor
mance can fall by as much as half from those at normal ambient conditions. 
Adequate testing of materials in the expected environment is the best way 
to ensure a satisfactory integrity.

5.4.3 Design fo r  joints

Part integration during manufacture is a prime advantage of composite 
materials. Consequently, a carefully manufactured component need not 
have any joint. However, it is not always practical to make single unit 
and more often than not a complete assembly is obtained from a num
ber of components. The designer needs to have a good understanding of
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the performance of mechanical joints, which are often governed by the 
strength of the matrix as opposed to the fastener. Consequently, long
term loads are affected by creep properties of the matrix. Bonded joints 
show better performance compared to fastened joints. Here care needs 
to be taken to avoid stress concentrations caused by abrupt changes in 
section.

5.4.4 Design for robustness

Robustness is a difficult parameter to quantify, as it is a measure of the ability 
of component to survive shocks and rough handling. Composite materials 
have good resilience and toughness, particularly aramid and glass reinforced 
polymers. The ability of a component to withstand through-life impacts can 
be enhanced by good manufacturing quality, eliminating production flaws 
such as voids, excessive air inclusions and shrinkage cracks. In addition, 
a good design plays an equally important role. The correct selection of 
materials, the provision of adequate load paths and the avoidance of stress 
concentrations are the key aspects to be considered.

5.4.5 Design for manufacture

An important aspect of the composite design is the consideration of the 
manufacturing process during the design stage. This is one element, which 
significantly improves performance and at the same time reduces the com
ponent cost. The designer needs to have a good understanding of how the 
many processes work and how the design will be affected by the process. 
Different processes have varied level of achievable quality control and hence 
this aspect needs consideration during the design. The factors of safety used 
in design needs to reflect these differences and the selection of design stress 
needs to reflect the variation in properties that is expected to occur.

5.4.6 Design for cost

Expensive materials do not necessarily lead to expensive components. 
Reduced handling costs reduce product cost, increased environmental 
resistance, prolonged life, etc. Composite materials have many unique char
acteristics which the designer can exploit to advantage. For any dynamic
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components, cost must include a through-life cost assessment. In the case 
of biocomposites, additional benefits accrued by the reduction in hospital
ization cost and clinical procedure cost needs to be accounted for.
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Chapter 6

BIOMEDICAL APPLICATIONS OF 
POLYMER COMPOSITES

Over the years, polymer composites have been proposed for various aspects 
of biomedical applications. These applications have been reported in dif
ferent sources of the literature from time to time. There have however been 
very few attempts to combine the wide variety of literature sources into a 
single article of book chapter, which would allow the reader to fully appre
ciate the development of biocomposites so far. One exception is a recent 
survey by Ramakrishna et al. [2001], which forms the basis of this chapter.

6.1 Hard Tissue Applications

6.1.1 Bone fracture repair

Bones constitute the skeletal system and provide the supporting structure for 
the body. Bone can remodel and adapt itself to the external environment, 
with its density influenced by the stress condition applied on it. This is 
referred to as Wolff’s law [Hayes and Snyder, 1981]. Higher applied stress 
leads to denser bone, whereas lower than the normal physiological load 
stress can decrease the bone mass and result in bone weakening.

There are many types of bone fractures depending on the crack size, 
orientation, morphology, and location. Bone fractures are treated in differ
ent ways, which can be grouped into two types namely external fixation and 
internal fixation. The external fixation does not require opening the fracture 
site whereas the internal fixation does. In the external fixation approach the 
bone fragments are held in alignment through various means such as splints,
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casts, braces, and external fixator systems. Casting materials or plaster 
bandages are used to form splints, casts, or braces [Black, 1988]. The cast
ing material essentially is a composite made of woven cotton fabrics (woven 
gauze) and Plaster of Paris matrix (calcium sulfate). Other reinforcements 
include fabrics of glass and polyester fibers. Although the plaster bandages 
have many advantages, they also show disadvantages such as untidiness dur
ing preparation, high density and bulkiness, low specific strength and modu
lus, low water resistance, low fatigue strength, radiopaque, and long setting 
time to become load bearing. Recently, casts made of glass or polyester 
fiber fabrics, and water-activated polyurethanes are gaining popularity. An 
ideal cast material should be easy to handle, light weight, conformable to 
anatomical shape, strong, stiff, waterproof, radiolucent, and easy to remove. 
Moreover, it should be permeable to ventilation without which the patient’s 
skin may be scorched or weakened.

In the internal fixation approach the bone fragments are held together 
by different ways using implants such as wires, pins, screws, plates, and 
intramedullary nails. All these implants are temporarily placed inside 
the body.

6 .1.1.1 Bone plates

Plate and screw fixation as shown in Fig. 1.1 is the most popular method 
for rigid internal fixation of the fractured bone. The bone plates are also 
called osteosynthesis plates. The rigid fixation is designed to provide high 
axial pressures (also known as dynamic compression) in the fragments of 
the bone, which facilitates primary bone healing without the formation of 
external callus. This method allows the exercise of joints near the fracture 
site just after the operation. After complete bone healing has been obtained 
by the plate fixation which normally takes from half a year to two years 
since the operation, the plate and screws are removed. However, the rigid 
fixation is not free from complications and reported that it results in bone 
atrophy beneath the plate. There is a possibility of re-fracture of bone after 
the removal of the plates due to the bone atrophy. It may be noted that 
the modulus of a metal (210-230 GPa for stainless steel, and 110 GPa for 
Ti alloy) plate is much higher than 10-18 GPa modulus of the bone. In 
the load sharing between the bone and the implant, the amount of stress 
carried by each of them is directly related to their stiffness. Thus, bone is
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insufficiently loaded compared to the metal implant, and this phenomenon 
is called ‘stress-shielding’ or stress protection. Many investigators [Moyen 
et a l., 1978; Uhthoff and Finnegan, 1983] have shown that the degree of 
stress protection is proportional to the degree of stiffness mismatch. The 
stress protection affects the bone remodeling and healing process, leading to 
increased bone porosity (also known as bone atrophy). The bone underneath 
the plates adapts to the low stress and becomes less dense and weak. The 
stress shielding effect is much more pronounced with the stainless steel 
plates than with the Ti alloy plates. This example suggests that ‘less rigid 
fixation plates’ diminish the stress-shielding problem and it is desirable 
to use plates whose mechanical properties are close to those of the bone. 
As polymer composite materials can offer desired high strength and bone 
like elastic modulus, many investigators proposed a variety of polymer 
composite bone plates (Fig. 6.1), which can be grouped into nonresorbable, 
partially resorbable, and fully resorbable. The adaptation of stiffness also 
changes the fracture healing mechanisms. Due to the higher strains at the 
fracture site, primary healing is no longer possible and is replaced by a more 
physiological bone healing process, which is characterized by the formation 
of external callus bridging the fracture. Thereby, the callus increases the 
cross section of the newly formed bone and, thus, prevents re-fracture.

Fig. 6.1 (a) A typical composite bone plate made using braided carbon fiber fabric and 
epoxy matrix, (b) A composite bone plate made of Carbon/PEEK material system.
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Earlier researches on the nonresorbable composite plates used 
CF/epoxy and GF/epoxy material systems [Bradley et al., 1980]. However, 
concerns over the toxic effects of monomers in partially cured epoxy com
posite materials were later raised [Peluso et a l., 1991] and research activ
ity on these materials gradually decreased. As the technology for making 
good quality thermoplastic composites became available, researchers devel
oped CF/PMMA [Woo et al., 1974], CF/PP, CF/PS [Hunt, 1987], CF/PE 
[Rushton and Rae, 1984], CF/nylon, CF/PBT [Gillett et al., 1985], and 
CF/PEEK [Williams et a l 1987; Wenz et a l., 1990; Fujihara et al., 2001] 
non-resorbable thermoplastic composite bone plates. Unlike the thermoset 
composites, the thermoplastic composites are considered free from the com
plications associated with unused monomers. Moreover, similar to metal 
alloy plates, thermoplastic composite plates could potentially be bent or 
contoured with heating to the shape of the bone at the time of surgery. At 
the moment there is insufficient data on the long-term in vivo behavior of 
non-resorbable thermoplastic composite materials. Among various mate
rials investigated, the CF/PEEK is reportedly biocompatible [Wenz et al., 
1990] and has good resistance to hydrolysis and radiation (a sterilization 
method) degradation. The other promising properties include high strength, 
fatigue resistance, and biological inertness with no mutagenicity or carcino
genicity. The tissue response to carbon fibers and composite debris has been 
described as minimal. Researchers also developed CF/carbon [Blazewicz 
et a l., 1997] and CF/PEEK composite screws (Fig. 1.3) for osteosynthesis. 
Combination of polymer composite plates and screws overcomes the cor
rosion problem faced by the metal plates and screws. The non-resorbable 
polymer composite materials are designed to be stable in in vivo conditions 
with no change in the plate stiffness with implantation time.

As the bone healing progresses, it is desirable that the bone is subjected 
to gradual increase of stress, thus reducing the stress protection effect. In 
other words, the stress on the plate should decrease while stress on the bone 
should increase with time. This is possible only if the plate looses rigidity 
in in vivo environment. The non-resorbable polymer composites do not dis
play this characteristic. To meet this need, researchers introduced resorbable 
polymers for bone plate applications. The polymers such as poly(lactic acid) 
(PLA) and poly(glycolic acid) (PGA) resorb or degrade upon implantation 
into the body. Many bioresorbable polymers are either brittle or too weak
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and flexible, and loose most of their mechanical properties in few weeks. 
Choueka et al. [1995] proposed fully resorbable composites by reinforc
ing resorbable matrices with resorbable fibers (poly(L-lactic acid) (PLLA) 
fibers and calcium phosphate based glass fibers). One major advantage for 
resorbable composite prostheses is that they need not be removed with a 
second operation, as is required with metallic or non-resorbable composite 
implants. The low strength and modulus of resorbable materials remains a 
limitation and hence they are only used for applications where the loads are 
moderate.

In order to improve mechanical properties, the resorbable polymers are 
reinforced with variety of non-resorbable materials including carbon fibers 
[Zimmerman et a l., 1987] and polyamide fibers. The resulting bone plates 
are called partially resorbable composite plates. According to Zimmerman 
et al. [1987], CF/PLA composites possessed superior mechanical proper
ties before the implantation. However, they lose strength and stiffness too 
rapidly in in vivo environment because of delamination. Further work is 
necessary to tailor the composite material such that the resorption of the 
plate and the healing rate of the bone are synchronized. The long-term 
effects of resorbed products, and biostable or slowly eroding fibers in the 
living tissues are not known, and these are the concerns that stopped almost 
any research in this direction.

6.1.1.2 Intramedullary nails

Intramedullary nails or rods are mainly used to fix the long bone frac 
tures such as fracture of femoral neck or intertrochanteric bone fracture.
It is inserted into the intramedullary cavity of the bone and fixed in posi 
tion using screws or friction fit approach (Fig. 1.1). Up to date, the most 
successful applications of fully bio-resorbable implants are in the orms 
of pins, rods, and screws [Elst et al., 2000]. Most implants are manu ac 
tured from hydroxy fatty acids such as PGA, PLA, and copolymers, 
self-reinforcing (SR) technique in which oriented filaments are use as a 
scaffold for a matrix with the same chemical structure pro uces s 
implants. Tormala et al. [1988] introduced the sintering SR 1 е с И и«' j  
which implants can be built from strong fibrous polymer uni s. 
advanced SR technique by partial fibrillation by orientauonal drawmghas 
further strengthened the self-reinforced implants [Tormala et al., 19 ].
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In view of the modest mechanical properties of the first generation implants, 
their use was restricted to low-stress applications in cancellous bone, mainly 
in the small fracture regions of Ankle and Foot [Rokkanen et a l 1985], 
Knee [Friden and Rydholm, 1992], Elbow [Hirvensalo et a l., 1990], and 
Wrist and Hand [Kumta et a l., 1992]. However, with the introduction of 
the bio-resorbable fracture fixation devices, a new type of medical com
plication, the sterile sinus formation, has been observed. Santavirta et al. 
[1990] reported an incidence of this aseptic inflammatory response that 
varies from 3% in Chevron osteotomies to 22% in distal radius fractures. 
In another survey [Bostman et a l., 1992], out of 216 patients with malle
olar fractures, 24 developed a transient local inflammatory reaction with a 
painful erythematous fluctuant swelling. Average postoperative period was 
three months. Santavirta eta l. [1990] designed an immunological survey to 
elicit the immune response on the alpha polyesters. PGA seemed to be an 
inert material but it does induce inflammatory mononuclear cell migration 
and adhesion, leading to slightly nonspecific lymphocyte activation.

Recently, Lin et al. [1997] proposed short GF/PEEK composite mate
rial for intramedullary application. The rationale behind this proposal is 
in the claimed biocompatibility of the composite material and its matching 
mechanical properties compared to the cortical bone. Kettunen eta l. [1999] 
developed unidirectional carbon fiber reinforced liquid crystalline (Vectra 
A950) polymer composite intramedullary rod. The material is biologically 
inert, with flexural strength higher than the yield strength of stainless steel 
and elastic modulus close to the bone. Compared to the plate fixation, the 
intramedullary nail fixation is better positioned to resist bending since it is 
located in the center of the bone. However, its torsional resistance is much 
less than that of the plate, which may be physiologically critical.

6.1.2 Spine instrumentation

Spine is a linked structure consisting of 33 vertebrae superimposed on 
one another. A number of spine related disorders have been identified over 
the years. Often reported spine disorders include metastasis of vertebral 
body and disc, disc herniation, facet degeneration, stenosis, and structural 
abnormalities such as kyphosis, scoliosis, and spondylolistheses. Often one
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disorder has cascading effect on the other, and primary causes of many 
spinal disorders remain largely speculative.

In the case the defect is limited to few, vertebrae alternative approaches, 
such as (a) spinal fusion and (b) disc replacement, are used. In a broader 
sense, spinal fusion means surgical immobilization of joint between two 
vertebrae. Various methods are employed in spinal fusion. One such 
approach is the surgical removal of the affected (portions of) vertebrae and 
restore the defect using synthetic bone graft. Synthetic bone graft material 
must have adequate strength and stiffness, also capable of bonding to the 
residual vertebrae. Ignatius eta l. [1997] developed Bioglass/PU composite 
material for vertebral body replacement, whereas Marcolongo eta l. [1998] 
developed Bioglass/PS composite material for bone grafting purposes. 
In vivo studies indicated that these materials are bioactive and facilitate 
direct bone bonding (osseous integration). Another approach is to use spe
cial vertebral prostheses such as baskets, cages, and threaded inserts, which 
are made of metals or bioceramics [Valdevit et al., 1996]. Sometimes stain
less steel or titanium rods, plates, and screws are used in conjunction with 
these prostheses to provide necessary stabilization. Several problems have 
arisen with these devices. Due to the poor form fit of these implants, local 
stress concentrations are considered as a possible reason for bone resorption 
and implant loosening. Additionally, the metallic implant systems compli
cate post-operative assessment with X-rays, computed tomography (CT), 
and magnetic resonance imaging (MRI) through reflection and artifacts (see 
Chapter 2). Inadequate biomechanical capabilities of bioceramic prostheses 
may lead to the collapse of instrumented spine and injury of neurological 
structures and blood vessels. To overcome disadvantages of the conven
tional materials, Brantigan et al. [1991] and Ciappetta et al. [1997] devel
oped CF/PEEK and CF/PS composite cages for lumbar interbody fusion. 
The composite cage has an elastic modulus similar to that of the bone, thus 
eliciting maximum bone growth into the cage. The composite cages are 
radiolucent and therefore do not hinder radiographic evaluation of bone 
fusion. Moreover they produce fewer artifacts on CT images than other 
implants constructed of metal alloys. Researchers also developed CF/PEEK 
and CF/PS composite plates and screws for stabilizing the replacement body 
and spine. Flexural and fatigue properties of the CF/PEEK composites are 
comparable to those of the stainless steel, which is normally used for spine
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plates and screws. The success rate of spinal fusion is poorly defined in the 
literature and varies in a very wide range between 32% and 98%. Biome
chanical study also shows that fusion alters the biomechanics of the spine 
and causes increased stresses to be experienced at the junction between 
fused and unfused segments. This promotes further disc degeneration. This 
seems to contradict with a primary purpose of the patient seeking treatment 
and that is to improve the mobility of his back, in addition to alleviating the 
pain. Such arguments have given risen to intervertebral disc prostheses.

Problems related to intervertebral disc are treated by replacing affected 
nucleus with a substitute material or by replacement of total disc (nucleus 
and annulus) using an artificial disc [Bao eta l., 1996]. Both methods require 
duplication of the natural structure, significant durability to last longer than 
forty years, and ease and safety during implant placement or removal. Some 
researchers used metal balls to replace the nucleus after discectomy. These 
nucleus substitutes did not restore the natural flexibility of the disc. Prob
lems included migration and subsidence of the balls into the vertebral bod
ies as pressure was not evenly distributed, and no pressure modulation was 
possible with position change. Concurrent to the development of metals 
balls, other researchers proposed injectable silicone elastomers or hydro- 
gels as nucleus substitutes. Several artificial disc designs are proposed over 
the years [Bao et a l., 1996]. A variety of materials such as stainless steel, 
Co-Cr aNoy> PE, SR, PU, PET/SR, and PET/ hydrogel composites are pro
posed for disc prostheses either alone or in combinations [Urbaniak et al 
1973; Ambrosio et a l 1996]. However, their performance is not yet been 
accepted for long-term applications. To date, there has been no artificial 
disc that is able to reproduce the unique mechanical and transport behavior 
of natural disc satisfactorily. This may be a result from the difficulty in 
finding a suitable non-human experimental model to test devices in vivo. 
For total disc replacement, it is important to select materials and create 
designs, which possess the required biocompatibility and endurance, while 
providing kinematic and dynamic properties similar to the natural disc.

Structural abnormalities or curvatures (lordosis, kyphosis, and spondy
lolistheses) of spine are corrected using either external or internal fixations. 
Splints and casts form the external fixation devices. The internal fixations 
squ ire  surgery and there are many types of instrumentation (screws, 
plates, rods, and expanding jacks) available [Bridwell et a l 1991].
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Schmitt-Thomas et al. [1997] made initial attempts to develop a polymer 
composite rod using unidirectional and braided carbon fibers and biocom
patible epoxy resin. The main motivation for this work is to overcome the 
problems of metal alloys such as corrosion and interference with the diag
nostic techniques.

6.1.3 Joint replacements

Joints enable the movement of body and its parts. Many joints in the body 
are of synovial types, which permit free movement. Hip, knee, shoulder, and 
elbow are few common examples of synovial joints. They all possess two 
opposing articular surfaces, which are protected by a thin layer of articular 
cartilage and lubricated by elastic-viscous synovial fluid. Coordinating the 
ligaments, tendons, and muscles performs the actual articulation of the 
joint. Osteoarthritis is one of the common causes for joint degeneration 
and sometimes hypertrophic changes in the bone and cartilage of joints in 
middle aged people. This is associated with progressive wearing down of 
opposing joint surfaces with consequent distortion of joint position. Joints 
are also damaged upon exposure to severe mechanical or metabolic injury.

A number of artificial joints have been designed to replace or augment 
many joints in the body. Unlike those used to treat bone fractures, the arti
ficial joints are placed permanently in the body. The extensive bone and 
cartilage removed during implantation makes this procedure irreversible. 
Considering the extent of loading, complexity of joint function, and sever
ity of the physiological environment, joint replacement is one of the most 
demanding of all the implant applications in the body. The most commonly 
used artificial joints are total hip replacement (THR) and total knee replace
ment (TKR) (see Fig. 1.1).

6.1.3.1 Total hip replacement (THR)

THR is the most common artificial joint in human beings. For example, over
150,000 total hip replacements are performed every year in USA alone.
A typical THR consists of a cup type acetabular component, and a femoral 
component whose head is designed to fit into the acetabular cup and thus to 
enable joint articulations. The shaft of the femoral component (also called 
femoral stem) is tapered such that it can be fixed into a reamed medullary
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canal of the femur. Conventional THRs use stainless steel, Co-Cr and Ti 
alloys for the femoral shaft and neck, and Co-Cr alloy or ceramics such as 
alumina and zirconia materials for the head or ball. Earlier designs of acetab
ular cups were made of materials like Co-Cr alloy and PTFE polymer. Sub
sequently acetabular cups made of UHMWPE were developed and found to 
be successful. The UHMWPE cups are usually supported with metal back
ing. Some reported data suggests that creep deformation, plastic distortion, 
and high wear or erosion of UHMWPE is possible. Although the short
term function of UHMWPE acetabular cups is satisfactory, their long-term 
performance has been a concern for many years. To improve the creep resis
tance, stiffness and strength, researchers proposed reinforcing UHMWPE 
with carbon fibers [Sclippa and Piekarski, 1973] or UHMWPE fibers [Deng 
and Shalaby, 1997]. Deng and Shalaby [1997] found no appreciable differ
ence in wear properties of reinforced and unreinforced UHMWPE. With 
opposite results reported in the literature, the effect of carbon fibers on the 
wear characteristics of the UHMWPE is a controversial subject.

Although THRs are used widely, one of the major unsolved problems 
has been the mismatch of stiffness of the femur bone and the prosthesis. 
As mentioned above the commercial hip joint stems are made from metal 
alloys, which are isotropic and at least five to six times stiffer than the 
bone. It has been acknowledged that the metallic stems due to stiffness 
mismatch induce unphysiological stresses in the bone, thereby affecting its 
remodeling process, which may lead to bone resorption and eventual asep
tic loosening of the prosthesis (note that the aseptic loosening is also linked 
to wear particles/debris) [Whiteside, 1989]. This is particularly a problem 
with young and more active patients, and may cause severe pain and clinical 
failure necessitating repeat surgery. It has been demonstrated that Ti alloy 
stems result in a 50% reduction in the femur peak stress compared to the 
Co-Cr alloy stems. Thus, the implant loosening and eventual failure could 
be reduced through improvements in the prosthesis design and using a less 
stiff material with mechanical properties close to the properties of bone. The 
advanced polymer composites can offer strength comparable to metals, but 
more flexibility than metals. They also offer the potential to tailor implant 
properties by selecting material ingredients and spatially controlling ingre
dient composition and configuration, which is useful in reducing the devel
opment of high stress regions. A prosthesis made of polymer composite
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with spatially or locally varying mechanical properties along the boundary 
of the prosthesis results in a more uniform and efficient transfer of stress 
from the stem to the bone. This may lead to better bone remodeling and 
longer implant service life. Christel and co-workers [Christel e ta l . , 1987] 
introduced CF/PS and CF/C composite stems. They reported faster bone 
bonding in the case of composite implants compared to the high stiffness 
conventional implants. The composite stems were found to be stable with no 
release of soluble compounds, and high static and fatigue strength. Chang 
et al. [1990] made CF/epoxy stems by laminating 120 layers of 
unidirectional plies in a pre-determined orientation and stacking sequence. 
Simoes et al. [1999] made composite stems using braided hybrid carbon- 
glass fiber performs and epoxy resin. Some researchers [Akay and Aslan, 
1996] designed an injection molded CF/PEEK composite stems (Fig. 1.4), 
which posses a mechanical behavior similar to that of the femur. Ani
mal studies indicated that CF/PEEK composite elicits minimal response 
from muscular tissue. Both the in vivo and in vitro aging studies confirmed 
mechanical stability of CF/PEEK up to 6 months (it may be noted that 
this period is short and further long-term testing is needed). Finite ele
ment analyses and in vitro measurements [Akay and Aslan, 1996] indicated 
that compared to conventional metallic stems, more favorable stresses and 
deformations could be generated in the femur using composite stems. Due 
to complexities in the geometry of hip prostheses, hip loads, and mate
rial properties of composites, design of composite implants require greater 
attention in order to achieve the desired in vivo performance of the implants.
It is in order to mention here that if one tries to reduce stress shielding by 
using a less stiff implant, it will lead to increased implant deformation and 
relative movement (also called micromotion) between implant and bone tis
sue during loading. The micromotion also influences bone remodeling and 
often leads to residual pain. The stress shielding and micromotion are con
flicting phenomena [Huiskes et al., 1992]. In other words, for appropriate 
structural compatibility, the implant design should reduce stress shielding 
and micromotion simultaneously.

6.1.3.2 Total knee replacement (TKR)

The knee joint has a more complicated geometry and biomechanics 
of movements than the hip joint. The incidence of knee injuries and
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degeneration is higher than most other joints. A typical TKR mainly con
sists of femoral and tibial components (Fig. 1.1). The femoral component 
articulates on the tibial component. The materials used for femoral com
ponent are predominantly Co-Cr and Ti alloys [Walker and Blunn, 1997]. 
The tibial component is made of UHMWPE polymer supported by a metal
lic tibial tray. Clinical data indicated that the UHMWPE undergoes cold 
deformation, which leads to the sinking of prosthesis. Inoue et al. [1994] 
simulated and compared the performance of metal alloy femoral component 
articulating on a UHMWPE tibial component, and metal alloy femoral com
ponent articulating on a fiber reinforced UHMWPE composite tibial com
ponent. It is reported that the latter material combination resulted in a lower 
stress concentration than the former in the vicinity of tibial stem. This proba
bly explain the reason for the sinking of knee prostheses. Carbon fibers were 
used to reinforce UHMWPE to reduce its cold flow (creep) deformation 
[Silverton et a l., 1996]. The reinforcement enhances the stiffness, tensile 
yield strength, creep resistance, and fatigue strength of UHMWPE [Wright 
et a l 1981]. However, the results describing the effect of carbon fibers 
on the wear characteristics of UHMWPE are contradictory. Early studies 
reported that wear is reduced because of carbon fibers. But the later stud
ies reported that the composite wear rates were 2.6 to 10.3 larger than 
those of unreinforced UHMWPE. This was attributed to the poor bonding 
between the carbon fibers and UHMWPE. The addition of carbon fibers 
does not improve the resistance of the material to surface damage. It should 
be emphasized that the composite by itself may not be suitable for a low 
friction bearing but a combination of a UHMWPE surface and a compos
ite substrate appears to offer some advantages. Recently, Deng and Sha
laby [1997] reinforced UHMWPE polymer with UHMWPE fibers. They 
reported no difference in the wear characteristics of unreinforced and rein
forced UHMWPE. However, the improved stiffness, strength and creep 
resistance properties of reinforced UHMWPE are desirable for the joint 
replacement application.

6.1.3.3 Other joint replacements

Other joint replacements include ankle, toe, shoulder, elbow, wrist, and 
finger joints. The success rate of these joint replacements is limited due to
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loosening of prostheses and hence they are used less commonly compared to 
THR and TKR. The prostheses failures are attributed to limited bone stock 
available for fixation, minimal ligamentous support, and high stresses on the 
prostheses. More details on these joints can be found in Park [1984], with 
Co-Cr and Ti alloys, HDPE, UHMWPE, etc as candidate materials. Some 
designs use CF/UHMWPE instead of UHMWPE to provide higher strength 
and creep resistance. In certain types (space filler design) of finger joint 
replacements, silicone rubber is considered. Tearing of the silicone rubber 
at the junction of prosthesis and roughened arthritic bone is a major concern. 
In order to improve its tear strength and flexural properties, PET fabrics 
were used as reinforcement. Goldner and Urbaniak [1973] reported that 
the composite prosthesis is also successful in decreasing pain, improving 
stability, increasing hand function, and providing an adequate range of 
motion.

6.1.3.4 Bone cement

Proper fixation to the bones is as important as the design of joint replace
ment itself. One of the earliest methods is to press-fit the joint prosthesis 
into the bone using grouting material called bone cement. Optimum use 
of bone cement is very important. Otherwise, cement failure leads to loos
ening of the implant, which in turn causes pain to the patient. The most 
widely used bone cement is based on PMMA, also called acrylic bone 
cement [Saha and Pal, 1984]. It is self-polymerizing and contains solid 
PMMA powder and liquid MMA monomer. The main function of the bone 
cement is to transfer load from the prosthesis to the bone or increase the 
load carrying capacity of the surgical construct. Researchers expressed con
cern over the release of monomers into the blood stream. Concerns were 
also expressed about the exothermic reaction associated with polymeriza
tion process, which produces elevated temperatures in the tissues that may 
induce locally bone necrosis. The polymerization process is also associ
ated with undesirable shrinkage of acrylic polymer. Another issue is the 
deterioration of cement/implant or cement/bone interface with time, leading 
to problems of mechanical failure and instability. Fatigue failure has been 
found to be a predominant in vivo failure mode of bone cement [Krause and 
Mathis, 1988]. Researchers have tried to improve bone cement mechanical
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properties by reinforcing with stainless steel and Ti alloy wires, and poly
mer fibers such as UHMWPE [Wagner and Cohn, 1989], Kevlar, carbon 
[Pilliar et al., 1976], and PMMA [Gilbert et al., 1995]. Use of such fiber 
reinforcement also reduces the peak temperature during polymerization of 
the cement, and thus reducing the tissue necrosis [Topoleski et a l., 1992]. 
The reinforced cement posses higher fracture toughness, fatigue resistance 
and damage energy absorption capabilities than the unreinforced cement. 
In another approach, bone particles or surface-reactive glass powders are 
mixed with PMMA bone cement in order to combine immediate mechani
cal fixation of PMMA with chemical bonding of bone particles [Park and 
Lakes, 1992] or surface-active glasses (Bioglass) with the bone [Tamura 
e ta l ., 1995]. Formation of this chemical bond makes it possible for mechan
ical stresses to be transferred across the cement/bone interface in a manner 
that prevents the fracture of the interface even when the implant or the 
bone is loaded to failure. Despite the experimental evidence of superior 
mechanical performance, reinforced cements have not yet been accepted 
in current clinical practice, primarily because of limitations such as the 
addition of fibers increases the apparent viscosity of bone cement thereby 
severely decreasing its workability and deliverability. Furthermore, uniform 
distribution of fibers in the bone cement is difficult, if not impossible, to 
obtain.

6.1.4 Bone replacement (synthetic bone graft) materials

Synthetic bone grafts are necessary to fill bone defects or to replace fractured 
bones. The bone graft material must be sufficiently strong and stiff, and also 
capable of bonding to the residual bones. PE is considered biocompatible 
from its satisfactory usage in hip and knee joint replacements for many 
years. Stiffness and strength of PE are much lower than those of the bone. 
For load bearing applications, properties of PE need to be enhanced. In order 
to improve the mechanical properties some researchers reinforced PE using 
HA particles [Bonfield et al., 1981] and Bioglass [Hench and Ethridge, 
1982], which are bioactive. It was reported that for HA particulate volume 
fractions above 40%, the composite is brittle. Moreover, the bioactivity of 
the composite is less than optimal because the surface area of HA available 
is low and the rate of bone bonding of HA is slow. The Bioglass reacts with 
physiological fluids and forms tenacious bond to hard or soft tissues through
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cellular activity. To increase the interface between HA particles and the bone 
tissues, some researchers developed partially resorbable composites. They 
reinforced resorbable polymers such as PEG, PBT [Liu eta l., 1998], PLLA 
[Higashi et a l., 1986], PHB [Knowles and Hastings, 1993], alginate and 
gelatin [Klein et a l., 1987] with bioactive particles. Upon implantation, as 
the matrix polymer resorbs, more and more bioactive particles come into 
contact with the growing tissues, thus achieving good integration of the 
biomaterial into the bone.

6.1.5 Dental applications

6.1.5.1 Dental composite resin

Dental treatment is one of the most frequent medical treatments performed 
upon human beings. Dental treatment ranges from filling cavities (also 
called ‘dental caries’) to replacing fractured or decayed teeth. A large variety 
of biomaterials are used in the dental treatments such as cavity lining, 
cavity filling, luting, endodontic, crown and bridge, prosthetic, preventive, 
orthodontic, and periodontal treatment of teeth. The choice of material is 
dependent on its ability to resemble the physical, mechanical and aesthetic 
properties of natural tooth structure. Here we only consider the applications 
in which composite materials are used or the potential of using composite 
materials is considerably high.

Dental restorative materials as the name suggests are used to fill the 
tooth cavities (caries) and sometimes to mask discoloration (veneering) 
or to correct contour and alignment deficiencies. Dental composite resins, 
which are translucent with refractive index matching that of the enamel, 
have become the predominant such materials and are very commonly used 
to restore posterior teeth as well as anterior teeth. The dental compos
ite resin comprises BIS-GMA as the matrix polymer and quartz, barium 
glass, and colloidal silica as fillers. Polymerization can be initiated by a 
thermochemical initiator such as benzoyl peroxide, or by a photochemical 
initiator (benzoin alkyl ether) that generates free radicals when subjected 
to UV (ultraviolet) light from a lamp used by the dentist. In other types 
of composites a urethane dimethacryate rather than the BIS-GMA resin is 
used. The filler particle concentration varies from 33% to 78% by weight 
and the size varies from 0.05 /xm to 50 дш. The glass fillers reduce the
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shrinkage upon polymerization of the resin, and also the coefficient of ther
mal expansion mismatch between the composite resin and the teeth. They 
impart high stiffness and strength, and good wear resistance to the dental 
composite resins [Kennedy eta l., 1998]. Strong bonding between the fillers 
and resin is achieved using silane-coupling agents [Krause et a l., 1989].

6.1.5.2 Dental post

In cases when a severely damaged tooth lacks the structure to adequately 
retain a filling or restoration, often pins are used. In situations where the 
amount of coronal tooth structure remaining is small (also referred as pulp- 
less tooth), a dental post or a cast dowel is used to reinforce the remaining 
tooth structure [Lovdahl and Nicholls, 1977], on which the core and crown 
are built (Fig. 6.2). The post is normally inserted in the root canal and 
fixed in position using dental cement. It provides a retentive support to the 
core and crown assembly, and also distributes the forces of mastication to 
the supporting structures: the root, periodontal ligament, and surrounding
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REGION

DENTAL POST

DENTINE

CROWN

Fig. 6.2 A dental post restored tooth.



Biomedical Applications of Polymer Composites 159

bone. Traditionally posts made of stainless steel, Ni-Cr, Au-Pt, orTi alloys 
are used based on the assumption that the post should be rigid. Failures 
reported include corrosion of posts, bending or fracture of posts, loss of 
retention, core fracture and root fracture. In recent years this old basic tenet 
has been strongly questioned and suggested that the modulus mismatch 
between the post and the dentine should be reduced so as to minimize the 
occurrence of root fractures (root fracture frequency is 2 to 4%) and failure 
of restorations. Newer posts made of zirconia, short glass fiber reinforced 
polyester, and unidirectional carbon fiber reinforced epoxy composite posts 
[Issidor e ta l., 1996] are introduced. These new posts are adequately rigid, 
resistant to corrosion and fatigue. In addition to providing support to the 
core, the dental post also helps to direct occlusal and excursive forces more 
apically along the length of the root. A finite element study by Cailleteau 
et al. [1992] indicated that post-restored model results in a decreased level 
of stress along the coronal facial portion of the root surface, which peaked 
abruptly near the apical end of the post. These findings contradict the belief 
that the conventional posts strengthen the tooth by evenly distributing the 
external forces acting on the tooth. Thus, an ideal post should have varying 
stiffness along its length. Specifically, the coronal end of the post should 
have higher stiffness for better retention and rigidity of the core, and the 
apical end of the post should have lower stiffness matching that of the den
tine so as to overcome the root fractures due to stress concentration. In other 
words, it is desirable to have a post with varying stiffness. In the next chap
ter, we will describe such a post, which has higher stiffness in the coronal 
region and lower one at the apical end.

6.1.5.3 Dental implant and bridge

In extreme case, the damaged or condemned tooth is extracted and replaced 
with a dental implant. Dental implants are artificial tooth roots that perma
nently replace missing teeth, and they are alternative to bridges or false 
teeth. The dental implants may be designed to enter the jawbone or to fit on 
to the bone surface. They are made of wide range of materials such as metals 
(Co-Cr-M o alloys, Ti alloys, stainless steel, platinum, silver), ceramics (zir
conia, alumina, glass, and carbon), polymers (UHMWPE, PMMA, PTFE,
PS, and PET), and composites (SiC/carbon and CF/carbon) [Adams et al 
1978; Louis and Dabadie, 1990]. Compared to ceramic and metal alloys, the
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outstanding properties of composites are high or sufficient strength com
bined with low modulus. Such composite materials may offer protection 
against the alveolar bone resorption. Moreover, the fatigue properties of 
composites are far superior to the metal alloys and ceramics. The dental 
implants need to be designed to withstand extremely large and varying 
forces applied during mastication. A bridge is a partial denture (false teeth) 
used to replace one or more tooth completely. In extreme cases, removable 
dentures are used to overcome the loss of all the teeth. A large percentage 
of adults over the age of 50 years have full or upper or lower dentures. The 
root form mentioned previously is also used to anchor dentures and bridges 
to the jawbone. The high cost and time consuming preparation of current 
gold bridges has led to the development of relatively inexpensive and easy 
to use CF/PMMA [Bjork et a l., 1986], KF/PMMA [Henderson Jr. et a l., 
1987], UHMWPE/PMMA [Davy et a l., 1992] and GF/PMMA [Miettinen 
and Vallittu, 1997] composite bridges and dentures [Freilich et a l., 2000].

6.1.5.4 Bracket and archwire

Orthodontic arch wires are used to correct the alignment of teeth. This is 
facilitated by bonding orthodontic brackets on to the teeth. An arch wire is 
placed through the brackets and retained in position using ligature, a small 
plastic piece. By changing the tension in the arch wire the alignment of the 
teeth is adjusted. The bracket acts as a focal point for the delivery of forces 
to the tooth generated from the wire. It is important for the bracket to have 
high strength and stiffness to prevent distortion during tooth movement. 
This technique is also used to splint the traumatized teeth. Traditionally, 
arch wires are made of stainless steel and Ni-Ti alloys. Jancar et al. [1993] 
and Imai et al. [1999] proposed GF/PC, GF/Nylon, GF/PP, and GF/PMMA 
composite materials for arch wire applications. The advantages of using 
composite arch wires stated include aesthetics, easy forming in the clinic, 
and the possibility of varying stiffness without changing component dimen
sions [Zufall et al., 1998].

Commonly used materials in the manufacture of brackets are stainless 
steel, polycrystalline alumina, and single crystal alumina. Brackets made 
from metal alloys show high strength and stiffness but suffer from poor 
aesthetics. Ceramic brackets have improved aesthetics. However, ceramic 
brackets are bulkier than the metal alloy brackets. Furthermore, ceramic is
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abrasive to tooth enamel, and this has therefore limited the use of ceramic 
brackets to upper teeth. Some patients are hypersensitive to metals (Ni, Cr, 
and Co). Their immune system responds with vigorous foreign body aller
gic reactions causing dermatitis. Use of metallic restorations or braces is not 
recommended for metal sensitive patients. There is a need to develop suit
able polymer composite orthodontic brackets. Chopped glass fibers have 
been used as reinforcement to fabricate composite brackets. These devices, 
however, have found limited success in clinical treatment due to their infe
rior mechanical properties compared with metal brackets. Further develop
ment needs to use continuous fiber preforms as reinforcement.

6.2 Soft Tissue Applications

Many different types of implants are used in the surgery to correct soft 
tissue deformities or defects which can be congenital, developmental, or 
acquired defects, the last category usually being secondary to trauma or 
tumor excision. Depending on the intended application, the soft tissue 
implants perform various functions: fill the space from some defect; enclose, 
store, isolate, or transport something in the body; and provide mechanical 
support or serve as a scaffold for tissue growth.

6.2.1 Bulk space fillers

Bulk space fillers are used to restore cosmetic defects, atrophy, or 
hypoplasty to an aesthetically satisfactory condition. They are mostly used 
in the head and neck. The materials used in these applications include 
silicon rubber, PE, and PTFE. The space-fillers are also investigated for 
the replacement of articular cartilage in the case of its deterioration by 
osteoarthritis. Articular cartilage, 1—2 mm thick, covers the opposing bony 
surfaces of typical synovial joints. The cartilage provides a means of absorb
ing force and provides low-friction bearing surfaces for joints. The cartilage 
replacement material must be hydrophilic with controlled water content, 
have sufficient strength, and be very smooth. Polymers such as silicon rub
ber and PTFE [Park, 1984] are proposed to fill the defects in the articular 
surfaces or to replace meniscus or fibrous tissues following the condylar 
shave or high condylectomy in the treatment of painful arthritis and to
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restore normal joint function. Messner and Gillquist [1993] reported that 
composites comprising PET or PTFE fabrics and PU are more suitable 
for this purpose, as they could reduce the cartilage degeneration following 
the meniscectomy. At the same time, Pongor et al. [1992] clinically used 
woven carbon fiber fabrics and their composites for the treatment of carti
lage defects. No inflammatory change or deterioration in joint damage was 
reported, indicating the usefulness of the prostheses.

6.2.2 Encapsulants and carriers

6.2.2.1 Ureter prosthesis

Ureter prostheses made of PVC, PE, nylon, PTFE, and silicon rubber were 
used without much long-term success. The lack of success was caused 
by the difficulty in joining a fluid-tight prosthesis to the living system. In 
addition, constant danger of microbial infection and blockage of passage 
by calcification deposits from urine has proven to be difficult to overcome. 
Polyester fiber reinforced glycol methacrylate gel prostheses with a fabric 
backing was reported with some success [Kocvara et a l., 1967; Hench and 
Ethridge, 1982]. The fabric backing facilitated easy attachment of prosthesis 
firmly on to the mucous membrane without irritation, and the hydrophilic 
nature of the gel helped to maintain a clear inner space. A similar solution 
was proposed for the replacement of portions of intestinal wall. There is a 
need to develop new materials with improved surface properties of minimal 
microbial adhesion, low friction, and control of cell and protein adsorption.

6.2.2.2 Catheters

Catheters (tubes) are widely used to access remote regions of the human 
body to administer fluids (e.g. nutrients, isotonic saline, glucose, medica
tions, blood products) as well as to obtain data (e.g. artery pressure, gases, 
collecting blood samples for analysis). PU and silicon rubber are widely 
used materials for making catheters because of their flexibility and ease 
of fabrication into variety of sizes and lengths in order to accommodate 
the wide range of vessels to be cannulated. Silicon rubber is reinforced 
with silica particles to improve its tear strength and to decrease wettabil
ity. Andreopoulos et al. [1998] reported that with increasing silica particles
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fraction up to 35% the tensile strength and elongation at break increased, 
whereas the elastic modulus only changed marginally. Since the catheter 
interfaces with blood, it is important that its design and material prop
erties ensure blood compatibility, nonthrombogenicity, and inhibition of 
infection. An ideal vascular catheter also must be flexible enough to allow 
bending and stretching of the veins as well as convenience of movement 
for the patient. Catheters that are initially supple may become brittle over 
time, resulting in vascular wall damage.

6.2.3 Functional load-carrying and supporting implants

6.2.3.1 Tendons and ligaments

Artificial tendons and ligaments are the best examples of load-bearing soft 
tissue implants. Tendon is a strong fibrous band of tissue that extends from a 
muscle to periosteum of the bone. Ligament is a connective tissue band that 
links bones in the vicinity of every synovial joint. Tendons and ligaments 
are essentially composite materials comprising undulated collagen fiber 
bundles aligned along the length and immersed in a ground substance, 
which is a complex made of elastine and mucopolysaccharide hydrogel. 
Tendons have little regenerative capacity and require very long time to 
regenerate fully.

The use of biomaterials in tendon/ligament repair is one of the most 
demanding applications of prostheses in soft tissues. Biomaterials are used 
in a number of ways in tendon healing. They may be used to replace the 
tendon, to hold a damaged tendon in proper alignment, or to form a new 
sheath. Synthetic biomaterials used thus far include UHMWPE, PP, PET, 
PTFE, PU, Kevlar 49, carbon, and reconstituted collagen fibers in the mul
tifilament form or braided form [Forster et al., 1980; Mendes et al., 1986, 
King et a l ,  1996]. Permanent fixation of the implant is assumed to be pro
vided by tissue ingrowth into the spaces between the filaments. The clinical 
experience with synthetic prostheses has so far been disappointing. The 
problems with synthetic prostheses include difficulty in anchorage to the 
bone, and abrasion and wear of prostheses, which deteriorates strength in 
the long term and leads to mechanical failure (such as fatigue). Further, the 
particulate matter generated by abrasion against rough bony surfaces may



164 AN INTRODUCTION TO BIOCOMPOSITES

cause synovitis, as well as inflammation of the lymph nodes [Seedham, 
1993]. To reduce particle migration and improve handling properties, pros
theses are coated with polymers such as silicon rubber, poly(2-hydroxyethyl 
methacrylate) (PHEMA), and PLA. Pradas and Calleja [1991] reported that 
by combining a flexible polymer such as PM A or PEA with crimped Kevlar- 
49 fibers, the stress-strain behavior of natural ligaments can be reproduced 
to a certain extent. Iannace et al. [1995] developed ligament prosthesis 
by reinforcing a hydrogel matrix (PHEMA) with helically wound rigid 
PET fibers, and demonstrated that both the static and dynamic mechanical 
behavior of natural ligaments can be reproduced. This has been achieved by 
controlling the structural arrangement of reinforcing fibers and the proper
ties of the components. It may be noted that PET is sensitive to hydrolytic, 
stress induced degradation. Surgeons are still looking for suitable synthetic 
materials that adequately reproduce the mechanical behavior of natural tis
sue for long-term application, while they are currently using prostheses 
of natural tissues (homografts, allografts, and xenografts). Many consider 
that a combination of autegenous tissue and synthetic materials is an ideal 
choice for tendon/ligament prostheses.

6.2.3.2 Others

Hernia is an irregular protrusion of tissue, organ, or a portion of an organ 
through an abnormal break in the surrounding cavity’s muscular or con
nective tissue wall. A number of materials such as nylon, PP, PTFE, PET, 
carbon, stainless steel, and tantalum in the form of fabrics or meshes are 
used to repair hernias [Ward and Minns, 1989]. The fabrics or meshes facil
itate tissue ingrowth thus providing stability to the prosthesis. Recently, 
Werkmeister et al. [1998] developed PET fabrics coated with collagen 
and PU materials suitable for repairing hernia and abdominal wall (the 
abdominal wall lines the abdominal cavity that contains liver, gallbladder, 
spleen, stomach, pancreas, intestine, and kidney) defects. The composite 
is designed to display adequate mechanical properties as well as facilitate 
tissue ingrowth. The composite material is reportedly superior to uncoated 
fabrics in terms of biocompatibility. Other suitable applications being cur
rently investigated include tracheal prostheses (combined with stainless 
steel mesh or silicon rubber), prosthetic sphincters for gastrointestinal tracts, 
and urethral prostheses.
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Prostheses are also used for restoring the conductive hearing loss from 
otosclerosis (a hereditary defect which involves a change in the bones of the 
middle ear). Otology prostheses made of polymers such as PMMA, PTFE, 
PE, and silicon rubber, and CF/PTFE composites have been tried to replace 
defective ossicles (three tiny bones of middle ear, malleus, incus, and stapes) 
(it may be noted that the clinically established prostheses are made from 
titanium, gold, stainless steel, hydroxyapatite, alumina and glass ceramics). 
Migration of prostheses is the main problem reported and it is essential to 
apply a suitable surgical method. Researchers are also developing PE/PU 
flexible composite materials as tympanic membrane replacements [Teoh 
et a l 1999]. Tympanic membrane transmits sound vibrations to the inner 
ear through three auditory ossicles.

6.3 Other Biomedical Applications

6.3.1 Prosthetic limbs

Initial artificial legs are designed primarily to restore walking of the 
amputees. They were made of wood or metallic materials. These mate
rials are limited by their weight, and poor durability due to corrosion 
and moisture induced swelling. As a result the user is often restricted to 
slow and non-strenuous activities. The lightweight, corrosion resistance, 
fatigue resistance, aesthetics, and ease of fabrication of polymer composite 
materials made them ideal choice for modem limbs systems [Robin, 1981]. 
Several designs of artificial limbs with different commercial names are 
available. Thermoset polymer composites reinforced with glass, ° r
Kevlar fibers are widely used in these systems [Coombes et al., 19 J. e 
typical artificial leg system consists of three parts namely socket, s a , 
and foot (Fig. 6.3). The most highly customized and important part о t e 
prosthesis is the socket, which has to be fabricated individually to t e 
faction of each amputee. More detailed descriptions on polymer comp 
used for socket fabrication will be given in the next chapter.

6.3.2 Medical instrumentation 

usage for medical diagnostic purposes.
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Fig. 6.3 A transtibial prosthesis consisting of a socket, a shank, and a foot [from Huang and 
Ramakrishna, 1999].

fitted with moving tables for the patients. The moving table needs to be 
strong and stiff, at the same time lightweight, radiolucent and non-magnetic 
to obtain clear sliced images of the patient. As expected the moving tables 
are made of carbon fiber reinforced polymer composites. These materials 
are also used in making surgical clamps, head rests frames, X-ray film 
cassettes and CT scan couches.
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CASE STUDIES

Chapter 7

In previous chapters, fundamental aspects of biocomposites together with 
their overall use in biomedical fields have been described. In this chapter, 
we illustrate some specific applications of biocomposites mainly for hard 
tissue repairing and substitute purposes.

7.1 Dental Applications

In this section, development of a functionally graded composite dental post, 
orthodontic composite archwires and brackets are presented. In these appli
cations, efforts were focused to use composite materials. The key points of 
this section are braided fabric reinforcement and interface control to give 
functional and high mechanical property on products.

7.1.1 Functionally graded composite dental post

The main role of the dental post is to provide retention to the core of an 
endodontically treated tooth (Fig. 6.2). When occlusial force is applied to 
the crown, the force is transferred to dentin through core and post. In such 
cases, stress concentration occurs at the apical end, which initiates root 
fracture. This phenomenon is dependent on post geometry, material choice 
of the post and adhesion between a post and dentin. There are two main 
different geometries of post, i.e. tapered and paralleled posts. In order to 
avoid root fracture, the stiffness of a post is decreased with tapered geom
etry. However, it is clear that tapered posts exhibit wedging effect at root
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Fig. 7.1 Schematic representation of the fabrication of functionally graded composite 
dental post.

canal and produce stress concentration around the tip of post [Standlee 
et a l 1972; Cooney et a l 1986]. In terms of material of post, stainless- 
steel, titanium and ceramics have around 10-17 times higher stiffness than 
dentin (12 GPa). The modulus mismatch between dentin and post is one 
of the prime reasons to cause stress concentration at the root of the teeth. 
Therefore, an ideal dental post should have parallel geometry without taper 
and its stiffness property should be close to dentin. In the last decade, uni
directional carbon/epoxy composite post (Compositpost: R.T.D. Meylan, 
France) has focused attention as an alternative to high stiffness posts to 
avoid the risk of root fracture [Isidor et al., 1996; Asmussen et al., 1999]. 
It was clear that Compositpost possessed the similar stiffness of dentin 
and showed excellent fatigue property as compared with metal posts. The 
dental post needs to be stiff in the coronal region, i.e. in the region of the 
core, so that the core is not stressed excessively when occlusial force is 
applied to the crown [Ramakrishna et al., 2001]. Hence, an optimal dental 
post would be one, which has a high stiffness in the coronal region and 
this stiffness gradually reducing to the value of dentine at the apical end. 
The high stiffness will take away the stress from the core and the gradually 
reduction of stiffness would unload the stress from the post to the dentine 
uniformly. The gradual unloading would eliminate stress concentration and 
reduce the interfacial shear stress. The requirements of an ideal dental post 
were achieved by braided composite material developed by authors.
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(a) Preform with constant braiding angle. (b) Preform with graded braiding angle.

Fig. 7.2 Photographs showing braided preforms with (a) constant and (b) graded braiding 
angles.

7.1.1.1 Fabrication method o f functionally graded composite 
dental post

The fabrication process (Fig. 7.1) of dental post consists of two important 
components. One, the preforming process, where the fiber yams are placed 
at the required graded angles and two, the composite forming process, 
where, the preform is impregnated with matrix and consolidated. Dental 
post is essentially a composite rod with diameter ranging from 0.8 mm to 
2.0 mm and length of 20 mm. The preforming was done using the braiding 
process and the composite forming by the pultrusion process. The fibers 
used were carbon for the core and glass for sheathing. The rods made 
using this composite are a hybrid of braided glass sheathing for aesthetic 
appearance and braided carbon fibers to satisfy the stiffness requirements 
of the intended application. The primary parameters, which control the 
braiding angle during braiding, are the braider yam earner speed and the 
take-up speed. It is the ratio of the carrier speed and take-up speed, which 
defines the braiding angle. In the conventional braiding process, this ratio 
is kept constant and hence braided preforms of constant braid angle are 
produced, as seen in Fig. 7.2(a). In the present approach, this ratio was varied 
continuously to achieve a graded braiding angle, as shown in Fig. 7.2(b). For 
the present study, a KOKUBUN braiding machine (Model: 102-C13) with 
20 carriers was used. In this machine, two gears mesh to provide the required 
speed ratio between the take-up and the carrier. The braided preform has 
a 1 x  1 intersection repeating unit pattern (diamond braiding structuie, i.e. 
ten carriers were used to make a braided preform). The present 10 carriers 
machine could achieve a braiding angle from about 10 to 43 . In practice, 
braiding angle can range from 5° which is almost parallel yarn braid to 
approximately 85° in a hoop yam braid. However, because of the geometry
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Fig. 7.3 Photograph of a fabricated composite dental post.

limitations of yam jamming, braiding angle that can be achieved for a 
particular braided preform is controlled by factors such as number of carriers 
and yam size. Braided preform used as reinforcement was continuous and 
was good for pulling. Here, the continuous pultrusion process was modified 
into an intermitted process. For the present study, the wetted preform was 
pulled through a long and straight Teflon tube with a circular cross-section. 
Once the tube length was filled with the preform, the wetted preform was 
cut and pulled through another Teflon tube. Later, these tubes were placed 
in an oven at 60°C for 6 hours to ensure complete curing. After curing, the 
tube was cut and length of FGM (Functionally Graded Material) in the post 
form was removed. This length was cut at the appropriate section to get the 
dental post, as shown in Fig. 7.3.

7.1.1.2 Mechanical performance

Finite element method was used to calculate the stress state within the 
restored tooth. The stress analysis was performed on a maxillary central 
incisor. The finite element model (Fig. 7.4) includes alveolar bone, dentin, 
periodontal ligament, dental post, gutta-percha, core and crown. The geom
etry of the tooth was derived by cross-sectioning a typical central incisor 
and plotting the geometry using a profile-meter. Later, the restoration and 
the bone support were constructed over this cross-section. Stainless steel 
post was considered in this study to form the datum for evaluating the per
formance of the functionally graded composite dental post. The stainless 
steel post was modeled as isotropic material with uniform Young’s modulus 
along the length. The functionally graded composite post was modeled as 
transversely isotropic with Young’s modulus in the longitudinal direction 
varying from 20 GPa at the apical end to 80 GPa at the coronal in seven
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Fig. 7.4 A finite element mesh of an endodontically treated tooth with a dental post.

steps. The post was 13.0 mm in length and 1.25 mm in diameter. The 3D 
finite element model consists of 3,308 hexagonal-8 elements and has 3,759 
nodes. The mastication loading was class-I occlusion 45-degrees to the 
longitudinal axis with a magnitude of 100 N. The boundaiy conditions at 
the bottom end of the bone were restrained in all degrees of freedom to 
simulate the alveolar bone holding the tooth. ABAQUS standard version 
5.7 general-purpose finite element analysis program was executed on an 
Indigo 2, Silicon Graphics work station. Normal and shear stresses were 
calculated and are presented in Figs. 7.5 and 7.6, respectively. It is seen 
that the peak tensile and shear stresses for a functionally graded dental 
post reduce to about half the values of those for conventional stainless 
steel dental post. The reduction in tensile stress in brittle material, like den
tine, is advantageous as dentine can resist larger cyclic loading and chance 
of root (dentine) failure is reduced. The reduction in the interface shear 
stress reduces the chances of the post loosening from dentine as the stress 
on bonding cement comes down. Both the root fracture and post loosen
ing constitute major causes of restoration failures. The functionally graded 
dental post has an advantage by reducing the severity of these problems.
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Fig. 7.5 Normal stress distribution along post-dentine interface.

Fig. 7.6 Shear stress distribution along post-dentine interface.

7.1.2 Composite orthodontic archwires and brackets

Orthodontics is a branch of dentistry concerned with the growth, guid
ance, correction and maintenance of the dento-facial complex. The area of 
orthodontic practice includes the diagnosis, prevention, interception and 
treatment of all forms of malocclusion of the teeth and alterations in the 
supporting structures. The practice involves the application of corrective
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appliances to move teeth, commonly called braces. The components of 
braces (a fixed appliance) are orthodontic archwires and orthodontic brack
ets [Bennett and McLaughlin, 1993], as shown in Fig. 7.7. In recent years, 
patients receiving orthodontic treatment are concerned with their aesthetic 
appearance. Current materials used in orthodontic archwires are metals. 
Type of metal wires is dependent on the stage of treatment, less stiff wires, 
such as nickel-titanium and beta-titanium are used in the initial stage 
and stiffer stainless-steel and Co-Cr alloy are used in the final stage and 
their detailed mechanical performance is shown in some review literatures 
[Kapila and Sachdeva, 1989]. As well as archwires, metal brackets were 
once the main appliance in the treatment. In these days, the patient’s critical 
concern in orthodontic treatment is the aesthetic performance of archwires 
and brackets. Metallic color appearance of metal archwires and brackets 
gives an unnatural impression of patients. Hence, tooth-colored or translu
cent archwires and brackets provide superior presentation for the patient.

For this reason, in bracket application, products such as clear poly
mer brackets and ceramic brackets were introduced. Clear polymer bracket 
(polycarbonate) was first reported by Newman [1965] to make a labial 
appliance almost invisible. Although the aesthetic appearance of polymer 
brackets is satisfactory, they are easily fractured when the orthodontic force 
is applied through archwire [Rains et al., 1977]. Due to this reason, ceramic 
brackets (mono- and polycrystalline alumina) [Swantz, 1988] have been 
widely acceptable instead of polymer brackets in late 1986 and patients

Fig. 7.7 
Bennett

Photograph of orthodontic archwires and brackets. (Original photo is referred from 

and M cLaughlin, 1993.)
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appreciated their better aesthetic qualities. Ceramic brackets have short
comings of brittle fracture and are expensive to manufacture [Bimie and 
Edin, 1990]. Especially, remnants of fractured bracket by occlusial force 
may be harmful to patients. Although similar aesthetic importance is needed 
on archwires as well, no aesthetic wires are available except Teflon coated 
stainless-steel wire [Postlethwaiste, 1992].

These facts made researchers pay attention to polymer composite mate
rials into the development of the archwires and brackets to replace conven
tional products. With regards to composite brackets, the trend currently 
heads to fabricate discontinuous chopped glass fiber reinforced polycar
bonate made of injection molding. Their mechanical evaluation, such as, 
friction with archwire [Bazakidou et a l , 1997] and bonding performance 
with enamel [Crow, 1995; Guan et a l , 2001], has been conducted by many 
researchers. However, since mechanical improvement using chopped fiber 
is still not enough, polycarbonate bracket which has a rectangular metal 
piece inserted into a slot of a bracket, is popularly used as an alternative 
of composite brackets [Feldner et a l ,  1994]. Hence, in terms of compos
ite brackets, a method to obtain more effective reinforcement of polymer 
bracket using braided preform without diminishing the aesthetic property 
was persued.

Composite archwires have been made of continuous glass fiber rein
forced composite using pultrusion fabrication process. The main materials 
were epoxy resin, polyethylene-terephthalate-glycol (PETG) and poly(l,4) 
cyclohexylene dimethylene terephthalate glycol (PCTG) [Goldberg and 
Burstone, 1992], and poly-methy 1-methacrylate (PMMA) reinforced by 
5-glass fiber which has higher strength than £-glass fiber. Photopolymerized 
dental resins, such as urethanedimethacrylate (UDMA), bisphenol-A gly- 
cidyl methacrylate (bis-GMA), however have become popular matrix since 
they have been accepted for teeth restoration. The group of Watari et al. 
gave the biocompatible function to glass fibers and fabricated composite 
archwires with photopolymerized resins [Watari et a l ,  1998]. However, 
the interface property, which controls mechanical property of composite 
archwires was not considered. Silane coupling agent is popularly applied 
to glass fiber in order to encourage the chemical bonding between fiber and 
matrix. It should be mentioned that the extent of its effect on mechanical 
property of composite is dependent on silane treatment condition such as



Case Studies J«3

silane concentration [Suzuki et a l 1992]. Therefore, influence of silane 
concentration was focused on composite archwire.

7.1.2.1 Fabrication o f  aesthetic composite archwires

A technique, which can directly fabricate curved archwires based on tube- 
shrinkage process is used. The fabrication process is pictorially described 
in Fig. 7.8. A number of resin-impregnated fiberglass yams were bundled 
together, and then introduced into a plastic (polyolefin) tube which is heat 
shrinkable. As the inner diameter of the tube was larger than that of the yam 
bundle, fiber damages could be controlled to a minimum at this stage. In 
the next step, hot air was applied to the tube from one end (at the top grip) 
to the other (at the bottom grip). While, the heated tube shrank, the extra 
resin is pushed out of the bottom end of the tube. Then, the shrunk tube with 
the resin-impregnated fiber yam bundle inside was loaded into the female 
part of a mold, where the required curvature to the archwire is given, before

Fig. 7.8 Fabrication process of aesthetic composite archwires.
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being placed into an oven. Finally, the tube is carefully removed and the 
composite archwire extracted.

It is well known that interface property of composite materials plays 
an important role. In this study, aesthetic composite archwires were fabri
cated from glass/epoxy unidirectional composites. Three different groups 
of glass fibers, i.e. (1) fibers treated with y-aminopropyltrimethoxysilane 
(aminosilane), (2) fibers treated with у -glycidoxypropyltrimethoxysilane 
(epoxysilane) and (3) non-treated fiber were used. Furthermore, three differ
ent silane concentrations were applied to glass fiber in each silane coupling 
agent. The treated fibers were impregnated with the epoxy resin and pulled 
through a poly olefin tube (0.5 mm diameter) heated at 100° С for 4 hours. 
Ал average volume fraction of aesthetic composite wire was 48%. Color 
appearance of developed aesthetic composite arch wire is shown in Fig. 7.9 
and the cross-section photo of composite archwire (Fig. 7.10) shows good 
fiber dispersion and negligible void amounts were confirmed.

The mechanical properties of orthodontic archwire are discussed in 
terms of bending because this mode of deformation is considered more 
representative of clinical use. The actual force imposed on the teeth is 
expressed as the flexural load on the unloading curve in a hysterisis test. 
This is because the teeth give rise to the stress relaxation in an orthodontic

j r ......

Fig. 7.9 Color appearance of fabricated aesthetic composite arch wire. The color of the wire 
is close to that of a tooth.
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Fig. 7.10 Cross-sectional photo of aesthetic composite arch wire.

wire by yielding movement backwards against the imposing force origi
nated by the elastic recovery of orthodontic wire. Three point bending tests 
were carried out for the developed composite archwires with 1.0 mm/min 
cross-head speed. A 14 mm span length was chosen in accordance with 
the distance between the labial mid-line to the first premolar on the lower 
dental arch. In each silane concentration, the specimens were deflected to 
1.5 mm displacement and unloaded to zero load, with the same cross-head 
speed to obtain the hysterisis curve. Fourteen specimens were prepared 
in each glass fiber group. Commercially available 0.018 inch (0.45 mm) 
Ni-Ti round wire (Reflex® wire; TP Orthodontics, Inc) was also tested 
for comparison purpose. Figure 7.11 shows that silane concentration does 
influence the bending stiffness, as well as the loading capacity of the wire. 
In epoxysilane treatment, the load capacity had a peak (2.8 N) at 1.0wt% 
silane concentration and this value was around 30% higher than that of 
0wt% silane concentration. Similarly, specimens treated by anunosilane 
also showed load increment from 0wt% to 1.0wt%, however, this value 
was saturated with further a increase of silane concentration. It must be 
mentioned that Ni-Ti round wire indicated lower load value than compos
ite archwires which was not even treated by coupling agent. The bending 
stiffness of the wire improved with 1.0wt% epoxysilane, giving the highest
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Fig. 7.11 Relationship between bending properties ((a) bending load at 1.5 mm displace
ment and (b) bending stiffness) and silane concentration.

value and then dropping at 2.0wt%. In the case of aminosilane, the bending 
stiffness for both silane concentrations (1.0wt% and 2.0wt%) was almost 
the same. Ni-Ti wire also showed lower stiffness than composite arch
wires. Hence, it was clear that 1.0wt% epoxysilane treatment was suitable 
to obtain high bending performance as glass/epoxy composite archwires. 
Furthermore, glass/epoxy composite archwires developed by the authors 
can be an alternative to Ni-Ti wire.

7.1.2.2 Aesthetic braided composite brackets

Fabrication of aesthetic braided composite brackets was conducted by con
ventional pultrusion method as shown in Fig. 7.12. Rattened tubular glass 
braided fabric was immersed into a resin bath of transparent epoxy and
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Fig. 7.12 Fabrication of aesthetic braided composite brackets.

continuously inserted into a pultrusion die with 50 mm length whose geom
etry is a bracket’s cross-sectional profile. Since pultrusion process is used to 
produce composite bracket with constant cross-section, bracket geometry 
was chosen to be single-wing and flat-base brackets. In order to reinforce 
tie-wings and arch wire slot, flattened braided preform was filling the tie- 
wings and archwire slot, thus the braided preform takes U-shape in the 
molding. Pultruded glass braided preform was consolidated with epoxy 
resin in the molding and the consolidated bracket rod was cut into the 
specimen with 3.2-3.4 mm mesial-distal width. Translucency of the devel
oped aesthetic braided composite bracket was satisfactory with acceptable 
distribution of glass fibers. Volume fraction of aesthetic braided compos
ite bracket was 50%. In this study, four different brackets, i.e. (1) epoxy 
(2) aesthetic braided composite (3) stainless-steel (3M Co. Ltd., Unitek Vic
tory Series), and (4) ceramic (polycrystalline alumina) (3M Co. Ltd., Unitek 
Transcend 6000) were prepared, as shown in Fig. 7.13, to investigate the 
mechanical performance of the developed composite bracket. All brack
ets have 0.022 inch (0.55 mm) slot and are intended to use for mandibular
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(b) Stainless-steel

(c) Aesthetic composite bracket (d) Epoxy

Fig. 7.13 Photographs of four different types of brackets.

premolars. It must be mentioned that stainless-steel brackets have double 
edgewise design although the other brackets have single edgewise design. 
As seen in Fig. 7.14, brackets were bonded to the bracket holder with cer
tain angle in order to apply the force to only one tie-wing. The force was 
applied to the specimen with 0.5 mm/min cross-head speed.

Figure 7.15 shows load-displacement curves of each tested bracket. 
Epoxy bracket depicted ductile load increment with increasing displace
ment. Around 0.8 mm displacement, slight load drop was recognized and 
the load increased again. Since gradual load decrease was recognized after 
the maximum load, testing was stopped at 0.3 mm. Similarly, aesthetic 
braided composite bracket also showed non-linear load increase against 
the displacement and showed gradual load drop after the maximum load
ing. Stainless-steel bracket showed larger load increment with increasing 
displacement than epoxy and composite brackets and gradually reached the 
maximum loading with increasing displacement. In the case of composite 
and stainless-steel brackets, testing was also stopped at 0.3 mm displace
ment and the load was released in the same manner used for the epoxy



Case Studies

Load

Adhesive agent Bracket holder

Fig. 7.14 Schematic drawing of tie-wing test o f brackets.

Fig. 7.15 Load-displacement curves of each tested bracket.

bracket. On the contrary, ceramic bracket displayed linear load increase 
and showed brittle load drop.

In the clinical situation, an archwire with 0.5 mm diameter is inserted 
into the slot (0.55 mm width) of a bracket. Therefore, large deformation 
of tie wing are not of practical significance. Since ceramic bracket frac
tured near 0.1 mm displacement, load value at 0.1 mm displacement in each 
bracket was chosen and compared in Fig. 7.16. Ceramic bracket had the
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Fig. 7.16 Comparison of load at 0.1 mm displacement and stiffness.

highest load and stiffness values, however, it must be mentioned that this 
value may be dropped easily if ceramic bracket is scratched by orthodontic 
instrument. In this case, induced micro cracks easily propagate in ceramic 
bracket because of its low fracture toughness. As compared with stainless- 
steel bracket, aesthetic composite bracket could sustain 43% of the load 
sustained by stainless steel bracket, and its stiffness was 46% of stainless 
steel. The present aesthetic composite bracket was fabricated with glass 
fiber untreated by silane coupling agent. Hence, there is much possibil
ity to increase these values by applying proper surface treatment to glass 
fibers. In conclusion, the prototype aesthetic composite brackets fabricated 
with glass braided preform appeared to have superior fracture resistance on 
application of shear force on the gingival tie-wing.

7.2 Orthopedics Applications

In orthopedics applications, composite materials have to possess good bio
compatible harmony with human tissue and excellent mechanical property 
under body fluid. Since there is still further discussion in the usage of 
thermoset resin as matrix of composite, the usage of high performance 
thermoplastics polymer such as poly-ether-ether-ketone (PEEK) is highly 
recommended. In order to use PEEK as matrix on textile composites, the 
bottle neck is the difficult fabrication process to obtain product with good 
quality. In this section, development of micro-braided fabrication tech
nique to solve existing fabrication problem is presented and successfully
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fabricated braided carbon/PEEK composite compression bone plate is intro
duced. It can be considered that this fabrication process can be applied to 
other orthopedic fixations, such as the intramedullary nail, the spine disk 
and rod and the total hip replacement.

7.2.1 Braided carbon/PEEK composite compression bone plate

Compression bone plate is used to fix diaphyseal fracture of a long bone. 
The function of the compression bone plate is to transfer the compression 
force between bone fragments to support the body and protect the fracture 
area with proper alignment of the fragments throughout the healing pro
cess (normally taking around 1-1.5 years). The conventional compression 
plates are made of metals. The elastic modulus of human cortical bone is in 
the range of 15 GPa to 26 GPa, much lower than that of metals. This mate
rial modulus mismatch leads to a situation that the metal plates provoke 
the decrease of bone mineral mass [Olerud and Danckwardt-Lilliestrom, 
1968] and occasionally cause bone refracture [Hidaka and Gustilo, 1984] 
after the plate removal. This phenomenon is widely recognized as ‘Stress- 
Shielding Effect’ or ‘Stress-Protection’ [Ali et al., 1990]. In order to avoid 
‘Stress-Shielding Effect’, it is desirable to use plates whose mechanical 
properties are close to those of the cortical bone. In the past, although many 
efforts were conducted to fabricate composite compression bone plates, 
these plates were made of unidirectional fiber laminates [Bradley and Hast
ings, 1980]. Therefore, the braided Carbon/PEEK composite compression 
bone plates of three different thicknesses and with three different braiding 
angles were comparatively studied in terms .of their bending performance 
[Fujihara et al., 1993].

Flat braided fabrics were preformed using micro-braided yams, as seen 
in Fig. 7.17. The unique feature of the micro-braided yam is that the rein
forcing and matrix fibers are easily mixed using a simple braiding technique 
and a consistent reinforcement can be achieved after a hot-press fabrication. 
Braided fabrics with three different braiding angles, i.e. 5°, 10° and 15° were 
prepared to investigate the influence of braiding angle on bending property 
of composite plates. In order to see the influence of plate thickness on bend
ing properties, three different thicknesses (2.6,3.2 and 3.8 mm: corresponds 
to 8, 10 and 12 layers of a fabric) were prepared. After inserting braided 
fabrics into the mold, the mold was put into a hot press machine. Plate



192 AN INTRODUCTION TO BIOCOMPOSITES

ГулrmФ'Ж
w

&

4
m

X(w
Ш

(b)

Fig. 7.17 Photograph of a flat braided fabric [b] made of micro-braided yams [а], (в indi
cates a braiding angle and a braided fabric has certain range of braiding angle with constant 
preform width.)

Fig. 7.18 Photograph of a braided carbon/PEEK composite compression plate.

fabrication was conducted at 380°C for 20 minutes with 4.6 MPa pressure. 
Fabricated braided Carbon/PEEK composite bone plate (see Fig. 7.18) had 
an averaged volume fraction of 53% in all types of specimens. A stainless- 
steel narrow Dynamic Compression Plate (DCP) of AO Institute, which is 
used widely in surgery, was also tested for comparative purpose. The geom
etry of the AO plate is 103 mm long, 13 mm wide and 3.8 mm thick. In this 
study, static 4-point bending tests were conducted with a cross-head speed 
of 1.0 mm/min at room temperature. The compression composite bone plate 
has six holes and the curvature geometry to fix diaphyseal part of a long 
bone. Upper and lower span lengths are 41 mm and 73 mm respectively.

The measured bending results are plotted against plate thickness, as 
shown in Fig. 7.19, in which the percentage values are relative to those of 
the stainless-steel plate. Thus, the bending performance of the stainless-steel
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Plate thickness (mm)

Fig. 7.19 Bending data comparison against plate thickness.

plate was taken as 100%. The braided composite plates showed an increase 
in the maximum bending moment with the increase of plate thickness for all 
the braiding angles. The plates which have the minimum thickness showed 
only 8% difference in the bending moment among different braiding angle 
specimens. This difference was more distinct for the thicker specimens,
i.e. 18% for the 3.2 mm and 19% for the 3.8 mm thick specimens among 
different braiding angles. The bending stiffness of the braided composite
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plates increased with the increase in thickness, and the specimens of 3.8 mm 
thickness indicated quite a close stiffness to that of the stainless-steel plate. 
There was no significant stiffness variation for the 2.6 mm thick specimens 
with the different braiding angles. This was not applicable, however, to the 
specimens with larger thicknesses.

The bending stiffness of a compression plate has a close relationship 
with bone healing process, the previous animal and clinical trials have 
suggested an appropriate choice for the plate stiffness to achieve good 
bone healing. One of the examples discussed the relationship between the 
plate stiffness and the bone strength after a fixation treatment was given by 
Bradley e ta l . [1979]. In their work, fractured dog femurs were treated using 
a stainless-steel compression plate and a carbon/polysulfone UD laminate 
plate, respectively. The result tells that when the stiffness of composite 
plate is around 10-25% value of stainless-steel, the healed bone strengths 
are much higher than those treated by even stiffer composite plates. How
ever, since the stress environment of the dog femur is not as severe as that 
of human femur or tibia due to the weight and bone site differences, the 
stiffness values of composite plates for human femur and tibia should be 
higher. For instance, 53% [Tayton and Bradley, 1983] and 43% [Tayton 
et al., 1982] of stainless-steel plate stiffness were recommended to obtain a 
quick human bone healing. In the case of human forearm where less stress 
environment than that of femur and tibia is expected, the appropriate stiff
ness of composite plates is around 30% that of the stainless steel plate [Ali 
et al., 1990]. The braided composite compression bone plate developed in 
this study showed 40% stiffness value with 2.6 mm thickness. Thus, this 
plate can be appropriate for forearm fixation. On the other hand, since the 
braided composite bone plates with 3.2 mm thickness showed 63-68% stiff
ness of the stainless steel plate, these composite plates may be used to fix 
femur and tibia bones. It is noted that in both cases, the current braided com
posite bone plates are thinner than previously developed composite plates.

7.3 Prosthetic Socket Application

7.3.1 Potential of composites for socket application

Accidents (such as traffic accidents, natural disasters, etc), disease, congen
ital disorders, and wars give rise to a lot of amputations each year. Artificial
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limbs can help those patients with amputations to resume their active life 
and to restore their confidence. The artificial limbs (prostheses) are cus
tomized devices. Namely, every limb is fabricated individually for each 
amputee. In general, a below knee prosthesis consists of three parts, i.e. 
a socket, a shank, and a foot (Fig. 6.3). The most highly customized and 
important part of the prosthesis is the socket, which is a thin-walled recep
tacle that fits over the remaining portion of an amputated limb and provides 
an interface between the artificial limb and the amputee’s body.

According to their fabrication process, sockets can be divided into two 
categories, i.e. direct and indirect sockets. As the name suggested, a direct 
socket is to be directly fabricated on the stump of a patient, whereas an 
indirect socket must be made on a mold which is the reflection of the 
patient’s stump. Many materials including wood and metals have once been 
used in socket fabrication. However, the majority of the sockets in current 
usage has been made by using some plastic materials. One popular way to 
obtain a pure plastic (single-phase) socket is through sheet casting. A major 
drawback with such a single-phase plastic socket is that it lacks stiffness 
and strength, and hence another rigid carriage is generally needed. Such a 
socket, although usually more comfortable to a patient due to its relatively 
soft structure, only serves as a cushion between the patient’s amputee and 
the rigid carriage in general.

The situation can be significantly improved by reinforcing the polymer 
plastics with textile preforms. It has been recognized that knitted fabrics 
are best applicable to make a multi-phase indirect socket. The flexibility of 
knitted fabrics makes them to be easily and tightly wrapped on a mold. After 
impregnated with a polymer matrix, the multilayer knitted fabric composite 
socket is strong and stiff enough to sustain all the functions of the patient s 
amputee. No additional carriage will be required. As the constituent mate
rials, the stitching parameters, the number of layers, etc can be selectively 
changed, a suitable composite socket can be developed which is soft and 
comfortable to a patient so that no cushion is needed and yet is strong 
enough to sustain all the patient’s loads.

7.3.2 Fabrication o f  a composite indirect socket

As mentioned above, an indirect socket must be fabricated on a plastic mold.
To make the plastic mold, a three-stage process is observed: measurement,
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fabrication, and rectification. The first stage is physical measurement. 
A skilled prosthetist takes down all the required amputee’s data and a 
negative mold is formed by wrapping plaster-of-Paris onto the stump of 
the patient. The second stage is to create a preliminary positive mold based 
on the negative mold by using plaster mixed with water. The last stage is to 
rectify the preliminary mold. This stage is necessary for the fabrication of 
a comfortable socket. Generally, a socket exactly the same as the negative 
mold cannot serve the patient’s amputee comfortably, as the negative mold 
has not been formed under the patient’s standing and walking conditions. 
The recorded measurements and the information acquired from past expe
rience form a guide to the amount of rectification for the preliminary mold, 
and provide the desired dimensions, i.e. the dimensions of the final socket.

The fabrication of a composite socket begins by wrapping several layers 
of knitted fabrics on the plaster mold, vacuuming the fabrics enclosed in a 
plastic bag, and impregnating the vacuumed fabrics with a polymer resin 
(mostly polyester or acrylic resin). The most commonly used fibers are 
glass (£-glass) and nylon fibers. In a typical fabrication successful for clinic 
applications, three kinds of fabrics are used as reinforcement. One is a glass 
fiber fabric, another is a combined glass and nylon fiber fabric, and the third 
is a nylon fiber fabric, with pure glass fabric at the innermost layer and the 
pure nylon fabric at the outermost layer. The glass fabric has the coarsest 
whereas the nylon fabric has the finest stitch density, with the combined 
glass and nylon fiber fabric in between. Each fabric contributes two layers, 
giving a total of six layers for the reinforcement. The fabric-draped mold 
is then enclosed by a plastic film (PVA sheet) with one hole at the top 
for the resin to come in and another hole at the bottom connected to a 
vacuum pump. After applying a vacuum pressure, the resin is filled into the 
fabrics through the top hole and the resin-impregnated fabrics are cured at 
room temperature. The cured composite is sucked tightly onto the plaster

Table 7.1 Tensile properties of a new direct socket material [Huang and Ramakrishna, 1999].

Young’s Modulus (GPa) Ultimate Strength (MPa) Ultimate Strain (%)

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse
2.67 1.51 36.1 28.6 1.68 3.39

Longitudinal =  socket (lube) axial; transverse =  transverse to the socket axis
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Table 7.2 Bending properties o f a new direct socket material [Huang and Ramakrishna, 1999].

Young’s Modulus (GPa) Ultimate Strength (MPa) Ultimate Strain (%)

Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse
1.64 1.18 46.3 37.2 3.65 5.43

mold, giving a final socket shape. The mechanical properties of so-obtained 
socket material are summarized in Tables 7.1 and 7.2 respectively. It is 
noted that the socket is generally not considered as a primaiy load-carrying 
element, as the patient’s amputee generally does not apply very high loads. 
The composite sockets are used mainly for their easy fabrication and long 
durability.

7.3.3 Fabrication o f  a direct socket

Although indirect sockets are currently predominant in clinical applications, 
several drawbacks have been realized, as a consequence of a plaster mold 
used in fabrication. First, the quality of the mold and hence the final socket 
fabrication depends on the prosthetist’s skills. Second, the mold preparation 
and the socket wearing require the patient to visit the hospital at least two 
times. Third, the mold preparation gives additional cost to the patient. To 
overcome these drawbacks, direct sockets have been proposed. Their benefit 
is to combine the casting, manufacturing and fitting of a definitive transtibal 
prosthetic socket in one visit.

Several commercial direct socket materials such as ALPs socket pre
forms (ALPs Socket-Pro™) and ICEX socket system (ICEX Socket System) 
are available on the market. An ICEX pre-form is pre-impregnated carbon 
or glass braided fabric with a water-activated resin. It utilizes air-pressure 
to cast the ICEX fiber fabric directly onto the patient’s residual limb. The 
resin pre-impregnated fabric will soon become a rigid form once it is sucked 
into water. The fabrication begins by wrapping the water-sucked fabric onto 
the patient’s stump. Meanwhile, air-pressure is manually applied to fit the 
wrapped fabric onto the stump. Much fewer fabric layers (usually one or 
two layers) have to be used during the fabrication, because the resin hardens 
very quickly (in about 5 minutes). An ICEX direct socket reinforced with 
braided carbon fiber fabric, which can fit users of up to 100 kg in weight is 
shown in Fig. 7.20.



198 AN INTRODUCTION TO BIOCOMPOSITES

Fig. 7.20 An ICEX direct socket made of braided carbon fiber fabric and a water-activated 
resin [Ossur Company Ltd., http:///www.ossur.com/].

It is noted that not all kinds of amputees can be fitted on direct sock
ets. A sufficiently long residual limb is necessary for a direct socket to be 
fabricated. Further, several limitations make the present direct socket less 
comparable with a carefully fabricated indirect socket. First, the air-pressure 
is applied through an enclosed bag which does not face perfectly all parts 
of the socket material during the fabrication. Second, the pre-impregnated 
braided carbon fabric does not show enough formability before curing so 
that the cured product is not as good as the indirect sockets both in fitting to 
the patient stump and outside the product shape. Third, the curing period of 
the water-activated resin is too limited to achieve a perfect socket fabrica
tion. Finally, the socket suction is performed while the patient is not under 
standing and walking conditions. Further development and modification on 
direct sockets is required.

7.3.4 Outline o f a new direct socket

Modifications to the ALPs or ICEX sockets may focus on two parts [Huang 
and Ramakrishna, 1999]. First, a new hydrostatic pressure casting system 
may be employed, with which the pressure can be applied more uniformly 
and the patient’s stump is under standing and walking condition during the

http:///www.ossur.com/
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Fig. 7.21 A hydraulic casting system [Huang and Ramakrishna, I999J.

fabrication. Another modification may concern with material. The basic 
requirements for the new indirect socket material are: (a) to have sufficient 
strength in its final form; (b) to have a longer period of curing time for the 
prosthetist to shape the socket before it hardens; and (c) to have none or 
little exothermic release during its hardening.

The proposal of a new direct socket possessed three distinguished fea
tures [Huang and Ramakrishna, 1999]. First, a hydrostatic casting system 
was used (Fig. 7.21), which allows more uniform application of the cast
ing pressure; second, a UV activated resin was incorporated, which takes 
much longer time to cure than a water-activated resin; and third, a sleeve 
shape of two layers of rib knitted fabrics (Fig. 7.22) were employed as 
reinforcement, which are more flexible than braided fabric.

Prior to the socket fabrication, the fabrics were impregnated with the 
resin without any UV light. The socket fabrication began by wrapping 
the resin-impregnated fabric onto the stump of the patient. The hydraulic 
pressure (Fig. 7.21) was applied while the resin was in curing with a UV



200 AN INTRODUCTION TO BIOCOMPOSITES

Fig. 7.22 A sleeve form of rib knit Kevlar 49 fiber fabric used in this study.

Fig. 7.23 A prototype direct socket using two layers of Kevlar 49 fiber rib knitted fabrics 
and a UV activated resin [Huang and Ramakrishna, 1999].

light. The casting was applied when the patient was in standing/walking 
condition, so that the socket could be formed more practically and would 
be softer and more comfortable to the patient’s later wearing. The prototype 
socket is shown in Fig. 7.23.
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Mechanical characterization was performed in terms of a flat panel 
sample, which was fabricated in a set up having the similar condition as 
that for the socket fabrication. Measured properties were comparable to 
those shown in Tables 7.1 and 7.2 [Huang and Ramakrishna, 1999]. Further 
investigation on incorporating the hydrostatic casting and the UV lighting 
systems into a compacted set up is required, and durability study is also 
necessary.

7.4 External Fixator Application

7.4.1 Introduction

A human bone can be fractured into segments/pieces. When such a case hap
pens, doctor needs to use additional internal or external (Fig. 7.24) or both 
kinds of fixators to initially fix the fractured segments or pieces into their 
proper positions, and then to keep the positions during the bone healing. 
Typical internal fixators are bone plates, whereas typical external fixators 
are of Ilizarov type [Ilizarov, 1992]. The Ilizarov system is also used in 
limb lengthening and the correction of congenital and pathological ortho
pedic deformities. Limb correction is a gradual process, which lengthens 
and re-aligns the bone to restore normal function [Ilizarov, 1992].

Fig. 7.24 Use of an external fixator fora patient where conservative reduction and treatment 
is insufficient.
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Fig. 7.25 Radiograph of (a) Stainless Steel Uizarov external fixator system, (b) the system 
using random short carbon fiber composite rings.

Most clinically used Ilizarov external fixator components are made 
from stainless steel, titanium, or aluminum metals, which are radio-opaque 
(Fig. 7.25a). X-ray radiographic examination of bone fractures and bone 
healing processes is a valuable method in the treatment and measurement 
of patients. One of the problems commonly experienced during treatment 
of patients with fractures is the difficulty in interpretation of radiographs 
taken through casts of fixation devices where the synthetic material inter
feres with the quality of radiograph produced, as a consequence of bone 
shielding [Wytch et al.y 1991]. To facilitate clinical evaluation of the frac
ture healing process, shielding of the fracture site by the fixation device 
must be minimized. By using composite components, the bone shielding 
problem can be satisfactorily addressed. In this chapter, we only focus on 
a composite ring.

7.4.2 Composite ring fabrication

Due to its complicated structural geometry, it would be costly to fabricate a 
composite ring with continuous fiber reinforcement. Instead, chopped car
bon (T300) fibers (in 6 to 8 mm in length) and thermoplastic PEEK matrix
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were used as constituent materials. Sample composite ring was fabricated 
using a hand lay-up method. A three-piece compression mold made of stain
less steel was employed. The bottom piece holds all the pins, which will 
generate holes of the ring. The central piece of the mold functions as the 
female part, and the top piece as the male part. The PEEK pellets were placed 
in the mold layer by layer with a chopped carbon fiber layer in between. The 
mold was then put into the hot press machine under pressure and heat treat
ment, according to the temperature versus time cycle as shown in Fig. 7.26. 
The composite panel (ring) obtained is shown in Fig. 7.27, which has a 
thickness of 2 mm and a fiber volume fraction of 0.186. As expected, this 
composite ring is radio transparent, giving no radio-opaque (Fig. 7.27b).

7.4.3 Performance characterization

Since the rings carry a large compressive load under the wire tension it was 
necessary to measure their in-plane compressive strength. Axial compres
sive stiffness was also checked for comparison with the metal ring. The test 
for the in-plane compressive strength of a ring was carried out according 
to the ASTM F I746-96 standard. The in-plane test results are shown in

Time (min)

Fig. 7.26 Temperature vs time cycle for processing of CF/PEEK composite ring.
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Fig. 7.27 A half-ring of an external fixator made from chopped carbon fibers and thermo
plastic PEEK matrix through a hot press.

Table7.3 In-plane compressive test results of 
chopped CF/PEEK composite ring.

Compressive Stiffness (N/mm) 96.34
Compressive Yield Strength (N) 1135
Maximum Compressive strength (N) 1426

Table 7.3. During the test, the sample failed in a brittle matter, initiated 
near a hole region.

Axial compression is the most important mode of loading for a bone- 
device construct [Carter, 1985], as shown in Fig. 7.28. Compressive stiff
ness and fixation stability may be increased by the use of more wires 
and by decreasing the spacing between rings. The testing procedure fol
lowed ISO 1438 Standard, which is intended to evaluate the stability of 
various configurations of external fixator devices. In the test, four rings of 
200-mm diameter were used, with two rings on each side of the fracture 
gap. Perspex® tubes of 30 mm outer diameter and 4 mm wall thickness 
were used as bone analogues. A gap of 20 mm between the fragments was 
maintained to ensure that the entire load could be transmitted through the 
fixator. The wires were tensioned to 1200N. Axial compressive stiffness 
of the frame using the composite rings was compared with that of a frame 
having clinically used stainless steel rings. Table 7.4 shows the axial and
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Fig. 7.28 Frame 
composite rings.

Table 7.4 Summary of results from the Axial Compressive tests on external fixator rings.

Radiolucency Weight
(g)

Axial
Stiffness (N/mm)

Comparative
Stiffness

Stainless Steel No 105 60.92 3674.56
Short Chopped Carbon Yes 70 39.91 2545.65

comparative stiffness of the two systems tested. The axiaJ compressive stiff
ness [Fredrick, 1990] was defined as the force per unit deflection, whereas 
the comparative stiffness was calculated on the basis of the deflection in 
the direction of the bone axis as per

force x ring radius
Comparative stiffness = ------ — — :--------- . (7.1;

deflection

Although the composite ring has inferior mechanical properties com
pared with the stainless steel ring, the composite ring has less mass density 
and can be made with a bigger size (thicker) without increasing the ring 
weight. In this way, the composite ring stiffness and load carrying capac
ity can be redesigned according to the worst-case loading condition. Such

assembly picture of an axial compressive test for chopped CF/PEEK
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design can be accomplished based on FEM (finite element method) analysis, 
and has been discussed by Baidya et al. [2003]. It has been concluded there 
that the thickness and the width of the composite ring should be increased 
by 75% and 57% respectively in order that (1) the bending stiffness of the 
composite ring is equal to that of the stainless-steel ring, (2) the worst- 
case loading stress is well below the yield limit of the material, and (3) the 
deformation is less than 1% of the nominal diameter of the ring.

7.5 Conclusion

Fibrous composite materials used in dental and orthopedic applications have 
been introduced. In dental application, composite materials are required 
with good aesthetic and mechanical properties besides good biocompatibil
ity. On contrast, orthopedic application needs materials, which have excel
lent mechanical property and biocompatibility in order to sustain severe 
mechanical environment. In both applications, effective reinforcing meth
ods using textile performs and interface property of composite have not 
been proven. Consequently, there are more avenues for the feasibility of 
composite materials usage in dental and orthopedic applications. There
fore, dental composite products (dental post, orthodontic archwires and 
brackets) that paid attention to the usage of textile preform and proper 
interface control were firstly introduced. It was clear that textile preform is 
greatly useful to obtain the functional mechanical requirement in dental post 
and orthodontic brackets. The importance of interface control to obtain the 
best mechanical performance was also shown in aesthetic composite arch- 
wire. Novel fabrication method of textile carbon/PEEK composites which 
may be applied to several orthopedic applications was introduced. Fabri
cated braided carbon/PEEK composite compression plate showed potential 
mechanical performance as alternative of stainless-steel plate.
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GLOSSARY

Apical

AAPM
ABF
Acetabulum
ADA

ADR
AFB
Allograft

Alumina 
Alveolar bone

AMA
Amalgam

AMS 800
Anastomosis
Aneurysm

Ankylosis

Near the apex or extremity of a conical structure, 
such as the tip of the root of a tooth 

American Association of Physicists in Medicine 
Aortobifemoral bypass graft or surgery 
The socket portion of the hip joint 
American Dental Association, American Diabetic 

Association, American Dietetic Association, or 
Americans with Disabilities Act 

Adverse drug reaction 
Aortofemoral bypass graft or surgery 
Transplanted tissue or organ between unrelated 

individuals of the same species 
Aluminium oxide
Bone structure that supports and surrounds the 

roots of teeth 
American Medical Association 
Alloy of two or more metals, one of which is 

mercury
Type of artificial urinary sphincter 
Interconnection between two blood vessels 
Abnormal dilatation of bulging of a segment of a 

blood vessel 
Fixation of a joint; in dentistry, the rigid fixation 

of the tooth to the alveolar bone and 
ossification of the periodontal membrane

210
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Anterior 
Anterior cervical 

plates

Antibiotic beads

Arch Wire
Arthritis
Arthrodesis
Arthroplasty
Arthroplasty

Articular cartilage

Atrophy
Autograft

Band

Biocompatibility

Bioglass

Biomaterial

Bonding

Direction referring to the front side of the body 
System of plates and screws placed anteriorly in 

the spine for fixation of unstable spine 
fractures and dislocations or to stabilize the 
spine after surgery 

Any beadlike material impregnated with 
antibiotics for use in treating bone and joints 
infections. The beads, typically composed of 
ploy(methyl methacrylate), are packed into the 
area of infection. The antibiotics help treat the 
infection, and the bead packing material 
provides mechanical support in an area of 
missing or weakened bone 

Wire which is attached to brackets to move teeth 
Inflammation of joints 
Fusion or fixation of a joint 
Surgical repair of a joint 
Generic term for any joint surgery that is 

designed
Cartilage at the ends of bones in joints which 

serve as the articulating, bearing surface 
Wasting away of tissues or organs 
Transplanted tissue or organ transferred from one 

part of a body to another part of the same body 
Metal ring that is placed on teeth to hold onto 

parts of appliance 
Acceptance of an implant by surrounding tissues 

and by the body as a whole 
Surface-active glass compositions that have been 

shown to bond to tissue 
The term usually applied to living or processed 

tissues or to materials used to reproduce the 
function of living tissue in conjunction with 
them

Process of attaching brackets to teeth using a safe 
glue
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Bone cement 

Bracket

Bridge

Callus

Cancellous bone

Catheter

Cavity

Celestin tube 

Cochlear implant 

Collagen

Compression plate

Condylar 
prostheses 

Congenital 
Cortical bone 
Core

Crown

CT

Biomaterial used to secure a firm fixation of joint 
prostheses, such as hip and knee joints 

Metal or ceramic or polymer part that is glued 
onto a tooth and serves as a means of fastening 
the arch wire 

Dental prosthesis used to restore a space where 
there is missing teeth 

The hard substance that is formed around a bone 
fracture during healing 

Reticular or spongy tissue of bone where spicules 
or trabeculae form the interconnecting 
latticework that is surrounded by connective 
tissue or bone marrow 

Instrument (tube) for gaining access to and 
draining or sampling fluids in the body 

Small hole in one of the teeth caused by tooth 
decay

Nylon reinforced latex tube used to bypass 
esophageal tumors 

Type of surgically implanted hearing aid used to 
treat sensorineural hearing loss 

Supporting protein from which the fibers of 
connective tissues are formed 

Bone plate designed to give compression on the 
fracture site of a broken bone for fast healing 

Artificial knee joints

Physical defect existing since birth 
Compact hard bone with osteons 
Preparation built upon a tooth on which a crown 

is cemented
Part of tooth that is exposed above the gum line 

or covered with enamel 
Computed tomography, an X-ray technique for 

producing cross-sectional image of the body
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Dacron

Dental caries

Dental Implant 
Dental restoration 
Dentine 
Dermatitis 
Dura mater

Elastin
Enamel

Endosseous
Endodontist

Endosteal

Extracorporeal
Femur
Fixation devices 

Fracture plate 

Gingiva

Graft
Ground substance 

Hard tissue 

Heterograft 

Hyaline cartilage

Polyethylene terephthalate polyester that is made 
into fibers 

Tooth decay caused by acid-forming 
microorganisms 

Replacement for one of the missing teeth 
Another name for dental fillings 
Main substance of the tooth 
Inflammation of skin
Dense, tough connective tissue over the surface 

of the brain
Elastic fibrous mucoprotein in connective tissue 
Hard, white substance that covers the dentine of 

the crown of a tooth 
Referring to dental implants fixed to the jaw bone 
Dentist who specializes in root canal pulp 

chamber in teeth treatment 
Related to the membrane lining the inside of the 

bone cavities 
Outside the body
Thigh bone, the bone of the upper leg 
Implants used during bone-fracture repair to 

immobilize the fracture 
Plate used to fix broken bones by open (surgical) 

reduction
Gum tissue; the dense fibrous tissue overlying 

the alveolar bone in the mouth and 
surrounding the necks of teeth 

Transplant
Amorphous polysaccharide material in which 

cells and fibers are embedded 
General term for calcified structures in the body, 

such as bone 
Graft from one species to another. Also called 

xenograft
Cartilage with a frosted glassy appearance
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Hydrogel

Hydroxyapatite
(HA)

Ilizarov technique

In vitro condition 
In vivo condition 
Intervertebral disc

Intima
Intramedullary rod 

or nail

Intraosseous 
implant 

Kirschener wire 
Kyphosis

Ligament

Long bones

Lordosis

LTI carbon 
Lumen
Mandibular bone
Maxillary bone
Medullary cavity
Myocardium
Necrosis
NMR
Nonunion

Highly hydrated (over 30% by weight) polymer 
gel

Mineral component of bone and teeth

Technique used most often in reconstructive 
settings to lengthen limbs, transport bone 
segments, and correct angular deformities 

Simulated in vivo condition in the laboratory 
Inside the living body
Flat, circular platelike structure of cartilage that 

serves as a cushion, or shock absorber, 
between the vertebrae 

Inner lining of a blood vessel 
Orthopedic rod or nail inserted into the

intramedullary marrow cavity of the bone to 
promote healing of long bone fractures 

Implant inserted into the bone

Metal surgical wires
Abnormally increased convexity in the curvature 

of the lumbar spine 
Sheet or band of fibrous connective tissue that 

join bone to bone, offering support to the joint 
Bones with large aspect ratio and with distinctive 

shaped ends, such as femur 
Abnormally increased concavity in the curvature 

of the lumbar spine 
Low-temperature isotropic carbon 
Space within a tubular structure 
Lower jaw of the mouth 
Upper jaw of the mouth 
Marrow cavity inside the long bones 
Muscular tissue of the heart 
Death of tissues 
Nuclear magnetic resonance 
A bone fracture that does not join
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Orthodontics

Orthopedics
Orthotics

Ossicles

Osteoarthritis

Osteopenia

Osteoporosis

Osteotomy
Periodontal

ligament
Posterior

Proplast

Prosthesis
Proximal

Pulp

Pyrolitic carbon

Resorption
Root

Occlusion Becoming close together; in dentistry, bringing 
the teeth together as during biting and chewing 

Treatment performed to correct bite and make 
smile look good 

Medical field concerned with the skeletal system 
Science and engineering of making and fitting 

orthopedic appliances used externally to the 
body

Small bones of the middle ear which transmit 
sound from ear drum to the body 

Degenerative joint disease, characterized by 
softening of the articular ends of bones and 
thickening of joints, sometimes resulting in 
partial ankylosis 

Loss of bone mass due to failure of osteoid 
synthesis

Abnormal reduction of the density and increase 
in porosity of bone due to demineralization 

Cutting of bone to correct a deformity 
Periodontium; the connective tissue (ligament) 

joining the tooth to the alveolar bone 
Direction referring to the back side of the 

body
Composite material made of fibrous PTFE and 

carbon
Device that replaces tissues or organs of the body 
Nearest the trunk or point of origin; opposed to 

distal
Soft inner portion of tooth, consisting of nerve 

and blood vessels 
Isotropic carbon coated onto a substrate in a 

fluidized bed 
Dissolution or removal of a substance 
Part of tooth with in the gums
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Rheumatoid
arthritis

Scoliosis

Silastic
Silica
Spondylolisthesis

Spondylosis

Stapes
Stenosis

Stress-shield effect

Subcutaneous 
Subperiosteal 
Synovial fluid

Tendon

THR
Torque
Thromboembolism

Thrombosis
Thrombus

TKR
Trachea

Chronic and progressive inflammation of the 
connective tissue of joints, leading to 
deformation and disability 

Abnormal lateral (sideward) curvature of a 
portion of the spine 

Medical grade silicone rubber 
Ceramic SiC>2
Forward bending of the body at one of the lower 

vertebrae
Any of various degenerative diseases of 

the spine
One of the ossicles of the middle ear 
Narrowing or constriction of the diameter of a 

bodily passage or orifice 
Prolonged reduction of stress on a bone may 

result in porotic bone (osteoporosis) which 
may weaken it 

Beneath the skin 
Underneath the periosteum 
Clear viscous fluid that lubricates the surfaces of 

joints and tendons, secreted by the synovial 
membrane

Band or cord of fibrous tissue connecting muscle 
to bone 

Total hip replacement 
Rotating movement on crown 
Obstruction in the vascular (blood circulating) 

system caused by a dislodged thrombus 
Formation of a thrombus, blood clot 
A fibrinous blood clot attached at the site of 

thrombosis 
Total knee replacement 
Cylinder-shaped tube lined with rings of

cartilage that is 115 mm long, from the larynx 
to the bronchial tubes; the windpipe
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Typodont

Ureter

Urethra

Vascular 
Vitallium 
Vitreaous carbon

Wolff’s law 

Xenograft

Absorption

Aging

Angleply
Anisotropic

Aramid

Aspect Ratio

Transplantation Transfer of a tissue or organ from one body to 
another, or from one location in a body to 
another

Plastic model of a typical mouth showing 
alignment of teeth

Tube that conducts urine from the kidney to the 
bladder

Canal leading from the bladder to the outside for 
discharging urine

Blood vessels
Co-Cr alloy, Howmedica Inc.
Term generally applied to isotropic carbon with 

very small crystallites
Principle relating the internal structure and 

architecture of bone to external mechanical 
stimuli

Transplanted tissue or organ transferred from an 
individual of another species

Definitions in Composites

Process in which one material (absorbent) takes 
in or absorbs another (absorbate)

Effect, on materials, of exposure to an 
environment for a period of time 

Laminae or laminate, which is not uniaxial 
Material possessing directional dependent 

mechanical and/or physical properties 
Polymer material having general structure of 

aromatic rings alternating with amide linkages 
Ratio of long dimension to the short dimension
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A-stage

Autoclave

Braid Angle 
Braid or Braided 

Fabric 
Braiding

В-stage

Coupling Agent

Course

Course Density
Crimp
C-stage

Cure

Debond

Early stage in the reaction of thermosetting 
polymers in which the material is still soluble 
in certain liquids or capable of becoming 
liquid upon heating 

Closed vessel for producing an environment of 
fluid pressure, with or without heat 

Acute angle measured from the axis of braiding 
Textile fabric made by intertwining of yams in 

bias direction 
Textile process where two or more yarns are 

intertwined in the bias direction to form an 
integrated structure 

Intermediate (partially cured) stage in the 
reaction of a thermosetting polymer in which 
the material swells when in contact with 
certain liquids and softens when heated but 
does not dissolve or fuse completely 

Chemical substance designed to react with both 
the reinforcement and matrix phases of a 
composite material to form or promote a 
stronger bond at the interface 

Knitting term for rows of loops or stitches 
running across a knitted fabric 

Number of courses per unit length of fabric 
Waviness or undulation of fibers or yams 
Final stage of curing reaction of a thermosetting 

polymer. After this stage the material is 
insoluble and infusible 

To change the properties of thermosetting resin 
irreversibly by chemical reaction 
(cross-linking). It can be accomplished by 
addition of cross-linking (curing) agents, with 
or without catalyst, and with or without 
heat

Deliberate separation of interface, e.g. between 
fiber and matrix
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Delamination

Denier

Desorption

End
Fiber Content

Filament Wound 

Fill

Glass Transition 
Temperature

Interface

Interlaminar 
Interlaminar Shear

Intralaminar
Isotropic

Degradation Deleterious change in physical, chemical and/or 
mechanical properties of the material 

Separation of layers of material (laminae) in a 
laminate

Unit for measurement of linear density of fiber, 
filament, yarn, or strand. Denier is equivalent 
numerically to the number of grams per 9,000 
meters length 

Desorption is the reverse of absorption, 
adsorption or both. It is a process in which an 
absorbed or adsorbed material is released from 
another material 

Individual fiber, strand, roving or yarn 
Amount of fiber present in a composite. It is 

usually expressed as a percentage volume 
fraction or weight fraction of the composite 

Composite component made by the filament 
winding method of fabrication 

Same as weft. A set of yam running at right 
angles to the warp in a woven fabric 

Approximate midpoint of the temperature range 
over which glass transition (a reversible 
change in amorphous polymer or in 
amorphous regions of a partially crystalline 
polymer from a viscous or rubbery condition 
to a hard and relatively brittle one) takes place 

Boundary between physically distinguishable 
constituents of a composite material 

Between the laminae of a composite laminate 
Shearing force tending to produce a relative 

displacement between two laminae in a 
composite laminate along the plane of their 
interface

Within the laminae of a composite laminate 
Material having uniform properties in all 

directions
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Kevlar

Knitted Fabric

Laid-in Yarn

Lamina
Laminae
Laminate

Lay-up

Mat

Matrix content 
Non woven fabrics

Orthotropic

Plasticizer

Porosity

Preform

Trade mark of E. I. du Pont de Nemours and 
Company for a new family of high strength 
aramid fibers 

Textile fabric constructed by interlocking a series 
of loops of one or more yarns 

System of longitudinal yarn inserted between the 
yams of textile fabric 

Single ply or layer in a laminate 
Plural of lamina
Term mainly used in describing fiber-reinforced 

composites. It is a consolidated collection of 
plies (laminae), which are oriented or placed 
in required directions 

Process in which the laminae or plies are 
assembled in desired directions before 
consolidation into a composite laminate 

Fibrous material consisting of randomly oriented 
fibers which are loosely held together 

Amount of matrix material present in a composite 
Planar assemblies of fibers held together either 

by mechanical interlocking, by fusing (in the 
case of thermoplastic fibers), or by bonding 
with a chemical (solvent or cementing 
medium) means 

Having three mutually perpendicular planes of 
elastic symmetry 

Lower molecular weight material deliberately 
added to a polymer to separate the molecular 
chains, there by improving its processability 

Condition of trapped pockets of air, gas, or 
vacuum within a solid material. It is a ratio 
nonsolid volume to the solid volume of the 
material

Assembly of dry fibers or fabrics which has been 
prepared according to the geometry and 
other requirements of the product
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Prepreg

Resin Starved Area 

Roving

Sizing

Strand
Tex

Tow

Void
Wale

Wale Density 
Warp

Weft

Woven Fabric

Precombined form of reinforcement and matrix 
materials

Area of composite part where the polymer has a 
noncontinuous smooth coverage of the fiber(s) 

Mainly used in referring to glass fibers. It 
contains a number of strands, tows or ends 
with little or no twist 

Material, with which filaments are treated, which 
contains ingredients that provide lubricity to 
the filament surface. Sizing prevents filament 
abrasive damage during handling. Some times 
sizing system also contains a coupling agent 
that improves the bond between filaments and 
the matrix polymer .

Untwisted bundle of fibers 
Unit for measurement of linear density of fiber, 

filament, yam, or strand. The Tex number is 
the weight in grams of a one-kilometer length 

Untwisted bundle of continuous filaments.
Mainly used in referring to carbon fibers 

Pocket of air, gas or vacuum within a composite 
Series of loops in successive courses lying 

lengthwise in the fabric, formed by the action 
of one needle, in knitted fabric 

Number of wales per unit length of fabric 
Set of yarn running along the lengthwise 

direction of the woven fabric 
Set of yarn running at right angles to the warp in 

a woven fabric 
Textile fabric composed of interlaced yarns. The 

specific manner in which the yams are 
interlaced determines the weave structure or 
pattern
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Yam Widely used term for describing a bundle of
continuous filaments or fibers, which are 
usually twisted. Yam is a basic material, which 
is made into textile fabric

Acronyms

BIS-GMA bis-phenol A glycidyl methacrylate
С carbon
CF carbon fibers
GF glass fibers
HA hydroxyapatite
HDPE high density polyethylene
KF Kevlar fiber
LCP liquid crystalline polymer
LDPE low density polyethylene
MMA methylmethacrylate
PA polyacetal
PBT poly(butylene terephthalate)
PBT polybutylene terephthalate
PC polycarbonate
PCL Polycaprolactone
PE polyethylene
PEA polyethylacrylate
PEEK polyetheretherketone
PEG polyethylene glycol

PELA block copolymer of lactic acid and polyethylene glycol
PET polyethylene terepthalate
PGA polyglycolic acid
PHB poly hydroxy buty rate

PHEMA poly(HEMA) or Poly(2-hydroxyethyl methacrylate)
PLA polylactic acid
PLDLA poly L-DL-lactide
PLLA poly (L-lactic acid)
PMA polymethylacrylate
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PMMA polymethylmethacrylate
Polyglactin copolymer of PLA and PGA
PP polypropylene
PS polysulfone
PTFE poly tetrafl uroethy lene
PU polyurethane
PVC polyvinylchloride
SR silicone rubber
THFM tetrahydrofurfuryl methacrylate
UHMWPE ultrahighmolecular weight polyethylene
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