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Preface

The rapidly increasing use of medical technology 
has resulted in the early diagnoses of various disease 
states. The advancement of medical science has al-
lowed efficient treatment of various diseases which 
at one point of time were thought either difficult to 
treat or incurable. This advancement of medical sci-
ence and technology is to a large extent the result of 
the development of newer medical devices that de-
pend directly on plastics. The area of cardiovascular 
health and the treatment of cardiovascular diseases 
have shown tremendous advancement in the past few 
decades. There have been numerous books and texts 
written on the different aspects of both these topics; 
the science and technology of the cardiovascular sys-
tem and plastics. This text attempts to bring these 
two diverse topics together.

This book is organized into three sections: Parts I,  
II and III. Part I comprises four chapters and deals 
with plastic materials that are found in cardiovas-
cular devices. Chapter 1 in this section serves as an 
introduction to the nature and properties of plastic 
or polymeric materials. This introductory chapter 
summarizes many of the basic concepts of plastics; 
the application of this basic knowledge can be fur-
ther expanded depending on the specific application. 
Chapters 2 and 3 in Part I deal with the specific kinds 
of plastics used in cardiovascular devices. A distinc-
tion here is made between device components made 
from materials available on a large scale or commod-
ity plastics versus device components made from ma-
terial formulations developed with greater emphasis 
toward medical applications or specialty polymers. 
Part I ends with Chapter 4, a chapter that deals with 
the biological properties of plastics and specifically 
answers the question as to what makes the plastic 
suitable for use in medical applications.

Part II deals specifically with the cardiovascular 
system of the human body and can be described as 

an introductory text on the cardiovascular system for 
nonmedical personnel. Part II goes on to describe 
the main diseases affecting the cardiovascular sys-
tem and the diagnosis and treatment of these diseases 
with medical devices.

Part III brings plastics together with the cardio-
vascular space and talks about the applications of 
plastics in the medical devices used to diagnose and 
treat cardiovascular diseases. This section attempts 
to catalog different devices that are currently used or 
have been tried in the past with the kind of plastics 
that are part of the device.
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1 Introduction to Plastics

Ajay D. Padsalgikar

Abbott, Rogers, MN, United States

1 Introduction

The term plastic comes from the Greek word “plas-
ticos,” meaning capable of being molded or shaped. 
This property refers to the ability of these materi-
als to be formed into a variety of shapes. Another 
commonly used term for plastics is polymers. Poly-
mer is also derived from the Greek language where 
“poly” is many and “mer” is a unit or part. Therefore 
a material that can be shaped in various forms and is 
composed of a long chain of many repeating units is 
defined as a plastic.

All plastics are polymers and that term is used 
interchangeably in this text.

Polymers can be naturally occurring or syntheti-
cally manufactured. Naturally occurring polymers 
are biological materials within the human body, 
such as various proteins, the nucleic acids (DNA and 
RNA), hair, nails, etc. or within the plant and ani-
mal systems [1]. Cotton, rubber, starch, and silk are 
commercially used polymers with a natural source. 
Plastics usually refer to all man-made polymers that 
primarily use petroleum-based hydrocarbons as the 
raw materials.

The first commercial example of a synthetically 
manufactured plastic is that of phenol formalde-
hyde. It was developed by Belgian-born chemist Leo 
Baekeland in the early 1900s and known as Bake-
lite. Bakelite is a thermosetting plastic and the first 
commercially manufactured thermoplastic polymer 
followed 20–30 years later with companies such as 
BASF in Germany and ICI in the UK pioneering the 
introduction of polystyrene (PS) and polyethylene 
(PE), respectively [2,3].

Plastics can be manufactured with a range of prop-
erties and their ability to be shaped into a variety of 
forms has meant that plastic usage has soared in the 
last hundred years. The overall plastics production is 
over 200 million tons/year with a worldwide market 
of greater than $500 billion [4]. Mechanical, thermal, 
electrical, and chemical properties of plastics com-
bined with their low density have created numerous 
new applications over the years. In medical appli-
cations, the mechanical properties have contributed 

to the durability of the medical device whereas the 
chemical properties ensure appropriate interaction 
with the biological environment. The contribution 
of plastics within the medical devices sector is rela-
tively small and is said to be close to $3 billion [5]. 
However, with an increasingly aging population, 
greater government involvement and newer emerg-
ing markets there is expected to be strong growth in 
the general area of medical devices and the use of 
plastics within that sector.

The role of the nature and properties of plastics in 
the correct functioning of a medical device is critical. 
Very often the selection of the plastic can dictate the 
efficacy of the device and the treatment of the dis-
ease. There is a strong need for the amalgamation of 
plastics professionals, polymer scientists, and medi-
cal device design experts to exploit the full potential 
of plastics and facilitate effective treatment of medi-
cal conditions.

This chapter is an introduction to plastics; many 
of the aspects of plastics with respect to their usage 
in cardiovascular devices are covered in subsequent 
chapters. For details on the sections in this chapter, 
the reader is referred to many references in the fol-
lowing pages.

2 Chemistry

Polymers are long chain compounds composed 
mainly of organic chains, there are a few exceptions 
with the only one of relevance being the polymer 
formed from siloxane groups.

2.1 Nature of Polymerization

Polymer chains can be put together by two kinds 
of chemical reactions, Carothers in 1929 introduced 
the concept of addition and condensation polymeriza-
tion [6]. Addition polymerization was defined as the 
reaction where small chain monomers are converted 
to long chain polymers without the elimination of 
any small atoms or molecules during the course of 
reaction. Condensation polymerization, on the other 
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2 Plastics in Medical Devices for Cardiovascular Applications

hand, was defined as the reaction of conversion from 
monomers to long chain polymers accompanied with 
the elimination of a small molecule such as water. 
This classification is not very accurate for polymers 
such as polyurethanes. Polyurethane chains grow 
with a reaction mechanism similar to condensation 
polymerization but without the elimination of any 
small molecule. Flory, in 1953, went on to classify 
polymers according to their growth mechanism, as 
chain growth polymers and step growth polymers 
[7]. Although most addition polymers grow by the 
chain growth process whereas most condensation 
polymers grow by the step growth mechanism, the 
use of these terms of classification synonymously 
can lead to confusion. The addition–condensation 
classification is primarily applicable to the composi-
tion or structure of polymers, whereas, the chain-step 
classification is based on the mechanism of polymer-
ization reactions.

2.2 Chain Growth Mechanism

Chain growth polymerization proceeds by the 
formation of an active center of growth [8,9]. Mono-
mers are added one by one to the active site on the 
growing polymer. Most chain growth polymers 
are formed from unsaturated hydrocarbons, with 
the unsaturation present as a double bond between 
carbon atoms (Table 1). The most common example 
of chain growth polymerization is the conversion of 
ethylene monomers to PE under the influence of heat 
(temperature T), pressure (P), and catalysis as shown 
in the following.

— —=  → −n(CH CH ) (CH CH )T P

n2 2
, ,Catalyst

2 2

The active center can be formed as a result of vari-
ous mechanisms, free radicals, ionic, or an organo-
metallic complex. In the most common type of chain 
growth polymerization, a free radical molecule is 
generated and its presence initiates the polymeriza-
tion of the monomer. A free radical is simply a mol-
ecule with an unpaired electron. The tendency for this 
free radical to gain an additional electron to form a 
pair makes it highly reactive so that it breaks the bond 
on another molecule by stealing an electron and in the 
process of doing so creates another free radical [9].

The process of polymerization in chain growth 
mechanism occurs in three distinct steps:

•	 Initiation
•	 Propagation
•	 Termination.

Initiation begins when an initiator decomposes, 
under the influence of heat or light, into free radicals 
in the presence of the monomers. The susceptibility of 
the double bond to the unpaired electrons in the radical 
breaks the unsaturation in the molecule and creates a 
new free radical. This is the step of initiation.

Once synthesis has been initiated, propagation 
proceeds. The growth of the chain due to the propaga-
tion of the active free radical center leads to the con-
version of the monomer into a polymer as in Fig. 1.

The propagation reaction, in theory, can proceed 
till all the monomers are exhausted; however, this 
is rarely the case and the growing polymer chain is 

n(CH
2
=CH

2
)→T,P,Catalyst─(

CH
2
−CH

2
)n─

Table 1 Examples of Polymers Formed Through Chain Growth Mechanism

Name Formula Monomer

Polyethylene
Low density (LDPE)
High density (HDPE)

─(CH2 – CH2)n─
CH2 = CH2

Ethylene

Polypropylene ─(CH2 – CHCH3)n─
CH2 = CHCH3

Propylene

Poly vinyl chloride ─(CH2 – CHCl)n─
CH2 = CHCl

Vinyl chloride

Polystyrene ─(CH2 – CH[C6H5])n─
CH2 = CH(C6H5)

Styrene

Polytetrafluoroethylene
PTFE, Teflon

─(CF2 – CF2)n─
CF2 = CF2

Tetrafluoroethylene

Polymethyl methacrylate
PMMA, Plexiglas, Lucite

─(CH2C[CH3]COOCH3)n─
CH2 = C[CH3]COOCH3

Methyl methacrylate
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terminated. Termination can occur by two mecha-
nisms, combination and disproportionation [8,9]. 
Combination occurs when two active free radical 
centers react with each other and two growing chains 
form one large chain. Disproportionation, on the other 
hand, occurs when instead of forming one chain, two 
reactive centers react with the result being the forma-
tion of hydrogen and double bond terminated chains, 
respectively. Disproportionation also occurs when 
the growing chain reacts with an impurity. Hence, it 
is critical to conduct addition polymerization reac-
tions in very clean conditions else one could end up 
with too many incidences of disproportionation and 
consequently a low molecular weight.

Apart from free radical initiation, addition polym-
erization systems can also be initiated by ionic meth-
ods and coordination polymerization [8,9].

Ionic polymerization is the process where an ionic 
initiator transfers charge to a monomer which then 
becomes reactive and the growing active center. Ionic 
polymerizations are usually conducted in the pres-
ence of a solvent and the ability of the solvent to form 
free ions dictates the propagation of the ions. Cationic 

polymerization requires the presence of electron 
donating substituents and is usually limited to cer-
tain appropriate kinds of olefinic monomer systems. 
Anionic polymerization, on the other hand, requires 
strong electronegative groups and is used in the 
polymerization of certain styrene-based monomers.

In coordination polymerization, the active cen-
ter is composed of an organometallic catalyst. The 
Ziegler–Natta heterogeneous catalyst system, based 
on titanium tetrachloride and aluminum cocatalyst, 
was developed in the 1950s in the polymerization of 
ethylene and propylene. The Ziegler–Natta catalysts 
had a great impact on the properties of the resultant 
polymer. Polymers thus formed were more linear and 
had a higher molecular weight. Spatial specificity or 
stereo tacticity could be imparted to the polymers 
and this tacticity implied polymers that were other-
wise amorphous could transform to being crystalline.

2.3 Step Growth Mechanism

Step growth polymerization relies on the presence 
of reactive functional groups within a monomer; 
usually these functional groups form the end groups 
of the monomers [8,9]. The presence of at least two 
functional groups on the monomers is required to 
form a long polymer chain (Table 2). A functionality 
of greater than two results in the formation of a 
branched chain and can eventually lead to cross-linking 
and a thermoset polymer.

Figure 1 Depiction of the initiation and propaga-
tion steps for the polymerization of a vinyl polymer. 
Y depicts the vinyl group.

Table 2 Examples of Polymers Formed Through Step Growth Mechanism

Name Linkage Monomers

Polyester ─CO─O─ C6H4(CO2H)2

HOCH2CH2OH
Terephthalic acid and ethylene glycol

(for PET)

Polyamide ─NH─CO─ H2N─(CH2)6─NH2

HOOC─(CH2)4─COOH
Hexamethylene diamine and adipic acid

(for Nylon-6,6)

Polysiloxane (PDMS) ─Si─O─ HO─Si(CH3)2─OH
Dimethyl silanol

Polyurethane ─O─CO─NH─ OCN─C6H4─CH2─C6H4─NCO
OH─(CH2)4─OH

OH─((CH2)4─O)n─H
Methylene diphenylene isocyanate (MDI)

Butane diol (BDO)
Polytetramethylene oxide (PTMO)

(for polyether-based thermoplastic polyurethane)
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The reactivity of the functional groups is rela-
tively unaffected by the length of the molecular chain 
that it is attached to; however, the reactivity is more 
affected by the type of molecules on the chain and 
in particular the species that the functional group is 
joined to.

As the name suggests, step growth polymeriza-
tion proceeds in a step wise fashion. The functional 
groups on two monomers react to form a dimer, the 
dimer reacts with another monomer to form a trimer, 
and these reactions lead to many monomeric units 
linked to form an intermediate molecular weight 
material, which is known as an oligomer, and even-
tually a polymer. The steps involved in the formation 
of a polymer in step growth polymerization are illus-
trated in Fig. 2.

A good example of a step growth polymerization 
that also follows the condensation polymerization 
route is the reaction of a diamine with a diacid with 
the elimination of water. Here the amide and acid end 

groups are the two functional groups. The reaction is 
as follows:

− − + − ′ − →
− − − − ′ − − + −

n n
n

H N R NH HOOC R COOH
H (NH R NHCO R CO) OH (2 1)H O

n

2 2

2

where R and R′ are aliphatic or aromatic groups. The 
unit in parentheses is the polyamide repeating unit. 
When R = (CH

2
)

6
 and R′ = (CH

2
)

4
, that is, when hexa-

methylene diamine reacts with adipic acid, the result 
is poly(hexamethylene adipamide) or commonly 
known as Nylon-6,6.

The formation of polyurethanes is an example of 
step growth polymerization that proceeds without the 
elimination of any molecule therefore not following 
the route of condensation polymerization. In the case 
of polyurethanes, the functional groups are the isocy-
anate group (−NCO) and the hydroxyl group (−OH) 
and the reaction is as follows:

− − + − ′ − →
− − − ′ −

n nOCN R NCO OH R OH
OCN (R NHCO R ) OH

n

In many medical applications, R is aromatic, R′ 
is aliphatic and the reaction proceeds with different 
hydroxyl terminated compounds; this is explained in 
detail later.

The growth of molecular weight in chain growth 
reactions is almost instantaneous with the presence 
of high molecular weight polymers seen right from 
the start of the polymerization reaction independent 
of the level of conversion. In step growth polymer-
ization, high molecular weight polymers are only 
formed only after high levels of conversion (>98%) 
and almost at the very end of reaction. The contrast 
of the molecular weight growth in the two reaction 
systems is shown in Figs. 3 and 4.

nH
2
N−R−NH

2
+nHOOC−R′−

COOH→H−(NH−R−NHCO
−R′−CO)n−OH+(2n−1)H

2
O

nOCN−R−NCO+nOH−R′−
OH→OCN−(R−NHCO−R′)

n−OH

Figure 3 Illustration of variation of molecular weight with conversion in chain growth polymerization.

Figure 2 Illustration of steps leading to a polymer in 
step growth polymerization [9].
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One way of measurement of conversion is the 
degree of polymerization represented as DP or X

n
. 

DP is defined as the number of monomeric units in a 
polymer [9]. The number average degree of polym-
erization is given by

= =X
M

M
DP

n
n

0 
(1)

where M
n
 is the number average molecular weight 

and M
0
 is the molecular weight of the monomer

In step growth polymerization, X
n
 can be related to 

the fractional monomer conversion as follows:

=
−

X
p

1

1n
 

(2)

where p is the fractional monomer conversion.
Eq. (2) shows that a high monomer conversion in 

step growth polymerization is required to achieve a 
high degree of polymerization.

From the preceding discussion it would be erro-
neous to conclude that chain growth reactions pro-
ceed faster than step growth polymerizations. The 
rate of disappearance of the monomer in step growth 
reactions can be as fast as or even faster than chain 
growth reactions, the difference in the two mecha-
nisms lies in the time required for the growth of a 
polymer chain. In chain growth polymerization even 
when the total conversion is low, long polymer chains 
are present. At low conversions only a small amount 
of long chains are present; however, in chain growth 
reactions the size of the polymer chain is indepen-
dent of the degree of conversion but the amount of 
long polymer chains is dependent on the conversion. 
In contrast, in step growth polymerizations both the 

size and the amount of polymer chains are dependent 
on the conversion degree.

3 Microstructure

3.1 Linear, Branched, and 
Cross-linked Chains

Polymers can be classified as linear (A), branched 
(B), or cross-linked (C) polymers depending upon 
their structure. The different structures are illustrated 
in Fig. 5. The structure of the polymer chains is gov-
erned by the nature of the monomers and the reaction 
conditions.

Linear polymers have chains linked to each 
other end to end. Branched polymers have side 
chain branching connected to the main chain. These 
branches can be of various types, short chains attached 
to the main chain, longer side chain branches, or 
extensive branching where branches protrude from 
other branches. The structure of a polymer, linear or 
branched, has a significant effect on the properties of 
the polymer. Linear polymers tend to pack easier and 
thus tend to have an ordered structure, higher melt-
ing point, and better mechanical properties than their 
branched counterparts.

When polymer chains are linked to each other at 
points other than their ends they are said to be cross-
linked. Cross-linking can be made to occur during 
the polymerization process by the use of monomers 
with more than two functional groups. Cross-linking 
can be done after the main polymerization either by 
using a smaller “cross-linker” molecule or by forma-
tion of a functional group on the main chain by using 

DP=Xn=MnM
0

Xn=11−p

Figure 4 Illustration of variation of molecular weight with conversion in step growth polymerization.



6 Plastics in Medical Devices for Cardiovascular Applications

techniques such as high energy radiation. The level 
of cross-linking can vary; light cross-linking is used 
to impart good elastic recovery properties in various 
elastomers, whereas a high degree of cross-linking is 
used to impart high rigidity and dimensional stabil-
ity to polymers such as formaldehyde resins, epoxies 
and urethanes. At high levels of cross-linking, a level 
is reached when all chains are linked to each other; a 
three- dimensional network and a giant molecule is 
formed. Cross-linked polymers are also referred to as 
network polymers.

Cross-linking is the differentiator between ther-
moplastics and thermosets. The presence of the 
cross-links determines the thermal behavior of the 
material. Cross-links mean the polymer decomposes 
before it can melt and such polymers are classi-
fied as thermosets. Linear and branched polymers, 
without cross-links, have their melting points below 
their decomposition temperature and hence can be 
melted into liquids. Such polymers are called ther-
moplastics and they can be processed using a vari-
ety of melt processing techniques. Some examples 
of thermoplastic and thermoset polymers are listed 
in Table 3.

Table 3 Examples of Thermoset and Thermoplastic 
Polymers With Some General Class of Polymers 
Exist in Either Chemistry

Polymer Nature

Epoxy Thermoset

Silicone Thermoset, also available as linear 
(thermoplastic) viscous fluids

Urethane Available either in thermoset or 
thermoplastic chemistry
Thermoplastic polyurethanes are 
refered to as TPUs

Polyester Available either in thermoset or 
thermoplastic chemistry
Poly(ethylene terephthalate) 
(PET) is a polyester thermoplastic

Teflon (PTFE) Thermoplastic, however not easily 
melt processable

Polyolefins–
Polyethylene, 
polypropylene

Thermoplastic

Polvinyl 
chloride (PVC)

Thermoplastic

Figure 5 Structure of linear, branched, and cross-linked polymer chains.
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3.2 Crystallinity in Polymers

Polymers in their solid state differ from low 
molecular weight compounds in terms of their physi-
cal microstructure or morphology. Depending on the 
chemical structure of the chains, the resultant poly-
mer can have more or less ordered regions. Polymers 
can range from having highly ordered structures and 
termed crystalline to less ordered structures and amor-
phous polymers. In reality, no polymer is perfectly 
crystalline and even highly ordered polymers have 
amorphous phases, hence are only partly crystalline.

Two factors are primarily responsible for crystal-
linity in polymer systems; the conducive nature of the 
polymer chain structure to packing and the strength 
of the secondary forces within the chains. Both fac-
tors may play a role in the determination of the degree 
of crystallinity in polymer whereas in some polymers 
only one factor may dominate over the other. PE is 
a good example for where the conducive nature of 
the chains plays the major role in deciding the crys-
tallinity of the polymer [9]. PE has low secondary 
forces within the chains but displays a high degree 
of crystallinity because of its simple and regular 
structure. Polycaprolactam or Nylon 6, on the other 
hand, displays very strong secondary forces within 
the chain as a result of hydrogen bond forces due to 
the presence of the amide (─NHCO─) group and 
even though the chemical structure is more complex, 
shows a high level of crystallinity. Hence, Nylon 6 is 
a good example of a polymer displaying high levels 
of crystallinity due to the action of secondary forces 
in the structure [10].

Polymers such as PS, poly(vinyl chloride) (PVC) 
and poly (methyl methacrylate) (PMMA) show very 
poor crystallization due to the structure of the mono-
mers in their chains. The monomers are structurally 
complex and this leads to great difficulty in packing, 
even though there are clear secondary forces due the 
presence of polar molecules within the chain. These 

polymers are good examples of amorphous polymers. 
Amorphous polymers also occur when the polymers 
chains are too inflexible due to cross-linking [9]. All 
thermosets tend to be noncrystalline. Excessive chain 
flexibility can also act the other way as in the case of 
polysiloxane (PDMS) polymers, the packing confor-
mation cannot be maintained due to the high flexibil-
ity of the chain and resultant polymer is amorphous.

Polymer crystallization can occur during cooling 
from a polymer melt, during the evaporation of the 
solvent in a polymer solution in both cases to form a 
solid or in the solid form as a result of a mechanical 
action. The essential aspect in all these processes is the 
ability of some action that drives the chains together 
and aligns them to enable ordering and crystallization. 
Crystallization can have significant impact on vari-
ous polymer properties. With an increasing degree 
of crystallinity, a higher thermal stability results with 
better mechanical properties at higher temperatures, 
this is in contrast to amorphous polymers. Semicrys-
talline polymers also tend to be optically opaque; this 
is due to the light scattering on numerous boundaries 
between the amorphous and crystalline regions.

The nature of polymer crystallinity has been a 
subject of many investigations [10–12]. The folded 
chain lamella theory is generally established as the 
mechanism of the formation of crystalline regions 
[13]. Even though the most thermodynamically 
favored arrangement is the one involving completely 
extended chains, it appears that chain folding is the 
system’s compromise in achieving a stable crystal 
with a macromolecular structure. Defects in the chain 
folding process such as imperfect folds, loose chain 
ends, chain entanglements, etc. mean that a perfect 
crystal structure in polymers is never obtained and 
polymer crystallinity is always less than 100%. In 
fact, the degree of crystallinity in various polymers 
is estimated as being between 10% and 80% [11] 
and thus crystallized polymers are often called semi-
crystalline. Table 4 gives the standard degrees of 

Table 4 Degree of Crystallinity (D, %) and Densities of Crystalline (ρc) and Amorphous (ρa, g/cm3) Polymers [11]

Polymer
Degree of 

Crystallinity (D)
Crystalline 
Density (ρc)

Amorphous 
Density (ρa)

Nylon (6 and 6,6) 35–45 1.24 1.08

Polyethylene terephthalate (PET) 30–40 1.5 1.33

Polytetrafluoroethylene (PTFE) 60–80 2.35 2.0

Polypropylene (isotactic) 70–80 0.95 0.85

High density polyethylene (HDPE) 70–80 1.0 0.85

Low density polyethylene (LDPE) 45–55 1.0 0.85
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crystallinities of different polymers. The growth of 
crystal structures in such polymers follows a spheru-
litic form, where the crystal regions grow in spheri-
cal structures called spherulites. Spherulites are sized 
typically in the order of around 1 µm [14] and are 
initiated by the process of nucleation. The nucleation 
usually begins with nanometer-sized areas and is a 
result of homogeneous or heterogeneous nucleation. 
When cooling from a melt, polymer chains align to 
form thermally induced homogeneous nuclei that can 
grow into spherulites. Heterogeneous nucleation, on 
the other hand, can occur as a result of impurities 
in the system such as dyes, plasticizers, fillers, and 
other additives in the polymer.

The degree of crystallinity in a polymer can be 
measured using techniques such as density, X-ray dif-
fraction, nuclear magnetic spectroscopy (NMR), and 
differential scanning calorimetry (DSC) [11]. The 
plot of temperature versus heat flow as generated in 
the DSC thermogram shows clear transition peaks for 
crystallinity. The area of this peak can be computed 
for the heat content and the ratio of heat content and 
the polymer’s specific heat of melting can be used to 
calculate the level of crystallinity in the material.

4 Properties

4.1 Molecular Weight

The main distinguishing feature of a macromol-
ecule over any normal molecule is its chain length or 

molecular weight. The molecular weight of a polymer 
is the main reason for the useful mechanical proper-
ties of polymeric materials. The mechanical proper-
ties of a polymer can vary considerably depending 
on its molecular weight. The dependence of the 
mechanical properties on the molecular weight of the 
polymer is illustrated in Fig. 6 [9]. There is a mini-
mum molecular weight (A) above which any signifi-
cant mechanical strength is obtained. From there on 
the mechanical strength rises rapidly with molecular 
weight till a critical molecular weight (B) is reached. 
This point B is also known as the threshold molecular 
weight of the material. After B the rise of the mechan-
ical strength is much less appreciable and reaches a 
maximum at point C. All commercial polymers exist 
above the threshold molecular weight value.

The values and locations of A, B, and C vary with 
different polymers. The plot in Fig. 6 will be shifted 
to the right when the magnitude of intermolecular 
forces decreases as is the case with PE, polypropyl-
ene (PP), and PS. Apart from mechanical strength, 
many other polymer properties also show significant 
dependence on the material molecular weight. Not all 
properties show a linear dependence on the molecular 
weight, some properties may reach a maximum at a 
lower molecular weight and beyond that may actually 
decrease with increasing molecular weights. The vis-
cosity of the polymer melt, for example, does increase 
with increasing molecular weight, however, beyond 
a certain viscosity; melt processing the polymer 
becomes difficult. In this case, it may be beneficial 
to limit the growth of the polymer molecular weight.

Figure 6 Dependence of mechanical properties on the polymer molecular weight.
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The molecular weight of a polymer is different 
from the molecular weight of a low molecular weight 
material, polymers are heterogeneous in nature and 
the molecular weight of the polymer is always its 
average molecular weight. Polymers are mixtures of 
molecules of different molecular weights; they are 
polydisperse in molecular weight. This heterogene-
ity or polydispersity results from the statistical varia-
tions present in the polymerization process.

4.1.1 Gel Permeation Chromatography
Different methods are used for the detection of 

the molecular weight distribution of a polymer. 
These methods focus on the properties resulting 
from chain length differences such as refractive 
indices, light scattering intensities, and viscosity. 
The most common technique used in the indus-
try is size exclusion chromatography (SEC) also 
termed gel permeation chromatography (GPC) and 
a refractive index detector. The technique is a vari-
ant of high performance liquid chromatography 
(HPLC), where a dilute polymer solution is forced 
through a series of columns composed of micropo-
rous polymer particles under high pressures. GPC 
separates the molecular chains on the basis of their 
dimensions or their radius of gyration. Mathemati-
cally, the radius of gyration is the root mean square 
distance of any point in the polymer chain from its 
center of mass. The longer molecules in the poly-
mer solution have a lower tendency to be caught 
within the pores of the particles in the column and 
therefore emerge earlier in the elution curve. The 
shorter molecules tend to stay longer in the column 
and make up the end of the elution curve. The pore 
size distribution of the particles determines the size 
range within which separation occurs. The use of 
calibrated standards of known molecular weights, 
such as anionically polymerized PS, allows one 
to correlate between elution/retention times and 
molecular mass. A multidetector method can be 
used for greater accuracy [15] and without the need 
for a calibration standard. Low angle light scattering 
detectors permit direct measurement of the molecu-
lar weight of the sample eluting from the column 
without reference to a calibration curve. The use 
of multiangle light scattering detectors with SEC 
permits the measurement of the scattered intensity 
at as many as 15 angles as the sample elutes from 
the column, thus the root mean square radius of 
gyration as well as the molecular weight may be 
measured directly [15].

Two average molecular weights are commonly 
used: the number average molecular weight (M

n
) and 

the weight average molecular weight (M
w
). These are 

defined in Eqs. (3) and (4) as

=
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where N
i
 is the number of moles of species i and M

i
 

is the molecular weight of species i.
As can be seen, M

n
 is biased toward the shorter 

chain lengths whereas M
w
 is biased toward the longer 

chain lengths. As a result, M
w
 is always greater than 

M
n
. The ratio M

w
/M

n
 is referred to as the polydisper-

sity index (PDI). A typical distribution of the poly-
mer molecular weight is shown in Fig. 7.

The PDI values for commercial polymers lie 
between 1.1 and 50. In general, the greater the uni-
formity of the polymer, the lower the value of the 
PDI is and the closer it is to 1.1. For commercial 
polymers, specialized polymerization techniques, 
such as anionic polymerization, have to be used to 
reduce the PDI to values lower than 1.1.

4.1.2 Intrinsic Viscosity
Another technique used to measure the molecu-

lar chain length of polymers is the intrinsic viscosity 
(IV) technique. The IV is determined by the mea-
surement of the viscosity of the dilute solution of the 
polymer in an appropriate solvent and then correlat-
ing it to the molecular weight of the polymer using the 
Mark–Houwink equation. The Mark–Houwink equa-
tion describes the relationship between the molecular 
weight of a polymer and IV of the solution as in Eq. (5):

η = kM[ ] a
 (5)

where [η] is the polymer IV, M is the polymer molec-
ular weight, and k and a are constants.

The constants, k and a, are known as Mark–
Houwink parameters and the values of these con-
stants are dependent on the polymer–solvent system. 
A value of a = 0.5, represents a theta solvent. A theta 
solvent is defined as the solvent that opens up the 
polymer chains to present the ideal configuration. 
Thermodynamically, for a theta solvent the excess 
chemical potential of mixing between the polymer 

Mn=ONiMiONi

Mw=ONiMi2ONiMi

[η]=kMa



10 Plastics in Medical Devices for Cardiovascular Applications

and solvent is zero. For most polymer systems, the 
value of “a” lies between 0.5 and 0.8.

An ASTM document [16] describes the test 
method for the standard test method for dilute solu-
tion viscosity (DSV) of polymers. DSV is used for 
polymers that dissolve completely without chemical 
reaction or degradation into the solvent and this test 
can provide an excellent determination of lot-to-lot 
consistency of the synthesized polymer or can be 
used to compare molded parts to original resin for 
determination of degradation from molding.

From the flow time of the pure solvent mixture 
in a glass, Ubbelohde type, viscometer, and the 
corresponding flow times of known concentra-
tion polymers solutions, it is possible to obtain the 
relative (η

rel
), inherent (η

inh
), reduced (η

red
), and 

intrinsic [η] viscosities by means of the following 
equations:

η
η η

η φ
=

−
φ→[ ] lim

0
rel

0 
(6)

η = t
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o 

(7)

η
η
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c
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where φ is the volume fraction of the solute in the 
solution, t is the flow time of polymer solution (s), t

o
 

is the flow time of pure solvent (s), and c is the poly-
mer solution concentration (g/dl).

4.2 Mechanical Properties

A perfectly elastic material follows Hooke’s law 
of deformation, that is, the applied load is propor-
tional to the deformation or the imposed stress is 
proportional to strain. A viscous material follows 
Newton’s law of flow, that is, stress is proportional 
to the rate of change in strain. A polymer, owing to 
its network-like microstructure can behave as a high 
modulus, glassy solid, a low modulus, rubbery solid, 
or a viscous liquid depending on the temperature of 
application. Polymers are thus defined as intermedi-
ate, viscoelastic materials.

The mechanical properties of a polymer are very 
important in deciding the suitability of the material 
in any application. Fig. 8 shows a testing apparatus 
with different configurations of the specimen [17]. 
The mechanical properties of the polymer are usually 
determined by a uniaxial pull test, as depicted as grip 
configuration (A) in Fig. 8. In this test, the polymer 
specimen, with a defined geometry, is placed within 
the grips of a tensile testing machine. In the test, one 
grip is stationary whereas the other moves with a 
predetermined speed. The response of the material to 
this imposed elongation is recorded on stress–strain 
curve. The stress is defined as the ratio of imposed 
load in Newton over the area of the specimen in 

[η]=limφ→0η−ηrelη
0
φ

ηrel=tto

ηinh=In(ηrel)c

ηred=(ηrel−1)c

[η]=0.25{(ηrel−1)+3In(ηrel)}c

Figure 7 A typical distribution of the polymer molecular weight as represented by an elution curve from GPC.
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square meters; it is therefore expressed as Newtons 
per square meter of the sample (N/m2). The strain felt 
by the sample is the fractional increase in the length 
of the sample, that is, dL/L, where L is the original, 
unstretched sample length.

Three quantities are considered as the important 
representatives of the mechanical properties of the 
polymer:

•	 Ultimate	tensile	strength
•	 Elastic	modulus
•	 Elongation	at	break

Ultimate tensile strength (UTS)—The stress 
required to break or rupture the sample is known 
as the UTS of the sample or simply as the tensile 
strength of the material. In simple terms, the UTS 
can be expressed as

σ = F

AUTS
 

(11)

where F is the load required for sample rupture and A 
is the cross-sectional area of the sample.

Care is taken to ensure that this break occurs in the 
stressed region and not within the grips or the jaws of 
the test machine. If a sample breaks in the jaw, a jaw 
break is said to have occurred causing an erroneous 

measurement and therefore those samples are dis-
carded. Frequently, stress-induced crystallization 
may occur in the later stages of the tensile test. This 
stress-induced crystallization significantly increases 
the stress required for sample rupture and as a result 
of the crystallization the sample, if initially trans-
parent, turns opaque before rupture. Stress-induced 
crystallization is seen many times in multicomponent 
samples or blends; this is mainly due to one compo-
nent of the sample being more sensitive to crystal-
lization under stress.

Elastic modulus—Elastic modulus is the resis-
tance to deformation as measured in the initial, linear 
portion of the curve. This initial portion, where poly-
mer is perfectly elastic and follows Hooke’s law, can 
be very small, as most polymers display a nonlinear 
response to applied stress. The modulus is expressed 
as the initial stress divided by the corresponding dL/L 
or ε value. The modulus can be expressed as

σ=
∈

E
 

(12)

where E is the elastic modulus, σ is the stress, and ε 
is the elongation.

Since elongation is dimensionless, the modulus is 
expressed in the same units as tensile strength, that is, 
the units of pressure, such as in N/m2 or Pascals (Pa).

σUTS=FA
E=σ∈

Figure 8 Simple tensile test configuration, along with different specimen geometries commonly used in solid-
state testing. (A) Tension; (B) three-point bending; (C) four-point bending; (D) single cantilever; and (E) uniaxial 
compression [17]. Courtesy: Elsevier Publications.
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It is important to note that the value of the elastic 
modulus is not constant with nonlinear viscoselastic 
materials that polymers are. The slope of the stress–
strain curve changes with increasing stress; therefore 
the initial slope is taken as material’s elastic modulus. 
In general, among polymers, fibers have the highest 
tensile moduli, elastomers have the lowest, and other 
plastics have tensile moduli somewhere in between 
fibers and elastomers.

Many times, compliance is another mechanical 
property used for a polymer and that can be described 
as the reciprocal of modulus:

D
E

1=
 

(13)

where D is the material compliance that describes 
the ability of a material to deform and comply to the 
stresses in the application.

Elongation at break—Samples under uniaxial ten-
sion undergo deformation and this deformational 
strain recorded at the point of sample rupture is the 
ultimate elongation. The value is also referred to as 
% elongation and expressed as a percentage. It can 
be written as

=
−

×
L L

L
% ultimate elongation 100%f 0

0 
(14)

where L
f
 is the sample length at break and L

0
 is the 

initial sample length.
The % ultimate elongation is an important mea-

sure of the nature of polymer. Higher ultimate elon-
gation is an indication of the ductility of the material; 
brittle polymers show low values of ultimate elonga-
tions and a brittle surface on the fractured sample. 
Elastic elongation is the level of elongation which 
does not induce the material to permanently deform. 
In other words, elastic elongation is that point on the 
stress–strain curve from where the material, on 
the release of the applied stress, can come back to 
the origin. Elastomers have a greater value of elastic 
elongation as compared to harder plastics.

The mechanical properties of polymers can be 
examined in a range of additional tests that go beyond 
a uniaxial tensile test; some of these variations are 
shown in Fig. 8. Many times these tests might cor-
respond better with the stresses experienced by the 
polymer in the respective field of application. These 
tests include compression, flexure, and torsion. In 
compression, the polymer sample is compressed 
instead of being extended. The compression tests can 
be performed on the same equipment that is used for 
the tensile tests. In a flexural test, the polymer sample 

is bent with a defined stress at multiple points along 
the sample and the resulting deflection measured. 
The torsional strength is measured under twisting 
conditions.

An additional property of the polymer that 
describes mechanical behavior is its toughness. 
The toughness of material is the area underneath 
the stress–strain curve. Toughness is a measure 
of the energy a sample can absorb before it breaks. 
Hence, depending on the shape of the stress–strain 
curve, material may be strong but not tough at 
the same time. Toughness values are an effective 
measure of the brittle or ductile nature of the mate-
rial; low toughness signifies high brittleness of the 
material.

The mechanical properties of a polymer can vary 
widely. This variation is dependent on a number of 
factors including the following:

•	 Chain	 organization—whether	 the	 material	 is	
amorphous or semicrystalline and the existence 
of intermolecular attraction

•	 Chain	 arrangement—whether	 the	 chains	 are	
linearly spaced or are branched

•	 Thermal	 nature—whether	 the	 material	 is	 a	
thermoplastic or a thermoset.

Depending upon the particular combination, a 
specific polymer can be used as a flexible plastic, a 
rigid plastic, or as an elastomer. Fig. 9 shows stress–
strain plots for different kinds of polymers.

In summary, the moduli of elasticity for polymers 
tend to be in the range of ∼5 Mega Pascal (MPa)–4 
Giga Pascal (GPa), the tensile strengths are in the 
range of 5–100 MPa and the percentage elongation 
can be up to 1000% in certain cases. This can be 
compared to metals, their elastic moduli range from 
∼50 to 400 GPa, UTS can be several GPa and the 
ultimate elongations are usually less than 100%.

As depicted in Fig. 10, the mechanical properties 
of polymers change dramatically with temperature. 
Polymers can go from being glass-like brittle materi-
als at low temperatures to rubber-like ductile materi-
als at high temperatures. An increase in temperature 
can lead to a decrease in the elastic modulus, a reduc-
tion in the tensile strength, and an increase in the 
ultimate elongation of the material. The decrease in 
elastic modulus, as shown in Fig. 10, becomes more 
pronounced as the temperature approaches the glass 
transition temperature of the material. The glass tran-
sition temperature, T

g
, is explained in the section on 

the thermal properties. The change is less dramatic 
with increasing crystallinity of the material and 

D=1E

%   ulti-
mate   elongation=Lf−L

0
L

0
×100%
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eventually the temperature increases to a point where 
the polymer is completely transformed into a viscous 
melt. Another source of mechanical property varia-
tion is the rate of deformation or the strain rate of 
the sample, polymers are very sensitive to the rate of 
deformation, decreasing the rate of deformation has 
the same effect as increasing temperature. In other 
words, polymers tend to behave like elastic materials 
for rapidly applied stress and viscous materials for 
gradually applied stress.

Polymers are also susceptible to time dependent 
deformation under constant load. This phenomenon 

is known as viscoelastic creep. Creep may be signifi-
cant even at room temperature and under moderately 
low stresses. The amount of creep tends to decrease 
as the crystallinity of the polymer increases.

4.3 Chemical Properties

The behavior of plastics with respect to the 
chemicals present in the environment of their 
applications determines to a large extent the suit-
ability of the material to be used in a particular 

Figure 9 Stress–strain plots for typical polymers.

Figure 10 Illustration of the temperature effects on the elastic modulus of polymers.
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application. The resistance of a plastic to the chem-
icals present in the environment is known as its 
chemical resistance.

The chemical resistance of a plastic depends on 
the nature of the monomer, chain structure, polarity, 
solubility, cohesive energy density (CED), and reac-
tivity [18]. Cross-link density, for example, is one of 
the indicators of chemical resistance and thermosets, 
in general, are resistant to solvents and associated 
swelling. In general, plastics are resistant to weak 
acids, weak alkali, salt solutions, and water, although 
some polyesters and polyamides may hydrolyze in 
acid and alkali environments. Strong oxidizing acids 
may attack plastics, resulting in discoloration or 
embrittlement. Most plastics are affected by organic 
liquids; for example, fuels, oils, and various organic 
solvents may attack plastics, causing swelling, soft-
ening, and dissolution.

A number of factors can affect the rate and type 
of chemical attack that may occur [16] these are as 
follows: 

Concentration— In general, the rate of attack in-
creases with the concentration of the chemical 
in the environment, but in many cases there are 
threshold levels below which no significant chem-
ical effect is noted.
Temperature— As with all processes, rate of at-
tack increases as the temperature rises. Again, 
threshold temperatures may exist.
Period of contact—The time period that the poly-
mer is in contact with the chemical has a profound 
impact on the resistance of the polymer to the par-
ticular chemical. In many cases, rates of attack 
are slow and of significance only with sustained 
contact.

Chemical immersion results are reported in terms 
of volume change, tensile strength retention, elonga-
tion retention; change in Shore A hardness and sur-
face condition of the sample. A chemical resistance 
chart is shown in Table 5 [18].

Table 5 A Representative Chemical Resistance Chart for Certain Plastic–Chemical Combinations

Material Acetone Benzene
Diethyl 
ether Glycerine Heptane

Isopropyl 
Alcohol

Methyl 
Ethyl 

Ketone

Nitric 
Acid 
(10%)

Sulphuric 
Acid 
(10%)

Acrylics
(PMMA)

D D a A a C D a a

Polyethylene
(HDPE)

A D a A a A D a a

Nylon 6,6 A A A A A B A D D

Poly ether 
ether ketone 
(PEEK)

B A A A A A A A A

Polyethylene 
terephthalate 
(PET)

B A A A A A A C A

Polypropylene 
(PP)

A D a A a A D a a

PTFE A A A A A A A A A

Polycarbonate C D a A C a D a a

Silicones B D C A D A D C C

Polyurethane
(TPU–ether 
based)

D C B A B C D C B

A, no attack, possibly slight absorption. Negligible effect on mechanical properties is expected; B, slight attack by absorption. Some 
swelling and a small reduction in mechanical properties is likely; C, moderate attack of appreciable absorption. Material will have limited 
life; D, material will decompose or dissolve in a short period of time.
aNo data available.
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Where aqueous solutions are shown, the concen-
tration as a weight % is given.

4.3.1 Polymer Solubility
The measurement of many polymer properties, 

such as molecular weight of a polymer, occurs with 
the material dissolved in a solvent. Here the assump-
tion is that the solvent completely dissolves the 
polymer. The understanding of the dissolution char-
acteristics of the polymer is important not only from 
a testing aspect but also as there are numerous pro-
cessing methods such as dip molding and spray coat-
ing that utilize this property of polymer dissolution. 
The dissolution of polymers in a solvent depends 
upon many factors of the polymer structure includ-
ing the following:

•	 Molecular	weight	and	branching
•	 Degree	of	cross-linking
•	 Crystallinity
•	 Polarity

The molecular weight of a polymer plays an 
important role in its solubility, in a given solvent 
at a particular temperature, as the molecular weight 
increases, the solubility of the material decreases. 
Branching, on the other hand, generally increases 
solubility as the branched structure of the polymer 
increases regions of interaction with the solvent. 
Decreasing solubility behavior is also noted with 
increasing degree of cross-linking, as the thermoset 
nature of the material increases there is increased 
inhibition in the interaction between the polymer 
and solvent molecules. Increased crystallinity also 

decreases dissolution, for example with highly linear, 
crystalline polyolefins such as high density polyeth-
ylene (HDPE), dissolution in a solvent is only pos-
sible at high temperatures. These high temperatures 
are high enough to disrupt the crystalline structure of 
the polymer. In general, polymer solubility follows 
the like-for-like principle, that is, polar polymers 
tend to dissolve in polar solvents whereas nonpolar 
polymers tend to dissolve in nonpolar solvents. Thus, 
highly polar polymers such as poly acrylic acid and 
poly vinyl alcohol dissolve in water.

The solubility of a polymer can be expressed by 
the following equation [19]:

ϕ ϕ δ δ∆ = −H ( )
s p s p

2

 (15)

where ∆H is the enthalpy of mixing, 
s
 is the volume 

fraction of solvent, 
p
 is the volume fraction of poly-

mer, δ
s
 is the CED for solvent, and δ

p
 is the CED for 

polymer.
The CED is a measure of the strength of the inter-

molecular forces and is commonly known as the sol-
ubility parameter. The like-for-like principle can be 
applied to solubility parameters and it has been estab-
lished that, for a polymer to be dissolved in a given 
solvent, the term (δ

s
 − δ

p
)2 in equation [19], must be 

smaller than 4.0. The solubility parameters of some 
common polymers and solvents are in Table 6 [19].

4.4 Electrical Properties

Most plastic materials are dielectrics or insula-
tors, that is, they are poor conductors of electricity 
and resist the flow of electric current. This is one 
of the most useful properties of plastics and makes 

∆H=sp(δs−δp)2

Table 6 Hildebrand Solubility Parameters for Some Solvents and Polymers

Solvent δs (MPa1/2) Polymer δp (MPa1/2)

Acetone 20.3 Polyethylene 15.8–18.0

Benzene 18.8 Polypropylene 18.9–19.2

Chloroform 19 Polymethyl methacrylate 18.4–26.3

n-Hexane 14.9 Poly vinyl alcohol 25.8

n-Pentane 14.3 Poly vinyl chloride 19.2–22.1

Toluene 18.2 Polystyrene 17.4–21.1

Water 47.9 Poly vinyl acetate 18.0–19.1

Tetrahydrofuran (THF) 18.5 Polyamide (Nylon 6,6) 27.8

Dimethyl acetamide (DMAc) 24.7 Polydimethyl siloxane (PDMS) 15.5
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much of the current lifestyle possible through the use 
of plastics as wire coatings, switches, and the ever 
expanding usage of plastics in numerous electronic 
products. Despite this, dielectric breakdown of plas-
tics can occur at sufficiently high voltages to give 
current transmission and possible mechanical dam-
age to the material.

In general, the application of an electrical poten-
tial difference or voltage causes the movement of 
electrons. This movement of electrons occurs when 
the electrons are free to move and as a result there is a 
corresponding flow of electric current. For instance, 
metals can be thought of as a collection of atomic 
nuclei existing in a “sea of electrons” and when a 
voltage is applied the electrons are free to move and 
to conduct a current. Polymers and the atoms that 
make them up have their electrons tightly bound to 
the central long chain and side groups through “cova-
lent” bonding. Covalent bonding makes it much more 
difficult for most conventional polymers to support 
the movement of electrons and therefore plastics act 
as insulators.

Not all polymers or plastics behave the same 
when subjected to voltage. Polymers are classified 
as “polar” or “nonpolar” to describe their variations 
in behavior. The polar polymers do not have a fully 
covalent bond and there is a slight imbalance in the 
electronic charge of the molecule. In polar polymers/
plastics, dipoles are created by an imbalance in the 
distribution of electrons. In the presence of an electric 
field, the dipoles will attempt to move to align with 
the field. This will create “dipole polarization” of the 
material. As movement of the dipoles is involved, 
there is a time element to the movement. Examples of 
polar polymers are polyurethanes (PU), polymethyl 
methacrylate (PMMA), PVC, nylon (PA), polycar-
bonates (PC), etc. The nonpolar plastics are truly 
covalent and generally have symmetrical molecules. 
In these materials there are no polar dipoles present 
and the application of an electric field does not try to 
align any dipoles. The electric field does, however, 
move the electrons slightly in the direction of the 
electric field to create “electron polarization”. In this 
case the only movement is that of electrons and this 
is effectively instantaneous. Examples of nonpolar 
plastics are fluoro polymers (PTFE), PE, PP, and PS. 
These materials tend to have high resistivity and low 
dielectric constants.

The alternating current (AC) electric breakdown 
strength of thin polymer films as a function of sample 
thickness with the sphere-plane electrode configura-
tion was investigated by Yilmaz and Kalenderli [20] 

at various temperatures. The electric strength of the 
polymer film is reduced with increasing thickness of 
the film and temperature. The thickness of thin films 
needs to be controlled to get a necessary dielectric 
strength, thus in the device in which a high voltage is 
applied, the film needs to be made thick. For exam-
ple, a thickness of approximately 10 µm is necessary 
to get a dielectric strength of 100 V.

The dependence of the dielectric constants on film 
thickness was explained by the orientation of poly-
mer chains by Liang et al. [21]. Thickness dependent 
soft-breakdown phenomena of low dielectric con-
stant thin films and corresponding activation energy 
were studied by different researchers [22,23]. The 
dielectric constant was decreased with the decrease 
of thickness; however, the frequency dispersion of 
the dielectric constant which is characteristic for the 
relaxation was observed.

Dielectric strength is a measure of the electri-
cal strength of a material as an insulator. Dielectric 
strength is defined as the maximum voltage required 
to produce a dielectric breakdown through the mate-
rial and is expressed as volts per unit thickness. The 
higher the dielectric strength of a material, the bet-
ter is its quality as an insulator. Dielectric strength is 
calculated by dividing the breakdown voltage by the 
thickness of the sample. The data are expressed in 
volts/mil. The location of the failure is also recorded. 
A higher dielectric strength represents a better qual-
ity of insulator.

Dielectric Strength
Breakdown voltage (volts)

Film thickness (mil)
=

Dielectric constant is used to determine the ability 
of an insulator to store electrical energy. The dielec-
tric constant is the ratio of the capacitance induced by 
two metallic plates with an insulator between them 
to the capacitance of the same plates with air or a 
vacuum between them. Dissipation factor is defined 
as the reciprocal of the ratio between the insulating 
materials capacitive reactance to its resistance at a 
specified frequency. It measures the inefficiency of an 
insulating material. If a material were to be used for 
strictly insulating purposes, it would be better to have 
a lower dielectric constant. When a material is to be 
used in electric applications where high capacitance 
is needed, a higher dielectric constant is required. The 
test can be conducted at different frequencies, often 
between the 10 Hz and 2 MHz range—the specific 
frequency is determined by the application. Table 7 
lists electrical properties for some polymers.

D=1E



1: Introduction to Plastics 17

4.5 Thermal Properties

As a polymer is heated, the energies stored in 
the molecules increase in their intensities. These 
increases cause the polymer to go through different 
transitions. There are two primary transitions of inter-
est, the crystalline melting temperature T

m
 and the 

glass transition temperature T
g
. The T

m
 is the melting 

temperature of the crystalline portion of the polymer 
whereas T

g
 is the temperature below which the amor-

phous regions of the polymer display glassy proper-
ties such as brittleness, stiffness, and rigidity [24].

When a polymer is cooled down, for example, 
from a molten state, at a certain temperature, the 
translational and rotational energies of the molecules 
reduce to point where ordered packing of the mole-
cules is possible. If the structure of the chains is such 
that crystallization is possible then crystallization 
begins at this temperature that also is the T

m
. How-

ever, if the structural requirements for crystallization 
are not possible then crystallization does not take 
place and the polymer does not display a T

m
. Upon 

further cooling down, a temperature is reached where 
no further bond rotation is possible; this temperature 
T

g
 is the glass transition temperature.
The values of T

g
 and T

m
 are dictated by the molecu-

lar structure of the polymer. A completely amorphous 

material displays only a T
g
 whereas a semicrystalline 

material displays both T
g
 and T

m
. The values of T

g
 

and T
m
 for different polymers are listed in Table 8.

The two thermal transitions are conveniently mea-
sured by the changes in polymer properties such as 
specific volume and heat capacity. DSC is a common 
technique used widely to determine thermal transi-
tions in a polymer. DSC is a thermo-analytical tech-
nique in which the difference in the amount of heat 
required to increase the temperature of a sample and 
reference is measured as a function of temperature. 
Both the sample and reference are maintained at 
nearly the same temperature throughout the experi-
ment. Generally, the temperature program for a DSC 
analysis is designed such that the sample holder 
temperature increases linearly as a function of time. 
The difference in the heat requirement for the pans 
is measured and constitutes the DSC curve. On the 
DSC curve, the temperature is plotted on the x-axis 
and on the y-axis, the difference between the heat 
outputs between the two pans is plotted.

Changes in the specific heat denote changes in 
the mobility of the polymer chains. DSC thermo-
grams can be used to identify the glass transition 
temperature (T

g
) of a polymer. The glass transition 

temperature is identified by the change in the heat 
capacity that appears as a baseline shift. Above the 

Table 7 Dielectric Properties of Various Polymers

Polymer
Dielectric Strength

(Kv/cm)
Dielectric Constant

(50 Hz/1 Mhz)
Dissipation Factor, D
50 Hz/1 Mhz (×10−3)

Polytetrafluoroethylene (PTFE) 480 2.1/2.1 0.2/0.2

Low density polyethylene (LDPE) 370 2.29/2.28 0.15/0.08

High density polyethylene (HDPE) — 2.35/2.34 0.24/0.20

Polypropylene (PP) 240 2.27/2.25 0.40/0.50

Poly vinyl chloride (PVC)-plasticized 270 4-8/4-5 80/120

Polystyrene (PS) 200–300 2.5/2.5 0.1–0.4/0.05–0.4

Poly methyl methacrylate (PMMA) 140 3.3–3.9/2.2–3.2 40–60/4–40

Polyamide-6 400 3.8/3.4 10/30

Polyamide-66 600 8/4 140/80

Polycarbonate 380 3.0/2.9 0.7/10

Polyethylene terephthalate (PET) 420 4.0/4.0 2/20

PUR-thermoset 240 3.6/3.4 50/50

Polyurethane–thermoplastic
(average)

300 6.6/5.6 30/60

Silicone 200 3.6 5–13/7
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glass transition temperature the polymer chains have 
increased mobility; this mobility allows chains to 
fall in order and form crystalline domains. During 
the formation of these crystalline structures there 
is an evolution of heat and this is measured as the 
crystallization temperature of the polymer (T

c
). Crys-

tallization is an exothermic process. Heating the 
polymer beyond the temperature of crystallization, 
one reaches the melting point or the melting tempera-
ture of the crystals. The melting temperature denotes 
the temperature at which the disordering ordering off 
the crystalline regions occurs. A representative DSC 
curve is shown in Fig. 11. Obviously an amorphous 
polymer such as atactic PS will not show any transi-
tion to denote crystallization.

4.6 Rheology

“Rheo” is Greek for flow so polymer rheology 
is the study of the flow properties of a polymer liq-
uid. A polymer is flowable when the response of the 
material to any externally imposed stress is no longer 
elastic deformation but predominantly plastic flow. 
The condition of plastic flow occurs in polymers is 
either above a certain temperature, a molten polymer 
for example, or when the polymer is dissolved in a 
solvent to form a solution.

The resistance to deformation to an applied stress 
is defined as the viscosity of a liquid. When a liquid 
is deformed, the rate of change of strain is defined as 
the shear rate (Fig. 12).

Figure 11 A representative thermogram of a polymer as recorded with the differential scanning calorimeter.

Table 8 Thermal Transitions of Polymers [20]

Polymer Formula
Glass Transition 

Temperature (°C) (Tg)
Crystalline Melting 

Temperature (°C) (Tm)

Polyethylene (CH2–CH2)n −125 137

Polypropylene (CH2–CHCH3)n −13 176

Poly vinyl chloride (CH2–CHCl)n 81 273

Polystyrene (CH2–CH[C6H5])n 100 240

Polytetrafluoroethylene
PTFE, Teflon

(CF2–CF2)n 127 327

Polymethyl methacrylate
PMMA, Plexiglas, Lucite

(CH2C[CH3]COOCH3)n 105 200

Polyester (PET) (CO–C6H4–CO–O–CH2–
CH2–O)n

69 270

Polyamide
Nylon 6,6

[OC–(CH2)4–CO–NH–
(CH2)6–NH]n

52 223
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A plot of stress versus the strain rate is shown in 
Fig. 13. The ratio of stress and shear rate is the viscos-
ity of the system, this is the same as the slope of the 
stress–shear rate curve. A constant value for this slope 
indicates that the viscosity is independent of the shear 
rate and the resultant fluid is called a Newtonian liquid. 
When the viscosity of the liquid is dependent on the 
shear rate, the liquid is termed non-Newtonian. When 
the viscosity decreases with increasing strain rate, the 
liquid is shear thinning whereas if viscosity increases 
with increasing shear rate the liquid is shear thicken-
ing. Polymer liquids, melts, and solutions are shear 
thinning fluids also known as pseudoplastic fluids.

4.6.1 Viscoelasticity
Apart from being shear thinning the polymer liq-

uids are also elastic [25,26]. Examples of their elas-
tic behavior are apparent in phenomena such as rod 
climbing behavior and extrudate or die swell. In the 
rod climbing effect, a polymer solution stirred by 
a rod tends to be drawn toward the rod as opposed 
to being pushed away and starts rising up the rod. 
The effect is also known as the Weissenberg effect 
after Karl Weissenberg, an Austrian physicist who 
first observed the effect in the 1940s. Extrudate swell 
or die swell is another phenomenon peculiar to vis-
coelastic fluids. When a viscoelastic fluid is forced 

Figure 12 Depiction of fluid motion and the resultant viscosity.

Figure 13 Illustration of different rheological behaviors.
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through a narrow channel such as a die or a nozzle, 
the fluid swells to several times the diameter of the 
channel as it exits the channel. This is in contrast 
to a viscous fluid that demonstrates a maximum of 
∼13% increase in the diameter of the fluid emerging 
from a die [27]. The degree of swelling is dependent 
upon the conditions of extrusion and the molecular 
structure of the polymer liquid. One of the reasons 
for the viscoelastic nature of polymer liquids is the 
development of normal forces during the flow of 
polymer melts and solutions. When polymer melts 
or solutions are subjected to shearing flows, stresses 
perpendicular to the direction of flow are generated, 
these are called normal forces. Normal forces arise 
due to the anisotropies in the microstructure of the 
long molecular chains in polymers. Normal stresses 
can be measured by the first normal stress difference 
N

1
, which is defined as the normal stress in the direc-

tion of flow (τ
xx

) minus the perpendicular (τ
yy

)

τ τ= −N
xx yy1 (16)

The second normal stress difference is

τ τ= −N
yy zz2 (17)

Experiments show that N
1
 is positive for most 

polymers; N
2
 is negative and usually 20% of N

1
 for 

most common polymers [25]. The positive value 
of N

1
 as compared to the negative value of N

2
 is an 

expression of the fact that extensive forces are posi-
tive whereas compressive forces are negative.

The viscoelastic nature of polymers also shows 
up in their extensional or elongation viscosity val-
ues. The extensional viscosity is the resistance of a 
fluid the extensional flow. For a Newtonian fluid the 
extensional viscosity is 3 times the shear viscosity, 
this relationship can be derived from the continuity 
equation, has been observed in many studies and is 
known as Trouton’s law [25]. For polymeric fluids, 
the ratio of elongation viscosity to shear viscosity 
follows the Trouton’s law for very small elonga-
tional shear rates. A deviation from the Trouton ratio 
is observed at higher shear rates usually found in 
polymer fluid flow situations.

The macromolecular structure is the origin of the 
different rheological behavior of polymers to low 
molecular weight fluids. Increasing shear rate allows 
for the longer molecules to progressively align with 
the direction of flow and this result in the shear thin-
ning effects. Chain entanglement leads to the elastic 
effects that are visible in the flow of polymer liquids. 
At high shear rates, as all the chains are aligned and 
disentangled, the flow of the liquids tends toward a 

more Newtonian nature [28]. Studies [24] have indi-
cated the different dependencies of polymer rheol-
ogy on molecular structure.

4.6.2 Rheological Measurement
Depending upon the level of shear rate of interest 

and the viscosity of the liquid, different techniques 
can be used to measure polymer rheology. Capillary 
rheometry involves melting polymer pellets and com-
pacting them into a heated barrel. The melt is then 
pushed by a piston, descending at a controlled speed, 
and forced through an orifice of a defined geometry 
(Fig. 14). The ratio of the stress imposed by the pis-
ton and shear rate, which is a function of the speed 
at which the piston is traveling, is the resistance to 
deformation of the melt or its viscosity. The speed 
of the piston is usually varied in steps to obtain a 
shear rate dependence of the melt viscosity. A varia-
tion of the test is very common in the industry and 
that is melt flow index (MFI). In the MFI measure-
ment, a fixed weight is used on the piston so only 
one stress and one shear rate is used and one point on 
the curve is obtained and reported as the MFI value 
of the material. The MFI value can be useful in set-
ting the temperature on an extruder for example, but 
since it does not give any indication as to the shape of 
the curve, one cannot predict what will happen when 
different dies, screw speeds, etc. are used.

Another technique useful in the measurement of 
polymer rheology is cone–plate (or plate–plate) rhe-
ometry (Fig. 15). The polymer liquid is placed in 
between the cone and plate and the cone is rotated 

N
1
=τxx−τyy

N
2
=τyy−τzz

Figure 14 A capillary rheometer.
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at a fixed speed. The torque measured as the cone 
is turning gives the value of the stress whereas the 
speed at which the cone is turning together with 
the cone angle is used to calculate the shear rate. The 
cone–plate rheometry is suitable for low shear rates 
whereas the capillary rheometer measures higher 
shear rate viscosity data. Often cone and plate rhe-
ometers are equipped with sensors to measure the 
normal force. The normal force during the shear flow 
of the rheometer produces an axial thrust pushing the 
cone and plate of part with the force this can be mea-
sured. The second normal stress difference can also 
be measured by measuring the distribution of pres-
sure over the surface of the cone.

The measurement of elongational viscosity is con-
siderably more difficult than the measurement of vis-
cosity. Different devices have been developed for the 
measurement of elongational viscosity [17,29]. One 
of the devices used involves extrusion from a capil-
lary and subsequent testing with the help of a pair 
of rollers (Fig. 16). Depending upon the temperature 
between the capillary exit and the rollers, the mea-
surement can be true elongational viscosity if the 
temperature is maintained at the level where the poly-
mer remains in a molten state or if the temperature is 
not maintained at the melting point, the measurement 
is referred to as melt strength. Melt strength is more 
of an engineering measure of resistance to extension. 
Cogswell [29] developed a method for the measure-
ment of elongational viscosity from the excess pres-
sure drop in a capillary rheometer.

4.7 Surface Properties

The composition of the surface of materials very 
often differs significantly from the make-up of the 

bulk of the material. In many instances, the interac-
tion of the surface of the polymer with the environ-
ment it is placed in determines its performance. This 
is especially true in biomedical applications where 
the interaction happens at the tissue–biomaterial 
interface and the nature of the polymer surface plays 
an important role in influencing this interaction. The 
compatibility of a polymer with the biological envi-
ronment or its biocompatibility is determined by 
the nature of its surface. The characterization of the 
surface is thus an important facet of the overall test-
ing of polymers in establishing the suitability of the 
material for a particular application.

Surface characterization techniques provide infor-
mation on the topmost layers of the surface of the 
polymer. These techniques provide information on 
the chemical structure, chain orientation and the 
group mobility comprising the atomic layers of the 
surface of the polymer. There are limitations as to 
the depth and resolution of different techniques and 
as a result a combination of these techniques is used 
to obtain a complete picture of polymer surface.

The most commonly used surface characterization 
techniques used for polymers are based on surface 
microscopy including scanning electron micros-
copy (SEM) and atomic force microscopy (AFM), 
contact angle measurements and spectroscopic tech-
niques such as attenuated Fourier transform infrared 
spectroscopy (ATR-FTIR), X-ray photo-electron 
spectroscopy (XPS), and secondary ion mass spec-
troscopy (SIMS) [30].

Figure 15 Cone and plate rheometer.

Figure 16 A haul off device connected to a capillary 
rheometer for extensional viscosity measurement 
[17]. Courtesy: Elsevier Publications.
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SEM is a well-known electron microscopy tech-
nique that uses electron scattering to assess and 
quantify the topography of the surface of any mate-
rial. In this technique, the material under investiga-
tion is made a conductor through different coating 
techniques. The electron beam is made incident on 
the surface of the material and scattering of these 
electrons is picked up with an electron detector. SEM 
has potential to magnify images with a great deal of 
resolution measuring up to a few nanometers, the 
images in many cases can have resolutions more than 
100 times that of an optical microscope.

In AFM, generally known as scanning probe micros-
copy, a finely pointed probe is attached to a cantilever 
and this scans the surface and picks up very small 
surface forces, for example molecular forces associ-
ated with chemical bonds. AFM is able to achieve 
very high resolutions, in the vertical plane AFM can 
achieve atomic level resolutions, and in the horizontal 
plane a resolution of 0.01 nm can be achieved.

XPS is a surface sensitive analytical technique 
with a depth of analysis of the order of 5–10 nm. 
XPS instruments operate in ultrahigh vacuums to 
minimize any undesirable surface contamination 
from occurring. X-ray photons irradiate the samples 
surface and cause emission of photoelectrons from 
near the surface region. The kinetic energy of these 
emitted electrons is determined and the correspond-
ing binding energy of the electrons is calculated. 
From the calculated binding energies the elements 
present near the surface region can be determined. 
This can allow effective determination of the surface 
composition of a material.

Similar to the XPS systems, time-of-flight second-
ary ion mass spectrometry (ToF-SIMS) instruments 
also require to be operated under the clean and ultra-
high vacuum conditions. The material under inves-
tigation is irradiated with a pulsed, highly focused 
primary ion beam causing the emission of charged 
and neutral fragments from the surface and near sur-
face region of the material. The secondary ions are 
mass analyzed using a time-of-flight analyzer. The 
resulting mass spectrum plot provides elemental, iso-
topic, and molecular formation of the surface of the 
material.

Attenuated total reflectance infrared spectroscopy 
(ATR-IR) is conducted by passing infrared radiation 
over the material’s surface. ATR-IR is very sensitive 
to the presence of chemical bonds in the structure of 
the surface.

In optical contact angle (OCA) analysis, a drop of 
a known liquid is dispensed on to the surface of the 
sample being tested. The angle that the liquid makes 

with the surface is accurately recorded. Smaller con-
tact angles indicate a better wettability of the surface 
with a higher surface energy whereas a larger contact 
angle indicates a lower energy surface of the material.

Table 9 shows the different characterization meth-
ods and a comparison of the surface depth of analysis 
of each method [30].

4.7.1 Polymer Adhesion
The adherence of polymers to themselves, to other 

polymers or to nonpolymer substrates is of primary 
importance in many applications. The efficiency of 
adhesion can be the determining factor in the use 
of certain polymers within different applications. 
Adhesion can be defined as the interaction at the 
interface of two surfaces at the atomic and molec-
ular levels. There are many factors that affect this 
interaction; these factors include surface chemistry, 
surface physics, rheology, polymer chemistry, stress 
analysis, polymer physics, and fracture analysis [31]. 
The range of adhesion mechanisms that include diffu-
sion, mechanical, molecular, chemical, and thermo-
dynamic-based mechanisms are currently the focus of 
investigation in various studies [31–34]. It has been 
recognized that adhesion is dependent on surface 
characteristics of the materials in question. Research 
has focused on the characterization of surfaces to 
explain the mechanisms involved in adhesion. The 
surface characterization techniques have included 
time of flight secondary ion mass spectrometry 
(ToF-SIMS), XPS, AFM, SEM, ATR-IR, and other 
microscopic techniques (Table 9).

Table 9 Surface Measurement Techniques and 
Their Capabilities

Technique
Analysis 

Depth
Lateral 

Resolution

Contact angle 3–20 Å 
(Angstrom)

1 mm

X-ray photo-electron 
spectroscopy (XPS)

10–250 Å 10–150 µm

Secondary ion mass 
spectroscopy (SIMS)

10 Å (static) 
to 1 µm 

(dynamic)

500 Å

Scanning electron 
microscopy (SEM)

5 Å 1 µm

Attenuated Fourier 
transformed infrared 
spectroscopy 
(ATR-FTIR)

1–5 µm 10 µm
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Three main adhesion mechanisms have been 
identified as playing a key role in the adhesion of 
polymer surfaces. These three adhesion mecha-
nisms are as follows: mechanical coupling, molec-
ular bonding, and thermodynamic adhesion. The 
mechanical coupling concept is based on surface 
irregularities present for the interlocking between 
the two materials to occur. Fig. 17 illustrates the 
mechanical coupling concept. Several studies have 
shown that mechanical coupling is an important 
adhesion mechanism [32], however, some other 
studies have argued that increased surface rough-
ness only results in the increase of surface area for 
other adhesion mechanisms such as molecular bond-
ing [33]. Molecular bonding, on the other hand, is 
the most widely accepted mechanism for explaining 
adhesion in polymer surfaces. This mechanism uses 
dipole to dipole interactions, van der Waals forces, 
and chemical interactions of the ionic or covalent 
nature. The molecular bonding mechanism is illus-
trated in Fig. 18. The exact nature of the molecu-
lar bonding mechanism is not fully understood; 
however, the development of surface measurement 

techniques combined with adhesion strength mea-
surement tests has allowed the generation of several 
correlations and contributed to the understanding of 
the molecular bonding mechanism. There has been 
considerable work into thermodynamic adsorption 
model of adhesion. The advantage of the thermody-
namic mechanism over the other mechanisms is that 
it does not require a molecular interaction for good 
adhesion only equilibrium processes at the interface.

In many cases, adhesion between two surfaces is 
improved with the use of adhesion promoters. Chem-
ical treatments are frequently used with the aim to 
create new functional groups at the interface of the 
two materials undergoing adhesion. Many nonpolar 
polymer surfaces are treated with reagents such as 
acids and oxidizers and these treatments increase sur-
face polarity. The increase in surface polarity causes 
an increase in the molecule or forces between the 
substrates and hence an increase in the strength of the 
adhesive bond. In many cases, the surface formation 
of a material is dynamic, such as polyurethanes where 
depending on the surface environment the polar hard 
domains or the nonpolar soft domains can come to 
the surface. Generally, the nonpolar soft domain 
polyurethanes dominate surface when exposed to air. 
In such cases, a solvent of increased polarity such as 
dimethyl acetamide (DMAc) is used to force the hard 
domains to come to the surface providing polar sur-
face for adhesion. Treatment of the material surface 
using plasma is a very effective way of increasing 
the inherently poor surface properties of polymers. 
It has been observed that only short plasma treat-
ment times are required to increase the adhesion 
strength between two materials. Plasma treatment of 
surfaces induces the formation of oxygen containing 

Figure 17 Illustration of mechanical coupling 
between two substrates [27]. Courtesy: Elsevier Pub-
lications.

Figure 18 Schematic of the molecular bonding between substrates [27]. Courtesy: Elsevier Publications.
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functional groups resulting in increased surface wet-
ting and improved adhesion [34].

5 Polymer Processing

Different processing techniques are possible to 
fab ricate the desired object. The techniques could 
either be based on the polymer melt or on the dis-
solved polymer in a solvent. The data obtained from 
the rheometry study can be utilized to construct a 
flow model of the polymer and a constitutive equa-
tion can be used to represent its flow. This consti-
tutive equation relates the viscosity of the polymer 
to the shear stress, shear rate, and the temperature 
of operation. The constitutive equation can be more 
simplistic such as a power-law model [35]:

τ γ= K n� (18)

η γ= −K n 1� (19)

where τ is the shear stress in N/m2, γ�  is the shear rate in 
1/s, K is known as the flow consistency index, n is the 
dimensionless power-law constant, and η is the vis-
cosity, the SI unit of which is Pascal × seconds (Pa.s).

Using the power-law model for n = 1, the fluid is 
Newtonian, for n < 1, the fluid is shear thinning and 
for n > 1, the fluid is shear thickening.

Or various more complicated forms that model 
the flow behavior more accurately, such as a Carreau 
model [35,36];

η η η η λγ= + − +∞ ∞

−

( )(1 ( ) )
n

0
2

1
2� (20)

where η is the viscosity, γ�  is the shear rate, λ is the 
relaxation time of the fluid in s, n is the dimension-
less power-law constant, η

∞
 is the value of viscosity 

at an infinite shear rate, and η
0
 is the viscosity at zero 

shear rate.

These equations can be used in combination with 
the basic equations of flow to simulate the processes 
of polymer processes. The simulations [37,38] are 
very helpful in determining the design of the process-
ing equipment and the processing conditions to be 
used for a plastic to obtain the desired product.

5.1 Melt Processing

Melt processing techniques are primarily based 
on variations of extrusion and molding. Extrusion is 
a two-dimensional manufacturing operation where 
the output is a continuous profile. In extrusion, plas-
tic pellets or granules are loaded into a hopper, then 
fed into a metallic, cylindrical, heated chamber, in the 
chamber or the barrel, a continuously rotating screw 
pushes the plastic forward (Fig. 19).

The plastic is melted by a combination of heat from 
heaters on the barrels and the mechanical work done 
due to the rotating screw. At the end of the extruder, 
the molten polymer is forced out through an orifice or 
a die to shape the finished product. As the plastic prod-
uct exits from the die, it is cooled by air or water. Many 
plastic products requiring a continuous form such as 
pipes, tubes, fibers, and films are made by extrusion 
processing. Extrusion of plastics to convert them to 
fiber is achieved by a process termed melt spinning. 
In melt spinning, the molten plastic is forced through 
narrow die holes called spinnerets, cooled by a blast 
of air as they emerge from the spinneret and subse-
quently drawn over heated rolls to produce fibers.

Molding, on the other hand, is a three-dimensional 
manufacturing operation that transforms plastic pel-
lets into discrete articles. As opposed to extrusion, 
molding is not a continuous operation and the output 
is limited to a number of articles per unit time. The 
most commonly used molding technique is the injec-
tion molding operation. Just like in extrusion, injec-
tion molding involves feeding plastic pellets into a 

τ=Kγ˙n

η=Kγ˙n−1

γ˙

η=η∞+(η
0
−η∞)(1+(λγ˙)2)n−12

γ˙

Figure 19 Plastic extrusion process.
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barrel-screw arrangement where the solid plastic is 
converted to a melt with the action of heat coming 
from the barrel walls and mechanical action. In con-
trast to extrusion, the screw is reciprocating (Fig. 20) 
and that enables the machine to force the molten 
polymer into a mold.

The mold is shaped in the form of the article 
desired and the molten polymer takes the form of 
the mold. The mold is also equipped with a cooling 
circuit that cools the molten material to a solid and 
subsequently the solid is ejected from the mold in the 
shape of the final article. Injection molding pushes 
the melt into the mold through narrow channels 
consisting of a sprue, runner, and gate arrangement. 
This forcing of the melt happens with a high shear 
rate and the values measured in the high shear rate 
regime in rheometry are very relevant for injection 
molding. Extrusion, on the other hand, utilizes lower 
shear rates so the data at lower shear rates are more 
relevant for extrusion.

5.2 Solution Processing

Polymers are soluble in certain solvents. The solu-
bility of a particular polymer in a solvent depends 
upon the chemical nature of the polymer as described 
earlier. This property is used in solvent processing. 
The solution viscosity is dependent on the concen-
tration of the polymer in the solvent as well as the 
molecular weight of the polymer. The fabrication of 
a component occurs by processes such as dip coat-
ing, casting, or spraying. Solvent processing also 
occurs at low shear rates; here the plastic dissolved 
in an appropriate solvent is fabricated into the right 

shape. The part is then placed in an oven to flash off 
the solvent and obtain the final article.

In the use of solvent coating for the production 
of coated surfaces or thin films, the most important 
dimension is usually the thickness of the coating; 
this process can therefore be looked upon as a one-
dimensional process. The first step in solvent coat-
ing is the preparation of the substrate. The surface 
of the substrate to be coated needs to be treated to 
both clean the surface and improve the wettability 
by the polymer solution [30]. The quality of the sur-
face of the substrate directly affects the efficiency of 
the coating operation. Treatment of the surface with 
chemical etching [30] may be required prior to coat-
ing. The subsequent step in the coating process is the 
actual application of the polymer solution to the sub-
strate. The coating process could be a static contact 
of the solution or involve a flow of the solution over 
the substrate. The thickness of the coating is deter-
mined by factors such as:

•	 Concentration	of	the	polymer	in	the	solvent
•	 Contact	time	of	the	solution	and	substrate
•	 Process	temperature

The coated product is then placed in an oven to 
remove the solvent. The time of evaporation of the 
solvent is dependent on the solvent concentration, 
temperature of the oven, pressure or vacuum applied 
in the oven, and the thermal properties of the solvent 
including its boiling point.

Solvent processing can also be used to produce 
polymeric fibers, a two-dimensional product. The 
polymer solution can be forced through a spinneret 

Figure 20 Plastic injection molding process [38]. Courtesy: Elsevier Publications.
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and form fibers. As the polymer solution emerges 
from the spinneret, the solvent can be removed either 
by submerging the solution in a bath of nonsolvent or 
by achieving solidification by evaporating the solvent 
in a stream of inert, heated gas. The process of sub-
merging the solution in a nonsolvent bath to precipi-
tate the polymer is known as wet spinning whereas 
the process where the solvent is evaporated is known 
as dry spinning. A process that is used to produce 
nanometer sized fibers is electrospinning (Fig. 21). 
Electrospinning uses electric force to draw charged 
threads of polymer solutions [39]. When sufficiently 
high voltage is applied, the liquid droplet becomes 
charged to the extent that it can counteract the forces 
of surface tension and form a continuous fiber. As 
the liquid stream travels to the fiber collection point, 
the solvent is evaporated. The fiber diameters pro-
duced in the electrospinning process are in the order 
of 10 nm [39]. Electrospinning can be used for poly-
mer melts as well, especially for polymers that are 
hard to dissolve such as PP and PE terephthalate. 
However, due to the high viscosity of polymer melts, 
the size of the electrospun fibers is larger than with 
polymer solutions.

6 Medical Devices and Plastics

Plastics have an inherent advantage over tradition-
ally used materials, such as glass and metals, in medi-
cal devices. Plastics are lightweight, inexpensive, and 
often compatible with bodily fluids. Most plastics are 
also comparable in density to the body and thus are 

easier to be incorporated into the body. They, for 
the most part, also have a high degree of resistance 
to chemicals, both natural and synthetic, that make 
them suitable to be used in medical applications.

Plastics can also be formulated with a myriad of 
different chemistries. They can be soft or hard, elas-
tomeric or rigid, thermoplastic or thermoset, etc.

They can also be formulated as biologically stable 
or degradable. A stable formulation is one that can 
resist the action of body fluids and can be inert, mak-
ing them suitable for the construction of long-term 
implants. A degradable formulation, on the other 
hand, can be broken down into easily digestible and 
harmless elements over time. The degradation can be 
programmed to occur either at a specific time or upon 
a specific action. This makes biodegradable plastics 
attractive options in areas such as drug-device com-
binations and regenerative medicine.

The use of plastics in medical applications spans a 
wide spectrum of applications. Many plastics form a 
part of medical disposables such as wipes, bandages, 
syringes, tubes, blood bags, packaging materials, etc. 
As the name suggests, these are discarded after a sin-
gle use in a medical procedure. They do come in short-
term contact with medicines and/or the human body.

The use of plastics has revolutionized the area 
of medical diagnostics. Whether it be in simple 
blood pressure measurement devices or the much 
more complex magnetic resonance imaging (MRI) 
machines, plastic materials offer many advantages 
in the construction of this equipment such as design 
flexibility, light weight, robustness, etc., this has 
enabled the doctors to diagnose the patient’s condi-
tion accurately and monitor the progress of any condi-
tion. Often these diagnostic equipment work outside 
the body and remain external. However, there are 
diagnostic systems that work inside the body; these 
are usually introduced inside the body with the aid 
of plastic tubes known as catheters. Internal devices 
used in the area of cardiovascular diagnostics are 
described later in the chapter on the applications of 
plastics in cardiovascular devices.

The majority of medical devices are made to be 
implantable systems. These devices are implanted 
inside the human body and perform critical functions 
either in the area of drug delivery or regulation of 
some bodily function. Plastics form the core of many 
of these devices, and the properties of the plastic 
material allow greater functionality of the device.

The implantable devices are further divided into 
short-term implantable and long-term implantable 
devices depending on the duration of the dwell time of 

Figure 21 Schematic representation of an electros-
pinning device and a polymer jet [39]. Courtesy: Elsevier 
Publications.
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the implantable device inside the body. Most devices 
shorter than a 90 day dwell time are classified as being 
short-term implants. Biological stability becomes an 
important consideration for long-term implantables.

6.1 Biocompatibility

A material is said to be biocompatible when the 
material does not elicit any undesirable response from 
the body upon coming in contact with the elements 
of the body. By generating a beneficial response 
from the cellular or tissue structures, the material 
allows the appropriate function of the implanted 
device that the material either makes up or supports.

Depending on the duration of the implant and its 
function different demands are placed on the charac-
terization techniques for biocompatibility. The details 
are given in the international standards document 
ISO 10993 [40]. Some of the basic tests of biocom-
patibility include quantification and identification of 
any leachables from the material, the response of the 
cells in contact with the material (cytotoxicity) and 
the response of the genes in contact with the mate-
rial (genotoxicity). These tests are described in more 
detail in the chapter on the biological properties of 
plastics.

6.2 Biostability

The ability of a material to withstand the biologi-
cal environment within the human body is termed as 
the biostability of the material. Upon implantation of 
a medical device inside the body, the body’s immune 
system immediately responds to the new object and 
treats it as a foreign object [41]. As a result, different 
active species aided by enzymes attack the foreign 
object. In addition, the material also has to withstand 
the hydrolytic environment within the body. The 
response of the material to these environments deter-
mines the degree of biostability of a material. The 
biostability of a plastic determines the suitability of a 
material to be used in implantable devices.

The best measure of biostability for a plastic is the 
actual data coming from clinical studies. However, 
there needs to be an indication of how the plastic will 
behave under the conditions of the bodily environ-
ment especially with a new material. Animal trial is 
one method to ascertain material performance in in 
vivo conditions. An appropriate animal model is cho-
sen for the trial and either the finished device or the 
plastic on its own is implanted.

Several researchers [41–45] have also worked on 
the development of a representative laboratory or in 
vitro test to replicate the in vivo conditions. Many 
methods also try to accelerate the tests to get confi-
dence of the long-term performance of the material 
in the body [41,44–50]. It has been frequently noted 
that in vitro tests in general and accelerated in vitro 
tests in particular do not correspond to results from 
in vivo conditions and this has been attributed to the 
complexity of body environment and the inadequacy 
of in vitro models in successful replication. The bio-
stability tests are further described in the chapter on 
the biological properties of plastics.
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2 Commodity Plastics in Cardiovascular Applications

Ajay D. Padsalgikar

Abbott, Rogers, MN, United States

1 Introduction

The commodity plastics used in cardiovascular 
applications that are considered in this text are as 
follows:

•	 Polyolefins
•	 Polyethylene
•	 Polypropylene

•	 Polyethylene	terephthalate	(PET)
•	 Polyamides	(PAs)

•	 Nylons
•	 Polyether	block	amide

Polyolefins	 have	 a	 long	 history	 of	 study	 and	 us-
age [1–4].	Polyolefins	can	be	further	divided	into	the	
most frequently used individual plastics of polyeth-
ylene	 and	 polypropylene.	 Polyethylene	 themselves	
are	available	in	different	structural	forms	and	varying	
densities	as	high	density	polyethylene	(HDPE),	 low	
density,	and	linear	low	density	polyethylene	(LLDPE)	
[5].	Polyolefins	in	general	are	the	most	widely	used	
plastic and hence the materials right from their manu-
facturing	 to	 their	 structure,	 properties,	 and	 process-
ing	have	been	widely	researched	[1–10].	Polyolefins	
are used in numerous applications within the medical 
field,	in	the	disposable	devices	and	outside	the	body	
applications	 such	as	 syringes,	 containers,	 and	pack-
aging [11,12].	In	the	cardiovascular	area,	polyolefins	
are	 used	 in	 introducers,	 catheters,	 catheter	 linings,	
and permanent sutures [12–15].	PET	is	the	most	com-
mon thermoplastic resin of the polyester family and 
finds	varied	usage	in	the	areas	of	textiles,	films,	and	
packaging	 and	 are	 well	 studied	 plastics	 [16–18]. In 
the	cardiovascular	field	PET	is	used	in	vascular	grafts	
and sutures [14,19].	PAs	are	plastics	with	 the	basic	
amide	linkage	and	can	have	a	range	of	properties	and	
applications	based	on	 the	components	of	 the	chains	
preceding	and	following	the	amide	linkage	[20,21]. A 
range	of	different	polymers	both	natural	and	synthetic	
are	possible	with	the	amide	linkage	[21,22]. A series 
of	 nylon	 blends	 and	 block	 copolymer	 formulations	
can	be	generated	from	the	PA	linkage	having	varied	

properties and applications [20–25]. In the cardiovas-
cular	area	PAs	find	use	as	catheters,	balloon	catheters,	
and sutures [14,19].	As	would	be	expected	there	are	
a	 number	 of	 suppliers	 that	 manufacture	 and	 supply	
these	 commodity	 plastics;	 however,	 many	 of	 them	
have	restrictions	for	medical	usage,	especially	usage	
inside	the	body.	Careful	evaluation	of	these	plastics	is	
necessary	using	the	techniques	described	in	Chapter	4	
to	determine	the	biological	properties	of	plastics.	The	
evaluation	will	obviously	depend	on	the	application	
of	the	plastic,	that	is,	the	location	and	duration	of	the	
device	containing	the	plastic	in	the	body.

There are other plastics that are also used in cer-
tain	medical	applications;	poly	vinyl	chloride	(PVC)	
is widely used and within the cardiovascular sector it 
is	used	as	catheters,	luers,	connectors	and	disposables.	
Concerns	about	 the	use	of	PVC	are	primarily	based	
on	the	additives,	especially	plasticisers,	that	are	used	
in	 the	 formulation	 of	 PVC.	 These	 additives	 tend	 to	
leach	out	during	the	application	period	and	have	been	
shown	to	be	toxic	under	certain	circumstances.	As	a	
result	the	use	of	PVC	within	the	medical	devices	area	
is decreasing and alternative materials for replacement 
are	being	considered.	Styrenic	polymers	are	also	used	
for	different	applications,	in	some	cases	as	polystyrene	
but	usually	as	co-polymers	of	styrene	with	butadiene	
and ethylene.

2 Polyolefins

An	olefin	 is	a	hydrocarbon	 that	 is	unsaturated	or	
contains	 at	 least	 one	 carbon–carbon	 double	 bond.	
An	olefin	is	also	known	as	an	alkene	or	an	olefin	and	
these	terms	are	used	interchangeably.	Acyclic	olefins	
with	only	one	double	bond	 and	no	other	 functional	
groups	form	a	series	of	hydrocarbons	with	the	general	
formula C

n
H

2n
,	ethylene	is	the	simplest	olefin	with	the	

formula C
2
H

4
,	 and	propylene	has	 the	 formula	C

3
H

6
. 

Polymerization	 of	 olefins	 leads	 to	 the	 formation	 of	
polyolefins,	ethylene	can	be	polymerized	to	polyeth-
ylene,	and	propylene	can	be	polymerized	to	polypro-
pylene.	Polymerization	of	olefins	follows	an	addition,	
chain	 growth	 mechanism,	 and	 either	 through	 a	 free	
radical or ionic mechanism.
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2.1 Polyethylene

Polyethylene	is	the	most	common	plastic	with	its	
annual usage in the excess of 80 million metric tons 
[26].	Polyethylene	is	made	with	different	processes	
and produces different polymeric chain structures 
and	their	associated	densities	of	packing.

The main raw material for the manufacture of all 
polyethylenes is ethylene. The molecular formula for 
ethylene is shown in Fig. 1.

The	 angle	 between	 the	 carbon	 and	 hydrogen	 at-
oms	in	ethylene	is	121.3°.	The	distance	between	the	
carbon	atoms	is	133.9	pm	(1	pm	=	1	× 10−12	m)	and	
the	distance	between	the	carbon	and	hydrogen	atoms	
is	108.7	pm.	The	double	bond	in	ethylene	is	a	region	
of	high	electron	density	and	thus	is	susceptible	to	at-
tack	by	electrophilic	compounds.	Electrophilic	addi-
tion is the main reaction pathway for ethylenes [4].

Ethylene	 is	 a	 colorless,	 flammable	 gas	 with	 the	
faint sweet odor. The raw material for the manufac-
ture of ethylene is petroleum. The industrial route 
to	 make	 ethylene	 comprises	 steam	 cracking	 of	 hy-
drocarbons	 and	 subsequently	 separating	 ethylene	
through a series of compression and distillation steps.

The conversion of ethylene to polyethylene was 
first	discovered	 in	 the	1930s	by	chemists	at	 the	 Im-
perial	Chemical	Industries	(ICI)	in	England.	A	high-
pressure process was developed to convert ethylene 
into	a	white,	waxy	substance.	This	became	the	basis	
for	 the	process	 of	making	 low	density	 polyethylene	
(LDPE)	on	an	industrial	scale.	Work	in	the	1950s	fo-
cused on the development of catalysts for this process 
of conversion of ethylene to polyethylene at more 
favorable	 conditions	 [4,7].	 Chemists	 at	 Phillips	 Pe-
troleum	 developed	 a	 chromium-based	 catalyst	 that	
worked	in	the	conversion	of	ethylene	to	polyethylene	
at pressures and temperatures lower than what was 
developed	 by	 the	 ICI	 chemists.	 A	 few	 years	 later	 a	
German	chemist,	Ziegler,	developed	another	catalyst	
based	on	titanium	halides	and	organo-aluminum	that	
worked	at	even	milder	conditions	than	the	Phillips	cat-
alyst [27].	Both	the	Ziegler	and	the	Phillips	catalysts	
are used in the industrial production of polyethylene 
on	a	wide	scale.	The	development	of	soluble	catalysts	
known	as	Metalocenes	in	the	1970s	has	expanded	the	
range of polyethylenes in terms of their densities and 
copolymerizations	with	other	olefins	[1,27].

2.1.1 Synthesis of Polyethylene
Polyethylene	is	made	by	the	addition	polymerization	

of ethylene as depicted in the following equation [4]:

→    ∆ = − −n HC H [ CH CH ] 92 kjmol
n2 4 2 2

1

There are two traditional routes to manufacture 
polyethylene: a high-pressure route and the low-
pressure	route.	In	the	high-pressure	process,	a	lower	
density product is formed whereas the lower pres-
sure process leads to the manufacture of a higher 
density	product.	Therefore,	LDPE	is	formed	with	the	
high-pressure	 process	 and	 HDPE	 is	 formed	 using	
the	 low-pressure	 process.	 The	 difference	 between	
these two processes is outlined as follows.

In	 the	 high-pressure	 process,	 ethylene	 of	>99%	
purity is compressed and added to the reactor with 
an initiator. The initiator used is either small amount 
of oxygen and/or organic peroxide. Radical polymer-
ization	proceeds	and	converts	ethylene	to	polyethyl-
ene. The process is operated at very high pressures of 
1000–3000	atm	and	at	temperatures	of	between	150	
and 300°C [28–30].

The	reaction	scheme	and	the	resulting	kinetics	of	
the	high-pressure	process	is	a	series	of	reaction	steps,	
namely,

•	 Initiator	decomposition
•	 Radical	chain	propagation
•	 Chain	transfer	to	monomer	and	to	modifier
•	 Intra-	and	intermolecular	chain	transfer
•	 Scission	of	secondary	radicals,	and
•	 Chain	termination

These	steps	can	be	depicted	as	a	series	of	reactions	
as	shown	in	the	following	where	I	is	the	initiator,	R	
is	the	radical,	M	is	the	monomer	which	in	this	case	is	
ethylene,	and	P	is	the	polymer	or	polyethylene.

 →I 2. R Initiator decompositionk

I
d

+  →R M M Initiation
I

k

I
I

+  →M M M Propagation
I

k

I+1
p

+  → ′M M M Termination
I I+N N

Two	 differently	 operated	 high-pressure	 processes,	
the	autoclave	and	tubular	reactors	are	used	in	the	syn-
thesis	of	LDPE	[31].	A	higher	conversion	rate	can	be	
achieved	in	 tubular	reactors	as	compared	to	 the	auto-
clave	 process.	 The	 conversion	 in	 tubular	 reactors	 is	
around	 40%	 in	 contrast	 to	 around	 25%	 in	 autoclave	

nC
2
H

4
→[−CH

2
−CH

2
−]n ∆H

=−92kjmol−1

I⟶kd2.RI			Initiator	decomposition

RI+M⟶kIMI			Initiation

MI+M⟶kpMI+1			Propagation

MI+MI+N→MNI			Termination

Figure 1 Molecular formula for ethylene.
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reactors.	 Molecular	 weight	 of	 the	 resultant	 LDPE	
chains	can	be	controlled	by	adding	chain	transfer	agents	
such	as	saturated	hydrocarbons,	α-olefins,	ketones,	or	
aldehydes to the reaction [28–31]. At the end of the 
process the molten polyethylene is fed into an extruder 
and	pelletized.	The	unreacted	ethylene	is	recycled	back.	
The	resultant	product	contains	anywhere	between	4000	
and	40,000	ethylene	units	and	many	attached	branches.

A	 lower	pressure	 in	 the	process	 of	making	poly-
ethylene	is	essentially	achieved	by	the	use	of	an	ap-
propriate	catalyst	system.	The	lower	pressure	enables	
the production of a higher density product as the mate-
rial	has	much	less	branches	attached	to	the	main	chain	
and	HDPE	is	the	result	of	a	low-pressure	process.	The	
Phillips	catalyst	and	 the	Ziegler	catalyst	are	 typical-
ly used in the manufacturing process [29]. An inor-
ganic compound such as chromium oxide on a silica 
bed	 is	 an	 example	of	 a	Phillips	 catalyst	 system,	 the	
Ziegler	 catalyst	 is	 an	organometallic	 compound	and	
an example is a titanium halide with an aluminum al-
kyl.	Using	pressures	in	the	range	of	10–80	atm,	tem-
peratures	in	the	range	of	70–300°C,	and	in	the	pres-
ence	of	either	catalyst	systems	three	different	kinds	of	
processes	are	used	to	produce	HDPE	[4]. The slurry 
process,	the	solution	process,	and	the	gas	phase	pro-
cess	 are	 the	 three	 different	 kinds	 of	 processes	 that	
are	used	to	produce	HDPE.	In	the	slurry	process,	the	
Ziegler	catalyst	is	mixed	with	the	liquid	hydrocarbon;	
this mixture forms a slurry. Gaseous ethylene is then 
pumped under pressure into the slurry; ethylene is po-
lymerized	to	polyethylene	in	the	slurry.	Subsequently	
the	hydrocarbon	solvent	 is	evaporated	and	HDPE	 is	
recovered.	Similar	to	the	slurry	process	is	the	process	
where	the	catalyst	system	is	soluble	in	a	solvent.	The	
catalyst	system	is	soluble	in	a	higher	molecular	weight	
hydrocarbon	solvent	as	compared	to	the	hydrocarbon	
used for the slurry process. The reaction in a solvent 
system proceeds similarly to a slurry process and at 
the end of the reaction the solvent is evaporated and 
the	polymer	recovered.	In	a	gas	phase	process,	a	mix-
ture	of	ethylene	and	hydrogen	is	passed	over	a	Phillips	
catalyst	in	a	fixed	bed	reactor	[4]. Ethylene polymer-
izes	to	form	grains	of	HDPE,	suspended	in	the	flow-
ing	gas,	which	pass	out	of	the	reactor	when	the	valve	
is	opened.	The	HDPE	powder	coming	out	of	any	of	
the reactors discussed previously is separated from 
the	diluent	or	solvent	(if	used)	and	is	extruded	and	cut	
up into pellets. A process where a small amount of a 
different monomer is mixed with ethylene during po-
lymerization	can	lead	to	the	production	of	branching	
in the polymer chains. This comonomer process can 
result in the manufacture of lower density polymer us-
ing a low-pressure process and as a result lower den-
sities	than	HDPE	can	be	obtained.	The	comonomers	

typically	 used	 are	 butene	 and	 hexene.	 This	 process	
produces	 branches	 that	 are	 much	 smaller	 in	 length	
than the high pressure process and therefore are much 
more linear structure results. The polymer produced in 
this	process	is	known	as	linear	low	density	polyethyl-
ene	(LLDPE).	LLDPE	is	more	resilient,	tear	resistant,	
and	flexible	compared	to	the	low	density	system	and	
is preferred in many applications. A newer process to 
produce	 LLDPE	 is	 by	 use	 of	 metallocene	 catalysts;	
these	catalyst	systems	are	more	specific	than	the	older	
systems [3].	These	specific	systems	are	more	efficient	
in control of the chain length and chain structure. The 
materials produced with metallocene catalysts are 
superior in their properties and preferred for some 
applications	especially	packaging.

2.1.2 Properties of Polyethylene
The	 properties	 of	 polyethylenes	 are	 controlled	 by	

average	molecular	mass,	molecular	mass	distribution,	
the	degree	of	 short	chain	branching,	and	comonomer	
composition	distribution.	These	are	directly	a	reflection	
of	the	technique	used	for	polymerization,	catalyst	sys-
tem	employed,	and	the	process	reaction	conditions	[3].

The	molecular	weight	distribution	of	polyethylene	
polymers is dependent on the catalyst system used 
during	the	manufacturing	process.	Chromium-based	
Phillips	 and	 titanium-based	 Ziegler	 catalysts	 are	
multisite	catalysts,	whereas	metallocene	catalysts	are	
referred	 to	as	 single-site	catalyst	 systems.	Standard	
multisite catalysts generate polyethylene with narrow 
to	broad	molecular	mass	distributions.	The	polydis-
persity	index,	that	is,	the	ratio	of	weight	average	mo-
lecular	weight	to	number	average	molecular	weight	
M

w
/M

n,
	 of	 polyethylenes	 produced	 by	 Phillips-	 and	

Ziegler-type	catalysts	vary	between	 the	values	of	4	
and	 12.	 In	 contrast,	 metallocene	 catalysts	 produce	
PE	with	a	narrow	molecular	mass	distribution	with	a	
polydispersity index values less than 4 [3,4].

LDPE	has	a	density	range	of	0.910–0.940	g/cm3. 
Owing to its high degree of short and long chain 
branching,	 the	polymer	chains	do	not	pack	into	 the	
crystal	structure	as	well.	It	has	therefore	weaker	in-
termolecular attractive forces as the instantaneous-
dipole induced-dipole attraction is less. This results 
in a lower tensile strength and increased elongation at 
break.	The	properties	of	LDPE	are	characterized	by	
its	molecular	morphology	specifically	 its	molecular	
weight	and	branching	structure.	The	short	and	long	
chain	branches	formed	on	the	main	chain	of	LDPE	
have	a	 statistical	distribution	 formed	during	 the	 in-
tra- and intermolecular radical transfer reactions. 
The	high	degree	of	branches	with	long	chains	gives	
molten	LDPE	unique	and	desirable	flow	properties.	
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Polymer	properties	are	correlated	to	the	temperature	
and	pressure	during	polymerization	and	by	control-
ling these values the molecular structure and the 
resultant	polymer	properties	can	be	tuned.

The	main	properties	of	LDPE	can	be	summarized	
as;	semirigid,	 translucent,	 tough,	good	chemical	re-
sistance,	 low	 water	 absorption,	 thermoplastic,	 and	
easily	processed	by	most	methods.	Some	representa-
tive values are given in Table	1.

HDPE	is	defined	by	a	density	of	greater	 than	or	
equal	 to	 0.941	 g/cm3.	 HDPE	 has	 a	 low	 degree	 of	
branching	 and	 thus	 stronger	 intermolecular	 forces	
than	LDPE.	This	results	in	higher	tensile	strength	as	
compared to its lower density counterparts.

The	main	properties	of	HDPE	can	be	summarized	
as:	 flexible,	 translucent/waxy,	 weatherproof,	 good	
low	temperature	toughness	(to	−60°C),	easy	to	pro-
cess	by	most	methods,	low	cost,	and	good	chemical	
resistance	(Table	2).

To a great extent the length of the polymer 
chains	and	their	organization,	that	is,	the	molecular	
weight	 and	 the	 %	 crystallinity,	 play	 the	 most	 sig-
nificant	roles	in	the	determination	of	the	properties	
of	HDPE	[3].	Typical	 for	all	HDPE	resins	are	op-
posite dependencies in the mechanical properties. 
Material	stiffness	or	Young’s	modulus,	and	tensile	
strength	are	opposite	to	environmental	stress	crack	
resistance	(ESCR)	and	material	toughness	or	impact	
properties. The challenge of product development 
is	 to	 achieve	 the	 best	 balance	 of	 properties	 meet-
ing all the needs of the application the material is 
subjected	to.

2.2 Polypropylene

The molecular formula for propylene is shown in 
Fig. 2.

The	difference	between	ethylene	and	propylene	is	
the	 presence	 of	 the	 additional	 methyl	 group.	 Simi-
lar	to	ethylene,	propylene	is	a	colorless	gas	at	room	
temperature	and	atmospheric	pressure;	however,	the	
presence of the methyl group gives propylene ad-
ditional	molecular	mass	and	 it	has	a	higher	boiling	
point than ethylene in its liquid form.

Propylene,	like	ethylene,	is	a	by-product	of	oil	re-
fining	[1,2].	A	major	source	of	propylene	is	naphtha	
cracking;	during	the	cracking	process,	ethylene,	pro-
pylene,	and	other	compounds	are	produced	as	a	result	
of	refining	larger	hydrocarbon	molecules	to	produce	
lower	molar	mass	hydrocarbons.	Propylene	can	sub-
sequently	be	separated	by	fractional	distillation	from	
hydrocarbon	mixtures	obtained	from	cracking.	Ow-
ing	to	the	presence	of	the	methyl	group,	the	double	
bond	present	between	the	carbon	atoms	is	especially	
weak	and	relatively	easy	for	the	polymerization	into	
polypropylene.

2.2.1 Synthesis of Polypropylene
Polymerization	 of	 propylene	 to	 polypropylene	

was	first	attempted	in	the	1950s	by	different	chemists	
at	Phillips	Petroleum,	 Italian	chemist	Giulio	Natta	

Table 1 Physical Properties of Low Density 
Polyethylene

LDPE Physical Properties Value

Tensile strength 12–15 MPa

Notched impact strength No break

Thermal coefficient of 
expansion (×10−6 K−1)

100–220 × 10−6

Max. continued use 
temperature

65°C (149°F)

Melting point 110°C (230°F)

Glass transition temperature −125°C (−193°F)

Density 0.910–0.940 g/cm3

LDPE, low density polyethylene.

Table 2 Physical Properties of High Density 
Polyethylene

HDPE Physical Properties Value

Tensile modulus (MPa) 750–1500

Tensile strength at yield (MPa) 18–28

Thermal coefficient of 
expansion ( x10-6 K-1 )

100–220 × 10−6

Max. continued use 
temperature

65°C (149°F)

Melting point (°C) 128–135

Density 0.941–0.965 g/cm3

HDPE, high density polyethylene. Figure 2 Molecular formula for propylene.
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and German chemist Karl Rehn. First commercial 
production	of	polypropylene	was	started	by	the	Ital-
ian	 firm	 Montecatini	 in	 1957	 [1,9].	 Traditionally,	
two main processes are used for the conversion of 
propylene	into	polypropylene;	these	are	the	bulk	or	
bulk	slurry	process	and	the	gas	phase	process.	The	
development	of	a	combination	catalyst,	the	Ziegler–
Natta	catalyst,	was	essential	for	the	progress	of	the	
industrial	application	of	the	polymerization	of	pro-
pylene	to	polypropylene.	The	Ziegler–Natta	catalyst	
is	formed	by	the	interaction	of	titanium	chloride	and	
alkyl	aluminum	such	as	triethyl	aluminum	[29]. The 
bulk	process	occurs	without	a	solvent,	in	liquid	pro-
pylene. The pressures and temperatures required to 
maintain	propylene	in	liquid	form	are	kept	through-
out	the	process.	The	temperatures	used	are	between	
70 and 80°C and the pressures are in the range of 
30–40 atm [9].	At	the	end	of	polymerization	poly-
mer particles are separated from the liquid and the 
unreacted	propylene	is	cycled	back	into	the	process.	
The use of liquid propylene as the solvent for the 
polymer means that there is no requirement for the use 
of	 higher	 hydrocarbons	 as	 the	 solvent.	 In	 the	 gas	
phase	process,	a	mixture	of	propylene	and	hydrogen	
is	 passed	 over	 a	 bed	 containing	 the	 Ziegler–Natta	
catalyst at temperatures of 50–80°C and a pressure 
of	8–35	atm.	At	the	end	of	the	process,	the	polymer	
is separated from the gaseous propylene and hydro-
gen using cyclones and the unreacted gas is recycled 
back	 into	 the	 process	 [29].	 Metallocene	 catalysts	
are	 also	 being	 increasingly	 used	 for	 the	 produc-
tion	of	polypropylenes.	Metallocene	catalysts	offer	
some distinct advantages over traditional catalyst 
systems. The main advantage is in the control of 
the structure of polypropylene. The structure of the 
polypropylene	 is	 dictated	 by	 tacticity	 or	 its	 stereo	
arrangements.

2.2.2 Structure and Properties 
of Polypropylene

An	 important	 concept	 in	 defining	 the	 structure	
of polypropylene is the understanding of its tactic-
ity [9]. The orientation of the methyl group on the 
monomer with respect to the orientation on the other 
or	the	neighboring	monomers	controls	or	defines	the	
tacticity	of	the	polymer	chain.	When	the	orientation	
of	all	the	methyl	groups	is	the	same,	polymer	is	said	
to	 be	 isotactic.	 In	 a	 syndiotactic	 polymer,	 alternate	
methyl groups are on different sides of the chain. The 
tacticity of the chain plays a critical role in determin-
ing the extent of crystallinity of polypropylene. The 

catalyst	used	 in	 the	process	 to	make	polypropylene	
plays a very important role in deciding the tacticity 
of	the	material.	Ziegler–Natta	catalysts	are	very	ef-
fective in the production of isotactic polymer chains. 
The	newer	metallocene	catalysts	have	been	shown	to	
produce	 syndiotactic	 materials	 reproducibly.	 When	
the	methyl	 groups	 in	 a	 polypropylene	 chain	 exhib-
it	 no	 preferred	 orientation,	 the	 polymers	 are	 called	
atactic.	Atactic	polypropylene	is	an	amorphous	rub-
bery	material.

The properties of polypropylene are in many re-
spects	similar	to	that	seen	with	polyethylene,	both	
LDPE	 and	 HDPE	 [1]. The presence of the addi-
tional methyl group improves certain mechanical 
properties	 including	 material	 toughness,	 creep,	
and fatigue. The presence of the methyl group also 
enhances thermal resistance; however the chemi-
cal resistance decreases as a result of the increased 
chemical	 activity	 around	 the	 carbon	 bond.	 Equal	
balance	 is	 noted	 with	 polyethylene	 especially	 in	
solution	behavior	and	electrical	properties.	Overall	
the properties of polypropylene depend on the mo-
lecular	 weight	 and	 molecular	 weight	 distribution	
of	 the	 polymer	 chain,	 degree	 of	 crystallinity,	 the	
tacticity	 type,	 and	 any	 proportion	 of	 comonomer	
if used.

The	density	of	PP	 is	between	0.895	and	0.92	g/
cm3,	making	PP	the	commodity	plastic	with	the	low-
est density. The lower density is a result of lesser 
density	difference	between	the	amorphous	and	crys-
talline regions of the polymer; this density difference 
is lower than polyethylene and hence a polymer den-
sity	lesser	than	LDPE	is	observed	[1,9].

The ultimate tensile strength of polypropylene is 
in	the	range	of	4000	and	5000	psi,	the	Young’s	mod-
ulus	 of	 PP	 is	 between	 1300	 and	 1800	 N/mm2,	 and	
the	%	elongation	at	break	ranges	from	10%	to	30%.	
Polypropylene	 is	 normally	 tough,	 fatigue	 resistant,	
and	 flexible;	 these	 properties	 are	 enhanced	 when	
propylene	is	copolymerized	with	ethylene	[32]. The 
range of mechanical properties allows polypropylene 
to	be	used	as	an	engineering	plastic	in	numerous	ap-
plications [9],	 competing	 with	 other	 thermoplastic	
materials.

The thermal properties of polypropylene are 
strongly	 dependent	 on	 its	 structure,	 specifically	 on	
its tacticity [33].	PP	with	a	perfectly	isotactic	struc-
ture	has	a	melting	point	of	171°C	(340°F);	however	
there is always a certain amount of impurity in the 
structure	 and	 commercially	 available	 isotactic	 PP	
has a melting point that ranges from 160 to 166°C 
(320–331	 °F).	 Syndiotactic	 PP	 with	 a	 crystallinity	
of	30%	has	a	melting	point	of	130	°C	(266	°F).	It	has	
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been	noted	that	at	low	temperatures	(below	0	°C)	PP	
has	a	tendency	to	become	brittle.	The	coefficient	of	
thermal	 expansion	 of	 polypropylene	 is	 seen	 to	 be	
similar to polyethylenes [1].

2.2.2.1 Chemical Properties
The chemical resistance of polypropylene at room 

temperature conditions is one of its outstanding prop-
erties; in spite of this high chemical resistance it is 
less resistant than the polyethylenes mainly due to the 
tertiary	carbon	atom	in	its	structure	[9]. This property 
makes	it	suitable	for	polypropylene	to	act	as	storage	
containers	and	 these	containers	are	suitable	 to	store	
many	different	kinds	of	chemicals.	At	room	tempera-
ture	PP	is	resistant	to	polar	and	nonpolar	substances	
alike,	all	fats	and	almost	all	organic	solvents	do	not	
attack	PP,	the	exception	is	strongly	oxidizing	solvents	
such	as	peroxides	and	perchlorates.	Nonoxidizing	ac-
ids	and	bases	can	be	stored	in	containers	made	of	PP.	
At	temperatures	above	100°C,	PP	can	be	dissolved	in	
low polarity solvents such as xylene. p-Xylene	(PX)	
is	a	known	solvent	for	PP	and	commercial	grades	are	
fully	dissolvable	in	PX	at	temperatures	of	140°C	[9]. 
It is seen that the atactic portion of the material re-
mains dissolved in the solvent even as the solution is 
cooled down from 140°C to room temperature. The 
isotactic	 portion,	 which	 is	 the	 majority	 of	 all	 com-
mercial	grades,	precipitates	out	of	the	solution	as	the	
temperature	falls	below	100°C	[33].

The presence of the methyl group and the asso-
ciated	tertiary	carbon	atom	imparts	a	certain	degree	
of	chemical	instability	to	polypropylene’s	structure.	
Polypropylene	 is	 susceptible	 to	 chain	 degradation	
when	exposed	to	heat	and	ultraviolet	(UV)	radiation,	
this	susceptibility	is	a	source	for	concern	in	outdoor	
applications as sunlight can act as a potential de-
gradant for polypropylene [34,35]. Oxidation usu-
ally	occurs	at	the	tertiary	carbon	atom	that	is	present	
in every repeat unit. A free radical is formed at this 
site	 and	 then	 reacts	 further	 with	 available	 oxygen,	
followed	 by	 chain	 scission	 to	 yield	 aldehydes	 and	
carboxylic	 acids.	 UV	 absorbing	 additives	 such	 as	
carbon	black	are	used	as	a	filler	in	outdoor	applica-
tions,	otherwise	degradation	leads	to	the	formation	of	
a	network	of	cracks	 that	grow	deeper	and	more	se-
vere	with	increasing	time	of	exposure.	Polypropylene	
can	also	be	oxidized	at	high	temperatures;	therefore	
antioxidants are added to prevent oxidation occurring 
in thermoplastic processing operations [34].	Polypro-
pylene	degradation	has	also	been	noted	in	biological	
conditions.	Microbial	communities	isolated	from	soil	
samples	 mixed	 with	 starch	 have	 been	 shown	 to	 be	

capable	 of	 degrading	 polypropylene	 [34].	 Polypro-
pylene	has	been	reported	to	degrade	while	in	human	
body	 as	 implantable	 mesh	 devices.	 The	 degraded	
material	is	seen	to	form	a	tree	bark-like	layer	at	the	
surface	of	mesh	fibers	[36].

The	 melt	 flow	 rate	 (MFR)	 or	 melt	 flow	 index	
(MFI)	is	a	measure	of	molecular	weight	of	polypro-
pylene. The measure helps to determine how easily 
the	molten	raw	material	will	flow	during	processing.	
Polypropylene	with	higher	MFR	will	fill	the	plastic	
mold	more	easily	during	the	injection	or	blow-mold-
ing	production	process.	As	the	melt	flow	increases,	
however,	 some	 physical	 properties,	 like	 impact	
strength,	will	decrease.

There are three general types of polypropylene: ho-
mopolymer,	random	copolymer,	and	block	copolymer.	
The comonomer is typically used with ethylene. Ethyl-
ene–propylene	rubber	or	EPDM	added	to	polypropyl-
ene homopolymer increases its low temperature impact 
strength.	 Randomly	 polymerized	 ethylene	 monomer	
added to polypropylene homopolymer decreases the 
polymer	 crystallinity,	 lowers	 the	 melting	 point,	 and	
makes	the	polymer	more	transparent.	PP	can	be	made	
translucent	when	uncolored	but	is	not	as	readily	made	
transparent	 as	 polystyrene,	 acrylic,	 or	 certain	 other	
plastics. It is often opaque or colored using pigments.

The	various	properties	of	PP	are	listed	in	Table	3.

2.3 Medical Applications 
of Polyolefins

Polyethylene	and	polypropylene	are	the	two	im-
portant	 polymers	 of	 the	 polyolefin	 family	 with	 a	
wide	range	of	medical	applications	because	of	their	
biocompatibility	 and	 chemical	 resistance	 [12]. In 
cardiovascular	arena,	both	low-density	polyethylene	
and	high-density	polyethylene	are	utilized	in	making	
tubings	and	housings	for	blood	supply.	They	are	also	
utilized	in	production	of	blood	bags	to	store	blood.	
Polypropylene	 is	 also	used	 for	making	heart	 valve	
structures [12,14].

Its	most	common	medical	use	is	in	the	synthetic,	
nonabsorbable	 suture	 [37].	 Polypropylene	 also	 has	
been	used	in	hernia	and	pelvic	organ	prolapse	repair	
operations	to	protect	the	body	from	new	hernias	in	the	
same location. A small patch of the material is placed 
over	 the	 spot	 of	 the	 hernia,	 below	 the	 skin,	 and	 is	
painless	and	rarely,	if	ever,	rejected	by	the	body	[38]. 
However,	a	polypropylene	mesh	will	erode	the	tissue	
surrounding it over the uncertain period from days 
to	years.	Therefore,	 the	Food	and	Drug	Adminstra-
tion	in	the	USA	(FDA)	has	issued	several	warnings	
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on	 the	 use	 of	 polypropylene	 mesh	 medical	 kits	 for	
certain	 applications	 in	 pelvic	 organ	 prolapse,	 spe-
cifically	when	 introduced	 in	 close	proximity	 to	 the	
vaginal	wall	due	to	a	continued	increase	in	number	
of	mesh-driven	 tissue	erosions	 reported	by	patients	
over the past few years [39]. Initially considered in-
ert,	polypropylene	has	been	found	to	degrade	while	
in	the	body.	The	degraded	material	forms	a	bark-like	
shell	on	the	mesh	fibers	and	is	prone	to	cracking	[36].

3 Polyethylene Terephthalate

PET	 is	a	 thermoplastic	polymer	of	 the	polyester	
family. The common chemical group in the polyester 
family is the ester group. The ester group is highly 

susceptible	to	hydrolysis;	in	many	studies	it	has	been	
seen	to	be	easily	cleaved	by	the	presence	of	moisture.	
It	 is	noteworthy	 that	despite	belonging	 to	 the	poly-
ester	family,	PET	is	considered	extremely	biostable	
[14,19].	This	biostability	 is	a	result	of	 the	structure	
of	PET	and	its	molecular	organization	or	its	crystal-
linity [18].

PET	 consists	 of	 long	 chains	 of	 the	 polymerized	
monomer	 ethylene	 terephthalate,	 with	 repeating	
(C

10
H

8
O

4
)	units	as	shown	in	Fig. 3.

3.1 Synthesis of PET

The	monomer	of	PET	can	be	synthesized	in	either	
of	the	two	ways;	by	esterification	or	transesterification	

Table 3 Properties of Polypropylene

Property Homopolymer Copolymer

D792 Density (lb/in3) 
(g/cm3)

0.033 
0.905

0.033 
0.897

D570 Water absorption, 24 h (%) <0.01 0.01

D638 Tensile strength (psi) 4,800 4,800

D638 Tensile modulus (psi) 195,000 —

D638 Tensile elongation at yield (%) 12 23

D790 Flexural strength (psi) 7,000 5,400

D790 Flexural modulus (psi) 180,000 160,000

D695 Compressive strength (psi) 7,000 6,000

D695 Compressive modulus (psi) 225,000 —

D785 Hardness, Rockwell R 92 80

D256 IZOD notched impact (ft-lb/in) 1.9 7.5

D696 Coefficient of linear thermal expansion (× 10−5 in./in./°F) 6.2 6.6

D648 Heat deflection temp (°F/°C)
at 66 psi
at 264 psi

210/99
125/52

173/78
110/43

D3418 Melting temperature (°F/°C) 327/164 327/164

— Max operating temp (°F/°C) 180/82 170/77

C177 Thermal conductivity
(BTU-in/ft2-h-°F) 
(× 10−4 cal/cm-s-°C)

0.76–0.81
2.6–2.8

—
—

UL94 Flammability rating HB n.r.

D149 Dielectric strength (V/mil) short time, 1/8″ thick 500–660 475

D150 Dielectric constant at 1 kHz 2.25 2.2–2.36

D150 Dissipation factor at 1 kHz 0.0005–0.0018 0.0017

D257 Volume resistivity (Ω-cm) at 50% RH 8.5 × 1014 2 × 1016

D495 Arc resistance (s) 160 100
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[40,41].	 Esterification	 is	 the	 reaction	 of	 an	 alcohol	
with an acid leading to the formation of esters with the 
elimination	of	water.	Transesterification,	on	the	other	
hand,	is	the	transfer	of	the	ester	group	in	the	reaction	
between	an	ester	compound	and	an	alcohol	replacing	
the	alkoxy	group.	The	esterification	reaction	proceeds	
by	 the	 reaction	 between	 terephthalic	 acid	 (TA)	 and	
ethylene	glycol	with	water	as	a	by-product,	the	trans-
esterification	 reaction	 proceeds	 by	 the	 reaction	 be-
tween ethylene glycol and dimethyl terephthalate with 
methanol	as	a	by-product.	Subsequent	polymerization	
is through a condensation reaction and a step growth 
process	of	the	monomers	immediately	after	esterifica-
tion/transesterification	with	water	as	the	by-product.

PET	was	first	patented	in	the	1940s	in	the	United	
Kingdom.	 Its	 first	 commercial	 use	 occurred	 in	 the	
1950s	throughout	the	world	[42].

The	common	substance	in	the	production	process	
of	PET	 is	ethylene	glycol.	 In	 the	 transesterification	
process ethylene glycol is reacted with dimethyl 
terephthalate,	 in	 the	 esterification	 process	 ethylene	
glycol is reacted with TA.

Ethylene	 glycol	 is	 produced	 from	 ethylene	 (eth-
ene),	 via	 the	 intermediate	 ethylene	 oxide.	 Ethylene	
oxide reacts with water to produce ethylene glycol 
according to the following chemical equation:

C
2
H

4
O	+	H

2
O →	HO	─	CH

2
CH

2
 ─	OH

The	ethylene	glycol	reaction	can	be	catalyzed	by	
the	use	of	either	acids	or	bases,	or	can	occur	at	neu-
tral	pH	under	high	temperatures.	The	highest	yields	
of ethylene glycol are seen to occur at acidic or neu-
tral	pH	conditions	with	a	large	excess	of	water	in	the	
system [41].	Under	these	conditions,	ethylene	glycol	
yields	of	90%	can	be	achieved.

Dimethyl	 terephthalate	 (DMT)	 can	 be	 produced	
in a few different ways [40]. There are two conven-
tional methods that are frequently used on an indus-
trial	 basis	 to	 produce	 DMT.	 One	 common	 method	
for	the	production	of	DMT	is	from	para-xylene	(PX)	
and	methanol.	In	this	process,	a	mixture	of	PX	and	p-
Toluic	ester	(PT)	is	oxidized	with	air	in	the	presence	
of	a	heavy	metal	catalyst	such	as	a	cobalt-based	cata-
lyst. This is the oxidation step and the acid mixture 

resulting	from	this	oxidation	is	esterified	with	metha-
nol	(CH

3
OH)	to	produce	a	mixture	of	esters.	The	crude	

ester	mixture	is	distilled	and	the	raw	DMT	is	then	sent	
to	the	crystallization	section	to	remove	DMT	isomers,	
residual	acids,	and	aromatic	aldehydes.	This	process	
is	known	as	 the	Witten	process.	Another	method	 is	
the	direct	esterification	of	TA	with	methanol.

The	other	raw	material	for	PET	synthesis,	TA	can	
be	produced	in	several	ways.	The	basic	principle	is	
oxidation	of	PX	into	TA.	One	example	as	shown	in	
the following is the Amoco process [40].

In	the	Amoco	process,	TA	is	produced	by	oxida-
tion	of	PX	by	oxygen	in	air	as	in	Fig. 4.

The	 process	 uses	 a	 cobalt–manganese–bromide	
catalyst,	where	bromine	functions	as	a	regenerative	
source	of	free	radicals.	In	this	process,	acetic	acid	is	
the solvent and oxygen from compressed air is the 
oxidant.	 In	 variations	 of	 this	 basic	 concept	 of	 PX	
oxidation,	there	have	been	different	catalyst	systems,	
different	sources	of	free	radicals,	and	different	oxi-
dants. These variations have given rise to different 
reaction schemes and processes.

The	process	of	PET	manufacture	can	proceed	by	
either	 esterification	 or	 transesterification.	 DMT	 is	
used	in	reaction	with	mono	ethylene	glycol	(MEG)	
as	 the	 reaction	process	 in	 transesterification.	 In	 the	
DMT	 process	 (Fig. 5),	 this	 compound	 and	 excess	
MEG	are	reacted	in	the	molten	form	at	150–200	°C	
with	 a	 basic	 catalyst	 and	 under	 atmospheric	 pres-
sure.	Methanol	(CH

3
OH)	is	 removed	by	distillation	

to drive the reaction forward in accordance with the 

Figure 4 The process to manufacture TA.

Figure 3 Structure of polyethylene terephthalate (PET).
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Le	Chatelier	principle.	Excess	monomer	MEG	is	dis-
tilled off at higher temperature with the aid of vacu-
um.	The	 second	 transesterification	 step	proceeds	 at	
270–280°C,	with	continuous	distillation	of	ethylene	
glycol as well [40,41].

The	DMT	process	 can	be	depicted	by	 the	block	
diagram in Fig. 6.

In	 the	 esterification-based	 process	 TA	 is	 used	
(Fig. 7).	The	TA	process	has	many	advantages	over	
the	DMT	process	and	is	widely	used	in	the	produc-
tion	of	PET.	The	advantages	include	easier	handling	
of	TA	over	DMT	as	a	result	of	the	higher	bulk	den-
sity	of	TA,	more	robust	process	with	TA,	no	require-
ment	of	catalyst	during	the	esterification	process	of	
TA,	 and	 the	 by-product	 of	 easier	 to	 handle	 water	
in the TA process as compared to methanol in the 
DMT	 process.	 In	 the	 TA	 process,	 esterification	 of	
ethylene glycol and TA is conducted directly at mod-
erate	 pressure	 (2.7–5.5	 bar)	 and	 high	 temperature	

Figure 5 DMT process for the synthesis of PET.

Figure 6 DMT process for the synthesis of PET as a 
block diagram.
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(220–260°C).	 Water	 is	 eliminated	 in	 the	 reaction,	
and	it	is	also	continuously	removed	by	distillation.

The TA process is depicted in Fig. 8.

3.2 Structure and Properties 
of PET

The	level	of	crystallinity	in	PET	affects	the	mate-
rial	 properties	 quite	 significantly;	PET	 is	 inherently	
crystallizable	 due	 to	 its	 regularity	 in	 chemical	 and	
geometric structures [43–45].	Polymers	with	greater	
degree of crystallinity have a higher glass transition 
temperature T

g
,	(T

g
	 is	67°C	for	amorphous	PET	and	

81°C	 for	 crystalline	 PET)	 show	 a	 higher	 modulus,	
stiffness,	 tensile	 strength,	 hardness	 and	 more	 resis-
tance	 to	 solvents,	 but	 a	 lower	 impact	 strength	 [43]. 
Crystallinity	in	PET	is	usually	induced	by	thermal-	or	
stress-induced processes. Thermally induced crys-
tallization	occurs	when	the	polymer	is	heated	above	
its	glass	transition	temperature	(T

g
),	in	this	condition	

Figure 7 The TA process for the synthesis of polyethylene terephthalate (PET).

Figure 8 The TA process for the synthesis of polyeth-
ylene terephthalate (PET) as a block diagram.
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the	chains	are	mobile	enough	to	allow	them	to	be	ar-
ranged in an orderly fashion and form crystals. The 
crystallized	 polymer	 tends	 to	 be	 opaque	 due	 to	 the	
spherulitic	 structure	 generated	 by	 crystallite	 aggre-
gates [46].	 In	 stress-induced	 crystallization,	 stress	
is	applied	usually	 in	addition	 to	 the	 thermal	effects,	
stretching or orientation is applied to the heated poly-
mer and that allows the polymer chains to rearrange 
and	pack	into	crystals	[47]. The stress-induced crys-
tallization	process	is	used	during	fiber	drawing.	PET	
fibers	are	heated	past	their	glass	transistion	tempera-
tures	and	subjected	to	high	levels	of	uniaxial	stress.	
The	combination	of	heat	and	stress	results	in	molecu-
lar	 orientation	 and	 subsequent	 crystallization.	 The	
process	of	fiber	drawing	can	achieve	high	 levels	of	
crystallinity	in	PET.	The	crystallization	process	com-
prises	nucleation	and	spherulitic	crystallization	and	is	
said	to	occur	at	temperatures	above	T

g
	and	below	the	

melting point T
m
 [48].	Crystallization	may	be	curbed	

by	quenching	the	melt	quickly	after	heating	resulting	
in	a	completely	amorphous	structure.	When	the	mol-
ecules of any polymer are not given enough time to 
arrange	themselves	in	an	orderly,	crystalline	fashion	
as the melt is cooled an amorphous polymer results. 
Rapid quenching can lead to formation of transparent 
PET,	clear	products	are	produced	by	this	rapid	cooling	
process	bringing	the	molten	polymer	to	temperatures	
below	T

g.
	When	allowed	 to	cool	 slowly,	 the	molten	

polymer forms a more crystalline material. The spher-
ulites in the material mean that all the crystallites that 
it	contains	form	an	optical	boundary.	As	light	crosses	
the	boundary	between	the	crystalline	and	amorphous	
regions,	it	scatters	and	therefore	crystalline	PET	has	
an	opaque	and	almost	white	appearance.	Crystallized	
commercial	PET	is	usually	capped	at	an	upper	limit	
of	about	60%	crystallization;	fibers	are	an	exception	
as	 they	 can	 have	 significantly	 higher	 values	 due	 to	
stress-induced	 crystallization	 in	 the	 fiber	 drawing	
process.	In	PET	a	phenomenon	known	as	solid	state	
crystallization	is	observed;	in	this	process	crystalliza-
tion	can	occur	by	heating	the	polymer	up	past	its	glass	
transition	but	not	going	to	the	polymer’s	melting	point	
and cooling it down slowly. At room temperature the 
molecules	are	frozen	in	place,	but,	if	enough	heat	ener-
gy	is	put	back	into	the	molecules	by	heating	above	T

g
,	

they	begin	to	move	again,	allowing	crystals	to	nucleate	
and	grow.	In	addition	to	time	and	temperature,	many	
other	factors	such	as	pressure,	the	degree	of	molecular	
orientation	and	environment	have	influence	on	crys-
tallization	mechanism,	morphology,	and	final	proper-
ties	of	PET	[43,46].	Nucleating	agents	also	affect	the	
crystallization	of	PET.	Some	studies	have	investigated	
the	effect	of	the	additives	on	crystallization	behavior	

[41,48].	Moisture	and	molecular	weight	have	a	great	
effect	on	crystallization.	It	is	found	that	the	kinetics	of	
crystallization	depends	on	molecular	weight	and	that	
with	increasing	percentage	of	moisture,	the	half-time	
of	crystallization	and	induction	time	of	crystallization	
decrease.	Spherulite	growth	rate	was	observed	 to	be	
independent	of	water	absorbed	[43].

3.2.1 Intrinsic Viscosity
The	final	molecular	weight	of	the	PET	is	an	im-

portant determinant of polymer structure and proper-
ties. One of the most important ways to measure the 
molecular	weight	of	PET	is	by	the	use	of	the	intrin-
sic	viscosity	(IV)	technique	[49].	Molecular	weight	
determination	 of	 PET	 by	 the	 use	 of	 size	 exclusion	
chromatography or gel permeation chromatography 
methods	may	be	expensive	and	hazardous	due	to	the	
high cost and toxicity of the solvents involved. In 
the	determination	of	IV	of	PET,	a	solvent	mixture	of	
phenol and tetrachloroethane in the ratio of 60/40 is 
used,	solutions	are	prepared	after	dissolution	of	 the	
polymer	 at	 120°C	 for	 3	 h	 and	 an	 Ubbellodhe	 type	
viscometer is used for the actual measurement [17]. 
The	IV	of	 the	material	 is	found	by	extrapolating	to	
zero	concentration	of	relative	viscosity	to	concentra-
tion	which	is	measured	in	deciliters	per	gram	(dl/g).	
IV	has	no	units	of	its	own	as	it	is	being	extrapolated	
to	zero	concentration.	The	longer	the	polymer	chains	
the	more	are	the	entanglements	between	chains	and	
therefore	the	higher	the	IV.	The	average	chain	length	
of	a	particular	batch	of	resin	can	be	controlled	during	
the synthesis process.

The	 IV	 of	 PET	 affects	 its	 subsequent	 properties	
of	molecular	weight,	tensile	strength,	toughness,	and	
crystallization.	 The	 properties	 decide	 the	 applica-
tions	that	the	polymer	can	be	used	in.	The	IV	ranges	
and	the	corresponding	applications	that	PET	is	used	
in are shown in Table	4 [17].

Table 4 IV Ranges and Applications for 
Polyethylene Terephthalates

Application Intrinsic Viscosity

Textile fiber 0.40–0.70

Technical fiber 0.72–0.98

Film–Biaxially oriented 0.6–0.7

Sheet–for thermoforming 0.7–1.00

Bottle 0.7–0.85

Engineering plastic 1.0–2.0
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The	general	properties	of	PET	are	listed	in	Table	5. 
PET	exists	as	a	colorless	and	semicrystalline	 resin.	
The	specifics	of	the	properties	of	PET	are	dependent	
on the manner and the degree of processing steps the 
polymer	 has	 undergone.	 The	 degree	 of	 crystalliza-
tion	is	significantly	affected	by	the	processing	steps	
and	based	on	that	PET	can	be	semirigid	to	rigid,	en-
hancements	can	be	made	to	the	polymer’s	toughness	
and	barrier	properties.	In	general,	PET	demonstrates	
good	gas	and	fair	moisture	barrier	properties,	as	well	
as	good	barrier	properties	in	relation	to	alcohol	and	
other	solvents.	PET	is	an	unreinforced,	semicrystal-
line	 thermo-plastic	polyester	derived	 from	PET.	 Its	
excellent	wear	resistance,	low	coefficient	of	friction,	
high	flexural	modulus,	and	superior	dimensional	sta-
bility	make	it	a	versatile	material	for	designing	me-
chanical	 and	 electro-mechanical	 parts.	 As	 PET	 has	

no	centerline	porosity,	the	possibility	of	fluid	absorp-
tion	and	leakage	is	virtually	eliminated.

3.3 Processing of PET

PET	can	be	processed	into	its	final	form	using	a	
variety of different thermoplastic processing tech-
niques. The molecular weight of the polymer and its 
subsequent	IV	value	determines,	to	a	certain	extent,	
the	technique	that	is	most	applicable	for	the	polymer.	
When	processing	PET,	the	challenge	of	coping	with	
its	various	possibilities	of	degradation	has	to	be	met	
[50].	Mechanical,	thermal,	oxidative,	and	especially	
hydrolytic	degradation	can	cause	significant	damage	
to	the	molecular	structure	of	the	PET	and	can	have	a	
negative	influence	on	the	resulting	properties	of	the	

Table 5 Typical Property Values of PET

Physical Properties ASTM Test Method Units PET

Density D792 lbs/cu in.3 0.0499

Water absorption, 24 h D570 % 0.10

Mechanical Properties ASTM Test Method Units PET

Specific gravity D792 g/cu cm.3 1.38

Tensile strength at break, 73°F D638 psi 11,500

Tensile modulus, 73°F D638 psi 4 × 105

Elongation at break, 73° F D638 % 70

Flexural strength, 73°F D790 psi 15,000

Flexural modulus, 73°F D790 psi 4 × 105

Izod impact strength, notched, 73°F D256 ft-lbs/in. 0.7

Rockwell hardness D785 — R117

Coefficient of friction @ 40 psi, 50 fpm — Static/dynamic 0.19/0.25

Thermal Properties ASTM Test Method Units PET

Heat deflection, 264 psi D648 °F 175

Melting point — °F 490

Coefficient of linear thermal expansion D696 in./in./- °F 3.9 × 10−5

Applicable temp. range for thermal expansion — °F 50–250

Max. serving temperature for long term — °F 230

Flammability UL94 — HB

Electrical Properties ASTM Test Method Units PET

Volume resistivity, 73°F D257 Ω-cm 1016

Dielectric constant @ 60 Hz, (73°F, 50% RH) D150 — 3.4

Dissipation factor, @ 60 Hz, 73°F D150 — 0.002

Dielectric strength D149 V/mil 400
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product.	Therefore,	it	is	imperative	that	these	degra-
dative	influences	are	kept	within	certain	limits.	PET	
has	to	be	processed	applying	a	low	shear	stress	and	
temperature	level,	exposure	to	oxygen	must	be	mini-
mized,	and	the	PET	pellets	used	for	melt	processing	
have	to	be	dried	thoroughly	to	achieve	a	sufficiently	
low water content prior to melting [50].

3.3.1 Drying of PET
Drying	PET	pellets	is	essential	for	successful	con-

version	of	PET	pellets	to	the	final	article	in	melt	pro-
cessing	applications.	PET	is	extremely	hygroscopic,	
meaning	that	it	absorbs	water	from	its	surroundings.	
Water	molecules	can	hydrolyze	PET	at	high	temper-
atures and that can lead to chain scission and a loss in 
polymer	properties.	If	PET	is	melted	with	the	pellets	
that	are	not	well	dried,	the	water	can	hydrolyze	the	
PET,	causing	a	significant	decrease	in	its	molecular	
weight.	Drying	is	achieved	through	the	use	of	a	desic-
cant	or	vacuum	drying	systems	before	the	PET	is	fed	
into	 the	 processing	 equipment.	 Typically,	 residual	
moisture	levels	in	the	resin	must	be	less	than	50	parts	
per	million	(parts	of	water	per	million	parts	of	resin,	
by	weight)	before	processing.	Dryer	residence	times	
are	not	 recommended	 to	be	shorter	 than	about	4	h.	
This	is	because	drying	the	material	in	less	than	4	h	
would	require	a	temperature	above	160	°C,	at	higher	
temperatures	 hydrolysis	 can	 be	 initiated	 before	 the	
material	is	completely	dry.	PET	can	also	be	dried	in	
compressed air resin dryers. Compressed air dryers 
do	not	reuse	drying	air.	Dry,	heated	compressed	air	is	
circulated	through	the	PET	pellets	as	in	the	desiccant	
dryer,	then	released	to	the	atmosphere.

4 Polyamide

The	 linking	 together	 of	 an	 amide	 (─NHCO─)	
bond	 leads	 to	 the	 formation	 of	 the	 macromolecule	
generically	referred	to	as	a	polyamide	(PA).	The	am-
ide	link	is	produced	from	the	condensation	reaction	
of	an	amino	group	(─NH─)	and	a	carboxylic	acid	
group	(─COOH),	in	the	condensation	reaction	water	
is	the	by-product.	The	amino	group	and	the	carbox-
ylic	acid	group	can	be	on	the	same	monomer,	or	the	
polymer	can	be	constituted	of	two	different	bifunc-
tional	 monomers,	 one	 with	 two	 amino	 groups,	 and	
the	other	with	 two	carboxylic	acid	groups.	PAs	are	
present	 abundantly	 in	 nature,	 in	 living	 organisms,	
amino acids are condensed with one another with 
the	catalytic	activity	provided	by	an	enzyme	[20,21]. 
Amino acids react together to form amide groups; the 

resulting	macromolecules	are	known	as	polypeptides	
or	proteins.	The	PAs	most	commonly	used	on	a	com-
mercial	basis	are	derived	from	aliphatic	compounds	
and	 the	 resultant	PAs	are	 termed	Nylon	6	and	Ny-
lon	6,6	[22].	PAs	derived	from	fully	aromatic	com-
pounds are termed Aramids and a common example 
of	that	is	Kevlar.	PAs	can	also	be	copolymerized	and	
many	mixtures	of	monomers	are	possible	which	can	
in	turn	lead	to	numerous	PA-based	copolymers	[23].

Nylon	6	and	Nylon	6,6	were	among	the	first	ther-
moplastic	materials	 to	be	 introduced	on	a	commer-
cial	basis.	The	first	introduction	was	in	applications	
such	as	bristles	in	toothbrushes	and	yarn	for	women’s	
stockings.	The	silky	nature	of	nylons	was	considered	
one	of	its	greatest	attributes	and	thus	was	intended	to	
be	a	synthetic	replacement	for	silk	and	substituted	for	
it	in	many	different	products	in	the	years	of	the	Sec-
ond	World	War	as	the	scarcity	of	silk	increased	[20]. 
It	 replaced	 silk	 in	 many	 military	 applications	 such	
as	parachutes	and	flak	vests,	and	was	used	in	many	
types	of	military	vehicle	 tires.	Nylon	polymers	can	
be	mixed	with	a	wide	variety	of	additives	to	achieve	
many	 different	 property	 variations	 above	 the	 silki-
ness properties. After initial applications of nylon as 
a	fiber,	improvements	in	the	synthetic	process	lead	to	
further	applications	in	the	form	of	shapes	and	films.	
Currently,	the	main	market	for	nylon	parts	is	in	the	
automotive sector [21].

The	 first	 commercialization	 of	 the	 PA	 formula-
tions	 occurred	 in	 the	 1930s.	 Wallace	 Carothers	 at	
DuPont	 worked	 on	 many	 aspects	 of	 condensation	
reactions	 formed	 from	 step	growth	polymerization.	
He	developed	the	Carothers	equation	where	the	de-
gree	 of	 polymerization	 is	 related	 to	 the	 conversion	
of	the	monomer	in	step	growth	polymerization	[51]. 
His	work	with	the	use	of	hexamethylenediamine	and	
adipic	acid	and	their	subsequent	polymerization	lead	
to	the	development	of	the	patent	for	the	PA	formu-
lation	 that	 came	 to	 be	 known	 as	 Nylon	 66	 [52]. A 
few	years	 after	Carother’s	work,	Paul	Schlack	 at	 a	
German	chemical	company	I	G	Farben	(predecessor	
of	Bayer	and	BASF)	developed	a	route	where	a	cy-
clic	amide	compound,	caprolactam,	was	ring	opened	
at high temperatures exposing functional groups for 
polymerization.	This	route	led	to	the	development	of	
the	PA	formulation	known	as	Nylon	6	[20].

4.1 Raw Materials

The	formulation	of	Nylon	6,6	is	based	on	two	raw	
materials: hexamethylenediamine and adipic acid. 
As	 the	 name	 suggests,	 hexamethylenediamine	 is	
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made	 from	a	 core	hydrocarbon	hexamethylene	 and	
terminated	by	amino	functional	groups	(Fig.	9).

Hexamethylenediamine	is	produced	by	the	hydro-
genation of adiponitrile:

+ →NC(CH ) CN 4 H H N(CH ) NH
2 4 2 2 2 6 2

The hydrogenation is conducted on molten adipo-
nitrile diluted with ammonia with the aid of metallic 
catalysts	based	on	cobalt	and	iron.

Adipic	acid	belongs	to	the	family	of	dicarboxylic	
acids. Commercially it is the most widely used of the 
dicarboxylic	acids	[53]. It has a chemical formula as 
in Fig. 10.

Adipic acid is produced from the general process 
of	the	cleavage	of	double	bonds	of	alkenes	by	oxida-
tion to form acids [53].	 In	one	industrial	process,	a	
mixture of cyclohexanone and cyclohexanol is oxi-
dized	with	nitric	acid	in	a	multistep	pathway.

Caprolactam is a cyclic organic compound with 
the formula:

(CH ) C(O)NH.
2 5

Caprolactam is a colorless solid that melts at 
around 70°C [54]. Chemically it is a cyclic amide 
(lactam)	of	a	linear	caproic	acid.	There	are	different	
ways	to	synthesize	caprolactam,	with	the	increas-
ing	significance	of	Nylon	6	as	a	polymer;	various	
routes to industrial production of caprolactam have 
been	 developed.	 In	 one	 of	 the	 production	 routes	
(Fig. 11),	cyclohexanone	(1),	 is	first	converted	 to	
its	 oxime	 (2).	 Treatment	 of	 this	 oxime	 with	 acid	
induces	 a	 structural	 rearrangement	 known	 as	 the	
Beckmann	 rearrangement	 to	 give	 caprolactam	
(3)	[54].

4.2 Synthesis of Polyamides

PAs	are	prepared	by	a	stoichiometric	step	growth	
polymerization	and	belong	to	the	group	of	condensa-
tion	polymers.	The	polymers	are	formed	by	succes-
sive	 reactions	between	a	difunctional	 reactant	A–A	
with	a	difunctional	reactant	B–B	or	by	the	reaction	
of the difunctional monomer A–B with itself. The 
reaction	 of	 a	 dicarboxylic	 acid	 with	 a	 diamine	 to	
form	Nylon	6,6	is	an	example	of	a	difunctional	reac-
tant A–A reacting with a difunctional reactant B–B 
whereas a caprolactam reacting with itself to form 
Nylon	6	is	an	example	of	an	A–B	type	monomer	re-
action.	 To	 obtain	 high	 molecular	 weight	 polymers,	
these	two	functional	groups	must	be	present	in	stoi-
chiometric amounts [22].	Of	course,	 the	stoichiom-
etry	 is	 automatically	 obtained	 with	 a	 difunctional	
monomer of the type A–B.

Nylon	6	or	polycaprolactam	is	a	PA	developed	in	
the	late	1930s	at	German	chemical	firm	of	IG	Farben.	
The	objective	of	the	development	was	to	reproduce	
the	properties	of	Nylon	6,6	without	violating	the	ex-
isting intellectual property in terms of the granted 
patent	on	its	chemistry,	formulation,	and	production.	
The	 difference	 between	 the	 two	 PAs,	 Nylon	 6	 and	
Nylon	6,6	was	the	nature	of	chain	growth	[22]. The 
Nylon	6	PA	used	caprolactam	as	 the	starting	mate-
rial	in	contrast	with	Nylon	6,6	using	hexamethylene	
diamine and adipic acid as the starting materials. The 
Nylon	6	process	utilized	the	ring-opening	polymer-
ization	 of	 caprolactam.	 This	 meant	 that	 it	 was	 not	
based	on	condensation	polymerization	chemistry	like	
that	of	Nylon	6,6	was	based	on.	Caprolactam	has	six	
carbons,	hence	“Nylon	6”	[21,22].

Three	 reversible	 reactions,	 hydrolysis,	 polycon-
densation,	and	polyaddition,	are	the	main	steps	in	the	
formation	of	Nylon	6	 [22,55]. The overall reaction 
can	be	illustrated	as	follows	(Fig. 12).

The	 first	 step	 is	 hydrolysis	 reaction	 to	 open	 the	
caprolactam	 ring,	 forming	 e-aminocaproic	 acid	
(Fig. 13).

The hydrolysis reaction proceeds with the capro-
lactam in a molten state and the presence of a small 
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Figure 10 Structure of adipic acid.

Figure 11 Caprolactam.

Figure 9 Structure of a diamine.
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amount of water. A material such as phosphoric acid is 
sometimes	used	as	a	chain	length	stabilizer	as	it	helps	
to	achieve	the	desired	final	molecular	weight.	Polyad-
dition	follows	hydrolysis	and	is	primarily	responsible	
for chain growth of the polymer. It occurs as soon as 
a	certain	amount	of	end	groups	have	been	made	avail-
able	through	the	hydrolysis	reaction	of	caprolactam.

Polycondensation	 is	 the	 last	 step	 in	 the	 forma-
tion	of	Nylon	6.	Polycondensation	is	used	to	further	
increase	the	molecular	weight	of	 the	chains	and	fix	
the	molecular	weight	distribution.	In	polycondensa-
tion,	the	reactive	end	groups	condense	forming	linear	
chain	molecules	and	the	by-product	of	water.	Organ-
ic	acids	such	as	acetic	acid	can	be	added	as	chain	sta-
bilizers,	mono-functional	organic	amines	can	also	be	
added for the same purpose. The industrial process 
for	the	production	of	Nylon	6	follows	the	previously	
described	mechanism	[21].

The	polymerization	process	using	 the	hydrolytic	
mechanism	can	be	batch	or	continuous.	As	described	
so	 far,	 the	hydrolytic	process	 for	 the	production	of	
Nylon	6	can	be	divided	into	the	following	steps	[56]:

•	 Caprolactam	and	additives	addition
•	 Hydrolysis
•	 Addition
•	 Condensation
•	 Pelletizing
•	 Monomer	extraction
•	 Drying	and	packaging

In one industrial process [20]	the	reaction	to	make	
Nylon	6	is	carried	out	at	temperatures	between	220	
and	280°C.	The	process	 is	 acid	 catalyzed	 and	uses	
a	simple	tubular	reactor	where	caprolactam	and	wa-
ter are added continuously to the top at atmospheric 
pressure	under	reflux	conditions.	A	balance	of	water	
content at the start and the temperature of the reac-
tion	significantly	affect	the	molecular	weight	of	the	
product as well as the rate of production. This ef-
fect on the molecular weight is addressed in different 
ways depending on the type of process involved. In a 
batch	process,	fairly	large	amounts	of	water	are	used	
in the initial stage of production. In the continuous 
process,	 subsequent	 water	 removal	 steps	 are	 incor-
porated	within	 the	 system.	A	significant	amount	of	
unreacted monomer present at the end of the process 
necessitates extraction as a process step. In many 
cases,	especially	when	a	high	molecular	weight	prod-
uct	 is	 desired,	 solid	 phase	 polymerization	 may	 be	
carried out at the end of the process. The solid phase 
postcondensation	 may	 be	 carried	 out	 for	 5–20	 h	 at	
160–180°C under vacuum [20].

Nylon	 6	 can	 be	 modified	 using	 comonomers	 or	
stabilizers	 during	 polymerization	 to	 introduce	 new	
chain	 end	 or	 functional	 groups,	 which	 changes	 the	
reactivity and chemical properties. It is often done to 
change	the	color	dye	acceptance	ability	of	the	mate-
rial	or	its	flame	retardance	properties	[57].

Nylon	6,6,	as	explained	earlier,	is	made	from	two	
monomers in contrast to the single monomer used 
in	Nylon	6	synthesis.	The	two	monomers	each	con-
tain	 six	 carbon	 atoms,	 hexamethylenediamine	 and	
adipic	acid,	which	give	Nylon	6,6	its	name.	Nylon	
6,6	 is	synthesized	by	polycondensation	reaction	of	
the terminal amine groups present in hexamethyl-
enediamine	 and	 the	 carboxylic	 acid	 groups	 pres-
ent at the ends of adipic acid. The reaction forms 
a	 AA–BB	 type	 polymer	 with	 even–even	 numbers	
of	methylene	units;	this	structure	gives	Nylon	6,6	a	
high chain regularity and interesting properties as 
a result [20,56].

Figure 12 Conversion of caprolactam to Nylon 6.

Figure 13 Hydrolysis in Nylon 6 formation.
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The	 process	 for	 Nylon	 66	 synthesis	 begins	 with	
the	 formation	 of	 a	 PA	 salt	 in	 water.	 Equivalent	
amounts of hexamethylenediamine and adipic acid 
are	combined	with	water	in	a	reactor	as	seen	in	the	
following equation:
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6
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This	is	crystallized	to	make	nylon	salt,	which	has	
precise stoichiometric equivalents of the two reac-
tants. The nylon salt is then added into a reaction ves-
sel	where	polymerization	process	takes	place	either	
in	a	batch	process	or	continuously.	In	a	typical	indus-
trial process the following steps are followed [20]:

•	 Prepolymerization	 at	 210–275°C	 and	 1.8	 ×  
106	Pa	pressure

•	 Flashing	stage,	reducing	the	pressure	to	the	at-
mospheric value

•	 Polymerization	at	275–290°C	and	1	× 105	Pa	
pressure

These	steps	can	be	followed	by	postcondensation	
to increase the molecular weight further if desired. 
Postcondensation	can	be	achieved	either	by	the	melt	
finishing	or	solid-state	postcondensation	method.

Removing water drives the reaction toward po-
lymerization	through	the	formation	of	amide	bonds	
from the acid and amine functional groups. Thus 
molten	Nylon	66	is	formed.	It	can	either	be	extruded	
and	granulated	at	this	point	or	directly	spun	into	fi-
bers	by	extrusion	through	a	spinneret	(a	small	metal	
plate	with	fine	holes)	and	cooling	to	form	filaments.	
A	representative	block	diagram	is	shown	in	Fig. 14.

4.3 Structure and Properties 
of Polyamides

Above	 their	 melting	 temperatures,	 T
m
,	 thermo-

plastics	 such	 as	 all	 PAs	 are	 amorphous	 in	 nature	
or	 they	are	viscous	fluids	 in	which	 the	chains	have	
no	order	and	can	be	approximated	as	random	coils.	
Below	the	melting	 temperature,	amorphous	 regions	
in the polymer tend to alternate with regions which 
are more ordered and crystalline in nature [58]. In 
general,	in	this	“two	phase”	arrangement,	the	amor-
phous	regions	contribute	 to	 the	material’s	elasticity	
and	the	crystalline	regions	contribute	to	the	materi-
al’s	strength	and	rigidity.	The	amide	(─CO─NH─)	
groups are extremely polar and this leads to nylons 

forming	 multiple	 hydrogen	 bonds	 among	 adjacent	
chains. The regularity of the structure of nylons 
means the degree of crystallinity is high as well the 
polarity of the amide groups gives rise to numerous 
hydrogen	bonded	sites,	the	level	of	order	and	attrac-
tion	 among	 the	 adjacent	 chains	 make	 the	 material	
very	suited	for	making	fibers.	The	actual	amount	of	
crystallinity depends on the details of the polymer-
ization	process,	as	well	as	on	the	kind	of	PA	formula-
tion;	however,	a	completely	amorphous	nylon	cannot	
be	manufactured	even	with	rapid	quenching	from	the	
molten form [58].

The	hydrogen	bonding	is	a	feature	of	all	PAs	re-
gardless	 of	 the	 actual	 formulation.	 Nylon	 6,6,	 for	
example,	 can	 have	 multiple	 parallel	 chains	 aligned	
with	 their	 neighboring	 amide	 bonds	 at	 coordinated	
separations	for	considerable	lengths,	so	the	carbonyl	
oxygens and amide hydrogens can line up to form 
interchain	 hydrogen	 bonds	 repeatedly,	 without	 in-
terruption	 (Fig. 15).	 Other	 formulations	 can	 form	
the	 hydrogen	 bonding	 sequence	 in	 different	 ways,	
Nylon	 5,10	 can	 have	 coordinated	 runs	 of	 5	 and	 8	
carbons,	Nylon	6	will	form	uninterrupted	H-bonded	
sheets with mixed directionalities [56].

In	the	process	of	melt	spinning,	PAs	are	extruded	
into	fibers,	the	fiber	formation	occurs	as	the	PA	melt	
is	forced	through	the	die	holes	of	a	spinneret.	During	
fiber	formation	and	the	melt	flow	through	the	spin-
neret,	the	melt	is	exposed	to	a	combination	of	shear	
and	elongational	forces.	This	combination	acts	on	the	
individual polymer chains and they tend to align or 
orient	in	the	flow	direction.	If	subjected	to	cold	draw-
ing	 afterwards,	 the	molecular	 chains	orient	 further,	
increasing the order of the chains and therefore its 
crystallinity. The increased crystallinity leads to the 

Figure 14 Production process for Nylon 6,6.
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material acquiring additional tensile strength espe-
cially	 in	 the	direction	of	 the	stretching.	 In	practice,	
nylon	fibers	are	most	often	drawn	using	heated	rolls	
at high speeds [58].

Nylon	is	clear	and	colorless,	or	milky,	but	is	easily	
dyed	using	pigments.	Multistranded	nylon	cord	and	
rope	 is	 slippery	and	 tends	 to	unravel;	however,	 the	
ends	of	the	rope	or	cord	can	be	melted	and	fused	with	
a	heat	source	such	as	a	flame	or	electrode	to	prevent	
this.

Due	to	the	polar	nature	of	the	amide	linkage,	all	
nylons	 tend	 to	 be	 highly	 hygroscopic,	 that	 is,	 they	
will	absorb	moisture	as	a	function	of	the	ambient	hu-
midity.	In	a	solid	form,	the	hygroscopic	nature	and	
the atmosphere nylons are exposed to lead to vari-
ations	 in	 the	 level	 of	 the	moisture	 absorbed	by	 the	
material. These variations in moisture content can 
have several important effects on the solid polymer. 
Moisture	can	affect	the	dimensions	of	the	article	and	
the	 absorption	 of	 moisture	 can	 act	 as	 a	 plasticizer	
and	the	plasticizer	effect	can	lower	the	glass	transi-
tion	 temperature,	 affect	 the	 degree	 of	 crystallinity,	
and	 thus	 significantly	affect	 the	physical	properties	
of the material [59].	The	moisture	absorption	can	also	
affect the electrical properties of the material; greater 
moisture will mean lower effectiveness of the mate-
rial as an insulator [59]. In the molten state the pres-
ence	 of	 moisture	 can	 lead	 to	 hydrolysis	 of	 the	 PA	
chains	and	significantly	affect	the	molecular	weight	
of the material and consequently the physical proper-
ties of the material [58–60].	Drying	the	resin	before	

melt processing is an essential part of the handling 
steps	with	nylons.	Nylons	are	usually	dried	to	below	
0.02%	 in	moisture	 levels	 and	 this	 is	 achieved	by	a	
drying cycle at ∼80°C	(176°F)	[56,59].

All	nylons	are	susceptible	to	hydrolysis	in	the	solid	
state,	especially	by	strong	acids;	hydrolysis	leads	to	a	
reaction that is essentially the reverse of the synthetic 
reaction.	As	a	result,	the	molecular	weight	of	nylon	
products	drops	during	hydrolysis	and	visible	cracks	
can	 form	quickly	 in	 the	affected	zones.	This	 limits	
the use of nylons in applications that come in contact 
with	strong	acids,	for	example	nylon	parts	cannot	be	
used	as	the	electrolyte	in	lead–acid	batteries.

Due	 to	 the	presence	of	multiple	hydrogen	bonds	
per	molecule,	PAs	exhibit	strong	interchain	interac-
tions.	Owing	to	the	hydrogen	bonding	effect	the	mo-
lecular	weight	of	PAs	does	not	need	to	be	very	high	
to	obtain	optimal	thermal	and	mechanical	properties.	
Typical	molecular	weight	values	of	PAs	are	signifi-
cantly lower than many other commercial polymers 
[59].	 The	 biggest	 advantage	 of	 this	 low	 molecular	
weight is the fact that the melt viscosity is quite low. 
The	 melt	 viscosity,	 as	 described	 in	 an	 earlier	 sec-
tion,	can	be	related	to	the	molecular	weight	raised	to	
the power of ∼3.4. The lower melt viscosity results 
in easier melt processing of the polymer especially in 
injection	 molding	 applications.	 In	 injection	 mold-
ing	 it	 is	 also	 possible	 to	 mold	 thin	 walled	 sections	
not	 easily	 possible	 with	 other	 polymers.	 Extrusion	
grades do require a higher melt viscosity to prevent 
extrudate sagging and as a result higher molecular 

Figure 15 Hydrogen bonding in PAs.
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weight grades of nylons are required for extrusion 
applications [21].

Table	 6 shows the representative properties of 
Nylon	6	and	Nylon	6,6.

4.4 Polyether Block Amide

A	 combination	 of	 polyether-	 and	 PA-based	 seg-
ments can result in the ideal mix of properties. The 
amorphous,	 soft,	 polyether	 blocks	 with	 a	 low	 tem-
perature of glass transition can provide the low-tem-
perature	 toughness	 and	 the	 elastomeric	 properties,	
whereas	the	semicrystalline,	hard	PA	blocks	can	pro-
vide the higher chemical resistance and strength. The 
PA	blocks	can	form	a	kind	of	a	cross-linked	network	
that	is	thermally	reversible,	that	is,	can	be	molten	and	
processed	at	temperatures	above	the	melting	point	of	
the	semicrystalline	PA	blocks.	The	polyether	blocks	
can	 be	 regarded	 as	 internal	 plasticizers	 in	 the	 flow	
of the polymer during processing. This results in the 
synthesis	of	a	block	copolymer	and	in	this	manner,	a	
thermoplastic	elastomer	can	be	manufactured.	These	
block	copolymers	are	called	polyether	block	amides	
(PEBA)	 [60].	 The	 polyether	 blocks	 in	 PEBAs	 are	
composed	 usually	 of	 polytetrahydrofuran	 (PTHF),	
polyethylene	 oxide	 (PEO),	 or	 polypropylene	 oxide	
(PPO),	and	the	PA	blocks,	could	be	either	PA6,	66,	
11,	or	12.	The	PEBAs	are	chemically	linked	by	either	
ester	or	amide	bonds,	furnishing	poly(ether	ester	am-
ide)s	and	poly(ether	amide)s,	respectively.

4.4.1 Chemistry and Chemical Structure 
of PEBAs

There	 are	 different	 ways	 to	 manufacture	 PEBA.	
One	of	the	ways	that	has	been	the	most	widely	used	
is	the	two-step	process.	In	the	two-step	process,	the	
polyether	 block	 amide	 is	 first	 made	 into	 a	 carbox-
ylic acid end capped oligoamide. The oligoamide is 
a	short	chain	PA,	with	a	typical	molecular	weight	be-
tween 500–2000 g/mol [60]. A complete description 
of the process and formulation is given in the refer-
ence	by	Baumann	et	al.	[61] for the manufacture of 
a	PA	12-based	poly(ether	ester	amide).	According	to	
that	process,	in	the	first	step,	a	dicarboxylic	acid	such	
as	1,12-decanedicarboxylic	acid	and	laurolactam	are	
reacted	at	a	temperature	of	250–290°C	and	at	pres-
sure	between	1	and	20	bar.	The	first	step	results	 in	
the	formation	of	a	prepolymer	that	is	terminated	by	
a	difunctional	carboxylic	acid.	This	acid	terminated	
PA	or	oligoamide	PA	12	with	the	structure:

HO[OC(CH
2
)

11
NH]x ─	CO(CH

2
)

10
CO  

─	[NH(CH
2
)

11
CO]y ─	OH

The	 amount	 of	 carboxylic	 acid	 used	 in	 the	 pro-
cess	determines	the	length	of	the	chain	formed	(x	and	
y	values)	of	the	prepolymer	or	the	oligoamide.	The	
oligoamide has a molar mass range of 500–2000 as 
mentioned	 previously.	 In	 the	 second	 step,	 the	 pre-
polymer is further reacted with a difunctional poly-
ether	diol	such	as	poly	THF,	to	form	the	PEBA.	The	
second step reaction is carried out in the melt stage 

Table 6 Properties of Nylon 6 and Nylon 6,6

Property Nylon 6 Nylon 6,6

Optical Translucent to opaque Translucent to opaque

Thermal melting point 210–220°C 255–265°C

% Moisture absorption 8.5–10 8.5

Oxidation resistance Good Good

Ultraviolet resistance Poor Poor

Solvent Phenol and formic acid Phenol and formic acid

Alkaline resistance Good Good

Acid resistance Poor Poor

Density (g/cc) 1.13–1.15 1.13–1.15

Ultimate tensile strength (psi) 6000–24,000 14,000

% Elongation at break 30–100 15–80

Tensile modulus 300,000 250,000–550,000

Hardness (Rockwell scale) 80–102 120
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and	under	vacuum,	 the	 temperature	utilized	 is	usu-
ally	between	200	and	270°C.

The	 connection	 between	 the	 PA	 chain	 and	 the	
polyether	chain	is	an	ester	bond.	The	structure	is	as	
follows:

H	─	{[O(CH
2
)

4
─]zO ─	[OC(CH

2
)

11
NH]x  

─	CO(CH
2
)

10
CO ─	[NH(CH

2
)

11
CO]y}n ─	OH

The stoichiometry of the components decide the 
values	of	the	subscripts	x,	y	and	z.	The	requirement	
for	 this	 bond	 to	 form	 is	 the	 presence	 of	 a	 suitable	
esterification	 catalyst.	 Several	 catalysts	 for	 this	 es-
terification	 coupling	 reaction	 have	 been	 mentioned	
in	 the	 literature,	 these	 include	dialkyl	 tin(IV)	 com-
pounds,	phosphoric	acid,	tetraalkyl	titanates,	tetraal-
kyl	zirconates,	tin(II)	salts,	antimonium	trioxide,	and	
combinations	 of	 antimonium	 trioxide	 and	 tin	 and	
phosphorous compounds [60,61].

The process of the formation of the prepolymer in 
the	first	step	and	subsequently	the	block	amide	in	the	
second	step	can	be	problematic	and	has	to	be	handled	
carefully.	This	can	be	especially	the	case	when	both	
the	preformed	PA	and	polyether	segments	have	a	rela-
tively	high	molecular	mass,	and	when	the	oligoamide	
segments	are	relatively	polar.	High	polarity	of	the	oli-
goamide	blocks	can	lead	to	difficulties	in	compatibi-
lizing	 the	amide	blocks	with	 the	 relatively	nonpolar	
polyether	 blocks.	 The	 problems	 of	 high	 molecular	
weights	of	the	individual	blocks	and	the	polarity	man-
ifest themselves in premature phase separation during 
synthesis	 of	 the	 PEBA	 compounds.	 The	 premature	
phase	separation	can	limit	the	molecular	weight	build-
up	of	the	final	product.	It	has	been	observed	that	this	
premature	phase	separation	can	be	avoided	with	 the	
use of oligoamide 11 or 12 with the ether segment of 
poly	THF.	The	compatibility	between	the	oligoamide	
and	the	polyether	phase	has	also	been	observed	to	be	
enhanced	by	the	introduction	of	water	vapor.

Another	form	of	polyether	block	amide	synthesis	
is	using	an	one-pot	synthesis	method.	In	this	method,	
the oligoamide-forming monomers are reacted with 
the	 dicarboxylic	 acid	 and	 the	 polyether	 diol	 in	 one	
step.	Polyethers	are	susceptible	to	high	temperatures	
and therefore the ring-opening reactions in the forma-
tion	of	oligoamides	are	limited	to	the	ROPs	occurring	
at lower temperatures. This is true when reactive lac-
tams	such	as	laurolactam	(dodecalactam	(CH

2
)

11
C(O)

NH)	are	used	as	these	can	be	ring	opened	at	relatively	
low	temperatures.	In	this	case,	at	elevated	pressures,	
the	laurolactam	ring-opening	polymerization	is	initi-
ated [62–64]. The one-pot synthesis process has also 
been	successful	several	other	formulations,	such	as	the	
ones	 based	 on	 caprolactam,	 aminocarboxylic	 acids,	

and equimolar formulations of aliphatic diamines and 
dicarboxylic	acids.	Amine	terminated	polyethers	such	
as α,w-diaminopolyethers	have	been	used	in	different	
studies	as	an	alternative	for	polyether	diols,	and	can	
be	used	for	the	synthesis	of	polyetheramides.	The	use	
of amine terminated polyethers leads to the forma-
tion	of	hydrolytically	stable	amide	bonds	between	the	
oligoamide and the polyether segments. These α,w-
diaminopolyethers,	such	as	poly(propylene	oxide)di-
amine,	can,	for	example,	be	mixed	with	caprolactam	
and	a	dicarboxylic	acid,	after	which	the	corresponding	
PEBA	is	formed	in	a	one-pot	synthesis.	In	the	synthe-
sis	with	the	amine	terminated	polyether,	the	amine	end	
groups of the polyether can initiate the ring-opening 
polymerization	of	the	caprolactam	obviating	the	need	
for	an	esterification	catalyst	in	the	process.	Premature	
phase separation is not an issue with all the different 
one-pot synthesis formulations.

4.4.2 Morphology of PEBAs
PEBA	consists	of	two	distinct	phases,	a	highly	or-

dered,	semicrystalline	PA	region	and	a	less	ordered,	
amorphous	polyether	region.	The	morphology	of	fi-
nal	PEBA	polymer	is,	thus,	determined	by	its	com-
position,	and	the	amount	of	PA	versus	the	amount	of	
polyether. The phase separated structure can either 
be	cocontinuous	or	have	a	dispersed	phase	in	matrix	
structure.	 In	 general,	 materials	 exhibiting	 continu-
ous or cocontinuous polyether phase are considered 
thermoplastic elastomers. In the two phase structure 
of	the	PEBA	thermoplastic	elastomer,	the	PA	phase	
shows	 a	 spherulitic,	 lamellar	 structure,	 which	 con-
tributes	to	the	physical	strength	of	the	material.	The	
elastomeric characteristics of the material arise from 
polyether phase in the phase separated structure of 
the material. In a traditional thermoplastic elastomer 
terminology,	the	spherulitic	phase	can	be	termed	as	
the	hard	block	whereas	 the	polyether	phase	 can	be	
called	the	soft	block.	In	high	polyether	contents,	the	
spherulitic	 structure	 of	 the	 PA	 is	 lost	 and	 for	 very	
high	 polyether	 contents,	 the	 polyether	 segment	 be-
comes	the	matrix	phase	with	the	PA	blocks	forming	
a	 ribbon-like	 structure,	 the	 polyether	 rich	 material	
itself	exhibits	two	glass	transitions	[61].

4.4.3 Physical Properties 
and Processing of PEBAs

The	properties	of	PEBA	are	determined,	to	a	large	
extent,	by	 its	morphology	and	composition.	As	ex-
plained	earlier,	PEBAs	are	phase	separated	structures	
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where	the	crystalline	phase	is	made	up	of	PA	blocks	
whereas	the	polyether	blocks	occupy	the	amorphous	
phase.	The	properties	of	PEBA	can	be	summarized	
to depend on the following:

•	 The	nature	of	the	PA	blocks	or	the	crystalline	
phase

•	 The	composition	of	the	polyether	blocks	or	the	
amorphous phase

•	 The	ratio	of	the	PA	to	polyether	in	the	formulation

4.4.3.1 PA Blocks
The	 PA	 blocks	 of	 the	 commercial	 PEBAs	 may	

consist	of	PA	6,	66,	612,	11,	or	12.	The	 semicrys-
talline	 phase	 formed	 by	 PA	 blocks	 takes	 a	 certain	
amount	of	heat	to	break	them	apart.	This	amount	of	
heat determines the melting point of the material. The 
PA	 block	 type	 also	 determines	 the	 integrity	 of	 the	
crystalline	regions	and	its	susceptibility	to	diffusion	
and reaction with chemicals. Therefore the proper-
ties	of	water	absorption,	chemical	 resistance,	 stress	
cracking	 resistance,	 and	 density	 are	 determined	 by	
PA	type	and	block	length.

The	polyether	type,	being	either	poly	THF,	poly-
ethylene	 glycol	 (PEG),	 or	 polypropylene	 glycol	
(PPG),	also	plays	a	role	in	the	determination	of	water	
absorption,	 chemical,	 and	 thermal	 resistance	of	 the	
material.	 In	 addition,	 the	 glass	 transition	 tempera-
ture	of	the	polyether	block	can	decide	the	low	tem-
perature	properties	of	the	material.	Finally,	the	mass	
ratio	of	 the	 two	blocks,	 that	 is,	semicrystalline	PA/
amorphous	 polyether	 determines	 the	 rigidity,	 hard-
ness,	and	flexibility.	In	PEBAs,	it	 is	clear	that	with	
increasing	soft	block	or	polyether	content,	 the	soft-
ness of the material increases and the elastic modu-
lus	decreases,	whereas	increasing	PA	content	or	hard	
block	 increases	 the	 elastic	 modulus	 and	 material	
hardness.	With	 such	a	 large	variety	 in	all	 the	 three	
factors	defining	the	properties	of	the	PEBAs,	the	PA	
type	and	block	length,	the	polyether	type	and	block	
length,	and	the	mass	ratio	PA/polyether,	a	very	broad	
range	of	physical	properties	can	be	obtained.	Some	
examples of the property variation are given later.

The	 type	 of	 soft	 block	 or	 the	 polyether	 segment	
used	significantly	affects	the	water	absorption	prop-
erties	of	PEBAs.	PEBAs	that	contain	polyethylene–
oxide-based	 soft	 blocks	 have	 a	 much	 higher	 water	
absorption	value	as	compared	to	PEBA	that	has	poly	
THF	as	the	soft	polyether	block.	PEO-based	PEBAs	
absorb	up	to	120%	by	weight	of	water	as	compared	
to	a	poly–THF-based	PEBA	that	absorbs	only	1.2%	
by	weight	of	water	[65].	The	higher	water	absorption	

in	the	PEO-based	PEBAs	is	accompanied	by	a	high-
er	level	of	water	permeability	and	a	better	antistatic	
behavior	compared	to	the	corresponding	poly–THF-
based	PEBA.	Material	 based	on	PA	12	 as	 the	hard	
block	and	poly	THF	as	the	soft	block	exhibit	the	low-
est	possible	density	of	PEBAs	[60]	(1.01–1.03	g/cm3).	
The	PA	block	has	a	less	significant	effect	on	moisture	
absorption	as	compared	to	the	polyether	soft	blocks.	
However,	it	is	observed	that	PA	6-based	PEBAs	have	
higher	 moisture	 absorption	 than	 the	 corresponding	
PA	11-	 and	PA	12-based	PEBAs,	having	polyether	
blocks	of	the	same	type	and	molecular	mass.

A	 range	 of	 hardness	 between	 60	 Shore	 A	 and	
75	Shore	D	can	be	obtained	with	PEBAs	 [65]. For 
a	 PEBA	 based	 on	 the	 PA	 block,	 PA	 12	 and	 the	
polyether	 block	 of	 poly	 THF	 of	 molecular	 mass	
of ∼1000	 g/mol,	 the	 bending	 modulus	 varies	 from	
500	N/mm2 for the hardest types to ∼20	N/mm2 for 
the softest types [61]

With	 respect	 to	 thermal	 properties,	 depending	 on	
the	molecular	structure,	 the	DSC-determined	melting	
points	of	the	physical	network	can	vary	between	122°C	
for	the	softer	TPEs	and	205°C	for	the	harder	TPEs.

The range of mechanical and thermal properties 
combined	with	 their	biocompatibility	make	 the	use	
of	 PEBAs	 attractive	 for	 the	 medical	 device	 sector.	
Within	 the	 cardiovascular	 area,	 PEBAs	 are	 exten-
sively used for catheters for diagnostic purposes or 
for	the	delivery	of	implantable	devices.	The	variation	
is	hardness	of	the	grades	of	PEBA	has	been	used	to	
manufacture	catheters	with	varying	stiffness,	stiffer	
proximal	end	versus	flexible	distal	end,	using	the	re-
flow	technique	to	bond	the	materials	together.	Melt	
processing	of	PEBAs	is	easy,	for	the	similar	reason	
to	Nylons,	 as	 they	 tend	 to	have	a	 low	melt	viscos-
ity.	 Drying	 of	 pellets	 prior	 to	 processing	 is	 a	 must	
and	moisture	levels	below	0.1%	are	implemented	in	
manufacturing operations with a extrusion tempera-
ture	range	of	between	180	and	230°C	[60].

Trade	names	of	some	important	commercial	PE-
BAs	 are	 PEBAX	 (Arkema),	 Vestamid	 (Evonik),	
Grilamid	 (EMS-Chemie),	 Dynyl	 (Rhône-Poulenc),	
and	PAE	(Ube).
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Ajay D. Padsalgikar
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1 Introduction

Many plastics are formulated specifically for use 
in medical applications. Some of these materials 
are used within other applications as well and only 
specific formulations of that material are used for 
medical devices. The main specialty plastics used 
for cardiovascular applications are:

•	 polyurethanes
•	 polysiloxanes
•	 polytetrafluoroethylene	(PTFE)
•	 biodegradable	plastics

Polyurethanes	 are	 a	 class	 of	 widely	 researched	
materials and they are found in numerous areas, with 
their properties ranging from hard plastics to soft gels 
and applications ranging from furniture foam to shoe 
soles [1–3]. Among the properties and applications of 
polyurethanes is the use of these polymers as elasto-
meric materials [4–6]. It is primarily as elastomeric 
formulations with certain specific raw materials that 
have found use in the area of medical applications 
[7–11].	Polysiloxanes,	commonly	known	as	silicones,	
are also widely researched materials and used in var-
ied applications [12–17].	The	use	of	polysiloxanes	as	
components and adhesives in the field of medical de-
vices is well documented [18–21].	PTFE	is	a	part	of	
the	fluorinated	polymers	group	and	is	well	known	for	
its	properties	of	hydrophobicity	and	low	surface	fric-
tion [22–25],	the	use	of	PTFE	in	the	medical	devices	
area	is	established	and	documented	[26–28]. Materi-
als	 that	 degrade	 in	 the	 body	 after	 they	 perform	 the	
requisite therapeutic function as medical devices are 
increasingly	 being	 explored	 as	 viable	 options	 from	
biomaterials	 [29–31] with some successful applica-
tions	 being	 reported	 [32,33]. Apart from these spe-
cialty materials, there are others that have found us-
age in medical devices, these include polyacetals and 
polyether	ether	ketone	(PEEK).	However,	their	usage	
is low in the cardiovascular space and therefore they 
are not specifically covered in this chapter.

The major material manufacturers for some of 
these specialty plastics are listed in Table	 1, only 

manufacturers	that	have	grades	available	for	medical	
use are listed.

2 Polyurethanes

Polyurethanes	are	a	very	versatile	group	of	mate-
rials	with	properties	allowing	them	to	be	used	in	ap-
plications	ranging	from	stretchable	fabrics	to	foams	
for furniture and insulation to hard plastics parts for 
electronic devices [1–3]. The polyurethane group of 
materials	is	characterized	by	the	presence	of	the	ure-
thane	bond;	the	urethane	bond	is	formed	by	the	reac-
tion	 of	 the	 end	 groups	 of	 isocyanate	 and	 hydroxyl	
on	the	reacting	molecules.	Since	the	existence	of	the	
urethane	 bond	 describes	 the	 polyurethane	 polymer	
this implies that the molecules on either side of the 
end	groups	could	take	on	many	different	forms.	This	
flexibility	 implies	 that	 a	 whole	 variety	 of	 different	
polyurethanes	can	be	formulated	and	these	polyure-
thanes can possess a complete range of properties 
from soft gels to high modulus hard materials [1–3].

2.1 Chemistry of Polyurethanes

The chemistry of the polyurethane reaction was 
first	discovered	in	1937	by	a	team	of	German	chem-
ists	 working	 for	 the	 chemical	 company	 IG	 Farben,	
the	 team	was	 led	by	Otto	Bayer	 [1].	Polyurethanes	
are	 an	 example	 of	 a	 polymer	 formed	 through	 the	
step-growth	process.	The	urethane	bond	is	a	result	of	
an	isocyanate	group	reacting	with	a	hydroxyl	group,	
as shown in the following,

─NCO	+	─OH	→ ─NHCOO─

The ─NHCOO─	 linkage	 is	 commonly	 referred	
to	as	the	urethane	linkage,	it	is	also	known	as	the	car-
bamate	linkage.	The	polymerization	of	polyurethanes	
is	a	good	example	of	a	step-growth	reaction	that	does	
not follow the condensation route, that is, there is no 
production	and	subsequent	 release	of	a	 small	mole-
cule	during	the	formation	of	the	urethane	bond.

For	 the	 formation	 of	 long	 chain	 polyurethane,	
the minimum functionality that the molecules, the 
bearing	the	end	groups	of	isocyanates	and	hydroxyl,	
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Table 1 Major Material Manufacturers of Specialty Plastics

Company Material Grades

AdvanSource Biomaterials, 
USA [34]

Thermoplastic 
polyurethane

Polyether, polycarbonate, and TPUs based on blends of 
polyether, polycarbonate with polysiloxane
•	 ChronoFlex
•	 ChronoThane
•	 ChronoSilPolyether-based	hydrophilic	TPUs
•	 HydroMed
•	 HydroThane

BASF,	Germany	[35] Thermoplastic 
polyurethane

Polyether-based	TPU	70A–64D
•	 Elastolan	1100

Biomerics, USA [36] Thermoplastic 
polyurethane

Polether,	polycarbonate,	and	polysiloxane-based	TPUs
•	 Quadrathane
•	 Quadraflex
•	 Quadraplast
•	 Quadrasil

Covestro,	Germany	[37] Thermoplastic 
polyurethane

Polyether-based	TPUs	70A–85D
•	 Texin	Rx

DSM	Biomedical,	USA	[38] Thermoplastic 
polyurethane

Polyether, polycarbonate, and TPUs based on blends of 
polyether, polycarbonate with polysiloxane
•	 Bionate
•	 Biospan
•	 Carbosil
•	 Pursil
•	 Elasthane

Lubrizol, USA [39] Thermoplastic 
polyurethane

Aliphatic and aromatic TPUs based on polyether and 
polycarbonate soft segments
•	 Pellethane
•	 Tecothane
•	 Tecoflex
•	 Carbothane
Polyether-based	hydrophilic	TPUs
•	 Tecophilic
All hard block TPU
•	 Isoplast

Dow	Corning,	USA	[40] Silicones HCR
LSR
PSA
Curable	adhesives

Momentive, USA [41] Silicones HCR
LSR
PSA
Curable	adhesives

NuSil, USA [42] Silicones HCR
LSR
PSA
Curable	adhesives

Wacker	Chemie	AG,	
Germany	[43]

Silicones HCR
LSR
PSA
Curable	adhesives

HCR, High consistency rubber; LSR, liquid silicone rubber; PSA, pressure sensitive adhesives.
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must possess is 2. A stoichiometric ratio with the two 
molecules then guarantees the formation of high mo-
lecular weight polyurethane. As the functionality of 
either	or	both	of	the	molecules	increases	beyond	2.0,	
the	resulting	polyurethane	tends	toward	being	cross-
linked	and	thermoset	in	nature.

Most of the polyurethanes used in medical de-
vices,	 especially	 in	 implantable	 applications	 tend	
to	be	thermoplastic	in	nature	[7–11]. Thermoplastic 
polyurethanes	are	referred	to	as	TPUs.	TPUs	derive	
their properties through the presence of a micro-
phase	structure.	In	the	formulation	of	TPUs,	there	
is	a	mixture	of	hydroxyl	containing	molecules.	The	
longer	 chain,	 higher	 molecular	 weight,	 hydroxyl	
containing molecule is termed as a polyol whereas 
the shorter chain, smaller molecular weight, hy-
droxyl	 containing	 molecule	 is	 usually	 referred	 to	
as	a	chain	extender.	As	will	be	seen	later,	the	iso-
cyanate	 containing	 molecule	 could	 be	 either	 aro-
matic	or	aliphatic	in	nature,	however,	the	hydroxyl	
containing molecules are almost always aliphatic 
in	 nature	 in	 the	 make-up	 of	 TPUs	 [8,9]. When 
both	the	hydroxyl	containing	groups	react	with	the	
isocyanate	 containing	 molecule	 a	 urethane	 link-
age is formed. The reaction with the polyol pro-
duces	chains	with	urethane	bonds	spread	between	
the aliphatic chains of the polyol. In other words, the 
concentration of the urethanes when the isocyanate 
reacts with the polyol is low. In contrast, the re-
action	 of	 the	 isocyanate	 with	 the	 chain	 extender	
produces a much higher concentration of the ure-
thane	bonds	due	to	the	shorter	chain	length	of	the	
chain	extender.	As	a	result	of	the	higher	concentra-
tion	of	the	urethane	linkage	and	shorter,	frequently	
aromatic nature of the isocyanate molecule, the 
reaction	of	the	isocyanate	with	the	chain	extender	
produces	an	inflexible	structure	and	this	 is	known	
as the hard segment. The reaction of isocyanate 
with the polyol, on the other hand, produces a 
lower	 concentration	 of	 the	 urethane	 linkage	 that	
is	interspersed	with	flexible	aliphatic	chains	of	the	
polyol	and	hence	forms	what	is	known	as	the	soft	
segment.	 A	 thermodynamic	 incompatibility	 exists	
between	the	two	phases	and	as	a	result	there	is	sep-
aration	between	the	two	phases.	This	phase	separa-
tion	gives	rise	to	a	segmental	structure	of	TPU	and	
sometimes	leads	to	the	material	also	being	referred	
to	 as	 segmented	 polyurethane	 (SPU)	 [4,5]. The 
separation of the microstructure into distinct hard 
and	soft	phases	and	the	resultant	biphasic	structure	
plays an important role in the physical properties 
of	TPUs.	 In	 simple	 terms,	 it	 can	be	 said	 the	hard	
phase	is	responsible	for	the	strength,	modulus,	and	

hardness of the material whereas the soft segment 
decides the elongation properties and the elasto-
meric nature of the material.

2.2 Raw Materials

2.2.1 Isocyanates
Isocyanates used in the preparation of polyure-

thanes	could	be	aromatic	or	aliphatic	in	nature.	The	
typical	 examples	 of	 aromatic	 isocyanates	 include	
toluene	 diisocyanates	 (TDI)	 and	 methylene	 diphe-
nyl	 isocyanate	 (MDI),	 typical	 aliphatic	 compounds	
include	 hexane	 diisocyanate	 (HDI),	 isophorone	
diiscocyanate	 (IPDI),	 and	 methylene	 dicyclohexyl	
isocyanate	(H

12
MDI).	MDI	is	the	most	widely	used	

isocyanate	to	make	TPUs,	worldwide	the	production	
of	MDI	is	of	the	order	of	5	million	tons	[44].	MDI	is	
available	in	the	pure	and	polymeric	form,	pure	MDI	
is	used	for	the	manufacture	of	TPUs.	MDI	is	made	
from a reaction of aniline and formaldehyde using an 
acidic	catalyst	such	as	hydrochloric	acid	and	subse-
quently treated with phosgene [45]. The structures of 
different isocyanates are shown in Fig.	1.

Aromatic isocyanates are stiffer in nature resulting 
in	 a	 stiffer	polymer	 chain	with	 tightly	packed	hard	
segment and a higher melting point. The use of an 
aromatic	isocyanate	has	also	been	shown	to	have	an	
enhanced	biostability	[9] over aliphatic isocyanates. 

Figure 1 Structures of common isocyanates. Cour-
tesy: Elsevier Publications; G. Avar, U. Meier-Westhues, 
H. Casselmann, D. Achten, Polyurethanes, Polym. Sci. 10 
(2012) 411–441 [46].
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Aromatic isocyanates tend to interact with light and 
the presence of chromophores results in increas-
ing yellowness of the polyurethane over time. This 
instability	of	polyurethanes	made	from	aromatic	iso-
cyanates means that in certain light sensitive applica-
tions,	aliphatic	 isocyanates	are	preferred.	However,	
the	use	of	aliphatic	isocyanates	is	accompanied	by	a	
resultant decrease in the material’s mechanical prop-
erties	and	biostability.

As	indicated	earlier,	MDI	is	most	commonly	used	
isocyanate	for	the	formulation	of	TPUs.	If	aliphatic	
isocyanate is preferred for the application, a cycloali-
phatic	version	H

12
MDI	is	used.

2.2.2 Polyols
Different	 polyols	 are	 used	 in	 the	 formulation	 of	

TPUs.	Compounds	could	be	polyesters,	polyethers,	
polycarbonates,	 hydrocarbons,	 and	 polysiloxanes,	
the essential condition, of course, is that they are 

hydroxyl	 terminated.	 The	 structures	 of	 commonly	
used polyols are depicted in Fig.	2.

The	polyol	determines	to	a	large	extent	the	nature	
of the properties of the polyurethane. A polyester 
backbone	 contains	 the	 ester	 linkage	 that	 is	 hydro-
lytically	 unstable	 and	 exposure	 to	 water	 results	 in	
material degradation [9]. This property means that 
polyurethanes made from a polyester polyol are un-
suitable	for	use	in	a	stable,	 implantable	application.	
Polyether	polyols,	on	the	other	hand,	have	very	good	
resistance	to	hydrolysis	but	their	resistance	to	oxida-
tion, especially at low hard segment levels, means 
that	they	might	not	be	suited	for	long-term	implants	
where	oxidation	concerns	are	important	[48].	Polyure-
thanes	based	on	polycarbonate	and	polysiloxane	diols	
combine	different	levels	of	hydrolytic	and	oxidative	
resistance	and	are	used	 in	different	 implantable	ap-
plications [8,9,49].	Polyols	based	on	polyisobutylene	
and polyurethanes made from them have also shown 
good	resistance	to	hydrolysis	and	oxidation	[50,51].

Figure 2 Structures of polyols used in polyurethanes. Courtesy: Elsevier Publications; I. Yilgör, E. Yilgör, G. Wilkes, Critical 
parameters in designing segmented polyurethanes and their effect on morphology and properties: a comprehensive review, 
Polymer 58 (2015) A1–A36 [47].
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2.2.3 Chain Extenders
Chain	extenders	are	hydroxyl	terminated	molecules	

with a much shorter chain length as compared to poly-
ols.	The	chain	extender	compounds	may	be	aromatic	
or	aliphatic	and	in	addition	they	could	also	be	amine	
terminated	rather	than	hydroxyl	terminated.	The	reac-
tion	 of	 an	 isocyanate	 with	 amine	 is	 kinetically	 very	
rapid	and	exothermic	[52] and results in the formation 
of urea groups. These groups can react further and pro-
duce	biuret	cross-links.	The	tendency	of	amine	termi-
nated	chain	extenders	to	produce	cross-links	and	also	
their speed of reaction with isocyanates limit their us-
age	especially	in	the	formulation	of	TPUs.

The	 structure	 of	 the	 chain	 extenders	 determines	
the	rigidity	of	the	hard	blocks	and	density	of	hydro-
gen	bonds.	The	most	common	chain	extender	used	in	
TPUs	for	medical	applications	is	butane	diol	(BDO).

2.3 Synthesis of Polyurethanes

Thermoplastic	 polyurethanes	 are	 formed	 by	 the	
step-growth polymerization of isocyanate molecules 
and	hydroxyl	terminated	molecules.	To	manufacture	
thermoplastic	polymers	each	molecule	is	bifunction-
al so that only linear chains are formed. This simple 
picture	may	be	complicated	by	branching	reactions.	
The final molecular weight that a formulation can 
achieve	is	governed	by	the	index	of	the	formulation.	
If	 there	are	equal	numbers	of	hydroxyl	and	 isocya-
nate groups then, in theory, the molecular weight can 
become	 infinite.	 In	 practice	 formulations	 are	 often	
designed	to	be	“off-index.”

Thermoplastic	 polyurethanes	 are	 formed	 by	 the	
step-growth polymerization of isocyanate mole-
cules	 (─NCO)	and	hydroxyl	 terminated	molecules	
(─OH).	 The	 kinetics	 of	 the	 polyurethane	 reaction	
dictates the speed and propensity to form certain 
end	products	preferentially	over	others.	The	kinetics,	
similar	to	other	reaction	kinetics,	is	dependent	upon	
the process conditions of reaction and the formula-
tion	employed.	The	kinetics	of	step-growth	polymer-
ization is well understood and documented [52,53].

2.3.1 Kinetics of the Polyurethane 
Reaction

The	basics	of	 the	reaction	kinetics	of	 the	forma-
tion	of	polyurethanes	is	examining	the	disappearance	
of the isocyanate group as a function of time, this 
leads	to	the	fundamental	equation	of	the	kinetics	of	
step-growth polymerization in polyurethane:

− =d

dt
k[NCO] [NCO][OH]

 (1)

where,	 [NCO]	 and	 [OH]	 represent	 the	 molar	 con-
centrations	of	the	isocyanate	group	and	the	hydroxyl	
group.k	 represents	 the	 kinetic	 constant	 of	 the	
equation.

In	a	formulation	that	is	perfectly	“on-index,”	the	
concentration	of	NCO	and	OH	will	remain	equal	al-
ways	and	the	equation	may	be	simplified	to:

− =d

dt
k[NCO] [NCO]2

 (2)

However,	when	the	system	is	“off-index”	then	this	
simplification	may	not	formally	be	made.	In	the	off-
index	case,	every	NCO	that	reacts	consumes	an	OH	
group.	 This	 means	 that	 the	 concentration	 of	 NCO	
and	OH	always	differ	by	a	fixed	amount:

= ±[OH] [NCO] C (3)

C	may	be	determined	from	the	initial	formulation:

= −absC ([OH] [NCO] )
0 0 (4)

Eq. (1)	may	be	rewritten	by	substituting	in	Eq.	(3) 
and then rearranging as an integral:

∫ ∫( )−
+

=d
k dt

[NCO]

[NCO] [NCO] C 
(5)

This	 integral	may	be	solved	using	 the	standard	
integral:
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This	yields	the	expression:
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This	may	be	rearranged	to	give:

=
+ −e
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[ ]

( [ ] ) [ ]Ckt
0

0 0 
(8)

One	can	therefore	say	the	rate	of	decrease	of	the	
concentration of the isocyanate groups or in other 
words, the rate of the polyurethane reaction is depen-
dent on a few factors:

•	 the	 initial	 concentration	 of	 the	 isocyanate	
groups,	[NCO]

0
;

•	 the	extent	of	the	“off-index”	quantity,	C;
•	 the	kinetic	constant,	k.

The	kinetic	constant,	k, is also dependent on the 
temperature of the reaction and the type and amount 
of catalyst used.

−dtd[NCO]=k[NCO][OH]

−ddt[NCO]=k[NCO]2

[OH]=[NCO]±C

C=abs([OH]
0
−[NCO]

0
)

−∫d[NCO][NCO][NCO]+C=∫kdt

∫dxxx+c=−1clnx+cc

−1clnx+cx[NCO]
0
[NCO]=kt0t

[NCO]=[NCO]
0
C(C+[NCO]

0
)eCkt−[NCO]

0
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The	 number	 average	 molecular	 weight	 may	 be	
readily determined from the concentration of iso-
cyanate groups remaining in the system. This is pos-
sible	because	the	number	average	molecular	weight	
is simply the ratio of the total mass in grams to the 
total	number	of	moles.	The	total	number	of	moles	is	
simply	half	the	number	of	ends	in	the	system.	Hence	
the M

n
	is	given	by:

ρ

ρ

ρ

=

=

=
+

=
+

=
+ +

M

M

V

V V
V

V V
V

V V

Total mass

Total number of moles
Total mass

(Total number of moles end groups) / 2
2

[NCO] [OH]
2

[NCO] [OH]
2

[NCO] ([NCO] C)

n

n

 

(9)

This	yields	the	following	expression	for	the	num-
ber	average	molecular	weight:

ρ=
+

M
2

2.[NCO] Cn
 

(10)

2.3.2 Reactivity of Isocyanates
In the ideal scenario, the ─NCO	+	─OH	should	

be	the	only	reaction	taking	place	in	the	formation	of	
linear	polyurethanes.	However,	due	to	the	hyperreac-
tivity of the ─NCO	terminated	molecules,	a	number	

of	side	reactions	take	place.	These	include	the	reac-
tion of the ─NCO	group	with	a	urethane	group	 to	
give	 rise	 to	 an	 allophanate	 linkage,	 the	 reaction	 of	
the ─NCO	groups	with	any	residual	water	molecule	
to	eventually	form	a	biuret	linkage,	and	so	on.	These	
side	reactions	cause	the	formation	of	interchain	link-
ages	and	can	lead	to	cross-linking	and	gel	formation.	
The	 side	 reactions	 are	 undesirable	 from	 the	 point	
of view of polymer consistency and properties. All 
these	side	reactions	are	governed	by	the	kinetics	and	
the reaction conditions.

The multiple reactions in polyurethane formation 
can	be	grouped	in	the	form	of	differential	equations	
and	 can	 be	 solved	 by	 various	 techniques	 including	
Monte-Carlo statistical functions. The simulated re-
action scheme can allow one to follow each reaction 
time–temperature step.

The	knowledge	of	the	reaction	kinetics,	 thus,	al-
lows	one	to	control	the	reaction	conditions	to	obtain	
optimum ─NCO	conversion,	reduce	side	reactions,	
gel	formation,	and	minimize	batch-to-batch	variation.

The	reaction	of	the	isocyanate	group	(NCO)	dur-
ing the polyurethane reaction can proceed in the fol-
lowing ways as illustrated in Fig.	3 [54]:

1. Urethane reaction
 This is the reaction of the isocyanate group 

with	the	hydroxyl	group	where	the	NCO	group	
reacts	with	the	hydroxyl	(OH)	group	present	at	
the end of a polyol and this leads to the forma-
tion	of	a	urethane	bond.	The	urethane	reaction	
is the primary reaction that leads to the forma-
tion of a linear polyurethane chain.

Mn=Total	massTotal	number	of	moles	
Mn=Total	mass(Total	number	of	moles	end	groups)/2	=2ρV[
NCO]V+[OH]V=2ρV[NCO]V+[OH]V=2ρV[NCO]V+([NC

O]+C)V

Mn=2ρ2.[NCO]+C

Figure 3	 Reactions	of	the	isocyanate	(NCO)	group.
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2. Allophanate reaction
 This reaction occurs when an already formed 

urethane reacts with an isocyanate group leading 
to	a	reaction	between	adjacent	molecular	chains	
and	branching.	This	branching,	if	uncontrolled,	
could	 lead	 to	 eventual	 cross-linking.	This	 is	 a	
side	reaction	that	is	an	undesirable	route,	how-
ever,	is	unavoidable	in	many	urethane	systems.	
The control of the allophanate reaction is effect-
ed	by	controlling	the	temperature	of	the	reaction	
and	the	resulting	exotherm.	In	a	two	step	TPU	
synthesis,	for	example,	the	first	step	also	known	
as the prepolymer reaction is carried out under a 
reaction temperature of 100°C to avoid the for-
mation of allophanate groups.

3. Urea
	 The	 reaction	of	 the	NCO	groups	with	 the	OH	

group present on the water molecule leads to the 
formation	of	 amine	 (─NH

2
)	 and	 further	 reac-

tion forms the urea group. This reaction occurs 
in all instances as there are traces of moisture 
present	in	the	poly/diols.	This	reaction	is	itself	
not	 objectionable	 as	 the	 polymerization	 with	
the	formation	of	a	difunctional	chain	continues;	
however, the presence of the urea group can 
lead	to	undesirable	branching	and	side	reactions.	
A	control	of	this	reaction	is	effected	by	a	control	
of	moisture	in	all	the	hydroxyl-containing	mol-
ecules	to	usually	below	200	parts	per	million.

4. Biurets
	 Biurets	 occur	 as	 a	 result	 of	 the	 urea	 groups,	

formed in the previous reaction, reacting with 
an isocyanate group. The reaction leads to the 
formation	 of	 linkages	 between	 two	 chains,	
branches,	and	other	side	reactions.

5. Trimer
 Trimerization is the formation of ring structure 

between	three	terminal	NCO	groups.	The	ring	
structure	 is	 known	 as	 the	 isocyanurate	 bond	
and	 is	 not	 thermally	 reversible	 unlike	 the	 al-
lophanate	or	biuret	structures.

2.3.3 Catalysis of the Polyurethane 
Reaction

It	 is	seen	that	the	reactions	of	the	NCO	group	are	
catalyzed	by	both	basic	and	acidic	compounds.	Tertiary	
amine catalysts are widely used in polyurethane reac-
tion	catalysis,	these	catalysts	function	by	enhancing	the	
nucleophilicity	of	the	diol	component.	Basic	catalysts	
are	known	to	be	far	more	potent	in	nature	as	compared	

to	acidic	catalysts.	As	a	result,	basic	catalysts	not	only	
increase	the	rate	of	the	primary	urethane	reaction	but	
also	increase	the	rate	of	reaction	of	the	undesirable	side	
reactions	of	 the	NCO	 [54].	The	acid-based	catalysts,	
on	the	other	hand,	have	been	shown	to	be	effective	in	
controlling	the	side	reactions	by	favoring	the	progres-
sion of the linear urethane reaction [54].

From	 the	 illustration	 of	 the	 NCO	 reactions	 in	
Fig.	3, reaction 1 is encouraged more than reactions 
2, 3, 4, and 5 in the case of an acid catalyzed system 
whereas	all	reactions	1–5	are	equally	possible	with	a	
base	catalyzed	system.	The	presence	of	an	acid	is	not	
shown	to	catalyze	any	branching	or	cross-linking	in	
the formation of polyurethanes.

In	traditional	polyether	polyols,	basic	catalysts	are	
used	to	ring	open	epoxide-based	molecules	and	initi-
ate an ionic reaction to form longer chain polyether 
structures. At the end of the manufacturing step, ac-
ids are used to neutralize the catalyst to prevent the 
residual	of	the	basic	catalyst	being	a	part	of	any	fur-
ther	reaction	of	the	polyol.	Acid	number	of	polyether	
polyols	is	a	property	measured	to	ensure	that	the	base	
is properly neutralized [1,3].

Acid	 number	 measurement	 in	 polyester	 polyols	
is more critical than polyether polyols and the rea-
son	is	that	the	acid	number	indicates	the	presence	of	
carboxylic	 acid-terminated	groups.	Carboxylic	 acid	
reacts	with	NCO	to	effectively	chain	 terminate	and	
also	lead	to	carbon	dioxide	formation.	To	avoid	these	
issues an acid value of <	0.5	mg	of	KOH/g	acid	is	
specified for polyester polyols [3].

2.4 Manufacture of Polyurethanes

The step-growth polymerization of polyurethane 
can	 proceed	 either	 in	 bulk	 or	 in	 solution.	 The	 sol-
vents commonly used for solution polymerization 
are	dimethyl	formamide	(DMF),	dimethylacetamide	
(DMAc),	 and	 tetrahydrofuran	 (THF).	 Solution	 po-
lymerization	 is	 suitable	 for	 small	 batches	 and	 for	
reactions that need constant dissolution preventing 
premature phase separation and the development of 
molecular weight. Solution polymerization does lim-
it	the	batch	size	and	one	also	has	to	deal	with	the	re-
moval	of	the	solvent	in	the	final	application.	To	keep	
the viscosity of solution to easy-to-handle levels, 
the proportion of the solvent used is high and often 
greater	 than	 70%	 by	 weight.	 Solution	 polymerized	
material	can	further	be	processed	by	solvent	process-
ing techniques such as film casting or dip molding.

Bulk	 polymerized	 polyurethane,	 on	 the	 other	
hand, is very suited for large-scale production and 
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does	not	suffer	from	any	subsequent	solvent	disposal	
issues.	The	formulation,	however,	has	to	be	amena-
ble	for	bulk	polymerization	and	not	prone	to	prema-
ture phase separation.

Bulk	polymerization	can	proceed	through	a	batch	
process or a continuous process.

Polyurethane	 polymerization	 can	 either	 using	
a one-step process or a two-step process. The dif-
ference	between	the	processes	is	essentially	the	ad-
dition sequence of the raw materials for synthesis. 
In a one-step process, all the raw materials for the 
synthesis are added at once, whereas, in a two-step 
process,	 the	 polyol	 is	 first	 reacted	 with	 an	 excess	
of isocyanate to produce an isocyanate end-capped 
prepolymer. The prepolymer is then reacted with a 
stoichiometric quantity of the short chain diol or the 
chain	extender.	The	prepolymer	can	also	be	seen	as	
the soft segment and the reaction of the prepolymer 
with	the	chain	extender	as	the	formation	of	the	hard	
segment.

A two-step process is usually employed for the 
batch	polymerization	process	of	thermoplastic	poly-
urethane. In the formation of the prepolymer, the 
polyol is usually slowly fed to the isocyanate to con-
trol	the	temperature	rise	of	the	exothermic	urethane	

reaction.	The	chain	extender	is	then	mixed	with	pre-
polymer and dispensed onto trays. These trays are 
then	placed	in	heated	ovens	for	a	fixed	period	of	time.	
At	the	end	of	the	curing	time,	the	polymer	slabs	are	
removed	from	the	trays,	granulated	and	subsequently	
melt	extruded	into	pellets.	A	typical	batch	process	is	
depicted in Fig.	4.

In	a	continuous	process	a	twin	screw	extruder	is	
used	 as	 the	 reactor	 (Fig.	 5)	 [55,56].	 The	 extruder	
screws are designed to self-wipe and thus avoid any 
material hold ups during the reaction. The tempera-
ture	in	the	extruder	is	raised	beyond	the	melting	point	
of the material and therefore the polymerization can 
be	 accurately	 defined	 as	 melt	 polymerization.	 The	
high temperature implies that even with a relatively 
short residence time, of the order of minutes, high 
conversion	 and	 high	 molecular	 weights	 can	 be	 ob-
tained	 at	 the	 end	of	 the	 extruder	 [53,57]. The high 
temperature	 does	 increase	 the	possibility	 of	 the	 re-
verse reaction and depolymerization and this has to 
be	kept	in	mind	when	designing	the	process	[57].

Apart	from	being	self-wiping,	the	screws	in	a	twin	
screw	extruder	are	modular	in	nature,	this	modular-
ity allows the configuration of the screw geometry to 
match	the	chemistry	and	kinetics	of	the	polyurethane	

Figure 4 A typical batch production process for polyurethane production. Courtesy: Elsevier Publications; R. Ward, R. 
Jones, Polyurethanes and silicone polyurethane copolymers, in: Comprehensive Biomaterials, 2011, pp. 431–477 [55].
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reaction.	In	general,	the	twin	screw	extruder	can	be	
configured for the screws to act as conveying zones 
by	having	the	screw	made	of	transport	elements	and	
as	mixing	zones	by	having	the	screw	made	of	knead-
ing paddle elements. In addition to conveying and 
mixing	zones,	the	screw	can	also	be	configured	to	act	
as	a	reverse	pumping	element.	In	that	case,	melt	flow	
occurs	 in	 the	 opposite	 direction	 and	 to	 flow	 in	 the	
correct	direction,	the	pressure	drop	provided	by	the	
reverse	elements	has	 to	be	overcome	by	buildup	of	
pumping pressure in the conveying zone prior to the 
reverse zone. The reverse elements can increase the 
residence time within the screw allowing for greater 
conversion	for	a	formulation.	An	example	of	a	screw	
design	can	be	seen	in	Fig.	5.

To	maintain	the	correct	chemistry,	the	extruder	is	
usually	fed	with	a	mass	flow	controlled	liquid	feed-
ing	system	that	guarantees	 the	ratio	of	 the	mix	and	
thus the stoichiometry of the reaction.

As	 explained	 earlier,	 the	 synthesis	 of	 polyure-
thanes can proceed in either a one-step process or a 
two-stage process. In a one-step process, the isocya-
nate,	the	polyol,	the	chain	extender	and	any	catalysts	
or additives are added together in one shot. In a one-
shot process, reaction of the isocyanate with the hy-
droxyls	located	on	the	polyol	and	the	chain	extender	
happen	simultaneously	and	so	 there	 is	considerable	
importance in the relative reaction rates. If the reac-
tion	rates	are	significantly	different,	like	in	the	case	
of	 a	 polydimethylsiloxane	 (PDMS)-based	 polyol,	
where the polarities of the isocyanate and the polyol 
are	very	far	apart,	the	one-shot	process	will	not	work.	
The difference in polarities slows down the speed of 
the	 reaction	between	 the	 isocyanate	 and	 the	polyol	
in relation to reaction of the isocyanate with a more 
polar	chain	extender.	In	such	a	case	the	one	shot	pro-
cess will produce incomplete reaction of the polyol 
with the isocyanate and result in high concentration 
of	hard	segments	with	possible	cross-links	and	gels.	

The	one-shot	process	works	well	when	the	polarities	
of the short chain diol and the long chain polyol are 
closer, in instances such as using a relatively nonpo-
lar	siloxane	polyol	and	a	polar	BDO	chain	extender,	
the one shot process is less effective.

In contrast, a two-step process is more controlled. 
Here	the	isocyanate	first	reacts	with	the	polyol	alone	
in a stoichiometric ratio that allows further reaction 
with	 the	 chain	 extender.	 This	 isocyanate-rich	 com-
pound	 is	often	 referred	 to	as	 the	prepolymer.	Once	
the prepolymer is formed it then goes on to further 
react	with	an	appropriate	level	of	the	chain	extender	
to form the final polyurethane. In such a case there 
is	better	control	over	the	formation	of	hard	and	soft	
blocks	 and	 less	 randomness	 is	 associated	 with	 this	
process.

2.5 Properties of Polyurethanes

Given	 the	 variety	 of	 polyurethanes	 that	 can	 be	
constructed from, among other factors, using dif-
ferent raw materials, isocyanates, polyols and chain 
extenders,	 stoichiometries,	 cross-link	densities,	 and	
different ratios of hard to soft segments one can end 
up	with	innumerable	of	kinds	of	polyurethane	mate-
rials	and	the	resultant	properties.	From	a	perspective	
of thermoplastic polyurethanes especially the ones 
used	for	biomedical	applications	the	list	narrows	but	
is	still	quite	a	broad	range	as	seen	in	the	Fig.	6, where 
the	 breadth	 of	 the	 elastic	 modulus	 achievable	 with	
TPUs	is	compared	to	other	materials.

The dependence of polyurethane properties on 
the	factors	stated	previously	extends	to	all	forms	of	
behavior	of	polyurethanes	with	respect	to	their	me-
chanical, chemical, thermal, rheological, and surface 
properties. The properties of polyurethanes are de-
cided	 by	 many	 of	 these	 factors.	 Greater	 hard	 seg-
ment content leads to a harder material with higher 

Figure 5 A typical batch production process for polyurethane production. Courtesy: Elsevier Publications; J. Puaux, 
P. Cassagnau, G. Bozga, I. Nagy, Modeling of polyurethane synthesis by reactive extrusion, Chem. Eng. Process. 45 (6) (2006) 
481–487 [56].
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modulus, tensile strength values, and lower % elon-
gation. The elastomeric properties are also dependent 
on factors such as the nature of the raw materials, the 
stoichiometry used in the formulation and the ratio of 
the	hard	blocks	to	the	soft	blocks.

•	 The	nature	of	the	raw	materials:
•	 Aromatic	 isocyanates	 tend	 to	 give	 a	 more	

integral	 hard	 block	 structure,	 resulting	 in	
greater phase separation and that often leads 
to higher mechanical properties, greater 
chemical resistance, and higher melting 
points in comparison with the nonaromatic 
isocyanates.	 Polyurethanes	 composed	 of	
aromatic isocyanates are inherently more 
biostable	 than	 polyurethanes	 made	 from	 a	
nonaromatic isocyanate [9]. This again is re-
lated	to	the	integrity	of	hard	blocks	aromatic	
isocyanates form.

•	 The	polyols	influence	polyurethane	proper-
ties very significantly. The polyol forms the 
soft segment of the polyurethane and the 
soft	 segment	 is	 primarily	 responsible	 for	
the elastomeric properties of the polymer. 
Depending	 on	 the	 molecular	 weight	 of	 the	

polyol,	the	extensibility	of	the	material	can	
vary. Smaller chain lengths of the polyol 
can give a material that is stiffer and less 
elastomeric than with a longer chain length 
of the same polyol [8,9]. The nature of the 
linkage	in	the	main	chain	of	the	polyol	has	a	
significant impact upon the degree of phase 
separation	between	the	hard	and	soft	phases.	
The difference in the polarity of the polyol 
and the isocyanate essentially determines 
the amount of phase separation that will oc-
cur in the final material [47]. It is seen with 
greater	phase	mixing	one	can	obtain	greater	
elastomeric properties [59].

•	 The	nature	of	the	polyol	plays	a	very	impor-
tant role in deciding the chemical properties 
of polyurethanes. The chemical properties 
of	the	main	bond	in	the	soft	segment	decide	
the interaction of the material with differ-
ent	chemicals.	Polyols	made	with	 the	ester	
bond	as	the	main	linkage	are	susceptible	to	
hydrolytic	 cleavage.	Hence	on	exposure	 to	
water the material disintegrates. Quite clear-
ly	polyurethanes	based	on	polyester	polyols	
cannot	 be	 considered	 for	 any	 implantable	

Figure 6	 Hardness	variation	of	TPUs.	Courtesy: Elsevier Publications; J. Drobny, Thermoplastic polyurethane elastomers, 
in: Handbook of Thermoplastic Elastomers, 2014, pp. 233–253 [58].
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devices	 that	 rely	 on	 the	 biostability	 of	 the	
polymer.	 On	 the	 other	 hand,	 this	 property	
of	moisture	sensitivity	can	prove	to	be	very	
useful	 in	designing	biodegradable	polyure-
thanes and the molecular weight of the poly-
ester	polyol	can	be	used	to	regulate	the	ki-
netics	of	biodegradation	[60].	Polyols	made	
with	 the	 ether	 bond	 are	 widely	 used	 for	
polyurethanes in the medical device sector. 
The	ether	bond	imparts	greater	moisture	re-
sistance	to	the	material	but	does	have	a	high	
possibility	 of	 oxidation	 [9,48].	 As	 will	 be	
seen	later,	oxidation	and	hydrolysis	are	the	
main degradative mechanisms the material 
has	 to	 encounter	 within	 the	 body	 and	 so	 a	
greater	susceptibility	to	either	of	them	limits	
their	use	in	biostable	medical	devices.	Poly-
ols	based	on	carbonate	and	siloxane	linkages	
have	shown	to	be	superior	in	their	oxidation	
resistance [48,49]	and	between	 them	silox-
ane	polyols	have	shown	better	resistance	to	
oxidation	[48],	recent	work	on	using	a	poly-
isobutylene	polyol	has	also	shown	good	hy-
drolytic	and	oxidation	resistance	[50,51].

•	 The	chain	extenders	play	a	key	role	in	decid-
ing	the	structure	of	the	hard	blocks.	A	lon-
ger	chain	or	a	nonlinear	chain	extender	will	
result	 in	 an	 imperfectly	 packed	 hard	 block	
structure.	Such	a	hard	block	structure	makes	
the	material	more	vulnerable	to	chemical	at-
tacks.	Lesser	resistance	to	oxidation	can	be	
seen	with	disruption	to	the	hard	block	struc-
ture	 as	 evidenced	 with	 the	 use	 of	 a	 mixed	
chain	extender	system	[61].

•	 Ratio	of	hard	to	soft	blocks	in	polyurethanes
•	 The	ratio	of	the	hard	block	to	the	soft	block	

defines, to a large degree, the elastomeric 
properties	of	the	polyurethane.	As	explained	
earlier,	 thermodynamic	 incompatibilities	
between	the	isocyanate	and	the	polyol	lead	
to the formation of a phase separated struc-
ture. The reaction of the isocyanate with the 
short chain diol results in the formation of 
the hard segment whereas the polyol forms 
the soft segment. The hard segments tend to 
agglomerate due to steric forces and hydro-
gen	bonding	and	this	agglomeration	results	
in the formation of nanometer-sized do-
mains	known	as	hard	blocks.	The	hard	block	
is defined as the sum of the weight percent-
age	of	the	isocyanate	and	the	chain	extender	
divided	by	the	weight	of	the	entire	polymer.	

The	 higher	 the	 hard	 block	 content	 of	 the	
polyurethane, the harder is the material and 
correspondingly	 an	 increase	 is	 observed	 in	
the elastic modulus, ultimate tensile strength 
and a corresponding decrease is seen in the 
ultimate elongation values. It is interesting to 
note	that	similar	hard	block	content	will	give	
different mechanical properties depending 
on	 the	composition	of	 the	 soft	block	 [8,9]. 
This difference is due to the polarity of the 
main	linkage	in	the	polyol	and	the	degree	of	
incompatibility	between	the	isocyanate	and	
the	polyol.	For	example,	a	carbonate-based	
polyol	 is	more	compatible	with	the	isocya-
nate	as	compared	to	a	siloxane-based	polyol	
and greater hard segment content is required 
with	 carbonate	 polyol	 as	 the	 soft	 block	 to	
get similar hardness material made using a 
siloxane	polyol	as	the	soft	block.

The mechanical properties of a few representative 
thermoplastic polyurethanes used in the medical in-
dustry are given in Table	2.

2.6 Morphology of Polyurethanes

As touched upon earlier, the tendency of polyure-
thanes to separate into hard and soft phases, due to the 
thermodynamic	 incompatibility	 that	 exists	 between	
the polar isocyanate and relatively nonpolar polyol, 
is a critical aspect of polyurethane microstructure 
or morphology. This phase-separated morphology 
is	 primarily	 responsible	 for	 the	 wide	 range	 of	 me-
chanical	properties	 that	polyurethanes	possess.	Dif-
ferent	techniques	exist	to	probe	this	morphology	and	
these	have	been	documented	in	various	publications	
[5,7,9], the techniques include thermal characteriza-
tion methods such as differential scanning calorime-
try	(DSC)	and	dynamic	mechanical	thermal	analysis	
(DMTA),	X-ray	scattering	techniques	such	as	small-
angle	 X-ray	 scattering	 (SAXS)	 and	 microscopic	
techniques such as transmission electron microscopy 
(TEM)	and	atomic	force	microscopy	(AFM).

2.6.1 Differential Scanning Calorimetry 
Studies

DSC	is	a	thermal	analysis	technique	used	to	charac-
terize the temperatures of glass transition and melting 
of	the	material.	DSC	can	also	be	used	to	characterize	
the degree of crystallinity, the degree of phase separa-
tion, and the morphological changes that occur in the 
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Table 2	 Mechanical	Properties	of	Some	Medical	Grade	TPUs

Shore A Materials
Specific 
Gravity

Hardness 
(Shore A)

Tensile Strength 
@ Break (MPa)

Tensile Elongation 
@ Break (%)

Biospan * 70 41.37 850

Tecophilic 1.1 70 13.79 600

Tecoflex 1.04 72 39.99 660

Carbothane * 73 36.54 470

Carbothane	PC-3575A 1.15 73 36.54 470

ChronoFlex	AR-75A * 75 51.71	(TS@Y) 500

ChronoFlex	AL-80A * 80 37.92	(TS@Y) 590

ChronoFlex	C-80A 1.2 80 41.37 450

Elasthane	(A) 1.12 80 39.99 800

Estane	CP	80AS2 * 82 28 470

Bionate	(Corethane)	80A 1.19 83 46.64 531

Pursil * 83 25.26 492

Carbothane	PC-3585A 1.15 84 41.37 410

Pellethane	2102	80A * 84 39.99 580

Elast-Eon	5-325 * 84 25 680

Estane 1.2 85 42.05 490

Texin	985 1.12 86 37.9 500

Carbosil	90A * 90 39.98 424

Bionate	(Corethane)	90A 1.2 91 55.14 406

Bionate	(Corethane)	90A * 91 55.14 406

Elast-Eon	2A 1.1 92 30 550

Carbothane	PC-3595A 1.15 95 48.95 380

Shore D Materials
Specific 
Gravity

Hardness 
(Shore D)

Tensile Strength 
@ Break (MPa)

Tensile Elongation 
@ Break (%)

Elast-Eon	2D	(E2-152) * 55 25 362

Elasthane	(D) 1.12 55 39.99 800

ChronoFlex	AL-55D * 55 57.92	(TS@Y) 330

ChronoFlex	C-55D 1.2 55 46.54 400

Bionate	(Corethane)	55D 1.21 56 60.55 365

Carbothane	PC-3555D 1.15 60 50.33 370

ChronoFlex	AL-65D * 65 62.05	(TS@Y) 300

Carbothane	PC-3572D 1.15 71 58.61 360

Bionate	(Corethane)	75D 1.22 73 63.23 241

ChronoFlex	C-75D 1.2 75 51.71 290

Pellethane	2363 1.13 76 40 380

Tecoplast 1.18 82 69.95 50

TS@ Y is tensile strength at yield, *, no data.
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processing cycle of the material. Transitions in poly-
urethane	thermograms	have	been	attributed	to	specific	
phenomena in each of the phases of the material. The 
glass transition of the soft segment is usually at low 
temperatures	below	room	temperature.	The	measure	
of this temperature is a strong indication of the de-
gree of phase separation present in the material. The 
closer the glass transition temperature of the material 
is to the pure polyol, the greater is the phase separa-
tion	between	the	hard	segment	and	the	soft	segment	
in the material. The farther away the glass transition 
temperature of the material from the pure polyol glass 
transition	temperature,	the	greater	is	the	phase	mixing	
between	the	hard	and	the	soft	segments.	The	higher	
temperature endothermic transition denotes the melt-
ing temperature of the polymer. This transition also 
denotes the temperature at which the disordering of 
the ordered hard segment region of the polymer oc-
curs.	 Many	 smaller	 transitions	 both	 of	 the	 exother-
mic	and	endothermic	variety	have	been	observed	in	
DSC	scans	of	polyurethanes.	These	transitions	have	
been	attributed	to	a	distribution	of	hard	and	soft	seg-
ments within each other [5,7]. In a series of studies 
on	siloxane-based	polyurethanes	[48,59,61–65],	DSC	
thermograms	were	obtained	with	differing	soft	 seg-
ments and variation in the amount of hard segments 
keeping	the	soft	segment	constant.	The	thermograms	
are in Fig.	7. In this study [65] the hard segment con-
tent	was	fixed	at	40	wt.%	whereas	the	content	of	the	
soft	segment	was	varied	between	100%	polysiloxane	
(10040)	and	100%	polyether	(0040).	The	results	are	
a	clear	 indication	of	 increasing	 immiscibility	of	 the	
hard and soft segments with increasing nonpolar con-
tent	in	the	polyol,	in	this	case	the	polysiloxane.

2.6.2 Small Angle X-Ray Scattering
Small	angle	X	ray	scattering	or	SAXS	is	a	widely	

used technique to study the nanoscale structure of 
materials. The method is very accurate, nondestruc-
tive,	and	can	be	done	with	a	minimal	sample	size.	In	
a	typical	test,	a	focused	beam	of	X-rays	is	brought	to	a	
sample	and	the	rays	that	are	scattered,	by	the	presence	
of	features	within	the	material,	are	picked	up	by	a	de-
tector placed in the path of the scattering waves. The 
scattering pattern then is used for the determination 
of the details of the structural features of the sample.

Several	 SAXS	 studies	 [62,65,66–69]	 have	 been	
conducted with different varieties of polyurethane. 
Degrees	 of	 microphase	 separation	 are	 obtained	 by	
using	 the	 ratio	of	 the	experimental	electron	density	
variance to the theoretical electron density variance 

(i.e.,	the	value	calculated	for	the	hypothetical	case	of	

complete	phase	separation)	
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Figure 7	 DSC	 thermograms	 with	 varying	 siloxane	
contents	 in	 the	 soft	 segment	 (A)	 from	 first	 heating,	
(circles	represent	the	temperatures	of	disappearance	
of	phases	as	observed	with	SAXS)	(B)	from	second	
heating after fast cooling. Courtesy: Elsevier Publications; 
T. Choi, J. Weksler, A. Padsalgikar, J. Runt, Influence of soft 
segment composition on phase-separated microstructure 
of polydimethylsiloxane-based segmented polyurethane 
copolymers, Polymer 50 (10) (2009) 2320–2327 [65].
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The	symbol	 i
e
 refers to Thompson’s constant for 

the	scattering	 from	one	electron	 (7.94	× 10-26 cm2)	
and N

av
	is	Avogadro’s	number.

The theoretical electron density variances η( )∆
c
2  

were calculated assuming complete hard and soft 
segment	segregation,	and	assuming	sharp	boundaries	
between	hard	and	soft	domains,	and	is	defined	as	[69]
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where φ
hs

 and φ
ss
 are the volume fractions of the hard 

segments and soft segments in hypothetical com-
pletely phase-separated copolymers, respectively, 
and η

hs
 and η

ss
 are the electron densities of complete-

ly segregated hard and soft phases, respectively.
A	study	was	done	with	a	mixed	polyether–poly-

siloxane	 soft	 segment,	 the	 results	 from	 the	 SAXS	
analysis is shown in Fig.	8.

2.6.3 Atomic Force Microscopy
Atomic	 Force	 Microscopy	 (AFM)	 has	 also	 been	

used as a tool to measure the microstructure of poly-
urethanes.	The	AFM	consists	of	a	mechanical	arrange-
ment	of	a	cantilever	with	a	sharp	tip	or	probe	at	one	
end. That end is used to scan the surface of the sample 
being	tested.	The	cantilever	is	usually	made	from	sili-
con or silicon nitride and the radius of curvature of the 
tip	is	extremely	small,	of	the	order	of	nanometers.	As	

the	tip	is	brought	near	the	sample	surface,	the	cantile-
ver	mechanism,	that	is	very	sensitive	to	small	deflec-
tions	caused	by	forces	between	the	tip	and	the	sample	
surface,	maps	out	the	sample	morphology.	For	use	in	
the determination of the morphology of polyurethane 
specimen,	the	AFM	instrument	is	used	in	the	tapping	
mode. In this mode, the cantilever is driven to oscillate 
up and down at or near its resonance frequency. This 
oscillation is commonly achieved with a small piezo 
element in the cantilever holder. The amplitude of this 
oscillation usually varies from several nm to 200 nm. 
In tapping mode, the frequency and amplitude of the 
driving	 signal	 are	 kept	 constant,	 leading	 to	 constant	
amplitude of the cantilever oscillation as long as there 
is no drift or interaction with the surface.

In the same study referred previously [65],	AFM	
was performed on different soft segment variations, 
the results are shown in Fig.	 9 where the sample 
numbers	represent	the	soft	block	composition	and	the	
hard segment concentration as defined earlier in the 
text.	The	bright	regions	represent	hard	domains	and	
the	darker	represent	soft	phase.	The	mean	size	of	the	
hard	domains	in	the	phase	images	is	approximately	
10 nm and there is no apparent difference in mor-
phology on changing soft phase composition [65].

An important point to note is that this phase separated 
morphology	in	polyurethanes	is	extremely	temperature	
dependent. This temperature dependence means that 
the morphology of the material is different at different 
temperatures. This was clearly shown with different 
measurement	 techniques	 in	 a	 study	by	Pongkitwitoon	
et al. [63], as the circles indicated in Figure	7A, a higher 
temperature resulted in progressively higher degrees of 
phase	mixing	and	a	good	correlation	could	be	made	DSC	
transitions	and	SAXS	data.	This	temperature	dependent	
morphological data indicates that conducting predic-
tive analyses of aging with techniques such as time–
temperature	superposition	become	extremely	hard	and	
of limited utility as far as polyurethanes are concerned.

2.7 TPU Rheology and Processing

The	 thermoplastic	 nature	 of	 TPUs	 makes	 them	
amenable	to	all	thermoplastic	processing	techniques.	
Melt and solution processing techniques are widely 
used	in	fabricating	components	out	of	TPUs	for	med-
ical	applications.	A	few	factors	that	are	to	be	consid-
ered	in	the	melt	processing	of	TPUs	are	as	follows:

Drying	of	the	TPU	pellets
	 It	is	very	important	to	dry	the	TPU	prior	to	use	
in any melt processing operation. A level of less than 

∆ηc2¯

∆ηc2¯=φhsφss(ηhs−ηss)2=φhs(
1−φhs)(ηhs−ηss)2 ,

Figure 8 SAXS curves for varying amounts of silox-
ane	in	the	soft	segment	()	0040;	()	2040;	()	4040;	
()	6040;	()	8040;	()	10040.	Courtesy: Elsevier Pub-
lications; T. Choi, J. Weksler, A. Padsalgikar, J. Runt, Influ-
ence of soft segment composition on phase-separated 
microstructure of polydimethylsiloxane-based segmented 
polyurethane copolymers, Polymer 50 (10) (2009) 2320–
2327 [65].
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200 ppm or 0.02% of moisture is considered accept-
able	moisture	levels	for	processing	[38,39]. This is 
because	the	urethane	linkage	tends	to	hydrolyze	at	
higher temperatures and will result in chain cleav-
age leading to a decrease in molecular weight of the 
material and a loss in the properties of the material.
Depolymerization
	 The	urethane	reaction	is	an	equilibrium	reac-
tion where the reverse reaction, that is, the forma-
tion	of	isocyanates	and	hydroxyl	containing	mol-
ecules	 from	 the	 urethane	 bond,	 becomes	 only	 a	
factor at high, melt temperatures. In fact, the dry-
ing	of	 the	TPU	is	 important	precisely	due	to	 the	
reversibility	of	 the	urethane	 linkage.	As	 the	ure-
thane	linkage	reverses	to	form	isocyanates,	these	
isocyanate-containing groups will react with any 
hydroxyl	containing	groups.	Water	can	be	looked	
upon	a	monofunctional	hydroxyl-containing	mol-
ecule and the reaction with an isocyanate chain 
will lead to effective termination of the chain. The 
phenomenon	of	TPU	depolymerization	has	been	
covered	 by	 different	 researchers	 [47,52,53] and 
has	to	be	taken	into	consideration	during	the	melt	
processing	of	TPUs.

Effect of allophanates
 Another effect seen in the melt rheology 
of	TPUs	is	the	effect	of	allophanate	decomposi-
tion.	Allophanates,	 as	 seen	earlier,	 are	 linkages	
formed	 due	 to	 the	 reaction	 between	 an	 isocya-
nate	group	and	an	already	formed	urethane	bond.	
The	 allophanates	 dissociate	 at	 TPU	 melt	 tem-
peratures [70] and the dissociation occurs over 
a period of time, this gives time dependence to 
the	TPU	viscosity.	The	time	dependence	is	a	fac-
tor of the amount of allophanates present in the 
system,	 the	 kinetics	 of	 allophanate	 dissociation	
and residence time of the melt in the processing 
equipment. The time dependence places an ad-
ditional	complexity	in	the	use	of	simulation	soft-
ware to design the processing equipment. It has 
been	observed	that	TPU	systems	with	higher	in-
compatibility	between	the	soft	and	the	hard	phas-
es show a greater amount of allophanates such as 
in	siloxane-based	TPUs	[70].

Solvents	 such	 as	 DMAc,	 DMF,	 and	 THF	 are	
most	often	used	in	the	solution	processing	of	TPUs.	
Different	 processing	 techniques	 such	 as	 solvent	

Figure 9	 AFM	images	of	varying	amounts	of	siloxane	soft	segment.	Courtesy: Elsevier Publications; T. Choi, J. Weksler, 
A. Padsalgikar, J. Runt, Influence of soft segment composition on phase-separated microstructure of polydimethylsiloxane-
based segmented polyurethane copolymers, Polymer 50 (10) (2009) 2320–2327 [65].
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casting,	dip	molding,	and	solvent-based	fiber	spin-
ning	 are	 widely	 used	 to	 fabricate	 components	 for	
medical usage.

3 Polysiloxanes

All	 polymers	 derived	 from	 the	 silicon–oxygen	
links	(Si─O)	are	referred	to	as	siloxanes	or	silicones.	
Siloxane	linkages	form	the	backbone	of	silicone	mol-
ecules,	 the	main	example	of	which	is	Polydimethyl	
Siloxane	or	PDMS.

3.1 Raw Materials

The	siloxane	linkage	is	an	inorganic	link,	silicon	
itself is tetravalent and when it is attached to car-
bon	 a	 molecule	 that	 is	 both	 inorganic	 and	 organic	
at	 the	 same	 time	 is	 formed.	 These	 inorganic	 silox-
anes,	 called	 silicates,	 form	 approximately	 75%	 of	
the earth’s crust in the form of sand and glass. When 
joined	to	another	carbon,	the	molecule	is	termed	as	
organosilanes.	Organosilanes	are	all	manmade	silox-
anes and have chemical reactions similar to organic 
compounds.

In	 a	 typical	process	of	manufacturing	polysilox-
anes,	silicon	is	first	obtained	from	sand	[14];

+  → +SiO 2C Si 2CO
2 Heat

The	silicon	obtained	 is	 further	converted,	 in	one	
process	a	fluidized	bed	reactor	at	300°C	with	a	cop-
per catalyst is used, to a chlorosilane in reaction with 
methyl chloride [14];

+  → +Si 2CH Cl (CH ) SiCl other
3 Metal Catalyst /Heat 3 2 2

Usually	the	process	yields	a	mixture	of	chlorosilanes	
but	the	dimethyldichlorosilane	is	the	main	product	and	
is	obtained	and	purified	by	fractional	distillation.

Dimethyldichlorosilanes	 are	 then	 hydrolyzed	
to	 form	either	hydroxyl-terminated	 linear	 siloxane	
chains	or	cyclic	siloxane	molecules	(Fig.	10).	The	
length of the chain or the degree of polymeriza-
tion and nature of the molecules formed depends 
among other things on the catalyst used, reaction 
conditions, and the concentration of the reactants. 
The length of the linear chain, when formed, is long 
enough	to	form	an	oligomer	but	is	not	long	enough	
to	be	a	polymer	and	not	sufficient	in	that	form	for	
most applications [12].

SiO
2
+2C⟶HeatSi+2CO

Si+2CH
3
Cl⟶Metal	Catalyst/

Heat(CH
3
)

2
SiCl

2
+other

Figure 10	 Hydrolysis	of	dimethyldichlorosilane	into	cyclics	and	linear	molecules.
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3.2 Synthesis of Polysiloxanes

3.2.1 Nomenclature
An important aspect in the industrial chemistry 

of silicones is its unique nomenclature. This nomen-
clature	is	based	largely	upon	the	number	of	oxygen	
atoms attached to the Si molecule. M is monofunc-
tional	in	that	one	oxygen	atom	is	attached	to	the	sili-
con	atom,	D	is	difunctional,	T	is	trifunctional,	and	Q	
is	quadrafunctional,	 all	 according	 to	 the	number	of	
oxygen	 atoms	 attached	 to	 the	 silicon.	 This	 nomen-
clature	 is	 explained	 in	 Fig.	 11 and there are a few 
corresponding applications in Fig.	12.

In Fig.	13A, a linear silicone polymer is illustrated. 
In	the	linear	chain	(Fig.	13),	“n”	represents	the	degree	
of	 chain	 length	of	 the	 siloxane	bond	units	 (Si─O),	
the greater the value of n, the higher is the viscosity 
of the system. Another important aspect of the sili-
cone	linear	chain	is	the	nature	of	the	“R”	units.	The	
R	groups	present	at	the	end	of	the	chain	are	termed	as	
end	blockers.	The	 reactive	nature	of	 the	end	block-
ers will decide the further reaction of the linear chain 

and will play a crucial part in the determination of the 
kind	of	cross-link	the	chain	can	form.

3.2.2 End Blockers
The	 end	 blocker	 can	 be	 composed	 of	 different	

functional groups and the nature of these function-
al groups, as mentioned earlier, ultimately decides 
the further reaction of the linear silicone polymer. 
Three main function groups that are used in the end 

Figure 11 Nomenclature of siloxane compound. 
Courtesy: Elsevier Publications; A. Colas, J. Curtis, Sili-
cones, in: Handbook of Polymer Applications in Medicine 
and Medical Devices, 2013, pp. 131–143 [71].

Figure 12 Application of siloxane nomenclature. Courtesy: Elsevier Publications; A. Colas, J. Curtis, Silicones, in: Hand-
book of Polymer Applications in Medicine and Medical Devices, 2013, pp. 131–143 [71].
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blocking	molecules	are	as	depicted	in	Fig.	13B,	hy-
droxyl,	termed	as	silanols,	Fig.	13C, vinyl terminat-
ed, and Fig.	13D,	methyl	terminated.

Based	on	 the	end	blocker	 functional	groups,	 the	
final	 state	of	 the	material	 is	decided.	The	hydroxyl	
terminated group lends itself to condensation cure, 
the	vinyl	 terminated	chains	can	be	cross-linked	us-
ing an addition reaction, whereas methyl termination 
means no further reaction and the linear polymer 
formed	thus	is	used	as	a	fluid.

3.2.3 Chain Growth
There	are	 two	 routes	 to	 forming	a	 siloxane	 long	

chain molecule:

•	 polycondensation
•	 ring	opening	polymerization	(ROP)

Polycondensation:	 In	 polycondensation,	 the	 hy-
droxyl	terminated	molecule	can	be	used	in	a	conden-
sation polymerization reaction to further advance the 
reaction.	In	the	following	example	(Fig.	14),	the	for-
mation	of	a	trimethyl-terminated	siloxane	polymer	is	
illustrated.

Linear	 silanol	 compounds	 can	 be	 catalyzed	 by	
many	acids	or	bases	to	combine	and	form	long	chains.	
The	 long	chains	are	 formed	by	 intermolecular	con-
densation involving the formation and elimination 
of	water.	A	distribution	of	chain	lengths	is	obtained	
at the end of condensation reaction. A higher degree 
of polymerization is favored, as according to the 
Le	 Chatelier	 principle	 of	 reaction	 chemistry,	 when	
working	under	vacuum	or	at	elevated	temperatures	to	
reduce the residual water concentration.

Ring	 opening	 polymerization	 (ROP):	 ROP	 in-
volves the conversion of a cyclic, ring compound 
to a linear chain with the aid of an ionic reaction 
mechanism.	The	ROP	is	the	preferred	route	for	the	
manufacture	of	linear	siloxane	chains	as	there	are	no	
solvents involved, the yields of the final product are 
usually	high	and	the	raw	materials	are	less	expensive	
in contrast to the ones used in polycondensation. 
A	common	cyclic	compound	used	 in	ROP	 is	octa-
methylcyclotetrasiloxane,	this	is	a	molecule	consist-
ing	of	four	siloxane	units	and	is	known	as	D4.	For	
the further advancement of the cyclic compound to 
linear	polymeric	 siloxane	molecule,	 the	 ring	open-
ing technique is used. The cyclic ring is opened 
at the Si─CH

3
	 bond	 by	 an	 ionic	 mechanism.	 The	

ring	 opening	 is	 initiated	 by	 a	 catalyst	 could	 either	

Figure 13 Siloxane linear polymer and end blockers 
(A)	a	silicone	chain	with	'R'	terminated	end	group	(B)	
hydroxyl	terminated,	termed	as	silanols,	(C)	vinyl	ter-
minated	(D)	methyl	terminated.

Figure 14 Synthesis of linear siloxane polymer with 
degree	of	polymerization = 10.
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be	basic	or	acidic	in	nature.	Some	examples	of	the	
initiator	catalyst	are	basic	molecules	such	as	potas-
sium silanolate, tetramethyl ammonium silanolate 
and	acids	such	as	sulfuric	acid	and	trifluorosolfonic	
(triflic)	acid.

The	ROP	system	consists	of	the	cyclic	compound,	
the	catalyst/initiator	and	a	small	chain	end	blocker.	
The Fig.	 15 illustrates the main constituents of an 
ROP	to	produce	trimethyl	terminated	linear	siloxane.

ROP	is	an	equilibrium	reaction	and	the	extent	of	
the	reaction	depends	upon	the	nature	of	the	substitu-
ents	attached	to	the	chain.	For	example,	one	can	ob-
tain 82% conversion with a methyl group on the cy-
clic	and	a	methyl	group	on	the	end	blocker,	however,	
with	phenyl	groups	on	both	 the	 cyclic	 and	 the	 end	
blocker,	 the	 conversion	 is	 negligible	 [72].	ROP	al-
ways	yields	a	mixture	of	cyclic	and	linear	molecules.	
The	linear	molecule	yields	are	influenced	by	the	ste-
ric	nature	of	the	substituents	on	the	chain.

3.2.4 Fillers in Polysiloxanes
The linear silicone polymer is frequently com-

pounded with nonreactive filler particles in order to 
obtain	useful	properties.	The	different	fillers	used	can	
impart a range of properties to the polymer. Thermal 
and	electrical	conductivity	can	be	obtained	by	the	use	
of	metallic	fillers	such	as	gold,	silver,	boron	nitride,	
and	iron	oxide,	radio	opacity	can	be	obtained	by	the	
use	of	barium	sulfate,	and	mechanical	properties	can	
be	enhanced	by	the	use	of	precipitated	or	fumed	sili-
ca.	By	far	the	most	common	filler	used	is	silica.	Silica	
interacts with the silicone chains primarily through 

secondary	bonds	[71,73] and that interaction signifi-
cantly alters the mechanical and rheological proper-
ties of the polymer. The mechanism of fillers residing 
in	the	siloxane	network	is	illustrated	in	Fig.	16.

Silica	can	be	made	using	a	precipitation	technique,	
using	sodium	silicate	and	an	acid/metal	salt	solution:

+ → + +Si(ONa) 4HCl SiO 4NaCl 2H O
4 2 2

Silica	can	also	be	made	by	burning	silicon	tetra-
chloride	in	a	flame	of	hydrogen	and	oxygen.

+ +  → + ↑SiCl 2H O SiO 4HCl
4 2 2 Heat 2

The	silica	obtained	through	the	flame	treatment	of	
silicon tetrachloride is called fumed silica.

Precipitated	silica	is	usually	less	expensive	but	less	
branching	and	bonding	capabilities	as	compared	to	the	
fumed version and as a result the fumed silica gives 
better	reinforcing	performance	and	is	preferred	as	re-
inforcing filler for mechanical property enhancement.

Si(ONa)
4
+4HCl→SiO

2
+4NaCl+2H

2
O

SiCl
4
+2H

2
+O

2
⟶HeatSiO

2
+4HCl↑

Figure 16	 Filler	 reinforcement	 of	 siloxane	 polymer	
network. Courtesy: Elsevier Publications; A. Colas, J. 
Curtis, Silicones, in: Handbook of Polymer Applications in 
Medicine and Medical Devices, 2013, pp. 131–143 [71].

Figure 15	 Primary	components	of	the	ROP	of	siloxanes.
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Typically,	a	loading	of	10%	up	to	60%	by	weight	
of the silica is used [73].	A	combination	of	the	chain	
length of the starting silicone material and the amount 
of loading of the filler can define the final properties 
and the application of the compounded material. The 
process of compounding is carried out in powerful 
mixers.	Mixers	with	high	shear	called	Sigma	blade	
mixers	are	used	by	some	manufacturers.

3.2.5 Cross-linking
The filled silicone system is reinforced mechani-

cally,	however,	lacks	elastic	recovery.	To	impart	any	
elastic	recovery	in	the	system	and	obtain	elastomeric	
properties,	 cross-linking	 the	 chains	 in	 the	 silicone	
system	is	a	must	to	form	a	three-dimensional	network	
structure.	It	must	be	kept	in	mind	that	cross-linking	
has to occur in conjunction with filler incorporation 
to	obtain	a	high	strength	elastomer.

The	type	of	cross-linking	reaction,	as	previously	
explained,	 is	 dependent	 on	 the	 terminal	 function-
al	 groups	 on	 the	 end	 blocker.	 Three	 main	 types	 of	
cross-linking	reactions	are	possible,	these	are	[71]:

•	 condensation	cure
•	 free	radical	or	peroxide	cure
•	 addition	cure

In	condensation	cure,	two	hydroxyl-containing	si-
loxane	groups	(silanols)	react	with	each	other	result-
ing in the formation of a larger molecule and the elim-
ination of water. Three main types of condensation 
cure	systems	are	defined	by	their	functional	groups:

Acetoxy	O─CO─CH
3
(AcO)

Alkoxy	O─R

Oxime	O─N	=	CR
1
R

2

where	R	(R
1
	and	R

2
)	are	usually	alkyl	groups	such	as	

methyl,	ethyl,	propyl,	butyl,	etc.
The general condensation reaction using the ace-

toxy	group	is	as	shown	in	Fig.	17. The condensa-
tion	reaction	is	generally	preceded	by	a	hydrolysis	
reaction	(Fig.	17)	to	create	the	hydroxyl	groups	at	
the end of the silicone molecule for further reac-
tion.	The	hydrolysis	reaction	is	usually	initiated	by	
atmospheric moisture. In the case of silicone ad-
hesives,	for	example,	hydrolysis	is	initiated	by	ex-
posure to room humidity from a sealed container. 
The	cross-linking	reaction	then	proceeds	as	shown	
in Fig.	18.

Condensation cure reactions occur at room tem-
peratures	 and	 so	 are	 also	 known	 as	 RTV	 or	 room	
temperature vulcanization systems. These cures are 
usually	 catalyzed	 by	 organometallic	 catalysts.	 As	
these	cures	are	initiated	by	atmospheric	moisture,	the	
cures start at the surface of the product and then pro-
ceed	into	the	system	this	also	makes	the	depth	of	the	
cure limited. With an active compound leaving the 
sample as the cure proceeds there is an associated 
shrinkage	 during	 the	 cure	 and	 this	 has	 to	 be	 taken	
into account during the design of the system and its 
cure. The active leaving group is also a consideration 
for	system	design.	Acetoxy	end	groups	on	siloxane	
molecules	lead	to	the	liberation	of	acetic	acid	during	
condensation	cure,	acetic	acid	can	be	 too	corrosive	
for certain applications especially involving elec-
tronic	components,	in	such	cases,	alkoxy	end	group	
systems	are	used.	Alkoxy	systems	during	condensa-
tion	cure	liberate	alcohols	such	as	ethanol	and	can	be	
less corrosive than acetic acid [74].

Peroxide	 cure	occurs	with	 a	 free	 radical	mecha-
nism.	The	cure	with	a	peroxide	system	is	activated	
by	 heat.	 This	 curing	 mechanism	 is	 most	 effective	
with	 the	 presence	 of	 a	 vinyl	 group	 in	 the	 siloxane	
molecule.	 The	 peroxide	 used	 is	 typically	 dicumyl	

Figure 17	 Condensation	cure	mechanism—hydrolysis	of	acetoxy	end	blocked	polymer.

Figure 18	 Condensation	cure	mechanism:	reaction	between	hydroxyl	end	groups	on	the	siloxane	polymer	chain.
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peroxide.	There	are	no	corrosive	by-products	in	this	
curing	 system,	 it	 is	 good	 for	 thick	 section	 curing,	
however, postcuring is typically required, there are 
by-products	due	to	temperature	cure	and	oxygen	has	
been	seen	to	inhibit	cure	[74].

The	problems	of	shrinkage,	by-products,	and	post-
curing	are	eliminated	by	 the	use	of	platinum-based	
catalysts in the mechanism of addition cure. In addi-
tion	cure,	cross-linking	is	achieved	by	reacting	vinyl	
end	blocked	polymers	with	Si─H	groups	carried	by	
functional	oligomer	or	cross-linker.	The	reaction	re-
sult in low volatile evolution and it is also seen that 
very low levels of catalysts are effective in complet-
ing the addition cure reaction. The reaction mecha-
nism is as shown in Fig.	19.

As indicated, the Si─H	group	on	the	oligomer	is	
reacted with the vinyl group on the polymer and this 
reaction is called hydrosilylation. The catalyst used, 
the	Pt	derivative,	is	susceptible	to	certain	compounds	
such	as	sulfur	that	act	as	poisons	and	inhibitors.

3.3 Properties of Polysiloxanes

Organic	polymers	are	mainly	composed	of	carbon	
chains	as	the	backbone	whereas	silicones	contain	the	
siloxane	linkage	or	alternating	silicon	and	oxygen	at-
oms. The comparative sizes and electronegativity of 
the atoms are given in Table	3 [72].

The	bond	lengths	and	the	bond	angles	are	larger	
with Si─O	 as	 compared	 to	 C─C.	 This	 bond	 ar-
rangement gives rise to many of the unique proper-
ties	of	siloxanes	as	listed	in	Table	4 [71,72].

The mechanical properties of silicone elastomers 
are dependent on three different factors. These fac-
tors are [16,17,71].

•	 nature	of	the	polymer
•	 filler	type	and	treatment
•	 cross-link	density

The polymer can vary in terms of the chain ar-
chitecture;	the	chains	can	differ	in	their	chain	length	
or	molecular	weight,	the	branching	of	the	chains	and	
the functional groups that are attached to the end of 
the chain. These differences can result in significant 
effects on the mechanical properties of the resultant 
elastomer.	A	higher	base	molecular	weight	results	in	
greater ultimate elongation of the elastomer. A great-
er	degree	of	cross-linking	and	branching	will	result	
in	higher	modulus	and	durometer	of	the	material;	it	
will also result in lower ultimate elongation. The type 
of	filler	affects	the	interaction	that	it	has	with	the	base	
polymer.	For	example,	certain	 types	of	silica	fillers	
can	 promote	 hydrogen	 bonding	 between	 the	 filler	
and	 the	 polymer.	 Excessive	 hydrogen	 bonding	 can	

Table 3	 Comparative	Atomic	Sizes	of	Carbon	and	
Silicon	Linkages	and	Their	Electronegativity

Atomic 
Radius (A) Electronegativity

Carbon 0.914 2.5

Silicon 1.32 1.8

Figure 19 Addition cure mechanism of polysiloxanes with hydrosilylation.
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result	 in	a	phenomenon	known	as	creep	hardening.	
Creep hardening occurs when the elastic modulus of 
silicone	base	increases	over	time	due	to	the	hydrogen	
bonding	 effects.	 The	 creep	 hardening	 is,	 however,	
reversible	 through	 shear	 actions	of	mixing	or	mill-
ing. The creep hardening is also significantly reduced 
when	silica	is	subjected	to	a	different	treatment.	The	
type	of	the	curing/cross-linking	system	used	also	de-
termines the mechanical properties of the material to 
a large degree. Condensation cure systems have gen-
erally a lower tensile strength compared to addition 
or	 peroxide	 cure	 systems.	 A	 general	 illustration	 of	
the range of mechanical properties in silicone elasto-
mers is presented in Table	5.

3.4 Processing Silicone 
Elastomers

Silicone	elastomers	have	to	be	cross-linked	to	serve	
as components with useful physical properties. The 
cross-linking	is	many	times	in	addition	to	filler	incor-
poration [73].	The	cross-linking	implies	that	silicones	
are	thermosets	and	as	such	cannot	be	used	in	normal	
thermoplastic	 processing	 equipment.	 Processing	 of	
thermosets involves the formation of the desired prod-
uct	shape	before	final	cross-linking	or	cure.

To avoid premature curing of the elastomer dur-
ing storage, shipping of the materials and prior to 
the formation of the desired product shape, silicone 
systems	are	frequently	available	as	two-part	systems.	
In	a	two-part	system,	for	example,	one	part	contains	
the polymer and the catalyst, the other part contains 
polymer	and	the	cross-linker.	These	parts	are	mixed	
at	a	fixed	ratio	prior	to	subjecting	the	material	to	the	
processing operation. There are several processing 
methods that are used for thermosetting materials, 
in general and for silicone elastomers in particular 
these	 include	 casting,	 extrusion,	 and	 molding.	 The	
actual processing operation selected depends upon 
the	viscosity	of	material	to	be	used	and	the	shape	and	
configuration of the final product [75].

If high molecular weight silicone polymers are 
used	the	resultant	product	is	high	consistency	rubbers	
(HCRs).	HCRs	are	useful	 for	 their	high	 tear	 strength	
and	high	ultimate	tensile	elongations.	HCRs	are	usually	
supplied	as	two-part	materials,	if	the	materials	are	based	
on	peroxide	cure,	then	one	part	contains	the	peroxide	
initiator. If the two-part system uses addition cure then 
one part contains the platinum catalyst [76]. As a result 
of	 the	high	molecule	of	weight	of	 the	HCR,	 the	 two	
parts	are	mixed	using	a	high	shear	system	such	as	a	two	
roll	mill.	The	mixed	material	is	then	shaped	into	pre-
forms	before	being	subjected	to	processing	operations	

Table 4	 Effect	of	Molecular	Structure	on	Silicone	Properties

Molecular Structure Material Properties Material Performance

Strong Si─O	bonds Thermooxidative stability Physiological inertness
Biological stability
Thermal stability

Low bond angle and lack of 
steric hindrance

Flexibility
Low glass transition temperature
Liquid materials with high molecular weights

Soft, low modulus materials
Gel	materials

High	atomic	size Permeability to water vapor and oxygen
Solubility of gases

Gas	permeability

Nonpolar Hydrophobic
Low surface tension

Physiological inertness
Biocompatibility

Table 5	 Mechanical	Property	Ranges	of	Silicones	with	different	cure	systems

Property Peroxide Cure Addition Cure Condensation Cure

Hardness 25–80	Shore	A 5–80	Shore	A 10–60	Shore	A

Ultimate tensile strength ≤12	MPa ≤12	MPa <5 MPa

Elongation	at	break ≤600% ≤1350% ≤1200%

Tear	strength	(pounds	per	
inch/ppi)

50–200	ppi 50–250	ppi 30–150	ppi
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such as compression molding, transfer molding, and 
injection	molding.	The	cure	or	the	cross-linking	of	the	
system occurs at elevated temperatures encountered in 
the	processing	operations.	HCR	systems	are	also	suit-
able	for	extrusion	operations;	here	the	extruder	 is	fed	
with	the	premixed	HCR	in	the	form	of	strips	and	rib-
bons.	The	high	molecular	weight	HCR	has	enough	in-
tegrity	to	form	the	shape	of	the	article	or	tubing	when	
leaving	 the	 extruder.	 The	 article	 then	 enters	 a	 curing	
oven	to	complete	the	cross-linking	[71,75].

When low molecular weight silicone polymers are 
used	 the	 resultant	 product	 is	 liquid	 silicone	 rubber	
(LSR).	LSRs	are	also	provided	as	two-part	systems;	
however,	 the	 two	 parts	 can	 be	 mixed	 much	 more	
easily	 as	 compared	 to	 HCR	 systems.	 In	 contrast	
with	 using	 a	 two	 roll	 mill	 in	 the	 case	 of	 an	 HCR,	
the	components	 for	LSR	can	be	mixed	using	much	
simpler	devices	such	as	a	static	mixer	prior	 to	pro-
cessing.	The	processing	of	LSR	is	usually	done	with	
a specialized injection molding machine for silicone 
systems. In the process of liquid injection molding, 
LSR	is	injected	into	a	hot	mold	where	the	system	is	
cross-linked	[77]. The liquid injection molding sys-
tem allows for greater control over the processing of 
silicone systems with precise control over ratios, in-
jection pressures, injection volumes, and mold tem-
peratures. The injection molding system is, however, 
specialized	and	cannot	be	used	for	processing	other	
plastics;	it	can,	therefore,	be	an	additional	investment.

3.5 Silicone Adhesive Systems

The	basics	of	polymer	adhesion	were	covered	in	
Chapter 1, these fundamentals apply to silicone ad-
hesives.	 Adhesion	 could	 be	 chemical	 or	 physical.	
Chemical adhesion is usually the strongest and in-
volves	the	formation	of	chemical	bonds	between	the	
substrate	 and	 the	 adhesive.	 Physical	 bonding	 may	
depend	 on	 weak	 adsorption	 forces	 such	 as	 van	 der	
Waals	 forces	 or	 mechanical	 interlocking.	 For	 good	
adhesion	it	is	important	to	get	good	surface	wettabil-
ity	with	 the	adhesive,	 the	surface	wettability	 is	 fre-
quently measured using contact angles. The nature 
of	the	substrate’s	surface	is	also	critical	with	factors	
such as the cleanliness of the surface and the rough-
ness of the surface playing a major role.

Silicone	bonding	adhesives	are	commonly	formu-
lated as one part room temperature cure elastomer 
systems	 that	use	a	condensation	cross-linking	 reac-
tion	as	described	earlier.	In	many	situations,	surfaces	
of	the	substrate	are	primed	before	the	application	of	
the	adhesive.	Priming	is	done	with	the	aid	of	coupling	

agents [71]. Typically two reactive groups are pres-
ent	on	the	coupling	agent;	one	group	reactive	to	the	
substrate	and	the	other	to	the	adhesive.

Silicone systems are provided as pressure sensitive 
adhesives	(PSA)	as	well.	PSA	systems	are	supplied	
as dispersions in a solvent. The solvent is volatile and 
on	application	of	the	PSA	system,	the	volatile	carrier	
solvent	 evaporates	quickly	 leaving	 a	 tacky	 silicone	
layer	 that	can	be	adhered	to	another	object	 through	
the application of pressure [71].

4 Polytetrafluoroethylene

Polytetrafluoroethylene	 (PTFE)	 is	 a	 fluorocarbon	
compound that is made of high molecular weight chains 
consisting	entirely	of	carbon	and	fluorine.	PTFE	was	
accidentally	discovered	in	the	1930s	by	DuPont	chem-
ist	Roy	Plunkett	[25].	Plunkett	was	experimenting	with	
tetrafluoroethylene	 gas	 for	 refrigerant	 use	 when	 the	
high	pressure	in	the	gas	bottle	combined	with	the	pres-
ence of iron inside the container led to the polymeriza-
tion	of	the	TFE	gas	giving	rise	to	PTFE.	In	this	case,	
the iron inside of the container acted as a catalyst at 
the	high	pressures	required	for	polymerization.	It	is	ob-
served that the properties of the polymer formed were 
unique,	the	material	was	extremely	hydrophobic,	and	
neither	water	nor	water-containing	substances	wetted	
the	polymer.	Additionally,	PTFE	had	one	of	the	low-
est coefficients of friction of any solid [22].	PTFE	also	
showed	 very	 stable	 properties	 at	 high	 temperatures.	
This	combination	of	properties	meant	that	PTFE	was	
used in varied applications such as coatings on non-
stick	cookware	to	heat	shields	on	space	crafts.	The	best	
known	brand-name	for	PTFE	is	Teflon	[78].

4.1 Raw Materials

The	manufacturing	of	PTFE	polymer	is	based	on	
the	polymerization	of	 the	monomer	TFE.	TFE	was	
first prepared in 1933. The current commercial syn-
thesis	routes	are	based	on	calcium	fluoride,	sulfuric	
acid,	and	chloroform.	The	TFE	monomer	is	typically	
made	in	multiple	stages,	first	calcium	fluoride	reacts	
with	sulfuric	acid	in	a	double	substitution	reaction	to	
form	hydrogen	fluoride	[25].

CaF
2
	+	H

2
SO

4
 →	CaSO

4
	+	2HF

The	hydrofluoric	acid	is	then	reacted	with	chloro-
form	 (CHCl

3
)	 yielding	 monochlorodifluoromethane	

and hydrochloric acid:

CHCl
3
	+	2HF	→	CHClF

2
	+	2HCl
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The	 boiling	 point	 of	 monochlorodifluorometh-
ane is −40.8°C,	 this	 low	 temperature	boiling	point	
means that it is used as an effective refrigerant [25].

Further	monochlorodifluoromethane	is	reacted	at	
high temperatures in the pressure of a metal catalyst 
to	yield	TFE.	In	one	process,	this	reaction	is	carried	
out	by	passing	monochlorodifluoromethane	through	
a	platinum	tube	at	700°C.

2CHClF
2
 →	CF

2
	=	CF

2
	+	2HCl

The	TFE	made	by	this	pyrolysis	process	includes	
many	ring	structures	that	can	be	toxic	and	hence	the	
TFE	needs	to	be	purified	before	any	further	reactions.	
Purity	of	 the	monomer	is	an	important	requirement	
for polymerization in general and chain-growth po-
lymerizations in particular. The presence of impuri-
ties	will	not	only	affect	 chain	growth	but	 the	 toxic	
nature of the impurities will also affect the final 
product.	In	the	purification	process,	TFE	gas	is	first	
scrubbed	to	remove	any	hydrochloric	acid	and	then	
distilled to separate other impurities [24,25].

4.2 Synthesis of PTFE

TFE	is	polymerized	into	PTFE	by	the	free	radical,	
chain-growth polymerization process [79].

n	F
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2
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)
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─

The	 polymerization	 reaction	 is	 very	 exothermic	
and	as	TFE	can	explosively	decompose	to	tetrafluo-
romethane	 and	 carbon,	 special	 arrangements	 in	 the	
equipment are required for the polymerization to pre-
vent	hot	spots	that	might	initiate	this	explosive	side	
reaction.	 Pure	 TFE	 can	 polymerize	 exothermically	
even at low temperatures, that is, at temperatures ini-
tially	below	that	of	room	temperature.

The	polymerization	of	TFE	is	a	batch	process;	the	
initiator for the polymerization is usually a water-
soluble	 peroxide	 such	 as	 ammonium	 persulfate	 or	
disuccinic	peroxide.	A	redox	catalyst	is	used	for	low	
temperature	polymerization.	Polymerization	temper-
ature and pressure usually range from 0 to 100°C and 
0.7	to	3.5	MPa.

PTFE	 is	made	by	 two	major	processes	commer-
cially: one process is termed the granular process as 
the process leads to the production of solid, stringy, 
irregular particles, or granules [24,79]. The other pro-
cess leads to a manufacture of a dispersion of poly-
mer particles. The particles are of much finer particle 
size and lower molecular weight than the granules. 
In	the	granular	process,	PTFE	is	usually	polymerized	
by	the	use	of	TFE	alone	without	any	comonomers.	A	

peroxide	initiator	may	be	used	and	the	reaction	car-
ried out in an aqueous medium with vigorous stirring. 
Most of the granular polymer is formed in the gas 
phase.	One	method	of	producing	the	latter	involves	
the	use	of	a	0.1%	aqueous	disuccinic	acid	peroxide	
solution. The reactions are carried out at temperature 
up to 90°C [24].

Other	methods	include	decomposition	of	TFE	un-
der	the	influence	of	an	electric	arc	and	polymerization	
carried	out	by	emulsion	method	using	peroxide	initia-
tors,	for	example,	H

2
O

2
	(hydrogen	peroxide)	and	fer-

rous	sulfate.	In	some	cases	oxygen	is	used	as	initiator.	
It	must	be	kept	in	mind	that	no	matter	what	the	method	
employed	in	the	polymerization	of	TFE,	all	reactions	
are	highly	exothermic	and	have	 to	be	carefully	con-
trolled	to	avoid	any	explosive	situations	[25].

4.3 Structure and Properties 
of PTFE

The	chemical	 structure	of	PTFE	 is	 composed	of	
essentially a linear chain of ─C─F

2
─C─F

2
─ 

without	any	appreciable	branching.	The	unique	prop-
erties	of	PTFE	are	associated	with	carbon─fluorine	
bond	which	 is	 extremely	 strong	 and	 stable.	Due	 to	
the presence of C─F	 bonds,	 PTFE	 molecule	 pos-
sesses outstanding chemical inertness, high heat re-
sistance,	 and	 remarkable	 electrical	 insulation	 char-
acteristics	 this	 is	 in	 addition	 to	 excellent	 frictional	
properties it possesses [24,25].	 Further,	 where	 two	
fluorine	atoms	are	attached	to	a	single	carbon	atom	
there is a reduction in the C─F	bond	distance	from	
1.42 to 1.35 Å. As a result of this increased attrac-
tion,	bond	strength	between	the	carbon	and	fluorine	
atoms	is	very	high	and	values	up	to	504	kJ/mole	have	
been	 reported	 [22,25].	 Since	 the	 only	 other	 bond	
present	in	the	chain	is	the	stable	C─C	bond,	PTFE	
has	very	high	heat	stability,	even	when	heated	above	
its	crystalline	melting	point.	Due	to	high	crystallinity	
and	high	bond	strengths	of	its	primary	bonds,	there	
are no solvents for the polymer at room temperature.

As	PTFE	 is	 a	 linear	polymer	 free	 from	any	 sig-
nificant	amount	of	branching,	the	resultant	molecular	
structure is highly dependent on the ordering of the 
linear chains. As compared to the molecule of poly-
ethylene that is in the form of a planar zigzag leading 
to its crystalline structure, this planar zigzag form is 
sterically	 impossible	 with	 that	 of	 PTFE	 due	 to	 the	
size	difference	in	the	atoms.	The	fluorine	atoms	are	
significantly larger than those of hydrogen and as a 
result	the	PTFE	molecule	takes	up	a	twisted	zigzag	
pattern. The twisted zigzag pattern is formed with the 
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fluorine	atoms	packing	tightly	in	a	spiral	around	the	
carbon─carbon	skeleton.	The	compact	interlocking	
of	 the	 fluorine	 atoms	 leads	 to	 a	 molecule	 of	 great	
stiffness and it is this feature which leads to the high 
crystalline	melting	point	and	 thermal	 form	stability	
of the polymer [24].

The	structural	arrangement	also	 leads	 to	observ-
able	 transitions	 of	 the	 PTFE	 molecule;	 first-order	
and	second-order	transitions	have	been	reported	for	
PTFE	 [24,25].	 Below	 19°C	 the	 crystalline	 system	
of	PTFE	is	a	nearly	perfect	triclinic,	above	this	tem-
perature	the	unit	cell	changes	to	hexagonal.	Between	
the temperatures of 19 and 30°C, the chain segments 
become	increasing	disorderly	and	the	preferred	crys-
tallographic direction disappears. A change in the ar-
rangement causes a large change in the specific vol-
ume	of	PTFE	and	 it	 increases	almost	2%	[80], this 
must	be	considered	in	the	measurement	of	the	dimen-
sions	of	articles	from	PTFE	and	the	temperature	that	
it	is	subjected	to.	The	crystallinity	of	PTFE	polymer	
as	fabricated	and	that	has	not	been	melted	is	greater	
than 94%, once melted the degree of crystallinity 
goes	down	and	hence	fabricated	PTFE	parts	are	less	
crystalline. The degree of crystallinity of the finished 
product will depend on the rate of cooling from the 
processing	temperatures.	On	first	melting	the	melting	
point of the materials is ∼342°C,	on	remelting;	this	
decreases	by	around	15°C	as	the	material	cannot	re-
crystallize	to	the	same	degree	as	before	melting	[24].

The	attraction	between	the	molecules	of	the	PTFE	
polymer	chains	is	small;	this	results	in	the	computed	
solubility	parameter	being	12.6	(MJ/m3)1/2 [25]. With 
this	value	of	solubility	parameter,	PTFE	is	very	diffi-
cult	to	dissolve.	As	a	result	traditional	solvent-based	
characterization or processing is not common with 
PTFE.	Molecular	weight	of	the	polymer	is	not	mea-
sured	 by	 chromatographic	 methods	 but	 an	 indirect	
method	known	as	standard	specific	gravity	(SSG).	In	
the	SSG	method,	a	polymer	sample	is	prepared	in	a	
standardized	way	and	the	principle	is	that	the	SSG	of	
a low molecular weight material is higher as it has 
a tendency to crystallize more [24]. At temperatures 
approaching	the	melting	point	certain	fluorinated	liq-
uids	such	as	perfluorinated	kerosene	are	able	to	dis-
solve the polymer.

The	polymer	in	bulk	does	not	thus	have	the	high	
rigidity and tensile strength which is often associated 
with polymers with a high softening point. Mechani-
cal	properties	of	PTFE	are	generally	inferior	to	other	
engineering	plastics.	Usually	compounding	with	fill-
ers	 allows	 for	 greater	 mechanical	 properties	 to	 be	
achieved [24]. Some of the representative properties 
of the material are shown in Table	6 [81].

PTFE	melts	possess	a	high	viscosity	and	the	poly-
mer	 is	 also	 prone	 to	 chemical	 degradation	 above	
melting	 temperatures.	 This	 obviates	 the	 processing	
of	PTFE	on	traditional	thermoplastic	melt	processing	
equipment.	PTFE	can	be	processed	using	techniques	
similar	to	metal	powder	processing,	where	the	PTFE	
powder is molded into a preform and then sintered 
[24].	PTFE	tubes	are	extruded	using	a	dispersion	of	
PTFE	into	a	paraffinic	carrier,	extrusion	of	this	paste	
is carried out at low temperatures [82] and the carrier 
is evaporated in step prior to the final sintering. The 
properties	of	PTFE	part	are	dependent	on	the	type	of	
polymer and the method of processing. The polymer 
itself may differ in the particle size of the powder 
or the molecular weight of the polymer chains. The 
particle	size	influences	the	ease	of	processing	and	the	
ultimate amount of voids in the final part, whereas 
the	molecular	weight	influences	the	degree	of	crys-
tallinity and hence the resultant physical properties 
of	 the	 part.	 Extrusion	 of	 PTFE	 pastes	 also	 lead	 to	
the	 formation	of	 shear	 induced	fiber-like	 structures	
or	 fibrils,	 these	 fibrils	 can	 act	 as	 reinforcement	 for	
the polymer structure and can enhance the physical 
properties of the polymer.

PTFE	parts	have	to	be	frequently	etched	after	pro-
cessing	and	before	being	used	in	a	part.	The	etching	
process	is	necessary	where	bonding	with	another	ma-
terial is required.

Etching is typically done with a chemical solu-
tion,	 such	as	a	sodium	solution,	 that	 removes	fluo-
rine	molecules	 from	 the	exterior	of	 the	PTFE	part.	
This	removal	of	the	fluorine	molecules	creates	a	part	
surface layer with a deficiency of electrons [83]. This 
surface	then	becomes	more	chemically	responsive	to	
bonding	to	a	different	material.	Etching	does	impact	
the part with a slight discoloration on the surface and 
a	loss	of	a	degree	of	surface	lubricity,	however,	this	
effect is only restricted to the surface and only a few 
angstroms are affected. The effectiveness of etching 
can	be	measured	by	the	change	in	the	surface	prop-
erties of the part using techniques such as contact 
angle.

Table 6	 Representative	Properties	of	PTFE	Material

Property Value

Ultimate tensile strength 20–30	MPa

Elongation	at	break 200–400%

Flexural	modulus 275–620	MPa

Durometer	hardness 50–65	Shore	D

Specific	gravity 2.1–2.3	g/cm3
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5 Biodegradable Polymers

The materials developed for the cardiovascular 
applications	so	far	have	been	focused	on	biological	
stability.	 This	 has	 implied	 that	 the	 materials	 were	
biologically	 inert	 and	 stable	 in	 all	 in	vivo	environ-
ments. As we have seen, all the commercial polymers 
be	it	commodity	polymers	such	as	polyolefins,	poly-
amides, and polyethylene terephthalate or specialty 
polymers	such	as	polyurethanes,	polysiloxanes,	and	
fluorinated	polymers	that	are	used	in	cardiovascular	
applications	tend	to	be	biologically	stable.	In	the	re-
cent	years,	there	has	been	a	shift	in	approach	to	im-
plantable	devices.	 Instead	of	 implanting	permanent	
devices,	a	 temporary	device	 that	can	help	 the	body	
to regenerate the damaged tissues and organs is con-
sidered	more	beneficial	to	the	patient.	This	approach	
involves	the	use	of	biodegradable	polymers	[29,30]. 
One	of	the	major	challenges	in	the	design	of	the	bio-
degradable	polymer	is	the	way	it	has	to	function	in	
the	body.	The	biodegradable	polymer	must	support	
the tissue regeneration process while providing me-
chanical	support	and	then	disintegrate	into	nontoxic	
products with no harm to the system [31].

There	have	been	different	 materials	 investigated	
for	their	application	as	biodegradable	medical	device	
materials [31]. These have included:

•	 polyesters
•	 polyanhydrides
•	 polycarbonates
•	 polyphosphazenes
•	 polyurethanes

A	number	of	families	of	polyester-based	polymers	
are	 utilized	 as	 biodegradable	 materials.	 The	 primary	
chemical property that polyester materials depend 
on is the hydrolysis of the ester group in the polymer 
chain. The hydrolysis of the ester group is eliminated 
to a large degree in polyethylene terephthalate to the 
presence of long chains and the associated order and 
crystallinity	of	the	chains.	In	biodegradable	polyesters,	
the crystallinity of the long chains is avoided. The deg-
radation of polyanhydrides is dependent on the hydro-
lytic	instability	of	aliphatic	anhydride	groups.	Polyan-
hydrides	are	also	hydrophobic	 in	nature	and	degrade	
by	surface	erosion	and	this	makes	them	attractive	for	
controlled release applications [29,31]. In contrast, the 
hydrophilic	nature	of	the	polycarbonates	is	used	to	ini-
tiate	degradation	with	the	susceptible	group	in	polycar-
bonates.	Polyphosphazenes	are	high	molecular	weight,	
linear	polymers	with	an	inorganic	backbone	consisting	

of alternating phosphorus and nitrogen atoms attached 
to two-side groups. With appropriate side groups poly-
phosphazenes	 can	 become	 biodegradable	 [30,31]. 
Amino	acid	ester	 substituted	polyphosphazenes	have	
been	widely	 investigated	as	biodegradable	polymers.	
The hydrolysis of ester groups is also used in the for-
mulation	 of	 biodegradable	 polyurethanes	 [31]. The 
ester groups are used in the soft segment or in differ-
ent parts of the hard segment. Even though there are 
different	options	in	the	development	of	biodegradable	
implantable	 polymers,	 polyesters	 such	 as	 polygly-
colide, polylactides, and their copolymers are the most 
accepted for use in the clinic [32,33].

Polylactic	acid	or	polylactide	(PLA)	is	one	of	the	
most	widely	used	biodegradable	materials	[32,33,84]. 
PLA	is	derived	from	renewable	and	natural	resources	
such as cornstarch, tapioca roots, or sugarcane. There 
are	 several	 industrial	 routes	 to	 manufacturing	 PLA	
where the two main monomers that are used are lac-
tic	acid	and	lactide.	The	most	common	route	to	mak-
ing	PLA	 is	 the	 ring	opening	polymerization	 (ROP)	
of the lactide with metal catalysts such as tin octoate. 
The reaction can occur in solution, in the melt or as 
a	suspension.	PLA	is	present	in	three	main	isomeric	
forms and these isomeric forms are important in the 
determination	of	material’s	crystallinity.	ROP	tends	
to give the racemic form of the polymer. The race-
mic form is one that has equal amounts of left and 
right handed chains of a chiral molecule. The chiral 
form of the molecule and the resulting configura-
tion decides the degree of crystallinity of the final 
polymer. The degrees of crystallinity along with the 
molecular weight of the material, to a large degree, 
decide	the	mechanical	properties	of	the	PLA.	Semi-
crystalline	PLA	has	an	approximate	tensile	strength	
of	 50–70	 MPa,	 tensile	 modulus	 of	 3	 GPa,	 flexural	
modulus	of	5	GPa	and	an	elongation	at	break	of	4%	
[85–87]. The same characteristics of the polymer that 
decide it’s mechanical properties also play a role in 
deciding	 it’s	 solubility.	 Chlorinated	 or	 fluorinated	
solvents	such	as	hexafluoro	 isopropanol	or	HFIP	 is	
most	suited	for	complete	dissolution	of	PLA.	Other	
solvents	such	as	acetone,	pyridine,	dimethyl	sulfox-
ide,	and	DMF	have	also	been	observed	to	work	with	
certain polymer states of crystallinity, molar mass, 
and	 isomerism.	 PLA	 has	 a	 melting	 point	 between	
150 and 160°C, it is a thermoplastic and therefore 
can	be	processed	 like	most	 thermoplastics	on	 stan-
dard	thermoplastic	processing	equipment.	3D	print-
ing	of	PLA	has	also	been	reported	[88].

Glycolic	 acid	 is	 the	 monomer	 that	 can	 be	 po-
lymerized	 by	 means	 of	 polycondensation	 or	 ROP	
to	 polyglycolic	 acid	 (PGA).	 In	 many	 processes	
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glycolide, the cyclic dimer or cyclic diester of gly-
colic	acid,	can	be	used	for	solution	or	melt	polym-
erization methods. The most common synthesis 
method used to produce a high molecular weight 
form	of	the	polymer	is	ROP	of	glycolide.	In	the	ring	
opening process the common catalysts used include 
organo	tin,	antimony,	or	zinc-based	systems.	PGA	
is a rigid thermoplastic material with high crystal-
linity	 (46–50%).	 The	 glass	 transition	 and	 melting	
temperatures	of	PGA	are	36	and	225°C,	respective-
ly [31].	Due	to	the	high	crystallinity	of	the	polymer,	
PGA	 is	 not	 soluble	 in	 most	 organic	 solvents;	 the	
exceptions	 are	 highly	 fluorinated	 organic	 solvents	
such	as	hexafluoroisopropanol	[89].

The	attractiveness	of	PLA	and	PGA	polymers	for	
use	 in	 the	 medical	 device	 sector	 as	 biodegradable	
materials	 is	 characterized	 by	 the	 hydrolytic	 insta-
bility	due	to	the	presence	of	 the	ester	 linkage	in	its	
backbone.	The	breakup	of	the	molecule	due	to	water	
results in the formation of compounds that are easily 
digestible	within	the	body	[32,33]. The degradation 
process	 is	erosive	and	appears	 to	 take	place	 in	 two	
steps	during	which	the	polymer	is	converted	back	to	
his monomeric form. In the first step, water diffuses 
into	the	amorphous	regions	of	the	polymer	matrix	and	
in	 the	 process	 reacts	 with	 ester	 bonds.	 The	 second	
step	 starts	 off	 to	 the	 amorphous	 regions	 have	 been	
eroded leaving the crystalline portion of the polymer 
susceptible	to	hydrolytic	attack.	Upon	the	collapse	of	
the crystalline regions the entire polymer dissolves. 
Enzymes	in	the	body,	especially	enzymes	with	ester-
ase activity, act as catalysts in the hydrolysis process. 
The monomeric degradation product whether it may 
be	lactic	acid	or	glycolic	acid	is	nontoxic	and	is	ei-
ther	digested	or	excreted	by	the	body.	The	kinetics	of	
the degradation mechanism are dependent on many 
factors including the level of crystallinity, molecu-
lar weight of the polymer, the application etc., many 
times	to	control	the	degradation	blends	of	PGA	and	
PLA	are	used.
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4 Biological Properties of Plastics
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1 Introduction

The performance of a medical device in in vivo 
conditions is dependent on the behavior of the mate-
rial it is composed of. The biological properties of a 
plastic are crucial in its use in medical applications. 
Two main aspects of the biological properties of a 
plastic are evaluated; these aspects are the biocom-
patibility and the biostability. In some ways one can 
term biocompatibility as the reaction of the body 
to an implanted device whereas biostability can be 
said to be the reaction of the implanted device to the 
environment in the body. Biocompatibility is of rel-
evance to all medical devices whether these come in 
short-term contact with the body or if these are per-
manently implanted. Biostability, on the other hand, 
is of greater importance as the device implantation 
duration increases.

There are a number of tests designed to evaluate 
the biocompatibility of a device. These tests depend 
on the nature of the device and its contact with bodily 
fluids. These tests can be short term in vitro such as 
cytotoxicity or long term in vivo such as implanta-
tion studies. The tests detailed out in the standard 
ISO 10993 are often used as the starting point to de-
fine the tests required for any device.

ISO stands for International Organization for Stan-
dardization, an international standards development 
organization [1]. ISO 10993 defines the various tests 
that regulate the evaluation of a device for biological 
compatibility [2]. ISO 10993, as of November 2007, 
is divided into a number of parts detailing the testing, 
these parts are as follows:

•	 Part	1:	Evaluation	and	testing
•	 Part	2:	Animal	welfare	requirements
•	 Part	3:	Tests	for	genotoxicity,	carcinogenicity,	

and reproductive toxicity
•	 Part	 4:	 Selection	 of	 tests	 for	 interaction	 with	

blood
•	 Part	5:	Tests	for	cytotoxicity:	in	vitro	methods
•	 Part	6:	Tests	for	local	effect	after	implantation
•	 Part	7:	Ethylene	oxide	sterilization	residuals

•	 Part	8:	(withdrawn)
•	 Part	 9:	 Framework	 for	 the	 identification	 of	

potential degradation products
•	 Part	10:	Tests	for	irritation	and	sensitization
•	 Part	11:	Tests	for	systemic	toxicity
•	 Part	 12:	 Sample	 preparation	 and	 reference	

materials
•	 Part	 13:	 Identification	 and	 quantification	 of	

degradation products from polymers
•	 Part	 14:	 Identification	 and	 quantification	 of	

degradation products from ceramics
•	 Part	 15:	 Identification	 and	 quantification	 of	

degradation products from metals and alloys
•	 Part	16:	Toxico-kinetic	study	design	for	degra-

dation products and leachables
•	 Part	17:	Establishment	of	allowable	 limits	for	

leachable substances
•	 Part	18:	Chemical	characterization	of	materials
•	 Part	 19:	 Physico-chemical,	 mechanical,	 and	

morphological characterization
•	 Part	 20:	 Principles	 and	 methods	 for	 immune	

toxicology testing of medical devices

The tests for biostability are often based on the ap-
plication of the device and the particular environment 
the device encounters in service. The wide variety of 
in vitro and animal tests used for biostability leave 
the results open to interpretation and the relevance 
of the results is debated as often the results do not re-
flect results obtained from actual human clinical data 
[3,4]. Nevertheless the biostability tests can act as an 
important screening exercise and pointers to material 
performance in vivo.

Before use as a medical device, the material and 
the device have to undergo sterilization to render it 
effectively aseptic for the sterile environment of the 
body [5,6]. Even though sterilization is not strictly a 
biological property of the material, the behavior of 
the material in the sterilization process is an impor-
tant pointer to the suitability of the plastic in its ap-
plication within the medical sector.
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2 Biocompatibility

Biocompatibility is generally defined as the abil-
ity of a material or device to perform its function in 
the body, at the same time, eliciting an appropriate 
host response. The goal of biocompatibility evalua-
tion is to predict whether a material or device pres-
ents any potential harm to the patient. The response 
of the body tissue systems to any introduced material 
or device can be measured by various means of in 
vitro and in vivo evaluation.

2.1 In Vitro Tests

In vitro tests refer to culturing of cells outside the 
body; the Latin term literally means “in glass.” Vari-
ous in vitro tests and assays are included in the test-
ing procedure series of ISO 10993. In vitro assays of-
ten act as useful tools to indicate any potential issues 
and hazards associated with any material. Both solid 
materials and their extracts can be used for in vitro 
biocompatibility evaluation. A limited number of in 
vitro	tests	have	been	validated	for	final	material	risk	
assessment purposes as one of the limitations of an in 
vitro test is that the output data cannot be directly ex-
trapolated to dosage levels to humans. Very often the 
outputs from any in vitro test have to be confirmed 
with an in vivo test. There exists, however, a need 
for more accurate in vitro tests as the development of 
more accurate tests can result in faster data without 
the need for animal testing.

2.1.1 Cytotoxicity
The tests for in vitro cytotoxicity are described 

in	ISO	10993-5.	Three	different	approaches	are	de-
scribed in the standard: an extract test, a direct contact 
test, and an indirect contact test. Cellular cytotoxicity 
is measured by the evaluation of the cell morphol-
ogy, cell damage, and cell growth or by measurement 
of cellular activity.

Direct contact cell culture is very commonly used 
in studies of biocompatibility involving new bioma-
terials [7]; one of the advantages of this test is that 
the specific type of cell that the device will come in 
contact	with	can	be	used.	For	example,	biomaterials	
intended for cardiovascular applications use human 
or animal endothelial cells whereas materials in-
tended for hard tissue or orthopedic applications are 
studied with osteoblasts [7]. The direct contact test 
commonly involves the development of a monolayer 
of L-929 mammalian fibroblast cells on a culture 

plate. Biomaterial specimens under investigation are 
placed on these cell layers with fresh culture medium 
and	incubated	for	24	h	at	37°C.	After	exposure,	the	
cells are stained with appropriate histological stains. 
Light microscopic evaluation is then used to iden-
tify cells adherent to the culture plate. The use of 
established cell lines such as the L-929 mammalian 
fibroblast cell line offers the advantage of less assay 
repeatability, reproducibility, and efficiency. Cells 
are observed for visible signs of toxicity, such as a 
change in the size or appearance of cellular com-
ponents or a disruption in their configuration, in re-
sponse to the test and control materials [2,7,8].

When low molecular weight extractables are of 
concern, the extract test is used to evaluate the bio-
compatibility. The extraction method, detailed in ISO 
10993, is usually carried out in different solvents and 
at various dilutions. The solvents are chosen to be 
hydrophobic and hydrophilic in nature. The extract 
test permits the examination of the potential toxic-
ity of the extracts and the identification of materials 
within a biomaterial that may be cytotoxic [7].

The elution test method constitutes the indirect cy-
totoxicity test evaluation, in this method solvent ex-
traction is first done; extracts are obtained by placing 
the test and control materials in separate cell culture 
media under standardized conditions such as, 3 cm2 
of device surface area or 0.2 g/mL concentration of 
culture	medium	for	24	h	at	37°C.	Each	fluid	extract	
obtained is then applied to a cultured-cell monolayer, 
replacing the medium that had nourished the cells to 
that point. In this way, test cells are supplied with 
a fresh nutrient medium containing extractables de-
rived from the test article or control. The cultures are 
then	returned	to	the	37°C	incubator	and	periodically	
removed for microscopic examination at designated 
times for as long as 3 days.

2.1.2 Genotoxicity
Genotoxicity is the measure of the ability of the bio-

material to cause any permanent alteration to the genet-
ic structure of the cells within the host. This permanent 
alteration	to	the	genetic	structure	is	known	as	genetic	
mutation. This mutation is inheritable and the agent that 
causes	it	is	known	as	a	genotoxin	[9]. Genetic mutations 
are many times associated with cancerous growths. 
Genotoxicity is indicated for materials where the com-
position reveals possible interaction with cellular ge-
netic material, testing is also required when the material 
composition	is	unknown.	Genotoxic	tests	are	especially	
required for biomaterials that are used in implantable 
medical devices with prolonged exposure [9,10].
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The in vitro tests include three critical genotox-
icity endpoints: genetic mutations, structural chro-
mosomal aberrations, and numerical chromosomal 
aberrations. No single test is capable of identifying 
all end points so a battery of tests is usually recom-
mended. One popular method of determining genetic 
mutations is the Ames test which is a bacterial re-
verse mutation test. A positive result in the Ames test 
indicates that the material is mutagenic and a poten-
tial carcinogen [11,12].

The procedure was described in a series of papers 
in the early 1970s by Bruce Ames and his group at 
the	University	of	California,	Berkeley	[13,14]. In the 
Ames test, bacterial strains of Salmonella typhimuri-
um and Escherichia coli are used to detect point 
mutations. These strains carry mutations in genes 
involved in the synthesis of a specific protein, histi-
dine. These strains require histidine for growth, but 
cannot produce it. The method tests the capability of 
the tested substance in creating mutations that result 
in a state where the cells can grow on a histidine-free 
medium. [13]

A	micronucleus	(MN)-based	test	can	also	be	used	
for	in	vitro	genotoxicity.	The	MN	assay	is	used	for	
the	detection	of	MN	in	the	cytoplasm	of	interphase	
cells and this can be performed using either rodent or 
human cells [10].

The in vitro genotoxicity tests are a good indi-
cation as to proceed with further in vivo testing. If 
the results from the in vitro tests for mutagenicity or 
DNA	damage	come	back	negative,	additional	in	vivo	
testing is not required. Acceptable results from a bat-
tery of genotoxicity tests can go a long way toward 
ensuring the safety of a proposed biomaterial or de-
vice; in many cases good data from genotoxic testing 
can justify not pursuing other in vivo tests such as 
device carcinogenicity, particularly if there is exist-
ing information about the chemical composition of 
the	material	and	its	history	of	usage	indicating	a	lack	
of genotoxicity of the material in question [9].

2.1.3 Hemocompatibility
Medical	 devices	 that	 come	 in	 contact	 with	 blood	

and/or blood components need to be tested for hemo-
compatibility. Blood is a highly complex biochemical 
system and its various components play various roles 
including oxygen transport, tissue repair, and immu-
nologic response. To preserve the critical nature of 
blood function, the implanted device contacting blood 
must be hemocompatible. The types of cardiovascu-
lar devices with blood contact are implanted devices 
such	as	pacemakers,	grafts,	stents,	vascular	grafts,	etc.,	

external communicating devices such as cannula, cath-
eters, guidewires, etc., and external diagnostic devices.

Hemocompatibility testing needs to evaluate the 
following issues [15]:

•	 Thrombosis
•	 Coagulation
•	 Platelets
•	 Hematology
•	 Complement	system

ISO	10993-4	addresses	the	various	in	vitro	and	in	
vivo tests for hemocompatibility. The in vitro tests 
may not answer all the questions surrounding these 
issues but further in vivo testing is based on the out-
comes of the in vitro tests. The in vitro tests include 
complement	 activation	 (immunology),	 hemolysis	
(hematology),	 and	 partial	 thromboplastin	 time	 (co-
agulation)	tests.	Such	in	vitro	test	methods	are	usu-
ally	 quick	 and	 inexpensive	 and	 do	 not	 require	 the	
use of animals that in vivo methods do. Complement 
activation is the most relevant immunology test for 
devices exposed to circulating blood. An increase in 
a downstream complement component over baseline 
levels indicates activation of the complement cas-
cade. Acceptable complement activation limits are 
usually ones that compare well with favorable ma-
terials	and	devices.	A	standardized	ASTM	hemoly-
sis test method [14] is available for determining the 
hemolytic potential of a device or material. The he-
molysis in vitro tests involve a quantitative measure-
ment of plasma hemoglobin. An increase in plasma 
hemoglobin	correlates	with	the	disintegration	(lysis)	
of the red blood cells, thereby indicating hemolytic 
activity of the material exposed to the cells. A de-
vice’s effects on blood coagulation may be measured 
in vitro by determining the rate of clot formation or 
the partial thromboplastin time of plasma exposed to 
the biomaterial or device during an incubation pe-
riod. The reaction of white blood cells to materials 
can also be used as an effective hematology test.

2.1.4 Irritation and Sensitization
Components in biomaterials, especially the ones 

that are prone to being extracted, can cause allergic or 
sensitization reactions in the host. The sensitization 
reaction is a local tissue response characterized by 
the signs of inflammation such as redness and swell-
ing and sometimes this inflammation is accompanied 
by an increase in local temperature and associated 
pain. Different chemicals are capable of causing this  
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sensitization reaction. These chemicals may cause 
either immediate or delayed reaction. These chemi-
cals may be present in device materials as additives, 
processing or manufacturing aids, or inadvertent 
contaminants.	For	example,	the	organo-metallic	cata-
lysts and stabilizers used in different plastic material 
formulations are chemicals capable of causing irrita-
tion and necrosis when applied to mucosal surfaces; 
residual concentrations of ethylene oxide present in 
gas-sterilized devices can produce an irritant response 
if they are not reduced to acceptable levels before the 
device is used; and residues of such contaminants as 
chemical detergents in a particular batch of materials 
or devices can cause unexpected irritation responses 
in users or patients [8]. The potential for the material 
for these allergic reactions can be assessed by the in 
vitro	skin	model	irritation	assay.	The	in	vitro	skin	ir-
ritation	assays	use	a	reconstructed	human-skin	model	
that consists of a supporting collagen and a function-
al	outer	skin	layer,	the	outermost	layer	of	the	skin	is	
known	as	the	stratum	corneum	[10,16]. The principle 
of	the	in	vitro	skin	model	is	based	on	the	premise	that	
the leachables from the material are able to penetrate 
through the stratum corneum by diffusion and are cy-
totoxic to the underlying cells.

The outcome of the test is measured by the viability of 
the underlying tissue concurrently using a positive and 
negative reference control. The viability is determined 
with metabolically converted vital dyes. The most fre-
quently	 used	 assay	 is	 MTT	 (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium	 bromide)	 [10,16]. As 
with other in vitro tests, a negative outcome would 
need confirmation with an in vivo test.

2.2 In Vivo Testing

In vivo testing follows the initial in vitro screening 
tests and becomes necessary under certain conditions. 
In general, materials that show nontoxic results in in 
vitro	tests	will	be	nontoxic	in	in	vivo	assays.	Materi-
als displaying toxic results in in vitro tests need to be 
tested with further in vivo tests and the results of these 
tests are necessary to determine its acceptability for 
clinical use. It should be noted that low levels of tox-
icity may not necessarily preclude the use of a mate-
rial or device in clinical applications. One example of 
where	the	risk	of	low	levels	of	toxicity	is	outweighed	
by the clinical advantage is in glutaraldehyde-fixed 
porcine valves. Glutaraldehyde has shown to display 
low levels of toxicity and the treatment of the porcine 
tissue for preservation with glutaraldehyde leaves 
glutaraldehyde residues on the valve that produce 

adverse effects in vitro. Despite the negative in vitro 
findings, this material is still used in the development 
of prosthetic heart valves for clinical use [7,17].

2.2.1 In Vivo Genotoxicity
In vivo genotoxicity tests are typically indicated 

when a genotoxic response is observed in the in vitro 
tests. However, testing requirements vary from coun-
try to country and certain regulatory bodies [2,9] re-
quire in vivo results as a part of the overall genotoxic 
assessment regardless of the in vitro testing results. 
In vivo genotoxic testing is usually carried out in ro-
dent hematopoietic cells and observation of chromo-
somal damage is done in them. The two most com-
mon assays used are as follows:

•	 In	vivo	mouse	micronucleus	assays
•	 In	vivo	chromosomal	aberration	assay

In subjecting the animals to these assays, extrac-
tion of the material or device is used as the means. 
ISO 10993-3 is generally used as the standard to di-
rect sample preparation and extraction conditions but 
depending on the regulatory body, exhaustive extrac-
tion techniques may be used.

The in vivo micro nucleus test is the more popu-
lar of the two genotoxicity tests [10]. Samples are 
delivered as extracts through mainly the intravenous 
or intraperitoneal route. Blood samples are collected 
at regular intervals and analyzed for the presence of 
micronucleus. The numbers of micronucleus in the 
animals are compared to the controls to determine 
whether the materials in the device had any effect on 
the micronucleus numbers [10].

The in vivo chromosomal aberration assay is con-
ducted on similar animal numbers and groups as with 
the micro nucleus test. Animals are dosed based on 
volume per body weight calculations, the animals are 
then sacrificed and their bone marrow cells harvest-
ed. The metaphase cells are scored for chromosomal 
aberrations and compared with positive and negative 
controls to determine whether the materials in the de-
vice led to any genotoxic effects.

2.2.2 Carcinogenicity
Testing for carcinogenicity is only indicated in the 

following situations [7,10]:

•	 A	positive	response	in	genotoxicity	testing
•	 Known	presence	of	a	carcinogenic	species	with-

in the material to be implanted
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•	 Any	longer	term	implanted	material	without	a	
safe clinical usage history

Traditional testing for carcinogenicity involved 
chronic or lifelong studies in rodents. This meant us-
ing	a	number	greater	 than	50	animals	and	 implant-
ing them with device/material samples for a duration 
greater than 18 months. At the end of the study, both 
the survival among the rodents and the incidence of 
tumor formation helped determine the carcinogenic-
ity of the device. Apart from this test being a very 
expensive and long study, several instances of false 
positives were reported [18]. The false positive was 
a result of the rodents developing sarcoma around 
implanted foreign materials within 8–9 months of 
implantation [18].

A genetically modified mouse model is currently 
being used as an alternative to the traditional carci-
nogenicity testing model. The rasH2 mouse model is 
most commonly used. The rasH2 mouse contains mul-
tiple copies of the human c-Ha-ras proto-oncogene as 
well as its native murine Ha-ras gene. This genetic 
modification causes these mice to be very susceptible 
to tumor development following exposure to carcino-
gens [10]. The transgenic mouse test is of a much 
shorter	duration,	6	months	rather	than	the	minimum	
of 18 months in the traditional test, it needs lesser 
number	of	animals	for	the	outcome	(<25)	[19] and 
is prone much less of the false positive results as the 
mice are implanted for a duration lower than sarcoma 
development. Therefore the transgenic mouse test is 
less expensive and more attractive for testing the car-
cinogenicity	of	a	material.	Further	details	of	this	test	
can be found in references [18,19].

2.2.3 Hemocompatibility
The effect of any blood contacting material and 

device combination on blood thrombosis, coagula-
tion, platelets, hematology and the complement sys-
tem can be addressed effectively through the previ-
ously discussed in vitro test methods. In vivo tests for 
hemocompatibility mainly focus on the thrombosis 
aspect of blood interaction. Local tissue response and 
the efficacy of the device can also be tested using in 
vivo hemocompatibility testing.

One of the primary reasons for performing in vivo 
hemocompatibility is to mimic conditions of blood 
flow and geometry in the vasculature during implan-
tation. These conditions are not necessarily captured 
during in vitro tests. These tests are best done on the 
finished device so as to reflect the exact conditions of 
blood flow the device will encounter during service. 

For	true	reflection	of	device	performance,	larger	ani-
mals are chosen for the test. Typically animal mod-
els include canines, swine, and sheep [7,10]. These 
animals have blood vessels of a size large enough to 
accommodate medical devices designed for humans. 
However, the fact that the sizes of blood vessels are 
smaller than in humans and that the blood properties 
are different than human blood, interpretation of re-
sults can be sometimes complicated [20].

Although a standardized test for the in vivo throm-
bosis	 doesn’t	 exist,	 a	 4	 h,	 nonheparinized,	 venous	
implant is considered by some as the standard model 
[10,20]. This model is utilized for many cardiovas-
cular devices. The device to be evaluated is inserted 
mainly through the jugular vein of the test animal. 
The device is then threaded down the vessel and to-
ward	the	heart	for	a	distance	of	approximately	15	cm	
[10,20]. A comparative control is inserted in the op-
posite vein. The control used in this study has a clear 
history of use and thus is useful for comparison. The 
results	of	the	4	h	test	are	evaluated	as	in	Table 1.

2.2.4 Systemic Toxicity
Part	11	of	the	ISO	10993	standard	deals	with	the	

systemic toxicity effects of the implantation of a 
medical device in the body. Systemic toxicity implies 
the toxicity of the extractable or leachable chemicals 
emanating from the implanted device and having an 
effect on tissues and organs remote from the loca-
tion of implantation. The leachable chemicals are 
transported to the remote location via the lymphatic 
or the circulatory system of the body. Systemic tox-
icity testing has been divided into acute, subacute, 

Table 1 Subjective Thrombosis Scoring Scheme 
(ISO 10993-4) [10]

Score Description

0 No thrombosis

1 Minimal thrombosis, for example, at 
one location or a very thin layer

2 Slight thrombosis, for example, 
minimal clotting at multiple locations

3 Moderate thrombosis, for example, 
less than ½ length of implant cov-
ered with clot

4 Severe thrombosis, for example, 
greater than ½ length of implant 
covered with clot

5 Vessel occluded
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subchronic, and chronic situations. Acute toxicity is 
usually a test done to determine gross signs of toxic-
ity and [10] as a result, the test is performed on lim-
ited number of animals for a short time. As studies 
are done to evaluate other forms of systemic toxicity, 
the duration of the study and animal group sizes in-
volved tend to increase [10]. Guidance on the group 
sizes is as in Table 2

Nonrodent tests are usually not required for medi-
cal devices as opposed to drugs and pharmaceuticals.

Acute systemic toxicity is tested through extracts 
administered through both the intravenous route and 
the intraperitoneal route. Acute systemic toxicity is 
defined as the adverse effects occurring at any time 
after single, multiple, or continuous exposures of a 
test	sample	within	a	24-h	period	[2,10]. The mice are 
observed for symptoms of toxicity and their func-
tions such as lethargy, hyperactivity, convulsions, 
weight loss, and death are recorded. The observa-
tions are typically for a minimum of 3 days and the 
dosage is frequently exaggerated to improve the sen-
sitivity of the tests.

Longer duration toxicity tests are used to evaluate 
subacute and subchronic toxicity. Subacute toxicity 
is defined as adverse effects occurring after multiple 
or	continuous	exposure	between	24	h	and	28	days;	
subchronic toxicity is defined as the adverse toxicity 
effects occurring for up to 90 days of multiple or con-
tinuous exposure, whereas chronic toxicity is defined 
as the adverse effects occurring with repeated admin-
istration of a sample for a major part of the life span 
which	for	rodents	is	typically	6	months	in	duration.	
The rationale for choosing a test and the length of ex-
posure is dictated by the nature of clinical use of the 
device. The route of exposure can be through either 
injection of extracts or device/material implantation. 
Subcutaneous implants are often chosen as a route of 
exposure for long-term implanted devices [20]. The 
size of the implant is dependent on that of the device 
used in the application. A large safety factor, up to 

100 times device weight/body weight, is used for in-
creased	sensitivity.	Many	times,	especially	for	larger	
devices, such a safety factor may not be possible to 
achieve, in those cases multiple implant sites can be 
used. An advantage of the implantation study for tox-
icity is that the study can be successfully combined 
with the implantation study. The animals are moni-
tored daily for signs and symptoms of toxicity and at 
the end of the test period the animals are euthanized 
and autopsies are conducted.

Systemic toxicity tests may also be used for the 
evaluation of pyrogenicity of a device. Some com-
pounds when present in the body at sufficiently high 
doses are capable of causing an increase of body 
temperature or a fever. These fever causing com-
pounds are called pyrogens. To test for the pyroge-
nicity of a device, extracts are typically used and the 
temperature of the animal is measured over time. A 
significant increase in body temperature indicates the 
presence of pyrogens in the device.

2.2.5 Implantation
For	most	of	the	devices	that	are	implanted	in	vivo	

and come in contact with living tissues, it is impor-
tant to assess the impact of the effects of that device 
on the contacted tissues. The implantation study as 
described in ISO 10993-1 plays an important role in 
forming that assessment. In the implantation study, 
the medical device or the material is surgically im-
planted into an appropriate site within an animal. 
The tissue and the site of implantation are decided 
by the clinical use of the device. The most common 
implantation tissues are muscular and subcutaneous. 
Specialized tissues and sites may be chosen as appro-
priate for the site of device implantation in a clinical 
setting [7].

The assessment of the material impact is done 
carefully by both macroscopic and microscopic or 
histological examination of the surrounding tissues 
at	different	time	points.	Multiple	time	point	analy-
sis is required to ensure accurate determination of 
the impact of the biomaterial on the surrounding tis-
sues.	This	assessment	should	take	into	account	the	
changing response of tissue over time and also the 
variable rate of release of any degradable species 
from the material or device. The final assessment 
should be done at a time when the surrounding tis-
sues reach an equilibrium state or homeostasis. It is 
estimated that homeostasis is achieved in biostable 
materials	in	a	time	between	12	and	26	weeks	[10]. 
That duration can vary considerably in degrad-
able materials and depends on the rate of material 

Table 2 Recommended Minimum Group Sizes (ISO 
10993-11)

Study Type Rodent Nonrodent

Acute 5 3

Subacute 10 (5/sex) 6

Subchronic 20 (10/sex) 8

Chronic (20/sex)a a

aExpert statistical consultation for chronic study group size is 
recommended.
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degradation and homeostasis is said to occur at the 
point of complete material degradation. Short-term 
intervals	generally	range	from	1	to	4	weeks	in	du-
ration whereas long-term intervals typically range 
from	12	to	56	weeks.

For	 short-term	 evaluation	 of	 biomaterials	 for	 up	
to	12	weeks,	smaller	animals	such	as	rodents,	guinea	
pigs, or rabbits are utilized. Animals of a larger size 
and greater life expectancy are preferred for implan-
tation tests of a longer duration [21]. Sometimes the 
entire device instead of a material is tested, heart 
valves are tested in sheep, calves are used for the 
testing of ventricular assist devices or a total artifi-
cial	 heart	 (TAH)	 and	 cardiac	 rhythm	 management	
(CRM)	devices	such	as	pacemakers	and	defibrillators	
are tested in dogs.

The use of relevant controls is an important as-
pect of the implantation assessment. It is important 
to compare the response of the material under test 
to	the	response	of	a	well-known	and	accepted	mate-
rial. The macroscopic assessment is determined on 
the zone of tissue response and the encapsulation of 
the implanted material. The microscopic assessment 
is based on tissue inflammation, cell death or necro-
sis,	cell	thickening	or	fibrosis,	vascularization,	fatty	
infiltration, and any other tissue alteration [20]. The 
control used in the study must have similar shape and 
size to the material or device being assessed, for ex-
ample, in the evaluation of a porous, mesh device, if 
a solid, smooth material is used as a control, wrong 
conclusions could be reached as the surface area of 
the mesh exposed to tissues is much larger as com-
pared to a smooth, solid material.

2.2.6 Sensitization, Irritation, 
and Intradermal Reactivity

As described earlier, in vitro tests exist for the 
determination of the sensitization and irritation na-
ture	of	a	medical	device.	Many	regulatory	agencies,	
however, require an in vivo for confirmation of the 
in vitro results especially in the case of a negative in 
vitro result.

The tests for irritation and sensitization focus on 
leachables from the materials and hence focus on 
the extracts of the materials in appropriate solvents. 
There are different varieties of irritation tests where 
the device is exposed to different types of tissues 
such	as	skin,	ocular,	mucous	membrane,	and	intracu-
taneous. The exposure choice is based on the type of 
tissue contact the device has in the body.

For	cardiovascular	implanted	devices,	the	intracu-
taneous assay is typically used as the most relevant 

test. As with other biocompatibility tests, the results 
of the irritation assay are compared with controls and 
the final assessment is based on this comparison. In a 
standard intracutaneous irritation assay, two extracts 
are examined [7,10]. The extraction is done in saline 
and	pure	vegetable	oil.	A	known	volume	of	the	test	
and control extracts, ∼ 0.2 mL, are then injected in-
tradermally	into	albino,	New	Zealand	White	(NZW),	
rabbits. The injections occur in rows at multiple 
points and the blisters that occur at the injection sites 
are examined periodically over 72 h for erythema 
and edema. This examination uses a scoring scheme 
as outlined in Table 3.

ISO 10993-10 describes in detail the proce-
dures for in vivo sensitization testing. The guinea 
pig	maximization	test	(GPMT)	is	typically	used	for	
cardiovascular devices. Device or material extracts 
in	 polar	 (saline)	 and	 nonpolar	 solvents	 (vegetable	
oil)	 are	 intradermally	 injected	 along	 with	 controls	
into	multiple	animals.	Usually,	a	week	after	the	ini-
tial injection, the sites are scored for erythema and 
edema using a scoring method as in Table	4. Scores 
of 1 or greater are usually considered evidence of 
sensitization [10].

Table 3 Irritation Scoring Scheme (ISO 10993-
10:2010)

Reaction
Irritation 
Score

Erythema and eschar formation

No erythema 0

Very slight erythema 1

Well-defined erythema 2

Moderate erythema 3

Severe erythema 4

Edema formation

No edema 0

Very slight edema 1

Well-defined edema 2

Moderate edema—raised 
approximately 1 mm

3

Sever edema—raised more than 
1 mm and extending beyond 
exposure area

4

Maximum possible score for 
irritation

8
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3 Foreign Body Reaction

After implantation of a device into the host, all 
medical devices initiate several blood–material and 
tissue–material interfacial responses [22,23]. These 
responses are a combination of normal adaptive re-
sponses to tissue injury and the reaction to foreign 
devices. These reaction processes begin instanta-
neously upon device implantation and length of the 
responses are dependent on the particular properties 
of	the	material	that	make	up	the	device	particularly	
the	material’s	surface	and	bulk	chemical	of	the	bio-
material. The implantation of biomaterials leads to a 
variety of responses and body reactions that include 
blood–material interactions, protein adsorption, 
provisional matrix formation, acute inflammation, 
chronic inflammation, granulation tissue develop-
ment, foreign body reaction, and fibrosis or fibrous 
capsule	 development.	 From	 a	 perspective	 of	 the	
body, any insertion or implantation of a device in-
jures the tissues and organs involved. This, therefore, 
initiates an injury response which activates several 
mechanisms	with	the	ultimate	aim	to	bring	back	the	
situation to one of homeostasis [22]. The nature of 
the response depends upon the degree of interven-
tion that is required for the device implantation pro-
cedure. Implantation first initiates blood to material 
interactions and these occur with protein adsorption 
on the device surface. The nature of the protein 
adsorption determines the development of a transient 
provisional matrix that forms on and around the de-
vice. The provisional matrix is the initial thrombus 
development at the interface of the tissue and device.

3.1 Protein Adsorption

One of the first interactions with the body of an im-
planted device occurs within the first few seconds of 
implantation in the form of protein adsorption. This 
is the first response of the body’s immune system in 

trying to coat the material with proteins to contain, neu-
tralize,	or	isolate	the	foreign	body.	Proteins	are	biomol-
ecules that are composed of amino acid subunits. They 
are high molecular weight, heterogeneous; contain re-
gions of varying polarity, charge, and hydrophilicity. A 
typical protein molecule is illustrated in Fig.	1.	Protein	
molecules can exhibit both amphoteric and amphiphil-
ic properties. A typical configuration of a protein mole-
cule has the hydrophobic side groups toward the inside 
and the amino acids with the hydrophilic side groups 
toward the molecular periphery. As the protein mol-
ecules contact the implanted device surface, a number 
of interactions are possible involving electrostatic and 
polar forces. These interactions are mainly dependent 
upon the surface of the device and the nature of the pro-
tein molecule. Once the protein layer is deposited on 
the device surface, other events such as interaction of 
blood cells and platelets follow. It is widely recognized 
that the nature of protein layer adsorption influences 
the subsequent events, that is, correct protein adsorp-
tion	could	reduce	the	risk	of	thrombosis	[22,23].

Protein	adsorption	occurs	spontaneously	when	the	
process of adsorption leads to greater release of en-
ergy than is required for the process. In other words, 
Gibbs free energy during the adsorption process is 
negative. The Gibbs free energy can be expressed as

∆ = ∆ − ∆G H T S
ads ads ads (1)

where ∆ads is the change in value during adsorption, 
G is the Gibbs free energy, H is the enthalpy, S is the 
entropy, and T is the temperature.

∆adsG=∆adsH−T∆adsS

∆ads

Table 4 Scoring Chart for GPMT, Magnussen and 
Klingman (ISO 10993-10)

Patch Test Reaction Grading Scale

No visible change 0

Discrete or patchy erythema 1

Moderate and confluent 
erythema

2

Intense erythema and/or 
swelling

3

Figure 1 A typical protein molecule.
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For	adsorption	to	occur	spontaneously,	Gibbs	free	
energy of adsorption ∆ G( )

ads  has to be less than zero.
Once the protein adsorption process is underway, 

the rate of adsorption becomes important. This rate 
is dependent on the transport mechanism involved, 
diffusion,	thermal	convection,	or	bulk	flow	[24,25]. 
The combined adsorption process can be modeled 
using partial differentials of protein concentrations 
with time and distance as in the following equation:

∂
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where c is the concentration, t is the time, v(y)	is	the	
velocity distribution across the flow path, D is the 
protein diffusivity, x is the axial direction of flow, 
and y is the perpendicular direction to the flow.

Using a boundary condition stating that the flux at 
the surface is equal to the intrinsic rate of adsorption 
and for a transport limited case in a nonflowing sys-
tem, the adsorption rate is given by [24,25]
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where D is the diffusion coefficient, n is the surface 
concentration of protein, C

o
	is	the	bulk	concentration	

of proteins, and t is the time.
The blood plasma contains more than 100 types 

of	proteins.	Three	main	proteins,	collectively	known	
as	 the	“big	three”	constitute	more	than	3/4th	of	 the	
entire protein population, these are albumin, gamma-
globulin	 (γ −	globulin,	 IgG),	and	fibrinogen.	Stud-
ies of biomaterial interactions have focused on the 
identification of factors that decide the composition 
of the protein layer on the surface of the implanted 
device and mainly on the “big three” types of pro-
teins. Studies have found that preferential adsorption 
of albumin on the surface of the device leads to an 
improvement in the short-term thromboresistance 
of the device [25,26]. Conversely, the adsorption of 
either gamma globulin or fibrinogen on the device 
surface can lead to increased platelet adhesion.

It is observed that the process of protein adsorption 
on biomaterial surfaces is a dynamic phenomenon. 
There is constant competition of protein molecules 
with one another over-binding sites on the surface 
of an implanted device. This competition is referred 
to as the Vroman effect, named after Leo Vroman, a 
Dutch-American scientist, who observed this process 
and postulated this effect [25,26]. According to the 
Vroman effect, small and abundant molecules will 
be the first to coat a surface. However, over time, 

molecules with higher affinity for that particular sur-
face will replace them.

The deposition of protein layers on the surface of 
the device with proteins such as albumin, fibrinogen, 
and	gamma	globulin	is	linked	to	the	subsequent	re-
action of the cells and tissues in the body to the im-
planted device. The protein layers modulate any in-
flammatory or wound healing responses of the body. 
The Vroman effect will mean that these responses are 
also	time	dependent.	Protein	adsorption	thus	leads	to	
the formation of a provisional thrombus at the blood-
device interface [26].

3.2 Tissue Inflammation

Following	the	formation	of	the	provisional	matrix,	
the processes of acute inflammation, chronic inflam-
mation and foreign body reaction occur. The events 
following protein adsorption and the provisional ma-
trix formation may not occur in sequence. In some 
cases,	it	is	very	likely	for	these	events	to	overlap	or	
occur simultaneously [22].

Inflammation is considered to be a tissue-device 
response; however, many of the mechanisms in-
volved are similar to a blood-device response hence 
can be said to be part of the same process of host 
response. It must be noted that the response of the 
tissue to the implantation is also dependent on the 
site or the organ involved and the extent of the injury. 
Inflammation is generally defined as the reaction of 
tissue to local injury. Inflammation serves to contain, 
neutralize, dilute, or wall off the injurious agent or 
process [22,24]. Inflammation also sets into motion 
a series of events that help to heal the injury through 
repair of the injured tissue by regeneration of native 
cells, formation of a scar tissue, or a combination of 
these two processes. Acute inflammation is a rela-
tively short-term process. Acute inflammation may 
last for as little as a few minutes but might last for 
longer, up to a few days, depending on the type of 
injury. One of the primary roles of acute inflamma-
tion	 is	 the	 transport	 of	 white	 blood	 cells	 or	 leuko-
cytes	to	the	site	of	the	injury.	Initially,	the	leukocytes	
consist mainly of neutrophils. The neutrophils are 
replaced by macrophages over a period of time and 
this is mainly due to the transient lifespan of neu-
trophils.	 The	 main	 role	 of	 the	 leukocytes	 in	 acute	
inflammation is to phagocytose foreign materials. 
Phagocytosis	is	the	process	by	which	a	foreign	mate-
rial is absorbed and internalized into the body by the 
leukocytes.	 The	 phagocytosis	 process	 proceeds	 by	
completely engulfing the foreign material. In the case 

(∆adsG)

∂c∂t+v(y)∂c∂x=D∂2c∂y2

dndt=Co(Dπt)12
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of a device, complete engulfment is not possible due 
to the size difference between the device and the leu-
kocytes.	 This	 therefore	 leads	 to	 incomplete	 phago-
cytosis or frustrated phagocytosis. However, certain 
events in phagocytosis do happen in acute inflamma-
tion despite the size disparity. As acute inflammation 
subsides, the neutrophils are replaced by monocytes 
and with frustrated phagocytosis the monocytes dif-
ferentiate into macrophages [22]. The appearance of 
monocytes and macrophages is a sign of chronic in-
flammation.

The monocytes and the macro phages initiate the 
healing response of the body. With the progress of 
this healing response several new blood vessels are 
formed as a result. The new blood vessels are formed 
by budding or sprouting of preexisting blood vessels 
in	a	process	known	as	neovascularization	or	angio-
genesis. The new blood vessels give the appearance 
of	a	pink,	soft	granular	structure	upon	the	healing	tis-
sue	and	this	tissue	is	known	as	the	granulation	tissue.	
Depending on the extent of injury, granulation tissue 
may	be	seen	as	early	as	3–5	days	following	implanta-
tion of a biomaterial [22,24].

In an attempt to phagocytose the device, mono-
cytes and macrophages combine to form larger sized 
cells	known	as	foreign	body	giant	cells	(FBGC).	The	
foreign body response of the body to the implanted 
device is composed of a combination of granulation 
tissue	and	FBGCs.	The	composition	of	the	combina-
tion is dependent on the form and surface of the de-
vice. The relationship between the surface area and 
the volume of the device plays an important role in 
determining	the	foreign	body	response.	For	example,	
high-surface-to-volume implants such as fabrics, 
porous materials, particulate, or microspheres will 
have	higher	ratios	of	macrophages	and	FBGCs	in	the	
implant site than smooth-surface implants [22,23]. 
Smoother surface implants tend to have greater de-
gree of fibrosis as compared to porous implants. 
Fibrosis	or	fibrous	encapsulation	is	generally	consid-
ered the end stage of the healing response of the body 
to an implanted device.

4 Biological Degradation

With the variety of processes and mechanisms oc-
curring after the implantation of a device inside the 
body, degradation of a polymer inside the body can 
occur if any these processes affects the stability of 
the	main	chain	in	the	polymer.	For	polymeric	degra-
dation to occur there has to be presence of a chemi-
cally sensitive bond in the structure of the polymer. 

This bond has to react with one of the numerous spe-
cies present or generated in the body during and after 
the process of implantation. The general progress of 
reaction of that particular bond to the chemically ac-
tive media begins with the process of adsorption of 
the media onto the polymer surface; this is followed 
by the diffusion and absorption of the medium into 
the	bulk	of	the	polymer.	The	species	can	react	with	
the suspect bond and begin the process of degrada-
tion. The degraded products have to then diffuse out 
of the polymer and wash away from the polymer sur-
face to complete the degradation process.

4.1 Hydrolysis

Polymer	 degradation	 can	 generally	 be	 classified	
into two mechanisms: hydrolysis and oxidation. Hy-
drolysis	 is	 derived	 from	 the	 Greek	 word	 combina-
tion of hydro and lysis, where lysis means to unbind. 
Hydrolysis is thus defined as the reaction with water 
where the water molecules lead to cleavage of chem-
ical bonds within a material. In many ways hydroly-
sis is often seen as the opposite of condensation. In 
condensation the formation of water is usually ac-
companied by the growth in the chain of the poly-
mer; in hydrolysis the reaction goes the opposite way 
where the reaction with a water molecule results in 
the	breakage	of	already	formed	polymer	bonds.

Hydrolysis is accelerated with the presence of 
a small amount of catalysts within water [27]. The 
catalysts could be the presence of any ions within the 
water. The rate of hydrolysis not only depends upon 
the susceptible chemical bonds within the polymer 
but also on the concentration of water inside the ma-
terial. Both hydrolysis by pure water and catalysis 
by the presence of salts require water in the poly-
mer. Hydrophilic polymers are more susceptible to 
hydrolysis and subsequent hydrolytic degradation 
as	 compared	 to	 hydrophobic	 polymers.	 Following	
surface moisture absorption, the rate of diffusion of 
water within the polymer is also quite critical. It is 
observed that the highest biodegradation of certain 
polymers occurs most rapidly when the rate of dif-
fusion and permeability are highest [28].	Many	other	
properties of polymers can also affect the hydrolytic 
nature of a polymer, if a chemically susceptible bond 
is shielded by either a hydrophobic structure or crys-
talline regions, the effective rate of hydrolysis can 
slow	down.	In	a	cross-linked	polymer,	high	levels	of	
cross-link	can	suppress	hydrolysis.	The	ratio	of	sur-
face area to volume of a device affects the rate of 
hydrolysis, a high ratio of exposed surface area to 
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volume as in a porous structure can greatly increase 
the rate of hydrolysis. The presence of mechanical 
stress is also seen to increase the rate of hydrolysis. 
The molecular weight of polymer does not directly 
seem to have a direct effect on the hydrolysis rate; 
however, a relatively high molecular weight polymer 
might show a slower decrease in the loss of proper-
ties due to hydrolysis.

Carbonyl bonds, that is, a carbon atom double 
bonded	 to	 oxygen	 (C	 =	 O)	 is	 most	 hydrolytically	
susceptible among commonly used medical plastics 
[28]. The carbonyl bond could be attached to other at-
oms in the polymer such as oxygen and nitrogen and 
these bonds could be esters, amides, carbonates, and 
urethanes. Among carbonyl polymers, anhydrides 
display the highest hydrolysis rates followed, in or-
der, by esters and carbonates. Other carbonyl groups 
such as urethane, imide, amide, and urea can normal-
ly demonstrate good long-term stability in vivo espe-
cially if the group is contained within a hydrophobic 
backbone	or	highly	ordered	morphological	structure.	
The rate of hydrolysis and the associated drop in the 
physical properties of the polymer determine if the 
polymer can be used for implantation and if it can be 
what the duration of the implant would be. Different 
medical polymers have the carbonyl group in them. 
Poly	 (ethylene	 terephthalate)	 (PET)	 has	 been	 used	
commonly as a long-term implant for many years is 
particularly favored in the manufacture of vascular 
grafts and heart valve sewing rings. The susceptible 
ester	group	 in	PET	is	protected	by	 the	highly	crys-
talline structure found in the molecular structure. 
Thermoplastic	 polyurethane	 (TPU)	 synthesized	 us-
ing a polyester polyol; also contain the ester group 
that	is	prone	to	hydrolysis.	Reaction	with	water	leads	
to	a	breakdown	of	the	urethane	molecule	as	has	been	
noted in several studies [28,29]. Their tendency to 
hydrolyze has meant that the use of these materials in 
biologically stable medical device is not recommend-
ed. Identification of the hydrolytic behavior of the 
polyester	polyol–based	TPUs	led	to	the	widespread	
use	of	polyether	polyol–based	TPUs	for	implantable	
applications.	 Poly	 (tetramethylene	 oxide)	 (PTMO)	
was the most common macrodiol in medical appli-
cations and several formulations were developed 
based	on	PTMO	[30]. The ether group as such was 
considered	 to	 be	 hydrolytically	 stable.	 TPUs	 made	
from a polycarbonate-based polyol were extensively 
investigated and used for implantable applications; 
however, the material’s hydrolytic performance is 
unclear.	 The	 hydrolysis	 of	 the	 carbonate	 linkages	
has been hypothesized to be the main mechanism of 
biodegradation of polycarbonate polyurethanes [31]. 

Studies have also shown that the degradation of poly 
(carbonate)	urethanes	in	the	biological	environment	
may involve monocyte-derived macrophages and en-
zymes such as cholesterol esterase. These enzymes 
have been shown to accelerate the process of hydro-
lytic	degradation	of	polycarbonate-based	TPUs	[32]. 
Other	TPUs	containing	a	siloxane-based	polyol	have	
been shown to be hydrolytically stable, commer-
cially	available	siloxane-based	TPUs	(Elast-Eon	and	
Pursil)	have	a	combination	of	polyether	and	polysi-
loxane in their soft segments. The ether groups, as 
previously noted, as well as the siloxane groups are 
considered	 as	 hydrolytically	 stable.	 Nylon	 6	 (poly-
caproamide)	 and	 nylon	 6,6	 [poly(hexamethylene	
adipamide)]	contain	a	hydrolyzable	amide	connect-
ing group. These polyamide polymers can degrade 
by	ion-catalyzed	surface	and	bulk	hydrolysis.	In	ad-
dition, hydrolysis due to enzymatic catalysis leads to 
surface erosion [33].	 Quantitatively,	 nylon	 6,6	 lost	
25%	 of	 its	 tensile	 strength	 after	 89	 days,	 and	 83%	
after	726	days	in	dogs	[34]. As hydrolysis results in 
chain cleavage of polymers the physical properties of 
polymers can be significantly affected once hydro-
lysis begins. Hydrolysis can be followed effectively 
by measuring the molecular weight of the material 
during its lifetime.

4.2 Oxidative Pathway

The oxidation degradation pathway is similar in 
many aspects to degradation following the hydro-
lytic pathway. The primary difference between the 
two mechanisms is, of course, the presence of sus-
ceptible chemical groups. Groups susceptible to oxi-
dation allow the abstraction of an atom or an ion and 
subsequent resonance stabilization of the oxidized 
product which is either a radical or an ion. Similar 
to the principles of hydrolysis, oxidation degradation 
can be accelerated by an increase in concentration of 
the oxidizing species and also by the presence of a 
catalyst. The rate of diffusion of the oxidizing spe-
cies in the material is therefore quite significant. The 
rate of oxidizing degradation can be slowed down 
when the susceptible chemical group is shielded by 
the	presence	of	either	cross-links	or	crystallinity.	In	
a similar manner to hydrolysis, the rate of oxidation 
can dramatically increase based on the surface area 
to	volume	ratio	of	the	device.	Porous	structures	con-
taining	a	susceptible	group	have	been	known	to	oxi-
dize significantly faster.

As seen earlier, a series of events is set in mo-
tion as a device is implanted in the body; these events 
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begin with protein adsorption on the device’s surface 
followed by acute inflammation, chronic inflamma-
tion, granulation, and ultimate foreign body reaction. 
Right	after	the	protein	adsorption	phase,	the	inflam-
mation cycle starts in which the immune system 
responds	 and	 tries	 to	 attack,	 destroy,	 or	 isolate	 the	
foreign body. Inflammation begins with the neutro-
phils	but	these	are	quickly	replaced	with	monocytes.	
Monocytes	 are	 known	 to	 migrate	 to	 the	 site	 of	 the	
subsequent inflammation and rapidly differenti-
ate into macrophages [35].	 For	 large	 devices	 these	
macrophages	fuse	into	FBGCs.	A	direct	correlation	
between	 these	 FBGCs	 and	 damage	 to	 the	 devices,	
pacemaker	 leads,	 has	 been	 observed	 [36]. This es-
tablished	the	role	of	FBGCs	in	the	production	of	the	
degradative mechanisms. This phenomenon is well 
documented by Christenson et al. [35]. Adherent leu-
kocytes	release	a	variety	of	different	species	that	are	
known	to	promote	or	catalyze	polymer	degradation.	
These include acids, enzymes, and the reactive oxy-
gen	 intermediates	 (ROI).	 It	 has	 been	 observed	 that	
ROI	cause	maximum	degradation;	of	these	ROIs	the	
hydroxyl	radical	(.OH)	is	considered	the	most	potent	
[37–39].	Hydrogen	peroxide	(H

2
O

2
)	is	also	released	

by the macrophages and is an effective oxidant.
In combination with metal ion, hydrogen peroxide 

can degrade to release hydroxyl radicals. The metal 
ion here acts as a catalyst in the process of oxidation 
and	this	reaction	is	known	as	the	Haber	Weiss	reac-
tion. The catalysis of hydrogen peroxide with a tran-
sition metal ion, cobalt, in the Haber Weiss reaction 
is shown as follows:

+ → + +++ +++ − ⋅Co H O Co OH OH
2 2

This	phenomenon	is	known	as	metal	ion	oxidation	
(MIO)	and	has	been	frequently	observed	in	implanted	
cardiac leads [40].	Cardiac	leads	in	pacemakers	and	
defibrillators contain a cobalt-based metallic coil for 
the sensing and conduction controlling heart rhythm 
signals. The hydrogen peroxide H

2
O

2
 released by 

the	macrophages	 can	 react	with	 cobalt	 (Co)	on	 the	
metal coils to release hydroxyl radicals. The insula-
tion on cardiac leads is either silicone or polyure-
thane	based	and	to	address	the	mechanical	weakness	
of silicones there has been a considerable effort in 
moving to polyurethane systems for lead insulation. 
Another oxidation-based degradation process that 
has received attention in the examination of explant-
ed cardiac leads is termed as environmental stress 
cracking	 (ESC).	 It	differs	 from	classic	ESC,	which	
involves a susceptible material at a critical level of 
stress in a medium. Classic ESC is not accompanied 

by significant chemical degradation [41]. ESC as ob-
served	 in	TPUs	on	explanted	 leads	 is	characterized	
by	 surface	 attack	 of	 the	 polymer	 and	 by	 chemical	
changes	 induced	by	oxidation.	Both	MIO	and	ESC	
are oxidation based and can ultimately lead to device 
failures; however, the appearance of these is visually 
different.	MIO	is	characterized	by	pitting	and	crack-
ing of the insulation appearing close to the metal coil, 
whereas	ESC	appears	as	micro-cracks	on	the	surface	
of	the	insulation.	The	cracks	caused	by	ESC	display	a	
regular pattern and show the presence of “tie fibers” 
bridging the gaps indicative of ductile failure rather 
than brittle fracture [40].	FTIR	studies	have	also	in-
dicated that ESC is a surface phenomenon where the 
oxidation of the material is seen predominantly on 
the surface. This is in contrast to metal ion oxidation 
where	the	cracks	display	a	brittle	failure	and	oxida-
tion is noticed throughout the material [40,41].

The oxidation resistance of polyurethane materi-
als is clearly critical to the success of the application 
of these polymers as insulation for cardiac leads. As 
a result, polyurethane oxidation resistance has been 
extensively studied and reported in the literature 
[35–38].	 Thermoplastic	 polyurethane	 (TPU)	 mate-
rials based on polyether polyols were first used for 
lead insulation primarily because the polyether ma-
terials had a greater hydrolytic resistance compared 
to	 polyester-based	 polyurethanes.	 Polyether-based	
TPUs	are,	however,	prone	to	oxidation	primarily	due	
to the presence of the ether group in the formulation. 
The generally accepted oxidative mechanism is the 
removal of the alpha-methylene hydrogen atom from 
the soft segment of the polyether. This ultimately re-
sults in chain scission and the formation of low mo-
lecular weight species [42,43]. After relatively short 
periods of time in both in vivo and in vitro trials, 
Fourier	transform	infra-red	(FTIR)	data	have	shown	
a	sharp	reduction	in	the	ether	peak	(1110	cm−1)	and	
the	presence	of	a	new	peak	at	1174	cm−1 that indi-
cates	cross-linking	due	to	the	combination	of	lower	
molecular weight chains formed as a result of chain 
scission [35].	It	is	seen	that	the	degree	of	ether	peak	
reduction depends to an extent on the level of hard 
block	content	 in	polyether-based	TPUs;	 the	greater	
the hardness, the lower the presence of the ether 
linkage	and	 the	 lower	 the	degradation.	This,	 as	we	
have seen earlier, is a result of the susceptible ether 
bond being shielded by greater amount of order in 
the hard segment. As a result, polyether-based ma-
terials	of	greater	than	50%	by	weight	content	of	the	
hard	 blocks	 are	 preferred	 for	 implantable	 applica-
tions [44].	The	greatest	drawback	of	these	high	hard	
block	materials	is	the	high	elastic	modulus,	relative	

Co+++H
2
O

2
→Co++++OH−+OH⋅



4: Biological Properties of Plastics 95

stiffness, and the fact that they remain oxidatively 
susceptible to degradation [35]. The oxidation sus-
ceptibility	of	polyether	TPUs	led	to	the	exploration	of	
polycarbonate-based	TPUs	as	an	alternative	[45,46]. 
The	carbonate	linkage	in	the	polyol	was	considered	
to	be	more	oxidatively	stable	than	the	ether	linkage.	
Although literature suggested improvements, fur-
ther experience with the use of these materials both 
in vitro and in vivo has led to clear observations of 
failures	 similar	 to	 polyether-based	 TPUs	 [47,48]. 
FTIR-based	studies	have	confirmed	a	decrease	in	the	
carbonate	 oxygen	 linkage	 (1253	 cm−1)	 and	 the	 ap-
pearance	of	a	new	peak	at	1174	cm−1 after explant. 
The	presence	of	this	new	peak	confirms	the	existence	
of	a	new	cross-linked	molecule.	The	next	evolution,	
polydimethylsiloxane	 (PDMS)-based	 materials	 of-
fered a step change in improving resistance against 
oxidation.	 One	 example	 of	 PDMS-based	 polyether	
urethane,	 Elast-Eon	 2A	 (E2A),	 synthesized	 utiliz-
ing	 20%	 poly	 (hexamethylene	 oxide)	 PHMO/80%	
PDMS	 for	 the	 soft	 segments	 and	 MDI/butanediol	
(BDO)	for	the	hard	segments	has	been	shown	to	be	
significantly more biostable through improved resis-
tance to oxidation and hydrolysis over polyether- and 
polycarbonate-based	PUs	through	a	number	of	in	vi-
tro and in vivo studies [49–51].	 PDMS-based	 ma-
terials, such as E2A, have been studied extensively 
in terms of their morphology. Characterization by 
different means including small angle X ray scatter-
ing	(SAXS)	reveals	a	very	distinctive	structure	with	
PDMS	forming	an	almost	complete	phase	separated	
structure. This high degree of phase separation leads 
to	the	formation	of	highly	agglomerated	hard	blocks	
and this in turn leads to a high degree of biostability 
as	both	PDMS	and	well-formed	hard	blocks	are	re-
sistant to biological degradative mechanisms [49,52] 
and effectively shield any susceptible chemical 
groups from oxidation or hydrolysis.

The level of the siloxane molecule present in the 
TPU	has	often	been	a	good	indication	of	the	degree	
of	oxidation	resistance	of	the	TPU.	It	is	established	
that a certain minimum level of siloxane is required 
to offer substantial oxidation resistance [53]. The ef-
fect of the high siloxane content on oxidation resis-
tance	is	because	the	rest	of	the	soft	block	is	populated	
by oxidatively unstable functional groups. As such, 
there are significant differences in the oxidation re-
sistance	between	a	“high”	siloxane	containing	TPU	
such	as	Elast-Eon	and	relatively	“low”	siloxane	TPU	
such	 as	 Pursil20	 or	 PurSil35.	 The	 Pursil	 materials	
contain	up	to	a	maximum	of	35%	of	siloxane	in	the	
polymer of the polyurethane as opposed to more than 
48%	of	siloxane	content	in	the	polymer	in	Elast-Eon.	

The	 greater	 concentration	 of	 ether	 bonds	 in	 Pursil	
both as a result of lower siloxane content and the use 
of	PTMO	versus	PHMO	(in	Elast-Eon)	will	result	in	
lower oxidation resistance.

5 Testing Techniques to Evaluate 
Biostability

With	 the	known	susceptibility	of	different	mate-
rials one can predict the performance based on the 
chemical structure of the material. However, the con-
firmation of this predicted behavior has to be done 
by testing the material in a hydrolytic or oxidative 
environment.	 There	 are	 many	 techniques	 to	 look	
at the performance of materials from a degradation 
perspective. These include tests done in a laboratory 
or in vitro environment, in vitro tests done under ac-
celerated conditions, tests done in animals or in vivo 
tests, and finally testing the performance of the mate-
rial or device in a clinical setting.

5.1 In Vitro Tests

Given the long durations of testing to confirm the 
stability of polymer in the body and the associated 
risks,	there	have	been	numerous	attempts	to	arrive	at	
a shorter duration study allowing one to predict the 
long-term performance of such materials. However, 
as can be seen in the following discussion all acceler-
ated techniques have associated limitations.

5.1.1 Hydrolysis—High Temperature 
Water Aging

A	common	technique	to	look	for	stability	of	poly-
mers	in	hydrolysis	is	to	look	at	placing	polymers	test	
pieces or fully formed devices in water and follow-
ing them over a period of time. The evolution of the 
properties of the polymer during the aging process 
can	be	assessed	by	looking	at	the	changes	in	molecu-
lar weight, tensile strength, and other properties over 
time. The variables in this in vitro hydrolytic test are 
the actual solution used for the hydrolysis, the pH of 
the hydrolytic solution, and the temperature of the 
test. To get polymer behavior representative of an in 
vivo environment, it is important to maintain condi-
tions similar to what the material would experience 
inside the body. In many tests [3,4] either saline or 
phosphate	buffer	solution	(PBS)	is	chosen	as	the	hy-
drolytic	medium,	the	pH	is	maintained	at	7.4,	the	pH	
of	blood	inside	the	body	and	the	temperature	is	kept	
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at	body	temperatures	or	37°C.	These	conditions	work	
well for materials that are hydrolytically unstable. 
One can then see a discernible change occurring in the 
properties of the polymer with these given conditions 
in a short time. In fact these types of tests are very 
commonly used for biodegradable materials to test for 
the degradation behavior. With a material that is more 
stable it is difficult to see any changes in the polymers 
properties	for	a	short	period	of	time.	It	is	known	that	a	
basic pH and a higher temperature will result in faster 
hydrolytic	 degradation.	 Many	 tests	 have	 therefore	
been done at different values of basicity and tempera-
tures to accelerate the degradation conditions.

High temperature water aging of thermoplastic 
polyurethanes	(TPUs)	has	been	attempted	in	different	
studies. The decrease in the properties of polyester-
based	TPU	as	compared	to	a	polyether	TPU	is	quite	
apparent [54]. In many other studies, efforts were made 
to	see	whether	the	other	types	of	TPUs	contribute	to	
hydrolytic stability. All studies reported a decrease 
in	the	ultimate	tensile	strength	of	the	samples	soaked	
in water. The studies themselves have used different 
times	and	temperatures	of	soaking	[54–56]. It is sur-
prising	that	all	TPUs	regardless	of	the	soft	block	mac-
rodiol used have shown a similar decrease in tensile 
strength, indicating clearly that the decrease is inde-
pendent of any degradation in the specific macrodiol 
structure.	Many	publications	target	the	urethane	bond	
as being the most susceptible to hydrolysis at high 
temperatures [57,58]. Urethane bonds are present in 
the hard phase as well as the soft phases, due to incom-
plete segregation of hard and soft segments, which is 
typical	of	TPUs.	It	is	worth	noting	that	different	phase	
transition	 (trigger)	 temperatures	 exist	 depending	 on	
the	formulation	of	the	TPU.	A	TPU	with	higher	hard	
block	content	might	 start	 showing	a	decrease	 in	 the	
tensile strength at a higher temperature than one with 
a	lower	hard	block	content.	This	is	merely	due	to	the	
greater transition temperatures of the higher hard 
block	material;	higher	transition	temperatures	protect	
the hydrolytically susceptible urethane bond to a high-
er	temperature.	It	is	also	seen	that	PDMS-based	TPUs	
show slightly greater resistance of hydrolytic prop-
erty degradation at higher temperatures compared to 
even	 higher	 hard	 block	 TPU.	 This	 could	 be	 due	 to	
the higher degree of hydrophobicity imparted by the 
presence	of	the	extremely	hydrophobic	PDMS	in	the	
soft	block.	It	is	mentioned	in	a	number	of	studies	that	
with increasing temperatures, the microstructure of 
TPUs	changes	as	evidenced	by	the	change	in	the	den-
sity levels of electrons in the hydrogen bonding area 
[24]. It is important to note that the degradation of me-
chanical	properties	observed	in	TPU	samples	at	high	 

temperature cannot be observed at body temperatures, 
as the morphology at high temperatures is distinct 
from the morphology at body temperatures [44]. 
Hence, it is advisable to treat the data obtained from 
high temperature tests cautiously.

Some tests use the time temperature superposi-
tion principle to predict the long-term behavior of the 
polymer with respect to hydrolytic stability. The time-
temperature	superposition	principle	(TTS)	is	used	fre-
quently to estimate the performance of polymers over 
longer periods of time. TTS uses the principle that ap-
plication of stress at one temperature over a specific 
period of time is equivalent to the application of the 
same stress over a shorter period of time at a higher 
temperature. Collecting data over a range of tempera-
tures leads to the establishment of a shift factor and 
subsequently to a master curve which allows the esti-
mation of performance of a material over a much long 
period of time than is practically possible at lower 
temperatures. TTS is utilized due to the viscoelastic 
nature of polymers, where their stress–strain behavior 
changes with time. TTS has been widely used to pre-
dict lifetimes of plastics in high strain environments. 
TTS does well to estimate stresses and longevity for 
homopolymers. However, when TTS is applied ei-
ther to immiscible polymer blends or to multiphase 
polymer systems it is compromised. The primary rea-
son for this is that all the components within the sys-
tem react differently to temperature. The predictions 
made	with	TTS	with	morphologically	complex	TPUs	
tend to be inaccurate [59,60]

The principle of TTS requires temperature to be 
the only variable that changes during the experiment 
and there are no differences in the morphologies of 
the component materials. To apply TTS accurately 
then, all component materials must therefore have 
similar responses to changing temperature [61]. 
Polymer	 blends	 may	 be	 characterized	 with	 TTS	 as	
long as they are miscible which is characterized by a 
single glass transition temperature or T

g
. Immiscible 

blends	of	polymers	are;	block	copolymers	or	a	mul-
ticomponent	system	like	some	polyurethanes	where	
more than one T

g
 exists.

An established method to test for the applicability 
of TTS is to plot the loss and storage modulus at dif-
ferent	temperatures,	obtained	from	the	DMTA,	against	
each other. A perfectly linear relationship between the 
loss	modulus	(E″)	and	the	storage	modulus	(E′)	indi-
cates that there are no microstructures present in the 
polymer that are activated by temperature. Deviation 
from linearity, on the other hand, clearly points to the 
presence of microstructure changes and TTS cannot 
be applied for any prediction [61,62].	Polyurethanes	
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are often referred to as rheologically complex mate-
rials and therefore predicting the rheological perfor-
mance at a different time–temperature positions based 
on previous time–temperature data is not feasible.

5.1.2 In Vitro Oxidation
In vitro oxidation studies have often been used as 

an indication of the oxidative resistance of a mate-
rial. Quite a few of these tests have focused on car-
diac lead insulation materials. The use of hydrogen 
peroxide frequently with cobalt chloride has been 
tried in many of these studies in trying to simu-
late the environment experienced by cardiac lead 
insulation situations. The studies have tradition-
ally	 looked	 at	 polyether-	 and	 polycarbonate-based	
TPUs	[37,57,63].	Several	studies	 led	by	Runt	et	al.	
[49,51,52] have relied on the results from in vitro 
testing methods using hydrogen peroxide to test 
the	 oxidative	 properties	 of	 PDMS-based	 polyure-
thanes. Their results demonstrate superiority of the 
PDMS-based	TPUs	in	in	vitro	oxidation.	While	some	
studies have attempted to correlate in vitro studies 
with in vivo behavior [35,64], this has been a chal-
lenge, primarily due to the inability to predict the 
level and variation of the oxidative radicals present 
in the macrophages. As such in vitro studies have 
often employed higher oxidative concentrations to 
provide	a	relative	indication	of	the	TPU’s	resistance	
to oxidation.

5.2 In Vivo Studies

Studies with implantation into animals form a sig-
nificant part of development and understanding of 
biostability in existing and new polymers for medical 
devices. Different animal models are suitable for dif-
ferent types of studies. Small animals such as rats and 
rabbits can be used when polymer is tested as materi-
als. In such cases, the polymers are implanted into 
the animals as subcutaneous coupons. These coupons 
are then extracted and tested at different time points 
to	evaluate	 the	 stability	of	 the	polymer.	For	device	
testing,	larger	animals	are	required.	Pacemakers	and	
defibrillators are tested in canine models, and heart 
valves and cardiac grafts are tested in sheep models.

Many	 in	vivo	 studies	were	performed	 for	 assess-
ing different materials for cardiac lead insulation. In 
a study by Simmons et al. [50],	different	TPUs	were	
tested as dumbbells subcutaneously implanted into the 
back	of	rabbits.	Polyether	(Pellethane	2363-80A	and	
Pellethane	 2363-55D),	 polycarbonate	 (Bionate	 55D)	

and	siloxane-based	TPUs	(Elast-Eon	2A),	with	differ-
ing	 hard	 block	 contents,	 were	 tested	 for	 biostability	
in	vivo	for	periods	ranging	from	3	to	24	months.	All	
samples were explanted and examined using scanning 
electron	 microscopy	 (SEM),	 attenuated	 total	 reflec-
tance-Fourier	transform	infrared	spectroscopy	(ATR-
FTIR),	and	X-ray	photoelectron	spectroscopy	(XPS)	
to investigate surface morphological changes. Gel 
permeation	chromatography	(GPC),	differential	scan-
ning	calorimetry	(DSC),	and	tensile	testing	provided	
bulk	characteristics.	These	results	revealed	the	flexible	
silicone polyurethane E2A provided significantly bet-
ter biostability than the control material having simi-
lar	durometer	(softness),	Pellethane	80A,	and	equal	or	
superior biostability to both of the higher durometer 
negative	 control	 polyurethanes,	 Pellethane	 55D	 and	
Bionate	55D.

5.3 Clinical Studies

A comprehensive assessment of cardiac lead in-
sulation	for	over	5	years	of	human	implantation	was	
recently reported [65]. This study employed micros-
copy	imaging,	molecular	weight	determination,	FTIR	
spectroscopic analysis, and tubing tensile properties 
to evaluate the performance of polyether-based poly-
urethanes of varying hardness and E2A. The conclu-
sion shows that the robustness of the siloxane-based 
E2A is on par, if not superior, to the performance in 
vivo	of	the	harder	formulation	(55D)	polyether-based	
TPU.	This	 is	 in	contrast	 to	 the	 in	vitro	experiments	
performed at high water temperatures providing con-
tradictory conclusions [32]. Several in vitro and high 
temperature aging techniques have been attempted to 
evaluate the eventual failure mechanisms and biosta-
bility of different plastics including polyurethane for-
mulations. Temperature-based aging tests have had 
the least success in predicting service life for implant-
able applications. This is primarily due to the nature 
of the testing and utilization of high temperatures. 
Increases in temperature have shown to change the 
morphology of plastics, in general, and copolymers 
such as polyurethanes in particular. As such the poly-
mer properties measured at high temperature have no 
relevance to implantable conditions.

In vitro tests utilizing hydrogen peroxide have 
been useful in demonstrating the oxidation resistance 
of particular formulations. Direct correlation of these 
tests to in vivo conditions requires further investiga-
tion. Long term in vivo data, despite all their limi-
tations, are still the most significant and relevant in 
assessing an implantable material’s biostability.
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6 Sterilization

The inside of the human body is aseptic, that is, 
there is absence of harmful microorganisms in the 
living	tissue.	Whenever	there	is	a	break	in	that	steril-
ity	or	asepsis,	the	break	is	referred	to	as	contamina-
tion and any contamination allows microorganisms 
to enter a surgical site and gain access to the inside 
of the body. It is therefore critical that all items used 
in surgery are capable of maintenance of the asepsis. 
Sterilization of all surgical instruments and medical 
devices is the method used to maintain the aseptic 
nature of the body [5,6]. Sterilization is the process 
of elimination or deactivation of all microorgan-
isms within a part for use in any aseptic application. 
Sterilization is accomplished with the use of either 
physical or chemical agents to act against any present 
microorganisms. The microorganisms can include 
living and other biological agents such as bacteria, 
viruses, fungi, spore forms, and prions [5,6].

It	 is	known	 that	any	surgery	will	never	be	com-
pletely sterile. There will always be some level of 
bacteria present. However, it is important that the 
level of bacteria present is below a critical number of 
bacteria that are required to cause an infection. This 
critical number is around 105 microorganisms per 
gram	(∼100,000	microorganisms/g)	of	tissue	or	mil-
liliter of fluid [6,70]. As long as bacterial or microor-
ganism levels do not exceed this number, the normal 
immune defenses of the body can prevent infection. 
The goal of sterilization is, therefore, to prevent the 
addition of any bacteria to the surgical site. The de-
gree of sterilization can be quantified thus [5]: 
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where N is the number of microorganisms present in 
object after sterilization, N

0
 is the number of micro-

organisms present in object before sterilization, and t 
is the sterilization time.

The value of D is a function of the sterilization 
conditions and is also a function of the type of micro-
organism. D-value refers to decimal reduction time 
and is the time or sterilization dosage required at a 
given conditions, such as temperature to eliminate at 
least	90%	of	the	exposed	microorganisms	[5,6]. The 
D variable in the equation is often used as a compara-
tive value to evaluate the effectiveness of a given set 
of conditions or technique.

The different techniques of sterilization that are 
used with medical devices are as under [5,69]:

•	 Heat
•	 Dry	heat
•	 Steam

•	 Gaseous	chemical	sterilization
•	 Ethylene	oxide
•	 Nitrogen	dioxide
•	 Ozone

•	 Liquid	chemical	sterilization
•	 Gluteraldehyde
•	 Formaldehyde
•	 Hydrogen	peroxide
•	 Peracetic	acid

•	 Radiation	sterilization
•	 Gamma	sterilization
•	 Electron	beam	sterilization

Table	 5 gives a description of the effect of the 
sterilization technique on the plastic [65–67].

NN
0
=10(−tD)

Table 5 Effect of Sterilization Techniques on Different Cardiovascular Plastics

Plastic Steam Dry Heat
Ethylene 
Oxide

Gamma 
Radiation

E-beam 
Radiation

High density polyethylene Poor Poor Good Good Good

Low density polyethylene Poor Poor Good Good Good

Polypropylene Good Fair Good Good Good

Nylon 6, Nylon 66 Fair Fair Good Fair Fair

Polyethylene terephthalate (PET) Poor Poor Good Good Good

Thermoplastic polyurethane (TPU) Poor Poor Good Fair Fair

Silicone Good Good Good Good Good

Polytetrafluoroethylene (PTFE) Fair Fair Good Poor Poor

Polylactic acid (PLA) Poor Fair Good Good Good
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6.1 Steam Sterilization

The use of steam under pressure is most com-
monly used by hospitals to sterilize surgical items. 
The device used for steam sterilization is called an 
autoclave and the process is commonly referred to 
as autoclaving. Autoclaving is generally carried out 
in a pressurized oven; with the aid of pressure the 
temperature of steam is increased to between 121 
and	130°C	[67,68]. Increasing pressure of steam in a 
closed container causes the temperature of the steam 
to rise. The three factors that dictate the success of 
steam sterilization are temperature, pressure, and 
exposure time. When microorganisms are exposed 
to the correct temperature and pressure for the right 
amount of time, they are destroyed and the items they 
were on become sterile. In a typical cycle, the article 
is	exposed	to	a	pressure	of	15	pounds	per	square	inch	
(100	kPa)	for	a	period	of	3–15	min	at	a	temperature	
range	of	121–134°C	[68]. The success of autoclav-
ing plastics is dependent on the thermal properties of 
the	 material.	 Materials	 such	 as	 thermoplastic	 poly-
urethanes and polyethylenes have transition tempera-
tures at or below the steam sterilization temperature 
and	are	not	suitable	for	the	process.	Plastics	that	are	
hydrolytically unstable are also not recommended 
for the process. In general, autoclaving is not widely 
used for medical device sterilization.

6.2 Dry Heat Sterilization

The destruction of microorganisms through the 
use	of	dry	heat	 is	 a	gradual	process	 and	 takes	 lon-
ger to reach the level of sterility as compared to 
steam sterilization. A standard dry heat sterilization 
cycle	takes	2	h	at	160°C	[67].	Most	plastics	cannot	
withstand these high sterilization temperatures; this 
combined with low heat transmission properties of 
plastics	make	them	unsuitable	for	the	dry	heat	steril-
ization process.

6.3 Ethylene Oxide Sterilization

Ethylene	 oxide	 (EO,	 ETO)	 sterilization	 is	 one	
of the most common methods of sterilization used 
for most medical devices. ETO is highly effective 
alkylating	agent	as	 it	 is	compatible	with	most	ma-
terials, capable of penetrating most plastics and can 
kill	 all	 known	 microorganisms.	 ETO	 sterilization	
is especially suitable for parts that are sensitive to 
temperatures and pressures required for steam- and 
heat-based sterilization methods. A typical cycle 

of ETO sterilization is carried out between a tem-
perature	of	30°C	and	60°C,	 a	 relative	humidity	of	
greater	than	30%,	and	a	gas	concentration	between	
200 and 800 mg/L [67,69].	Most	plastics,	especially	
the ones used in the cardiovascular sector, are com-
patible with ETO sterilization and thus ETO is the 
preferred sterilization technique in the cardiovascu-
lar industry.

Great	care	has	to	be	taken	in	the	use	of	ETO	steril-
ization as the ethylene oxide gas is highly flammable, 
toxic, and potentially carcinogenic. ETO can cause 
numerous health problems and is also environmen-
tally harmful; its use is, therefore, strictly regulated.

6.4 Radiation Sterilization

The use of radiation for sterilization relies on the 
elimination of microorganisms through ionizing ra-
diation. The ionizing radiation uses short wavelength 
and high energy radiation to destroy microbes. The 
strength	of	radiation	is	measured	in	units	of	kilogray	
(kGy)	 or	 Megarad	 (Mrad),	 1	 Gy	 is	 described	 as	 1	
joule	of	energy	on	1	kg	of	material	or	1	Gy	=	1	J/kg	
[67].	1	kGy	=	0.1	Mrads,	as	a	general	rule,	2.5	Mrad	
(25	kGy)	radiation	is	adequate	to	sterilize	articles	in	
air [67,70]. The required dosage is approximately 
twice as high under anerobic conditions. Gamma ra-
diation is emitted by a radioisotope, such as Cobalt-
60(60Co)	 or	 cesium-137	 (137Cs).	 Gamma	 radiation	
is highly penetrative and is capable of penetrating 
thick	walled	objects	as	effectively	as	thin	objects;	it	
is equally effective for the dense objects. The high 
penetration allows material to be sterilized in the 
bulk	state.	The	e-beam	sterilization	method	uses	an	
electron beam generator of between 1 and 12 mega 
electron	volt	(MeV)	to	produce	a	high	energy	beam	
for sterilization. The e-beam radiation has a much 
lower depth of penetration as compared to gamma 
radiation. Gamma radiation can penetrate up to a 
thickness	 of	 50	 cm	 or	 20	 inches	 while	 e-beam	 ra-
diation	can	penetrate	up	to	5	cm	thick	objects	[67]. 
Radiation,	of	either	variety,	can	affect	the	plastic	due	
the excitation or ionization of the atoms in the poly-
mer chain. The excitation can either result in chain 
scission	or	in	cross-linking	of	the	chains.	Chain	scis-
sion can lead to lower molecular weight material and 
a	 loss	 in	 tensile	strength	whereas	cross-linking	can	
lead to increasing brittleness of the polymer with 
a loss in impact strength. It has been observed that 
polymers containing aromatic groups have much 
greater resistance to radiation damage than those 
with aliphatic structures [70].
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PART II

Cardiovascular System: Structure, 
Assessment, and Diseases

Ajay D. Padsalgikar

Abbott, Rogers, MN, United States

1 Introduction

The cardiovascular system in the human body is 
the primary system that is responsible for the circula-
tion of blood and nutrients to and from the cells and 
tissues in the body [1]. The complex cardiovascular 
network is illustrated in Fig. 1. In the cardiovascular 
system, blood carries with it the nutrients and oxygen 
to the cells and carries from it metabolic waste prod-
ucts and carbon dioxide (Fig. 2). Blood is composed 
of cells suspended in plasma [2]. Plasma constitutes 
about 55% of the blood fluid and is composed of 
more than 90% by water and also contains dissolved 
proteins, ions, hormones, and blood cells. Blood 
cells are composed of red blood cells or erythrocytes 
(RBC), white blood cells or leukocytes (WBC), and 
platelets [2]. RBCs are the most abundant cells pres-
ent in the human blood. The RBC contain hemoglo-
bin, the hemoglobin is an iron-containing protein that 
shows a great affinity for oxygen and it is this affinity 
that is responsible for the efficient transport of oxy-
gen along with the blood to various parts of body. 
The hemoglobin is what gives blood its characteristic 
red color, when the hemoglobin contains oxygen, the 
blood is bright red and when it is deoxygenated it 
turns dark red. WBCs comprise the main constituents 
of the body’s immune system and help in fighting 
all infectious diseases and foreign invaders inside the 
body. The main function of platelets, also known as 
thrombocytes, is to stop any bleeding associated with 
injury to the blood vessels by clotting blood flow [2].

With the aid of blood circulation, the cardiovascular 
system can be said to perform four main functions [1]:

•	 transport	of	nourishment	to	the	cells	and	waste	
products from the cells,

•	 maintenance	of	body’s	immune	system,
•	 stabilize	body	temperature	and	pH,	and
•	 maintain	bodily	stability	or	homeostasis.

The following sections look at the aspects of the 
cardiovascular system in terms of its structure, its 
evaluation or assessment and the effects of its mal-
functioning or cardiovascular disease states.

2 Structure of the Cardiovascular 
System

2.1 Heart

The heart is the center of the human cardiovascular 
system (Fig. 3). The anatomy of the heart is illustrated 
in Fig. 4. The human heart is a four-chambered pump-
ing device that functions as the central organ for the 
circulatory, cardiovascular system within the body. 
The heart can be further divided into the right and left 
sides where the right side receives used, deoxygenated 
blood from the various organs of the body and delivers 
it to the lungs for reoxygenation. The left side receives 
oxygenated blood from the two lungs and pumps it to 
the various organs, tissues, and cells of the body [1].

The structure of the heart is composed of four dis-
tinct chambers and four valves. The two upper cham-
bers are termed atria and act as receiving chambers, 
receiving the blood coming in to the heart from out-
side the heart. The right atrium, receives the deoxy-
genated blood from the body, whereas the left atrium 
receives oxygenated blood from the lungs. The atria 
transfer their contents into the corresponding lower 
chambers. The two lower chambers are termed ven-
tricles and act as the pumping chambers of the heart. 
The right ventricle (RV), that receives the contents of 
the right atrium, pumps deoxygenated blood to the 
lungs for reoxygenation. The left ventricle (LV), on 
the other hand, receives blood from the left atrium and 
pumps this oxygenated blood to the entire body [3,4].

The upper and lower chambers, on each side, are 
connected to each other through one-way valves. These 
valves ensure that the blood flows only from the atrium 
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to the ventricles and there is no regurgitation or leak-
age. The right atrium is connected to the RV through 
the tricuspid valve. The left atrium is connected to the 
LV through the mitral valve. One way valves are also 
present in the pathway of the blood as the ventricles 
pump their contents. As the RV pumps the deoxygen-
ated blood to the lungs, the valve that controls this flow 
is termed the pulmonary valve. As the oxygenated 
blood makes it way to the rest of the body with the 

pumping action of the LV, this flow is regulated by 
the aortic valve [1,3].

The oxygenated blood is pumped by the LV 
through the blood vessels to all organs, tissues, and 
cells of the body. The used, deoxygenated blood 
travels back to the heart for the RV to pump this into 
the lungs to reoxygenate the blood. This entire cir-
cuit is the cardiovascular system of the body. The blood 
vessels that transport blood away from the heart are 
termed arteries and the ones that take blood toward 

Figure 3 Heart.

Figure 1 Cardiovascular system.

Figure 2 Blood.
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the heart are called veins. From the LV blood is 
pumped into the main artery called the aorta. The 
aorta branches into numerous smaller arteries. When 
the blood from the arteries reaches its destination, the 
arteries are further divided into smaller arterioles and 
then into capillaries measuring 5–10 µm in diameter. 
It is in the capillaries that the exchange of substances 
occurs between the blood and the cells. Blood flows 
out of the organs and returns to the heart by the way 
of veins. The blood returns to the heart from the low-
er part of the body with the vein called the inferior 
vena cava, and from the upper part of the body with 
the superior vena cava (SVC) [1,3].

2.1.1 Functioning of the Heart
Circulating within the human body, the total quan-

tity of blood contained in the heart and the cardiovas-
cular system is approximately 5.6 L (6 quarts). The 
entire volume circulates through the body 3 times ev-
ery minute. The circulation of blood around the body 
is governed by the function of the heart muscle and its 
contractile motion or the heartbeat. The heartbeat can 
be divided into the actions of contraction and expan-
sion known as the systole and diastole, respectively. 
Systole is the contraction period of the cardiac cycle, 
generally referring to ventricular contraction. Systole 
is associated with the first heart sound; “lub,” this 

sound signifies the closing the atrioventricular (AV) 
valves preventing backflow of blood into the atria. 
Diastole refers to the period that is the opposite of 
contraction of the heart. This relaxation, specifically 
ventricular, releases blood through the semilunar 
valves and these valves under the influence of the high 
flow pressure press the leaflets downward and snap 
shut. The second characteristic sound of the heart; the 
“dub,” is caused due to this shutting of the valves [1].

The entire cardiac cycle is described as one com-
plete heartbeat. This cycle is illustrated in Fig. 5. 
Ventricular contraction results in the ejection of 
blood through the aorta, the amount of blood ejected 
in one contraction is known as the ejection fraction. 
Ejection fraction is an important measure of cardiac 
function and it is a comparison of stroke volume to 
the end-diastolic volume. The overall cardiac con-
tractile state is expressed as follows:

=Ejection fraction (%)
Stroke volume

End diastolic volume

The ejection fraction is thus, the ratio between 
the stroke volume and end-diastolic volume for the 
LV. At rest, the end diastolic volume typically ranges 
from 120 to 130 mL and the end-systolic volume 
ranges between 50 and 60 mL. This leads to the 
stroke volume being 70 mL and an ejection fraction 
greater than 50%.

Ejection fraction (%)=Stroke volumeEnd diastolic volume

Figure 4 Anatomy of the heart.
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Cardiac output is the volume of blood measured 
in liters, ejected by the heart per minute. It is calcu-
lated by the product of the stroke volume and heart 
rate. At rest, the cardiac output varies from 4 to 6 L/
min in a healthy person. Measurement of the cardiac 
output can help evaluate the overall cardiac status of 
the person as well as determine their left ventricular 
function and valve performance [3,4].

2.1.2 Coronary Circulation System
The supply of oxygenated blood to the heart is vital 

in the functioning of the organ as the center of the car-
diovascular system. The blood supply to the heart tis-
sue with oxygenated blood is known as the coronary 
circulation system. The arteries that supply blood to 
the heart are the arteries that branch off the aorta. The 
two openings in the aorta that lead to the two main 
blood vessels supplying the heart are known as the 
coronary ostia. From the coronary ostia, the two main 
vessels that feed the heart are the right coronary artery 
(RCA) and the left main (LM) coronary artery. The 
RCA is the main source of fresh blood to the RV, in 
addition, the RCA supplies 25–35% of the blood to 
the LV. The LM artery arises from the ascending aor-
ta just above the aortic valve. It further branches into 
the left anterior descending (LAD) coronary artery 
and the circumflex (CIRC) artery. The deoxygenated 

blood is then returned to the right atrium through the 
coronary venous system [1]. The coronary circulation 
system of the heart can be seen in Fig. 6.

2.1.3 Structure of the Heart
The heart is surrounded by the rib cage, directly in 

front of it is the sternum and behind it is the vertebral 
column. The sternum is also known as the breastbone 
and it is the flat narrow bone running in front of the 
thoracic cavity. The heart rests on the diaphragm and 
is between the two lungs. The position of the heart 

Figure 6 Heart coronary arteries.

Figure 5 Heart systole and diastole.
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is slightly titled and this causes the lower tip of the 
heart to occupy the area between the fourth and fifth 
ribs on the left side of the chest (Fig. 7).	Hence,	the	
left side of the chest is where the heart beat is heard 
the loudest.

The heart muscle sits in a sac known as the peri-
cardium. The pericardium is a two-layered mem-
brane structure wherein the membranes are separated 
by pericardial fluid and the presence of this fluid al-
lows the formation of a flexible sac enabling move-
ment of the inner layer as the heart beats. The heart 
wall is divided into three layers,

•	 epicardium
•	 myocardium
•	 endocardium

The outer most layer is known as the epicardium, 
this layer is thin, tough, and fibrous. The coronary ar-
teries and nerves are found in this layer. The myocar-
dium forms the middle layer of the heart; it is also the 
muscular layer that provides the main power of the 
heart. Its muscular nature apart from being the main 
source of the contractile power of the heart is also its 
main mass component. The innermost layer of the 

heart is composed of endothelial cells and is called 
the endocardium. The endothelial cells provide an 
extremely smooth surface to prevent the formation 
of any blood clots [1,3].

The two upper chambers in the heart are called the 
atria. The right atrium receives deoxygenated blood 
from the venous system through the superior and in-
ferior vena cava. The left atrium, on the other hand, 
receives oxygenated blood from the pulmonary sys-
tem.	The	size	of	the	atria	is	similar	to	that	of	a	golf	
ball with their walls being approximately 3-mm thick.

The two lower chambers are called the ventricles 
and they are the pumping chambers of the heart. The 
RV receives deoxygenated blood from the right atri-
um and pumps it to the pulmonary system for infu-
sion with fresh oxygen. The LV receives oxygenated 
blood from the left atrium and pumps it out of the heart 
to the rest of the body through the aorta. As the LV 
has to work harder to pump the blood for a longer 
distance through the body, the wall of the LV is about 
16-mm (0.63-in.) thick as compared to the wall of the 
RV which is around 6-mm (0.24-in.) thick [5].

Each of the four valves of the heart is surrounded 
by a complete or partial fibrous ring. These rings join 
together to form a connective tissue layer forming a 
fibrous skeleton frame of the heart muscle. This fi-
brous skeleton plays an important role to electrically 
and physically isolate the atria from the ventricles. 
In	fact,	the	bundle	of	His,	explained	later,	is	the	only	
electric connection between the atria and the ven-
tricles. The skeleton also provides a certain degree 
of rigidity to the heart muscle and thus helps in the 
prevention of the individual valve and outflow tracts 
from dilation [4].

2.1.4 Heart Valves
The heart has four major valves that help regulate 

the flow of blood within the muscle and to the rest of 
the body (Fig. 8). All valves are made up of leaflets 
or cusps that open and close effectively regulating 
the flow of blood in only one direction. Valves sepa-
rate the atria from the ventricles and these are called 
AV valves. The AV valves have fibrous tissue, chor-
dae tendineae, attached to papillary muscles that help 
prevent leaflet prolapse and regurgitation of blood 
into the atria. The valve between the right atrium and 
the RV is called the tricuspid valve. The tricuspid 
valve has three leaflets and is situated on the floor of 
the right atrium. The valve between the left atrium 
and the LV is called the mitral valve. Mitral valve 
forms an essential part of the LV and is bicuspid in 
nature, that is, composed of two leaflets. The leaflets 

Figure 7 Location of the heart.
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are	unequal	in	size	and	are	known	as	the	anterior	and	
posterior leaflets [1].

The valves connecting the ventricles to the arter-
ies leaving the heart are called semilunar valves. The 
pulmonary valve connects the RV to the pulmonary 
artery as the RV sends deoxygenated blood to the 
lungs for oxygenation. The aortic valve is between 
the LV and the aorta. The aorta is the main artery of 
the cardiovascular system and the blood is distrib-
uted to the rest of the body through branches arising 
out of the aorta.

2.1.5 Conduction System of Heart
The electrical system of the heart plays a cru-

cial role in the functioning of the pumping action 
of the heart. The electrical system’s conduction 
begins at the sinoatrial (SA) node. From the SA 
node the impulse is transmitted to the AV node. 
From the AV node the impulse travels through the 
bundle	 of	 His	 and	 specialized	 Purkinje	 fibers	 to	
the ventricular muscle. This conduction pathway 
is illustrated in Fig. 9. The sustenance of this con-
duction system is through the blood supply to the 
conduction system and this blood supply is mainly 
through the RCA [1].

The cardiac electrical system is based on the abil-
ity of cardiac cells to contract in response to the 
depolarization	of	 the	 cells.	At	 rest,	 the	 cardiac	 cell	
has less positive charge inside than outside so the net 
electric potential in the cell is negative. As the cell 
is stimulated, it goes into an excited state and in re-
sponse it allows sodium ions (Na+), among a series 
of other positively charged ions, to diffuse into the 
cells, this entry of positive ions creates a positive 
charge inside the cell. This permeation process is 
known	 as	 depolarization	 and	 as	 depolarization	 oc-
curs, the cardiac cell contracts. There is selective 
permeability of ions back and forth through cardiac 
tissue which have special ion channels. To repeat-
edly	depolarize,	cardiac	tissue	must	return	to	its	rest-
ing	state,	this	return	is	called	the	repolarization.	The	
continuous	cycle	of	depolarization	and	repolarization	
is the essential part of the cardiac electrical system. 
This cycle is conducted from cell to cell, causing an 
electric current to generate. There are certain cells of 
the heart that have the ability to undergo spontaneous 
depolarization,	this	property	of	the	cells	is	known	as	
automaticity and the SA and AV node cells have the 
greatest automaticity [6].

The	 entire	 depolarization–repolarization	 cycle	 is	
known as the action potential of the cell. The action 

Figure 8 Heart valves.
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potential begins with the cell in a resting state, selec-
tive permeability allows primarily Na+ ions to enter 
into the cells, lifting the ionic state of the cells to a 
net	positive	potential.	Repolarization	causes	the	posi-
tive ions to move out of the cells and the cell conduc-
tivity passes on this cycle to adjacent cells and the 
entire muscle goes through the cycle and associated 
contractions.

Depolarization	of	 the	atria	and	ventricles	creates	
the contraction of the atria and ventricles. This wave 
of	depolarization	goes	 through	 the	heart	 in	 the	 fol-
lowing path (Fig. 9):

•	 SA	node
•	 AV	node
•	 bundle	of	His
•	 Purkinje	fibers

As	 the	 cycles	 of	 depolarization	 and	 repolariza-
tion happen, an electric current is generated and 
spread within the heart. This electrical activity can 
be measured by the placement of electrodes on an 
individual’s heart. This measurement generates what 
is known as the electrocardiogram (ECG). The ECG 

is also referred to as the EKG. Different parts of the 
ECG record can be related to the different electri-
cal activities of the heart as shown in Fig. 10. The 
ECG curve is an important tool for the physician to 
diagnose heart electrical activity. ECG is dealt with 
in greater detail in the following section on cardiac 
assessment and diagnosis.

In summary one can say the rhythm of the heart is 
crucial to the proper functioning of the heart muscle 
and the resultant circulation of blood throughout the 
body. This rhythm is regulated by electrical activity 
in the heart. An electrical signal is generated in the 
right atrium of the heart in the SA node, this signal 
causes the atrium to contract and pump blood to the 
RV. This signal then travels to the AV node, the AV 
node functions as a relay station. The signal is de-
layed in this travel, by a fraction of a second, allow-
ing the atrium to completely fill the ventricle with 
blood. The signal then travels through the Purkinje 
fibers, this leads to the contraction of the ventricles, 
in	the	process	squeezing	the	blood	out	of	the	heart.	
The contracted RV supplies oxygenated blood to the 
organs	of	the	body	whereas	the	LV	squeezes	deoxy-
genated blood to have it refreshed in the lungs [1,6].

Figure 9 Heart conduction system.
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2.2 Systemic Circulation

The cardiovascular system comprises the heart, 
arteries, capillaries, and veins. Blood flow from the 
LV trough the arteries to the different organs and then 
back to the heart is referred to as systemic circulation. 
In systemic circulation, the blood is transferred to the 
aorta. The aorta is the main artery that is connected to 
the heart; the aorta carries oxygenated blood from the 
heart to different arterial branches throughout the body.

2.2.1 Arterial Network
The aorta originates from the LV of the heart and 

extends to the bottom of the abdomen before it is di-
vided to two smaller arteries. The aorta is the largest 
artery in the body; it is about 12 in. (∼300 mm) in 
length and measures about an inch (∼25 mm) in diam-
eter. The aorta is divided into sections, in one system 
of classification; the division is based on the direction 
of blood flow. As oxygenated blood emerges from the 
LV, the flow of blood in the aorta is upward and this 

section is the ascending aorta. Then the aorta makes a 
sharp, hairpin, bend over the heart and the blood flow 
is downward, this section is the descending aorta. The 
hairpin bend is referred to as the aortic arch. The de-
scending aorta is further divided according to the po-
sition of the blood vessel, as the aorta passes through 
the thoracic cavity it is known as the thoracic aorta 
and as it passes through the abdominal region, it is 
known as the abdominal aorta [1].

A few arteries emanate from the different sections 
of the aorta. The main arteries coming out of the as-
cending artery are the ones that supply oxygenated 
blood to the heart, that is, the RCA and the left coro-
nary artery. The arteries branching out from the aortic 
arch supply blood to the upper part of the body, head, 
neck, and the chest, as well as to the arms. The de-
scending aorta begins from around the region of the 
fourth intervertebral spinal disc and arterial branches 
coming out of the thoracic descending aorta supply 
blood to the esophagus, pericardium, diaphragm, and 
the lungs. Lumbar and renal regions receive oxy-
genated blood from arteries branching out from the 

Figure 10 Heart depolarization and ECG.
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abdominal aorta that then descends to the lower por-
tion of the abdomen and bifurcates into smaller right 
and left iliac arteries. The iliac arteries originate at 
around the fourth vertebra of the lumbar spine and the 
right left iliac artery travel down the respective sides 
for about 2 in. or 5 cm to the edge of the pelvis. There 
they split again into the internal and external iliac ar-
teries. The internal iliac artery provides blood to the 
pelvic region whereas the external iliac artery pro-
vides the main blood supply to the lower limbs [1,4].

2.2.2 Structure of Arteries
The wall of the aorta is composed of several layers 

[1] (Fig. 11):

•	 The	tunica	intima,	the	innermost	layer,	provides	
a smooth surface for blood to flow across. The 
smooth lining is made up on endothelium cells 
covered by elastic tissues.

•	 The	tunica	media,	the	middle	layer	with	muscle	
and elastic fibers, allows the aorta to expand 
and contract with each heartbeat.

•	 The	 tunica	 adventitia,	 the	 strong	 outer	 layer,	
provides additional support and structure to the 
aorta. It is composed of connective tissue as 

well as collagen and elastic fibers. These fibers 
allow the arteries to stretch to prevent overex-
pansion due to the pressure that is exerted on 
the walls by blood flow.

2.2.3 Microcirculation
The arteries carry blood to the various organs in 

the body and through the smallest blood vessels em-
bedded in the vasculature of the organ tissues. This 
circulation through the small blood vessels is known 
as microcirculation. Arterioles, capillaries, and ve-
nules form the main constituents of microcirculation. 
The arteries narrow down into thinner sections and 
these thinner blood vessels are called arterioles and 
the arterioles eventually transport the blood into cap-
illaries. Capillaries are the smallest blood vessels in 
the body and measure between 5 and 10 µm (0.0002–
0.0004 in.) in diameter. The capillaries are present as a 
network of capillaries and is referred to as a capillary 
bed. The capillaries are composed of endothelial 
cells and the lining of these cells is only one-layer 
thick. Through the capillaries an exchange of oxygen 
and essential nutrients occurs to the surrounding tis-
sue, the nutrient exchange and the flow of blood in 
the capillary has been a source of many investiga-
tions [1,4,5]. The exchange of substances occurs as 
a result of the combination of the hydrostatic pres-
sure differential, that is, the pressure difference be-
tween the blood in the capillary and the tissues, and 
the diffusion through the capillary wall. Nutrients are 
transferred to the tissue in the initial part of the cap-
illary whereas the wastes from the tissue enter the 
capillary toward the latter part. The capillary then 
widens to venules, the venules are between 10 and 
50 µm (0.0004–0.002 in.) in diameter and form the 
connection between the capillary bed and the veins. 
The deoxygenated blood is now carried back to the 
heart through the veins. This microcirculation circuit 
is illustrated in Fig. 12.

Figure 11 Structure of the artery.

Figure 12 Microcirculation.
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2.2.4 Venous Network
The system of veins is responsible for the passage 

of deoxygenated blood back to the heart. The net-
work of veins largely parallels that of the arteries, 
however there are smaller veins that do not parallel 
the arteries and branch off in different directions. 
These branched veins sometimes form superficial 
veins that are visible under the skin and very often 
are used to pump blood by deeper veins for tempera-
ture regulation of the body [4,5].

The largest veins in the human body are called the 
venae cavae. The SVC carries blood from the upper 
body above the diaphragm, the arms, the neck, and 
head to the right atrium of the heart. The SVC is typi-
cally an inch in diameter and is the normal site for 
access to many cardiovascular minimally invasive 
surgical procedures. The inferior vena cava carries 
blood from below the diaphragm, legs, and abdo-
men back to the heart. The inferior vena cava runs to 
the right and roughly parallel to the abdominal aorta 
along the spine.

2.2.5 Structure of Veins
The structure of a vein is similar to that of the ar-

tery in that it consists of three main layers. The outer 
layer is composed of connective tissue, called tunica 
adventitia, a middle layer of smooth muscle called 
the tunica media, and the inner layer lined with en-
dothelial cells called the tunica intima. They differ 
from the arterial structure with respect to the thick-
ness of the middle layer or tunica media. The tunica 
media is much thinner in the veins as the blood in 
the veins is not subject to high pressures it encoun-
ters in the arteries. Another major point of difference 
between the veins and the arteries is the presence 
of valves within the veins (Fig. 13). These valves 
are one-way valves that prevent the backflow of the 
deoxygenated blood. The motion of these valves is 
dependent on the relaxation and contraction action 
of skeletal muscles [4,5].

2.3 Pulmonary Circulation

After the systemic circulation, the right atrium re-
ceives the deoxygenated blood, transfers it to the RV 
and the RV pumps it through the pulmonary valve 
into the pulmonary artery. The pulmonary artery 
branches into the right and left pulmonary arteries 
carrying blood to the lungs. Blood is oxygenated in 
the lungs and returns to the heart through the pulmo-
nary veins. The pulmonary veins take the blood to the 

left atrium. The circulation of blood between the heart 
and the lungs is termed as pulmonary circulation [1].

Pulmonary circulation is the process of pumping 
of the deoxygenated blood from the right side of the 
heart to the lungs. The deoxygenated blood flows 
into the right atrium and transfers to the RV through 
the tricuspid valve. The RV then pumps the deoxy-
genated blood through the pulmonary valve into the 
pulmonary artery where the transfer from the heart to 
the lungs occurs. The pulmonary artery divides above 
the heart into two branches and these two branches 
go to the right and left lungs. In the lungs the arteries 
further subdivide into smaller and smaller branches 
until the capillaries in the pulmonary air sacs (al-
veoli) are reached. In the capillaries gas exchange 
happens, that is, blood takes up oxygen from the air 
breathed into the air sacs during respiration and re-
leases carbon dioxide. The reoxygenated blood then 
flows into progressively larger blood vessels until the 
pulmonary veins are reached. The pulmonary veins 
transport the oxygenated blood into the left atrium of 
the heart and from the left atrium blood is transferred 
to the LV through the mitral valve. The pumping 
mechanism of the heart then pumps the oxygenated 
blood from the LV through the aortic valve to the 
aorta and from there to all parts of the body [1,6].

The heart can very often be looked upon as two 
separate pumps. The left side receives oxygenat-
ed blood from the lungs and pumps this blood out 
through the aorta to all parts of the body. Therefore, 
the left side is considered a part of the systemic 

Figure 13 Vein.
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circuit. On the other hand, the right side receives 
deoxygenated blood from the body and pumps this 
blood to the lungs for oxygenation. The right side is 
thus considered a part of the pulmonary circuit. The 
pressure of the blood in the pulmonary circuit is low-
er than in the systemic circuit, this is reflected in the 
size	of	the	ventricles	and	the	construction	of	its	walls.	
The pulmonary circulation is depicted in Fig. 14.

3 Cardiovascular Assessment 
and Diagnostic Procedures

3.1 Physical Examination

Auscultation is the often the first procedure that 
a physician employs in the examination of a patient. 
The origin of auscultation is the Latin word “auscul-
tare” which literally means to listen. Auscultation re-
quires only a stethoscope and good listening skills; 
however, it is an art that takes substantial degree of 
practice to develop. In listening to the sounds of the 
heart, the physician concentrates on noting the heart 
rate, looks for any abnormal sounds such as heart 
murmurs or gallops and any extra sounds coinciding 
with	heartbeats.	Heart	 sounds	are	 the	noises	gener-
ated by the beating heart and the resultant flow of 
blood through it. Specifically, the sounds reflect the 
turbulence created when the heart valves snap shut. 
In healthy adults, there are two normal heart sounds 
often described as a lub and a dub, which occur in 

sequence with each heartbeat. These are the first 
heart sound (S

1
) and second heart sound (S

2
), that cor-

respond to the closing of the valves, the AV valves 
and the semilunar valves, respectively. In addition to 
these normal sounds, a variety of other sounds may 
be present including heart murmurs, adventitious 
sounds, and gallop rhythms S

3
 and S

4
.

3.2 Electrocardiogram

The electrocardiogram (ECG or EKG) measures 
the electrical activity of the heart over a period of 
time. Several tiny electrodes are placed at several 
strategic positions over the heart. The electrodes de-
tect the tiny electrical changes that occur as a result 
of	 the	 depolarization	 of	 the	 heart	 muscles	 during	
each heartbeat. The output from these electrodes is 
recorded over a period of time and the output graph 
of electrical voltage (y-axis) versus time (x-axis) is 
the electrocardiogram [7]. As we have seen earlier, the 
electrical conduction begins in the SA node in the right 
atrium; from here it is transferred to the AV node and 
down	the	bundle	of	His	and	into	the	Purkinje	fibers,	
spreading throughout the ventricles. This cellular de-
polarization	and	subsequent	conduction	 is	 recorded	
as the ECG.

The ECG helps the physician monitor and evaluate 
a number of conditions of the heart and its electrical 
conduction system. Among other things, an ECG can 
be used to measure the rate and rhythm of heartbeats, 

Figure 14 Pulmonary circulation.
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the	size	and	position	of	the	heart	chambers,	the	pres-
ence of any damage to the heart’s muscle cells or 
conduction system, the effects of cardiac drugs, and 
the function of implanted pacemakers [8].

A typical ECG is depicted in Fig. 15 and the de-
scription of the features of the ECG is tabulated in 
Table 1.

3.3 Echocardiogram

An ultrasound image of the heart is known as the 
echocardiogram. Ultrasound images, also known as 
sonograms, are formed when high frequency sound 
waves,	greater	than	20,000	Hz	in	frequency	and	in-
audible to the human ear, reflect off tissues and the 
image of the reflected waves is recorded. The echo-
cardiograph has several advantages in that it is rela-
tively inexpensive, portable, records live images and 
does not use harmful radiation. Echocardiogram is 
also noninvasive and no known risks or side effects 
are associated with it. It, however, also has several 
limitations such as requiring a skilled operator and 
having a limited field of view. Despite these limita-
tions, echocardiogram is one of the most widely used 
diagnostic tests in heart function evaluation. It pro-
vides	a	lot	of	helpful	information,	including	the	size	
and	shape	of	the	heart	(internal	chamber	size	quan-
tification), pumping capacity, and the location and 
extent of any tissue damage. An echocardiogram can 
also give physicians other estimates of heart func-
tion such as a calculation of the cardiac output, ejec-
tion fraction, and diastolic function (relaxation of the 
heart).

The standard echocardiogram is the transthoracic 
echocardiogram; this is a noninvasive technique 
where the probe is placed on the wall of the chest of 
the individual and the images of the heart are taken 
though the chest. In a transesophageal echocardio-
gram, a probe, containing an ultrasound transducer, is 
inserted into the esophagus of the individual. A vari-
ation of the ultrasound is the stress echocardiogram 
where the image is recorded with the individual per-
forming action such as walking on a treadmill. Stress 
echocardiogram is recorded at the target heart rate of 
the individual that varies according to the age of the 
individual. The stress echocardiogram can help in the 
assessment of coronary artery disease (CAD); CAD 
causes an abnormality in the motion of the heart wall 
that can be picked up by the stress echocardiogram 
image, a three-dimensional (3D) image of the heart 
using	a	modified	ultrasound	probe	and	a	specialized	
image processing system. The 3D image enabled 
detailed assessment and diagnosis of valvular condi-
tions and certain myopathies [9]. Another technique 
based on echocardiography is the use of contrast to 
produce a contrast enhanced ultrasound image [10]. 
An ultrasound contrast made up of microair bubbles 
is injected into the bloodstream; the microbubbles re-
turn the ultrasound to produce a sharp image.

3.4 Cardiac Catheterization

Cardiac	 catheterization	 is	 a	 minimally	 invasive	
diagnostic procedure that depends upon the insertion 
of the catheter into the vasculature. The catheter may 
be inserted from the femoral artery in the patient’s 
thigh or through the radial artery in the patient’s arm 
(Fig. 16).	Cardiac	 catheterization	 allows	 the	physi-
cian	 to	 visualize	 the	 circulatory	 system	 around	 the	
heart muscle and in the areas of interest. Coronary 
catheterization	is	a	subset	of	cardiac	catheterization	
looking specifically at the coronary arteries surround-
ing	the	heart.	Coronary	catheterization	can	be	used	to	
study the coronary arteries for blockages, occlusion, 
stenosis, or restenosis. The aorta can be checked for 
the presence on aneurysmal defects. The heart cham-
ber	sizes	can	be	evaluated	as	well	as	certain	functions	
of the heart valves. Catheters with pressure sensors 
can help accurately determine heart and lung blood 
pressures, values that cannot be measured from out-
side the body [11].

Cardiac	catheterization	requires	the	use	of	fluoros-
copy	to	visualize	the	path	of	the	catheter	as	it	enters	
the heart or as it enters the coronary arteries. Fluo-
roscopy can be conceptually described as continuous 

Figure 15 Normal ECG.
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X-rays. Thus, the presence of radio opaque agents in 
the catheter helps with the positioning of the catheter 
and guidance with the location of the catheter at any 
point of time. In certain procedures, such as angiog-
raphy, where the physician looks for the presence 
of occlusion in the coronary arteries, a radiocontrast 
agent, commonly called an X-ray dye, is injected 
through the catheter into the bloodstream. The flow 
of this radiocontrast agent enables the physician to vi-
sualize	the	blood	flow	path	in	the	artery	and	establish	
the	presence	of	 any	blockages.	Cardiac	 catheteriza-
tion can be of the left part of the heart or of the right 
part.	Left	 heart	 catheterization	 allows	 the	physician	

to look for occlusions in the arteries. Right heart 
catheterizations	 allow	 the	 physician	 to	 estimate	 the	
cardiac output, the amount of blood that flows from 
the heart each minute, and the cardiac index, a hemo-
dynamic parameter that relates the cardiac output to a 
patient’s body surface area. Determination of cardiac 
output can be done by releasing a small amount of 
normal saline in one area of the heart and measur-
ing temperature changes over time in another area 
of the heart. A couple of newer techniques that are 
used	successfully	in	cardiac	catheterization	are	opti-
cal coherence tomography (OCT) and fractional flow 
reserve technique (FFR). OCT can be looked upon 

Table 1 Description of Features in the Output of an Electrocardiogram (ECG)

Feature Description Duration

RR interval The interval between an R wave and the next R wave; normal resting heart 
rate is between 60 and 100 bpm.

0.6–1.2 s

P wave During normal atrial depolarization, the main electrical vector is directed 
from the SA node toward the AV node and spreads from the right atrium 
to the left atrium. This turns into the P wave on the ECG.

80 ms

PR interval The PR interval is measured from the beginning of the P wave to 
the beginning of the QRS complex. The PR interval reflects the time the 
electrical impulse takes to travel from the sinus node through the AV node 
and entering the ventricles. The PR interval is, therefore, a good estimate 
of AV node function.

120–200 ms

PR segment The PR segment connects the P wave and the QRS complex. The impulse 
vector is from the AV node to the bundle of His to the bundle branches 
and then to the Purkinje fibers. This electrical activity does not produce a 
contraction directly and is merely traveling down toward the ventricles, and 
this shows up flat on the ECG. The PR interval is more clinically relevant.

50–120 ms

QRS complex The QRS complex reflects the rapid depolarization of the right (RV) and left 
ventricles (LV). The ventricles have a large muscle mass compared to the 
atria, so the QRS complex usually has a much larger amplitude than the 
P wave.

80–120 ms

J point The point at which the QRS complex finishes and the ST segment begins. 
It is used to measure the degree of ST elevation or depression present.

N/A

ST segment The ST segment connects the QRS complex and the T wave. The ST 
segment represents the period when the ventricles are depolarized. It is 
isoelectric.

80–120 ms

T wave The T wave represents the repolarization (or recovery) of the ventricles. The 
interval from the beginning of the QRS complex to the apex of the T wave 
is referred to as the absolute refractory period. The last half of the T wave is 
referred to as the relative refractory period (or vulnerable period).

160 ms

ST interval The ST interval is measured from the J point to the end of the T wave. 320 ms

QT interval The QT interval is measured from the beginning of the QRS complex to the 
end of the T wave. A prolonged QT interval is a risk factor for ventricular 
tachyarrhythmias and sudden death. It varies with heart rate and, for 
clinical relevance, requires a correction for this, giving the QTc.

Up to 420 
ms in heart 
rate of 60 
bpm
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as optical echocardiograph; OCT is a technique that 
is capable of obtaining subsurface images of trans-
lucent or opaque tissue at a resolution equivalent of 
images from a low power microscope. The use of 
OCT	in	catheterization	enables	very	accurate	diagno-
sis and location especially of CAD [12,13]. FFR is a 
technique that uses pressure differences in the blood 
flow through a coronary artery to detect stenosis. FFR 
uses a small sensor on the tip of the wire (commonly 
a transducer) to measure pressure, temperature, and 
flow to determine the exact severity of the lesion. A 
pullback of the pressure wire is performed and pres-
sures are recorded across the vessel [14].

4 Cardiovascular Diseases

As we have seen the criticality of the entire car-
diovascular system, any deviation from the normal 
conditions can lead to a diseased circulatory system 
and subsequent development of cardiovascular dis-
eases. Cardiovascular diseases are the leading cause 
of death globally. This is true in all areas of the world 
except Africa [15]. Together they resulted in 17.3 
million deaths (31.5%) in 2013 up from 12.3 million 
(25.8%) in 1990 [16].

As a result of being the leading cause of mor-
tality, the risk factors for cardiovascular diseases 
have been thoroughly investigated in many studies 
[17–20]. Several risk factors that are associated with 

cardiovascular disease; these are identified and listed 
in several studies as:

•	 age
•	 gender
•	 tobacco	use
•	 physical	inactivity
•	 excessive	alcohol	consumption
•	 unhealthy	diet
•	 obesity
•	 genetics	 or	 family	 history	 of	 cardiovascular	

disease
•	 raised	blood	pressure	(hypertension)
•	 raised	blood	sugar	(diabetes	mellitus)
•	 raised	blood	cholesterol	(hyperlipidemia)
•	 psychosocial	factors	or	increased	mental	stress	

levels
•	 poverty	and	low	educational	status
•	 air	pollution

It is said that more than 90% of the deaths caused 
by cardiovascular diseases are preventable [21].

The management of the risk factors mentioned 
earlier through proper diet, exercise, eliminating to-
bacco and limiting alcohol intake is shown to be suc-
cessful in reversal of cardiovascular diseases in many 
patients in several studies [22,23].

Figure 16 Catheterization.
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Cardiovascular diseases can be broadly classified 
as the diseases affecting the heart and the diseases 
affecting the blood vessels.

Diseases directly affecting the heart include:

•	 valvular	disease
•	 heart	failure
•	 cardiac	arrhythmias

The diseases affecting primarily the blood vessels 
in the cardiovascular system include:

•	 CAD
•	 peripheral	arterial	disease
•	 aortic	aneurisms

4.1 Valvular Heart Disease

A disease affecting one or more of the heart valves 
in the human heart is termed as valvular heart dis-
ease. The aortic and mitral valves on the right side of 
the heart and pulmonary and tricuspid valves on the 
left side of the heart constitute the four valves of the 
heart. Collectively the valves form a part of the con-
nective tissue frame of the heart which is otherwise 
known as the cardiac skeleton [4,5]. Valve diseases 
are either congenital, present at birth or become an 
issue with advancing age. Old age is a major factor 
and an estimate puts about 10% of the people above 
the age of 75 tend to have heart valve disease [21].

4.1.1 Aortic Valve
The aortic valve is present between the RV and the 

main artery, the aorta. It is a valve composed of three 
leaflets and performs the primary function of pump-
ing oxygenated blood from the LV into the aorta that 
distributes it to the rest of the body [1]. Two defects 
of the aortic valve that can cause serious issues with 
blood flow through the cardiovascular system are 
aortic stenosis (AS) and aortic insufficiency (AI). 
When the exit passage from the valve opening nar-
rows due to a buildup of deposits either within the 
valve or above and below the valve, it is known as 
aortic stenosis (AS). This narrowing of the exit causes 
a decrease of blood supply from the heart to the rest 
of the body. This decrease in blood supply can lead to 
primary symptoms of shortness in breath, inability to 
exercise and fluid retention with swelling of the legs. 
In severe situations, loss of consciousness and heart 
failure may occur. Valve stenosis effects are depicted 

in Fig. 17. When blood begins to flow in the reverse 
direction during ventricular diastole, that is, from the 
aorta into the LV, this leakage is called aortic insuffi-
ciency, also known as aortic regurgitation (AR). With 
AI, there is leakage of the blood from the aorta back 
into the LV due to the improper closure of the aor-
tic valve. The leakage occurs during the early part of 
ventricular diastole as the pressure in the LV falls be-
low the pressure in the aorta and the aortic valve does 
not offer a good enough seal. AI can cause an increase 
in the volume of blood in the LV and that can lead 
to thickening of the walls of the LV, left ventricular 
hypertrophy	(LVH)	and	in	severe	cases	further	lead	to	
pulmonary	edema	and	congestive	heart	failure	(CHF).

There are three primary causes of AS: it can be 
a birth defect, that is, congenital, it can be caused 
due to an incidence of rheumatic fever or it can be a 
result of aging. In terms of a birth defect, people may 
be born with a bicuspid aortic valve. This congenital 
heart valve defect can occur in 1–2% of the world 
population [24]. Rheumatic fever usually follows a 
strep throat infection; repeated incidences of strep 
throat especially if untreated can lead to inflation of 
the	 heart	 and	 rheumatic	 heart	 disease	 (RHD).	 This	
RHD	leads	to	AS.	RHD	is	more	common	as	a	path	
to AS in the developing world. Aging can also cause 
AS with hardening of the valve tissue over time [25].

AI is caused by two main factors; aortic root dila-
tion	and	RHD	[26]. Aortic root dilation is said to be 
mainly idiopathic in nature, that is, its causes are un-
known. It is also seen that most of the AI cases tend 
to have the cause of aortic root dilation in developed 
countries	as	opposed	to	RHD	being	the	main	cause	of	
AI in developing countries.

For the development of AS over time, the risk fac-
tors are similar to the risk factors for CAD and these 

Figure 17 Valve stenosis.
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include smoking, high blood pressure, high choles-
terol, and diabetes. AS manifests as heart murmurs 
and this can be easily picked up using ultrasounds. 
Repeated ultrasound tests allow the physician to as-
sess the severity of the AS and decide on the course 
of action.

The human aortic valve normally consists of 
three leaflets and in an open position, the total area 
amounts to between 3 and 4 cm2. As the LV con-
tracts, it forces oxygenated blood down the aorta and 
subsequently to the rest of the body. In AS, the sur-
face area of the aortic valve opening narrows, this 
narrowing can occur mainly due to the calcification 
of the tissues either surrounding the valve or in the 
valve itself. This narrowing results in the LV exert-
ing extra pressure to force blood through the aorta. 
This increased pressure results in a thickening of the 
muscular walls of the LV [27]. As a consequence of 
the thickening, extra oxygenated blood is required 
by the muscle walls of the LV. The requirement for 
the extra blood is not fulfilled by the normal sup-
ply as the arteries supplying the blood to the LV 
have not increased in diameter or length. This leads 
to	 ischemia	and	eventually	 to	LVH.	The	LVH	and	
ischemia is first visible during exercise but eventu-
ally the heart muscle requires more blood than the 
arteries can supply even at rest.

The diagnosis of AS can be achieved in a few 
ways. Physical examination can give one clues about 
the existence of AS without providing conclusive 
evidence. Sounds as recorded by the physician with 
a stethoscope can point to differences between AS 
and a healthy heart. With AS, a noticeable delay is 
observed between the two sounds, of the first heart 
sound (on auscultation) and the corresponding pulse 
sound in the carotid artery. Also clearly audible is 
a heart “murmur.” The murmur happens during the 
systolic cycle, is best heard at the right upper sternal 
border and is seen to radiate to the carotid arteries. 
The electrocardiogram (ECG) also points to the ex-
istence of AS without offering any conclusive proof. 
Cardiac	 catheterization	 provides	 a	 more	 definitive	
diagnosis when pressure measurement is effected on 
both sides of the aortic valve. The best diagnosis for 
AS, however, is achieved by the use of heart ultra-
sound. The heart ultrasound output also known as 
an echocardiogram, is a noninvasive tool to evaluate 
the anatomy of the aortic heart valve and examine its 
function. The echocardiogram also provides the best 
diagnosis for AI, transthoracic echocardiography can 
provide two-dimensional (2D) views of the regur-
gitated blood stream; it allows measurement of the 

speed of the blood stream using Doppler techniques, 
and estimates the blood stream volume.

The management of AS depends upon the severity 
of the condition. Early and moderate cases of AS are 
treatable with medications such as beta blockers and 
statins, however, the effectiveness of medications in 
treating or slowing down the progression of AS is 
as yet unproven [28,29]. Aortic valve replacement is 
seen as the therapy for severe cases of AS. Aortic 
valve replacement is most commonly replaced using 
a surgical procedure with either a mechanical or a tis-
sue valve. The procedure for aortic valve replacement 
is usually an open heart surgical procedure; however, 
in a growing number of cases a minimally invasive 
surgical procedure is used. In the minimally invasive 
procedure, valve replacement is done through the 
blood vessels rather than through open heart surgery.

Open heart surgery is a surgery in which the chest 
is opened and surgery is done on the heart muscle, 
valves, arteries, or other parts of the heart (such as 
the aorta). The term “open” means that the chest is 
“cut” open. The cardiac surgeon makes a 5–8 in. in-
cision (Fig. 18) in the patient’s chest; the breastbone 
of the individual is surgically sawed off to expose the 
heart [30]. A heart–lung machine is often used when 
open heart procedures are carried out. The heart–lung 
machine takes over the basic function of blood circu-
lation away from the heart and keeps the circulatory 
system in the body functioning. These heart–lung 
machines are termed as cardiopulmonary bypass.

There are two basic types of artificial aortic heart 
valves, the mechanical heart valve and the tissue 
heart valve. Mechanical valves have a metallic struc-
ture and are designed to replicate the performance of 
a natural human heart valve. To perform the action 
of a one-way valve, that is, to efficiently pump blood 
from the ventricle to the aorta without significant re-
gurgitation, mechanical heart valves are designed in 
different ways of which two designs, tilting disc and 
bileaflet valves, are the most popular [24]. Mechani-
cal heart valves are extremely durable and they far 
exceed the lifetime of a human, however, regular use 
of an anticoagulant medication such as warfarin is 
necessary. Tissue heart valves, on the other hand, do 
not require the use of anticoagulants due to the im-
proved blood flow dynamics and less clotting experi-
enced with these systems. The main limitation of tis-
sue valves is their lifespan, traditional tissue valves 
typically last 15 years. Tissue valves are fabricated 
from porcine and bovine tissue [24].

The minimally invasive procedure is known by 
a few different names, percutaneous aortic valve 
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replacement (PAVR), transcatheter aortic valve im-
plantation (TAVI) or transcatheter aortic valve re-
placement (TAVR) [31]. In this procedure, several 
access methods can be used to heart, transfemoral, 
transapical, subclavian, transcaval, or direct aortic. 
Transfemoral uses the femoral artery in the individu-
al’s thigh. The transapical approach sees the catheter 
and valve inserted through the tip of the heart and 
into the LV. The transaortic approach sees the cath-
eter and valve inserted through the top of the right 
chest, subclavian approach goes beneath the collar 
bone and the transcaval approach uses a puncture in 
the aorta near the belly button to gain access to the 
heart [31]. The main advantage of TAVI devices are 
that they are implanted without open heart surgery 
[32]. Studies have shown the TAVI procedure is as 
safe and as effective as open heart surgery [33,34]. 
In the TAVI procedure, the valve delivery system is 
inserted in the body, the aortic valve folded and fitted 
into the delivery catheter and delivered to the heart. 
The aortic valve is then positioned and implanted 

inside the diseased aortic valve, and subsequently the 
delivery system is removed.

4.1.2 Mitral Valve
The mitral valve is a bicuspid valve that lies be-

tween the left atrium and the LV. The mitral valve 
supplies oxygenated blood from the left atrium to 
the LV. This transfer happens during the diastole 
cycle and as the atrial pressure increases relative to 
the ventricular pressure. At the end of the diastole 
cycle, the mitral valve closes to prevent any reversal 
of	blood	flow.	A	valvular	heart	disease	characterized	
by the narrowing of the mitral valve of the heart is 
mitral stenosis. Another valvular heart disease of the 
mitral valve is mitral regurgitation or mitral incom-
petence. Mitral regurgitation occurs when the mitral 
valve does not close properly at the end of the dias-
tole cycle and there is regurgitation of blood back 
into the left atrium [28].

Almost all cases of mitral stenosis are due to dis-
ease in the heart secondary to rheumatic fever and 
consequent	RHD.	Mitral	stenosis	as	a	result	of	calcifi-
cation or congenital conditions is relatively rare [35]. 
The normal mitral valve orifice is 4–6 cm2. With the 
progress of mitral stenosis this opening is restricted 
and can reach up to areas less than 1 cm2. As a re-
sult there is drastic increase in the left atrial pressure, 
which	increases	from	a	normal	value	of	5	mm	Hg	to	
about	25	mm	Hg.	This	increase	in	pressure	causes	an	
increase in the hypertension in the lungs and leads 
to an imbalance of pressures which leads further to 
buildup of fluid in the lungs. This pulmonary edema 
can	 cause	CHF.	The	 increasing	 atrial	 pressure	 also	
leads	to	an	increase	in	the	size	of	the	atrium	and	this	
increase	in	the	size	can	lead	to	atrial	fibrillation	(AF).	
The AF can eventually cause a decrease in the car-
diac	output	and	sudden	CHF.	Symptoms	associated	
with mitral regurgitation depend on the severity of 
the regurgitation. Individuals with acute MI are typi-
cally severely symptomatic and will have the signs 
and	symptoms	of	acute	decompensated	CHF,	as	well	
as shortness of breath even at rest. On the other hand, 
individuals with chronic and low level mitral regurgi-
tation may be asymptomatic for long periods of time. 
The mitral valve comprises two valve leaflets, when 
one leaflet abnormally thickens; the leaflets are pre-
vented from fully coming together during valve clo-
sure. Therefore the action of the valve closure is not 
complete and this leads to regurgitation. This abnor-
mal leaflet thickening is called mitral valve prolapse 
and is the most common cause of mitral regurgitation 

Figure 18 Open heart surgery.
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[36].	CAD	and	RHD	are	among	the	causes	for	mitral	
regurgitation [37].

Similar to AS, mitral stenosis can also be detected 
by physical examination. The sounds detected by the 
physician using a stethoscope are good indications 
of mitral stenosis. A louder second heart sound cor-
responds to an increasing force required to close the 
mitral valve and therefore is a definite indication of 
mitral valve stenosis. A mid-diastolic rumbling mur-
mur	 is	 also	heard.	Cardiac	 catheterization	 is	 also	 a	
method to detect mitral stenosis. Simultaneous mea-
surement of pressures in the left atrium and the LV 
allows the physician to detect abnormalities. As in 
AS, echocardiography is the best indicator of mitral 
stenosis. The echocardiogram shows left atrial en-
largement, a calcified mitral valve and signs of any 
ventricular failure. The echocardiogram also shows a 
decreased opening of the mitral valve and increased 
blood flow velocity during diastole [38]. The echo-
cardiogram also is used to confirm the diagnosis of 
mitral regurgitation. The Doppler image reveals any 
leakage from the LV into the left atrium during ven-
tricular systole.

The treatment options for mitral stenosis include 
medical management through medications, mitral 
valve replacement by surgery, and percutaneous mi-
tral valvuloplasty by balloon catheter [39]. Mitral 
valve replacement is a cardiac surgical procedure 
in which the patient’s diseased mitral valve is re-
placed by either a mechanical or tissue valve. Since 
a mitral valve replacement is an open heart surgical 
procedure, it requires placing the patient on cardio-
pulmonary bypass. The valves used are very similar 
in construction to the valves used in aortic valve re-
placement surgery. The mechanical valves are made 
from metal and pyrolytic carbon and designed to last 
longer than a person’s lifetime. Mechanical valve do 
require a continuous intake of blood thinning medi-
cation to prevent clotting. The tissue valves are made 
from porcine or bovine tissue and do not require the 
intake of blood thinners but can only last 10–15 years 
in the body before needing replacement. As the sur-
gery for mitral valve replacement is quite involved, 
management of the symptoms can also be tried us-
ing percutaneous mitral valvuloplasty by a balloon 
catheter. Mitral valvuloplasty is a minimally invasive 
therapeutic procedure where the catheter containing 
the expandable balloon is passed from the femoral 
vein up the inferior vena cava and into the right atri-
um. The wall of the tissue separating the right and left 
atrium is punctured and the catheter passed into the 
left atrium using a transseptal technique. The balloon 
on the catheter is then inflated; the inflation is divided 

into three stages. The three stages of balloon inflation 
occur at different times so as to not obstruct the func-
tioning of the valve at one time. For individuals with 
acute mitral regurgitation, two surgical options rec-
ommended are mitral valve replacement and mitral 
valve repair [40]. Mitral valve repair is preferred in 
cases where such a repair is not only feasible but seen 
as being effective. The mitral valve repair approach 
can be either resection of a section of the valve leaflet 
or the addition of sutures to strengthen leaflets. The 
suture-strengthened leaflets corrects the anatomy of 
the leaflets and allows for proper closure.

4.1.3 Pulmonary and Tricuspid Valves
The pulmonary and the tricuspid valves are on the 

right side of the heart. The pulmonary valve regulates 
the flow of blood from the RV to the lungs whereas 
the tricuspid valve regulates the flow of deoxygenat-
ed blood from the right atrium into the RV. Both tri-
cuspid and pulmonary valves deal with the blood at 
a much lower pressure as compared to the valves on 
the left side of the heart [41]. As a result the diseases 
affecting these valves are less common than aortic or 
mitral valve diseases. Pulmonary valve diseases are 
the least common among all heart valve diseases.

The inability of the tricuspid valve to close com-
pletely creates inefficiencies in the flow of blood 
into the RV. This condition is known as tricuspid re-
gurgitation or tricuspid insufficiency. The signs and 
symptoms of tricuspid regurgitation are not apparent 
till the condition is severe, at that point, the symp-
toms are similar to symptoms for heart failure condi-
tions, that is, fatigue, shortness of breath, swelling 
of the legs, and the inability to exercise. One of the 
causes of tricuspid regurgitation can be birth based or 
congenital, another cause could be rheumatic fever. 
However,	the	main	reason	for	tricuspid	regurgitation	
is the dilation of the right side of the heart. This di-
lation can be a result of many causes including left 
heart failure, pulmonary hypertension, or infection of 
lining of the heart, endocarditis [42].

Tricuspid regurgitation can be picked up in the 
initial auscultatory examination. Auscultation re-
veals the presence of a pansystolic heart murmur and 
a third heart sound. A chest X-ray can point to the 
dilation of the right side; an echocardiogram will as-
sess the chambers of the heart, as well as, right ven-
tricular pressure. Cardiac MRI may also be used as 
a	diagnostic	tool,	and	finally,	cardiac	catheterization	
may determine the extent of the regurgitation.

Surgical treatment of tricuspid valve by installing 
a prosthetic replacement is possible. The replacement 
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may either be tissue based or mechanical [43].	How-
ever, surgical treatment is not recommended when 
the cause of the regurgitation is the dilation of the 
right heart, medication is primary treatment in those 
circumstances.

4.2 Heart Failure

Heart	failure,	sometimes	referred	to	as	CHF,	oc-
curs when the heart muscle is unable to pump blood 
quantities as required by the various parts of the body. 
Typical symptoms are shortness of breath, excessive 
tiredness, and leg swelling [44]. Congestion is one 
major	symptom	of	this	disease,	as	CHF	is	frequently	
accompanied by a buildup of fluid in the tissues and 
veins of the body. This leads to water retention and 
swelling especially in the limbs. Common risk fac-
tors include previous incidences of CAD, AF, valvu-
lar heart disease, high blood pressure, and alcohol 
use [44].

Heart	 failure	 mainly	 occurs	 with	 the	 inability	 of	
the heart muscle to either contract or relax efficiently. 
Heart	failure	due	to	the	inability	of	the	LV	to	contract	
fully is also known as systolic heart failure. Systolic 
heart failure occurs as a result of a reduced ejection 
fraction, as the reduction in the ejection fraction in-
creases, failure occurs when the ejection fraction de-
creases below 40% of the normal ejection fraction 
[45]. On the other hand, heart failure with preserved 
ejection fraction is also known as diastolic heart fail-
ure. In diastolic heart failure, the LV contracts well 
but the ventricle does not fill completely with blood 
during the relaxation phase. A reduced stroke volume 

may result as a failure of systole, diastole or both. 
A common finding among heart failure patients is 
that a symptom of failures of the systolic or diastolic 
system is accompanied by an increase in the activity 
of the autonomic nervous system or the sympathet-
ic system. Initially this increase in the sympathetic 
system activity contributes to compensate for heart 
failure by maintaining blood pressure and perfusion, 
however, over the long term; it leads to worsening 
of ischemia and sometimes fatal irregularities in the 
rhythm of the heart.

The general effect of heart failure is an increased 
strain on the heart and a reduced cardiac output as 
shown in Fig. 19. This greatly increases the risk of 
cardiac arrest due to irregular rhythms of the heart 
and significantly reduces supply of blood and nutri-
tion to the rest of the body.

Diagnoses	 of	 CHF	 includes	 techniques	 such	 as	
echocardiography, electrophysiology, chest X-
rays,	 and	 blood	 tests.	 Echocardiography	 utilizes	
2D, 3D, and Doppler ultrasound techniques to cre-
ate detailed images of the heart. The output from 
echocardiography, echocardiogram, can be used to 
calculate cardiac output, ejection fraction, and dia-
stolic function. An electrocardiogram (ECG) gener-
ated from the electrophysiological analysis maybe 
used to determine the presence of an abnormal 
heart rhythm. A prolonged QRS complex duration 
is common among patients with systolic dysfunc-
tion and indicative of mechanical dyssynchrony in 
ventricular action.

Depending on the results from the diagnostic tests, 
the physician can decide the best course of action for 
the treatment of the heart failure symptoms. Lifestyle 

Figure 19 Heart failure.
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changes and medications, as with other cardiovascu-
lar diseases, are the first course of action. Minimally 
invasive procedures such as the implantation of car-
diac rhythm management devices are recommended 
for correction of cardiac rhythm abnormalities. The 
rhythm management treatment known as cardiac re-
synchronization	therapy	(CRT)	is	useful	when	heart	
failure	is	caused	by	a	lack	of	synchronization	in	the	
heart function as identified by a prolonged QRS dura-
tion in the electrocardiography output. CRT helps re-
synchronize	the	contractions	of	the	heart’s	ventricles	
by sending small electrical signals to the heart mus-
cle, which can help them beat together in a more syn-
chronized	 pattern.	 This	 synchronized	 beating	 helps	
the heart pump blood and oxygen throughout the 
body more efficiently. The primary objective of CRT 
is restoration of a more normal ventricular activation 
pattern.	Secondarily,	CRT	allows	optimization	of	the	
AV interval for patients in sinus rhythm [46].

People with more severe heart failure are candi-
dates for surgical treatment such as the implantation 
of left ventricular assist devices (LVAD) or total arti-
ficial	hearts	(TAH).	LVADs	and	TAH	have	tradition-
ally been seen as a bridge therapy for a donor heart 
but recent advances point to the use of these devices 
for the long term and as a destination therapy [47].

4.3 Cardiac Arrhythmia

Cardiac arrhythmia is also known as cardiac dys-
rhythmia or irregular heartbeat. Cardiac arrhythmia 
is the disruption of the normal electrical activity of 
the heart. This disruption leads to abnormal electrical 
signals in the heart and irregular heartbeats. Cardiac 
arrhythmia is of two main types [48]:

•	 bradycardia,	where	the	heartbeat	is	slower	than	
60 beats/min,

•	 tachycardia,	where	the	heart	beats	at	faster	than	
100 beats/min.

Atrial	 fibrillation	 (AF),	 which	 is	 characterized	
by random flutters of the heartbeat, can be classi-
fied under tachycardia. Quite often, arrhythmia does 
not present itself with symptoms, when present mild 
symptoms include light headedness and palpita-
tions whereas serious symptoms include shortness 
of breath, chest pain, and fainting that may lead to 
severe conditions of stroke and cardiac arrest. Mild 
symptoms of arrhythmia are not serious as such but 
left untreated arrhythmia can predispose a person to 
complications such as stroke and heart failure.

Arrhythmia affects millions of people worldwide 
with almost half of the deaths caused due to cardio-
vascular disease attributable to electrical dysfunc-
tions of the heart.

4.3.1 Bradycardia
Bradycardia is derived from Greek, “brady” 

means slow and “cardia” means heart. Bradycar-
dia, also known as bradyarrhythmia, is defined as 
the heart rate below 60 beats/min in a regular adult. 
Typically no symptoms are visible till a heart rate of 
about 50 beats/min. At lower rates, fatigue, weak-
ness,	 and	 dizziness	 are	 experienced	 and	 very	 low	
rates can cause fainting. Low heartbeat rates are 
common during rest and also among certain highly 
trained athletes. The heart muscle of athletes has 
become conditioned to have a higher stroke volume 
and, so, requires fewer contractions to circulate the 
same volume of blood [48].

Bradycardia may be caused by a defect in the 
electrical generation and conduction system. This 
may occur at the atria, the AV node or the ventricles. 
The atrial bradycardia, referred to as the sick sinus 
syndrome, occurs due to a malfunction in the heart’s 
natural pacemaker, the sinus node [48]. The AV bra-
dycardia	occurs	when	the	rate	of	depolarization	of	the	
sinoatrial node falls below the rate of the AV node. 
The AV bradycardia may occur as a result of the mal-
function of the sinus node or a block impeding the 
electrical impulse from traveling to AV node. A lack 
of electrical impulse or stimuli from the atrium may 
result in ventricular bradycardia.

Bradycardia can be caused either by noncardiac 
factors or cardiac factors. The noncardiac factors 
include metabolic issues, electrolyte imbalance, neu-
rologic factors, and drug abuse. Cardiac factors in-
clude CAD, peripheral artery disease, and valvular 
heart disease. These cardiac and noncardiac factors 
can lead to disorders of either the SA node or the AV 
node leading to bradycardia. Bradycardia is less like-
ly to be congenital and older patients are most often 
affected.	Shortness	of	breath,	fatigue,	and	dizziness	
are common symptoms associated with bradycardia, 
severe cases may result in fainting. Bradycardia is 
diagnosed using output from electrocardiography, 
many times frequent monitoring of the individual 
may be required to establish bradycardia. ECG out-
puts from a normal, healthy heart is compared to 
different cardiac rhythm disorders in Fig. 20. When 
medications are not effective and bradycardia is seen 
to be nonreversible then the implantation of a pace-
maker is indicated [48].
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4.3.2 Tachycardia
“Tachys” in Greek is quick or rapid, hence, tachy-

cardia, also called tachyarrhythmia, and is a heart rate 
that is faster than the normal resting rate. In general, 
a resting heart rate over 100 beats/min is classified 
as tachycardia in regular adults. As the heart rate is 

controlled by electrical signals sent across heart tis-
sues, tachycardia occurs when an abnormality in the 
heart produces rapid electrical signals. When the rate 
of the heart is too rapid, it may not effectively pump 
blood to the rest of your body, due to this low efficien-
cy of the heart, it provides less blood flow to the body, 
including the heart itself. This ends up depriving an 
individual’s organs and tissues of oxygen. The high 
heart rate or tachycardia can cause symptoms such as, 
dizziness,	shortness	of	breath,	lightheadedness,	rapid	
pulse rate, heart palpitations, chest pain, and fainting 
or syncope. Some people with tachycardia have no 
symptoms, and the condition is only discovered dur-
ing a physical examination or with a heart-monitoring 
test, electrocardiogram [48].

There are many different structural abnormalities 
that can alter electrical signals and lead to faster heart 
rates. The common types of tachycardia include the 
following:

Ventricular tachycardia: Ventricular tachycardia 
is a rapid heart rate that originates with abnormal-
ity of electrical impulses in the lower chambers or 
ventricles of the heart. This rapid heart rate does 
not allow the ventricles to completely fill with 
blood as well contract fully to pump enough blood 
to the body (Fig. 21). Ventricular tachycardia is 
often a life-threatening medical emergency.
Ventricular fibrillation: Ventricular fibrillation oc-
curs when rapid, chaotic electrical impulses cause 
the ventricles to quiver ineffectively and do not 
function effectively as pumping chambers. This 
lack of pumping means the body does not receive 

Figure 20 ECG traces in different arrhythmia related 
conditions.

Figure 21 Ventricular tachycardia.
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sufficient blood in time. Tachycardia brought on 
by ventricular fibrillation can be very serious and 
can even be fatal unless treated very quickly. Most 
people who experience ventricular fibrillation 
have an underlying heart disease or have experi-
enced serious trauma.
Supraventricular tachycardia (SVT): SVT, as the 
name suggests, originates from somewhere above 
the ventricles such as the atria. It is sometimes 
known as paroxysmal atrial tachycardia (PAT). 
SVT is caused by abnormal circuitry in the heart 
and this abnormality maybe present at birth. The 
abnormal circuitry creates a loop of overlapping 
electrical signals. In one form of SVT, a normal 
electrical impulse coming from the sinoatrial node 
is split into two due to an abnormality present in 
the AV node. This splitting sends one signal to the 
ventricles and the other returns to the atria. Anoth-
er common abnormality is the presence of an extra 
electrical pathway from the atria to the ventricles 
that bypasses the AV node. This may result in a 
signal going down one pathway and up the other. 
Wolff-Parkinson-White syndrome is one disorder 
featuring an extra pathway. SVT is usually less 
dangerous as compared to the ventricular tachy-
cardias.
Atrial flutter: Atrial flutter is a fast heart rate origi-
nating in the atria of the heart. In a sense it can be 
classified as a SVT as it occurs outside and above 
the ventricles. In atrial flutter, the heart’s atria tend 
to beat faster than 100 beats/min but at a regular 
rate. Atrial flutter is caused by irregular circuitry 
within the atria. The fast rate results in weak 

contractions of the atria. The rapid signals entering 
the AV node cause a rapid and sometimes irregular 
ventricular rate. Episodes of atrial flutter may get 
better without any intervention, or the condition 
may persist unless treated. People who experience 
atrial flutter often experience AF at other times.
Atrial fibrillation: AF is the most common seri-
ous form of tachycardia. In Europe and North 
America alone, about 3% of the population are af-
fected by AF [49]. AF is a rapid heart rate caused 
by the presence of chaotic electrical impulses in 
the atria (Fig. 22).	These	haphazard	signals	result	
in rapid, uncoordinated, and weak contractions of 
the atria. The chaotic electrical signals also affect 
the AV node and this usually results in an irregu-
lar rhythm of the ventricles. The origin of this cha-
otic activity is around the pulmonary veins. The 
recovery of the atria from this chaos causes spa-
tially distributed breakup and fragmentation in a 
process known as fibrillatory conduction [50]. AF 
can be distinguished from atrial flutter in the lack 
of regularity of the heart rate pattern and this can 
be observed in the electrocardiograms. AF may be 
temporary, however, some episodes will not ter-
minate unless treated. Most people with AF have 
some structural abnormalities of the heart related 
to such conditions as heart disease or high blood 
pressure. Other factors that may contribute to AF 
include a heart valve disorder, hyperthyroidism or 
heavy alcohol use.

All diseases and conditions that put a strain on 
the heart muscle or damage heart tissue increase the 

Figure 22 Atrial fibrillation (AF).
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risk of tachycardia. Typical risk factors include heart 
disease, high blood pressure, smoking, heavy alcohol 
use or caffeine use, use of recreational drugs, psy-
chological stress or anxiety, anemia. Lifestyle changes 
or medical treatment may decrease the risk associ-
ated with the aforementioned factors. Genetic factors 
are also a big risk factor in tachycardia, a family his-
tory of tachycardia puts an individual at greater risk 
of having tachycardia. Age also plays a role as a risk 
factor with tachycardia typically occurring in older 
individuals.

The complications due to tachycardia depend on 
factors such as, the severity of the disease, the type 
of tachycardia and the existence of other heart condi-
tions. Possible complications include:

•	 thrombus	formation	that	can	cause	a	stroke	or	
heart attack,

•	 causation	of	edema	leading	to	heart	failure	due	
to the inability of the heart to pump enough 
blood,

•	 frequent	fainting	spells,	and
•	 ventricular	 tachycardia	 or	 ventricular	 fibrilla-

tion can cause sudden death.

An electrocardiograph (ECG) is the primary tool 
for the diagnosis of tachycardia (Fig. 20). The elec-
trical signal output can help the physician not only 
diagnose tachycardia but also help determine the 
type of tachycardia. Determination of the type of 
tachycardia can be made based on the shape of the 
ECG curve, more specifically, the shape of the QRS 
complex in the curve [7].	Depolarization	of	the	heart	
ventricles occurs almost simultaneously, via the bun-
dle	of	His	and	Purkinje	fibers.	If	they	are	working	ef-
ficiently, the QRS complex is 80–120 ms in duration. 
This is represented by three small squares or less at 
the standard paper speed of 25 mm/s. Tachycardia 
may be classified as either narrow complex tachy-
cardia (SVT) or wide complex tachycardia. Narrow 
and wide refer to the width of the QRS complex on 
the ECG. The origin of narrow complex tachycardia 
tends to be in the atria, while wide complex tachycar-
dia tends to originate in the ventricles of the heart [7].

Portable	ECG	systems	 such	 as	 a	Holter	monitor	
may	be	useful	 for	diagnosis.	A	Holter	monitor	 is	a	
wearable device and records the heart rate continu-
ously. Continuous record of the heart rate over a 24-h 
period provides the physician a prolonged look at the 
heart rhythm and aid in making the diagnosis. Car-
diac	catheterization	may	be	recommended	as	the	test	
to confirm initial diagnosis.

The treatment of tachycardia and the method of 
cardiac rhythm management depend on the severity 
of the condition and the stability of the individual as a 
result. Treatments may include physical maneuvers, 
medications, cardiac ablation, or electricity conver-
sion. Physical maneuvers, collectively known as va-
gal maneuvers, can help with certain cases of SVTs. 
The vagus nerve is a part of the parasympathetic ner-
vous system within the body and affects the muscles 
of the heart. Stimulation of this nerve can help in the 
stoppage of unnecessary electrical impulses through 
the AV node. Several medications can target ar-
rhythmia conditions, these medications act with dif-
ferent mechanisms and exist under different classes 
of drugs [51]. Cardiac conduction can be accurately 
mapped	using	catheterization	focusing	on	the	electri-
cal activity within the heart. These electrical activ-
ity	mapping	catheters	have	specialized	 tiny	sensors	
on the tip of the inserted catheter. Once the exact 
spot of electrical disturbance is located, this spot is 
subsequently destroyed or ablated. The ablation is 
done via the use of an ablating mechanism attached 
to the tip of an inserted catheter. The ablating action 
could be the use of heat, cryogenic temperatures or 
laser [49]. The application of electrical shocks to the 
heart’s electrical system is an effective treatment 
of tachycardia. The shock can be applied internally 
through implanted electrodes. Depending on the na-
ture of tachycardia, different kinds of shock treat-
ments are advised. Cardioversion and defibrillation 
are the two different shocks. Cardioversion is used 
for SVT, it uses a therapeutic dose of electric current 
to the heart at a specific moment in the cardiac cycle. 
Defibrillation, on the other hand, is more suited for 
ventricular tachycardia. Defibrillation differs in that 
the	 shock	 is	 not	 synchronized.	 It	 is	 needed	 for	 the	
chaotic rhythm of ventricular fibrillation and is also 
used for pulseless ventricular tachycardia. Defibril-
lation or cardioversion may be accomplished by an 
implantable cardioverter-defibrillator (ICD) device.

4.4 Coronary Artery Disease

CAD is the biggest part of the spectrum of car-
diovascular diseases. In 2013 CAD resulted in more 
than 8 million deaths on a global scale [52].

CAD,	also	known	as	ischemic	heart	disease	(IHD)	
is a group of diseases that include angina, myocar-
dial infraction and sudden cardiac death [53]. CAD 
is caused by the limitation of blood flow and the as-
sociated supply of oxygen and nutrients to the mus-
cle cells of the heart or the myocardial cells. CAD is 
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usually associated with atherosclerosis which is the 
thickening of arteries mainly due to fatty deposits. 
These fatty deposits are also known as plaque. The 
plaque comprises mainly of cholesterol.

This blood supply limitation causes cell starva-
tion known as ischemia. Myocardial cells may die 
from lack of oxygen and this is leads to heart muscle 
damage, heart muscle death, and later myocardial 
scarring. The muscle death occurring under these 
circumstances is not reversible and the muscles will 
not regrow [54].

The unobstructed supply of blood to the heart 
muscle through the coronary arteries is crucial to 
the functioning of the heart. Whenever there is 
some form of restriction to the flow of blood within 
these arteries, it is termed as coronary artery disease 
(CAD). CAD can be caused by the buildup of plaque 
along the inner walls of the arteries around the heart. 
This buildup narrows the vessels and reduces the 
flow of blood to the heart (Fig. 23). Subsequently, 
when the plaque builds up to a degree where it causes 
the entire vessel to be blocked, the blood and oxy-
gen supplied to the heart is cut off causing a heart 
attack. Plaque can also be dislodged by blood flow 
and transported to another part of the anatomy. This 
dislodging of a piece of thrombus due to the flow of 
blood in the vessel is known as embolism. When this 
embolism	reaches	a	vessel	smaller	than	its	own	size,	
it can create a blockage of blood in that area and lead 
to ischemia.

Angina pectoris, commonly known as angina, is 
one of the issues caused by atherosclerosic obstruction 

affecting the arteries feeding the heart. Angina pec-
toris is derived from the Latin “angere” meaning “to 
strangle” and “pectus” meaning “chest” that can be 
translated as “a strangling feeling in the chest.” An-
gina is further divided into stable angina and unstable 
angina. Stable angina is also known as effort angina 
with chest discomfort and associated symptoms seen 
as being brought on by activity. Unstable angina, on 
the other hand, occurs when the patient is at rest and 
the associated symptoms are more severe and oc-
cur with a crescendo pattern [55]. Unstable angina 
is sometimes also known as crescendo angina. The 
existence of a fibrous cap protecting the severity of 
atherosclerosis is what distinguishes stable from un-
stable angina pectoris.

Chest discomfort and pain is the main symptom 
of angina pectoris and this pain is usually accompa-
nied by pain in the back, neck, jaw, or shoulders in 
a phenomenon known as referred pain. Major risk 
factors for angina pectoris include cigarette smok-
ing, diabetes, high cholesterol, high blood pressure, 
sedentary lifestyle, and family history of premature 
heart disease [56].

Electrocardiogram (ECG) is usually is good indi-
cator for angina. The ECG shows a normal pattern 
under no pain or discomfort conditions while under 
exercise conditions, that is, a treadmill ECG test, 
ECG shows abnormality. A coronary angiogram may 
be performed as a confirmation of the noninvasive 
tests.

Exercise, diet, and medicine are the first line of 
treatment of angina pectoris. A potent vasodilator 

Figure 23 Coronary artery disease (CAD).
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such as nitroglycerin is traditionally prescribed as an 
effective treatment for angina. More severe forms of 
angina, where occlusion is confirmed with an angio-
gram, are treated with balloon angioplasty followed 
by the placement of a metallic stent. Coronary by-
pass surgery, a more invasive form of treatment, may 
be prescribed in certain cases.

CAD, in general, occurs when the arteries that 
supply blood to the heart, the coronary arteries, start 
to develop atherosclerosis. Atherosclerosis is the 
thickening of arteries mainly due to fatty deposits. 
These fatty deposits are also known as plaque and 
this plaque comprises of cholesterol. Plaque deposi-
tion renders the artery harder and stiffer and limits 
the flow of blood to the muscle. Over time, plaque 
may develop to such an extent that the artery is com-
pletely occluded. A patient suffering from CAD may 
have just one or two plaques or may have many de-
positions distributed along the coronary artery [57].

The diagnosis of coronary disease underlying 
particular symptoms depends largely on the nature 
of the symptoms. The first investigation usually is 
the recording of an electrocardiogram (ECG/EKG) 
of the patient, additional blood tests and X-rays may 
also be advised.

Once the existence of CAD is confirmed, depend-
ing upon the severity several lines of treatment are 
followed. Medications and lifestyle changes are usu-
ally the first line of treatment for less severe cases. 
From an interventional point of view, angioplasty 
combined with the placement of a coronary stent 
may be performed. Coronary artery bypass grafting 
can also be recommended for the most severe cases. 
In situations where more than one artery of a patient 
is partially or completely occluded, coronary bypass 
grafting is seen to be effective than percutaneous 
coronary interventions such as angioplasty and stent 
placement [58].

4.5 Peripheral Artery Disease

Peripheral artery disease (PAD) is also known as 
peripheral vascular disease (PVD). PAD is the devel-
opment of atherosclerosis or the narrowing of arteries 
other than the ones supplying blood to the heart and 
the brain [59]. PAD mainly affects the legs of a person 
(Fig. 24), however, other arteries are also known to 
be affected. The classic symptom of PAD is leg pain 
when walking and this pain resolves with rest, known 
as intermittent claudication [60]. Claudication is the 
condition where a cramping pain is induced in the leg 
during exercise. Various serious complications can 

result from PAD and these include infection or tissue 
death that may lead to amputation of the limb, PAD 
may lead to CAD or could lead to obstruction of blood 
supply to the brain and result in a stroke.

Cigarette smoking, diabetes, high blood pressure, 
high cholesterol are known risk factors, out of which 
cigarette smoking is the leading factor [60]. PAD is 
mainly diagnosed using the measurement of blood 
pressure, specifically the ratio of the systolic blood pres-
sure at the ankle and the systolic blood pressure at 
the arm. This ratio is known as the ankle–brachial 
index (ABI) [61]. Normal ABI range of a healthy 
individual is between 1.00–1.40. The patient is diag-
nosed with PAD when the ABI is ≤0.90. ABI values 
of 0.91–0.99 are considered “borderline” and val-
ues >1.40 indicate noncompressible arteries. PAD 
is graded as mild to moderate if the ABI is between 
0.41 and 0.90, and an ABI less than 0.40 is sugges-
tive of severe PAD [62].

Lifestyle changes and medications are the ini-
tial lines of treatment for PAD. Persistence of PAD 
symptoms and severity of the disease lead to surgical 
intervention. This intervention can be in the form of 
angioplasty, atherectomy, or vascular bypass. An-
gioplasty or specifically percutaneous transluminal 
angioplasty (PTA) is suitable in treatments where 
larger arteries such as the femoral artery are affected. 
Atherectomy is another minimally invasive tech-
nique that is employed for the treatment of PAD, in-
stead of a balloon pushing the plaque to the sides and 
walls of the artery like in angioplasty, atherectomy 
utilizes	special	tools	to	cut	the	plaque	buildup	in	ar-
teries.	These	different	tools	utilized	in	atherectomy	to	
remove the plaque buildup include laser devices, ro-
tational and orbital mechanical devices [62]. In each 
case the tool is placed at the point of treatment with aid 
of a catheter. Vascular bypass can also be used as an 
effective treatment and similar to CAD the diseased 
area of the arterial vasculature is bypassed using either 
a natural vein or an artificial conduit as a bypass.

4.6 Aortic Aneurysm

Aneurysm or aneurism is derived from the Greek 
word “aneurysma” meaning “dilation.” Aortic aneu-
rysm is the formation of a blood-filled balloon-like 
bulge	in	a	blood	vessel	at	a	localized	spot.	The	en-
largement of a blood vessel to 1.5 times its normal 
size	 is	 termed	as	 aortic	 aneurysm	 [63]. Aneurysms 
lead to the accumulation of blood in the section of 
the thinned wall into a pool or sac. Aneurysms can be 
the result of a weakened blood vessel wall due either 
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to a hereditary condition or acquired disease. Rup-
tured aneurysms can lead to heavy internal bleeding 
and can be fatal. Aneurysms can also be the focus for 
thrombosis	and	embolization.

Aneurysms can occur in any blood vessel but are 
most often found in the abdominal aorta and some-
times in the thoracic aorta. Abdominal aortic aneu-
rysms also known as AAA are the most common 
form of aortic aneurysm and involve the segment of 
the aorta within the abdominal cavity (Fig. 25). Tho-
racic aortic aneurysm (TAA) occurs in the thoracic 
section of the aorta and is further classified according 
to whether it occurs in the ascending or descending 
aorta. Abdominal aneurysms are more common than 
thoracic aneurysms due to the reduced level of the 
principal load bearing protein present in the walls of 
the aorta, elastin. Another reason is that the abdomi-
nal aorta in contrast to the thoracic aorta doesn’t pos-
sess the nutrient supplying blood vessels, vasa vaso-
rum, within the walls of the aorta [63].

Aortic aneurysms cause weakness in the wall of 
the aorta and increase the risk of aortic rupture. The 
risk of rupture of an AAA is related to its diameter, 
rupture risk is also related to shape; the longer aneu-
rysm, “fusiform” aneurysms are considered less rup-
ture prone than the shorter and bulbous, “saccular” 
aneurysms, the saccular aneurysms have more wall 
tension in a particular location in the aneurysm wall 
than the fusiform aneurysms. When rupture occurs, 
massive internal bleeding results and, unless treated 
immediately, shock and death can occur. Unfortu-
nately, in many occasions, rupture is the first sign of 
an aneurysm.

Already existing coronary or peripheral arterial 
diseases is a significant risk factor in the develop-
ment of aortic aneurysm. Other risk factors associ-
ated with arterial diseases such high blood pressure, 

tobacco usage, and high cholesterol levels are also 
aneurysm risk factors. Along with these certain ge-
netic risk factors play an important role.

It is very important to identify aneurysms and 
treat	them	prior	to	rupture.	High	risk	individuals	are	
recommended for regular ultrasound examination to 
help identify any developments. The first indication 
of an aneurysm is with physical examination. In aus-
cultation, a physician can pick up a whooshing sound 
emanating from the abdomen. Further tests using 
echocardiography, angiography and X-rays are ad-
vised. Contrast enabled X-ray computed tomography 
(CT scan) is seen to be the most definitive tool for the 
confirmation of aneurysms.

Surgery is the only way to treat an aneurysm. 
The decision in going for surgical treatment de-
pends on several factors and a balance of the risks 
involved with the aneurysm and the surgical pro-
cedure.	Generally,	if	the	size	or	the	diameter	of	the	
aneurysm exceeds 5 cm (2 in.), the risks of rupture 
are greater than the risks of surgical intervention 
[64]. The surgical procedure itself could be an open 
surgery or a minimally invasive technique. Several 
factors	 including	 the	 location	 and	 size	 of	 the	 an-
eurysm as well as the age of the patient have to be 
taken into consideration before deciding upon the 
surgical technique.

The open surgical technique involves exposure of 
the dilated artery and the insertion of a plastic graft. 
In the open surgical technique, extreme care has to 
be taken to ensure continuation of nutrition to the rest 
of the organs including the spine. The use of a mini-
mally invasive technique avoids the complications 
of open surgery. The minimally invasive technique 
relies on the delivery of the plastic graft through a 
small incision at the top of each leg into the aorta. 
This technique is known as the endovascular aneu-
rysm repair (EVAR). EVAR is most commonly used 
to treat the AAA, when the technique is used for the 
treatment of the thoracic aorta disease, it is termed as 
TEVAR. In 2010, EVAR accounted for 78% of the 
AAA treatments in the United States [64].
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PART III

Applications of Plastics in Cardiovascular Devices
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1 Introduction

The cardiovascular system is the central circula-
tory system for the supply of blood, oxygen, and nu-
trients to the various organs of the body. It is critical 
to the efficient functioning of the human body; any 
abnormalities in the behavior of this system can have 
significant consequences on the health and lifestyle 
of an individual.

Abnormalities in the functioning of the cardiovas-
cular system can result from many conditions includ-
ing the following:

•	 Defects	in	the	heart	valves
•	 Deviation	in	the	rhythm	of	the	heart	pumping	

action
•	 Blockages	in	blood	supply	to	the	heart	or	other	

parts of the body
•	 Dilation	or	aneurysms	of	the	blood	vessels

Heart valve defects mainly affect the aortic and mi-
tral valves on the left side of the heart and the two pri-
mary issues with heart valve defects are stenosis and 
regurgitation. Stenosis causes a narrowing of the blood 
passage within and out of the heart and that can cause 
a decrease in the blood supply to the body. Regurgi-
tation	causes	a	leakage	of	blood	due	to	the	improper	
 closure of the valves, aortic regurgitation, for example,  
can result in an increase in the volume of blood in 
the	left	ventricle	leading	to	thickening	of	the	walls	of	
the left ventricle and eventual heart failure. A proper 
rhythm of the heart pumping and filling actions is es-
sential for the maintenance of a coordinated blood 
flow in the entire cardiovascular system. The heart 
rhythm could be disturbed due to the diseases of the 
electrical system of the heart causing a heart beating 
too	slowly,	 too	quickly	or	 the	chambers	of	 the	heart	
not acting in a coordinated fashion. Cardiac rhythm 
issues can lead to palpitations, dizziness to more se-
rious	heart	failure	issues.	Blockages	in	blood	supply	
can occur as a result of plaque deposits in the blood 

vessels;	these	blockages	can	occur	in	the	arteries	sup-
plying blood to the heart or elsewhere in the peripher-
ies of the cardiovascular system. The limitation of the 
blood	supply	 to	 the	heart	can	result	 in	heart	attacks.	
The dilation of blood vessels, occurring mainly in the 
aorta,	can	lead	to	the	formation	of	a	balloon-like	bulge	
at a localized spot in the aorta and can potentially lead 
to heavy and fatal internal bleeding.

There are a variety of treatments that exist for 
dealing with these abnormalities and the nature of the 
treatment depends upon the severity of the  disease. 
Many of these treatments involve the use of  different 
medical devices. Plastics are a big component of 
these devices and this part of the text explores their 
application in different cardiovascular devices. Cath-
eters play a major role in the diagnoses and treatment 
of many cardiac diseases; they also play a significant 
role in the delivery of many medical devices. There-
fore, a section describing the catheters, their design, 
manufacture, materials, and application forms a 
separate	part	of	the	following	text.	Devices	such	as	
prosthetic heart valves, cardiac rhythm  management 
(CRM)	 devices,	 ventricular	 assist	 devices	 (VADs),	
angioplasty	 balloons,	 and	 aortic	 aneurysm	 tackling	
stent grafts are covered and the role of  plastic com-
ponents in the devices is explored.

2 Cardiovascular Devices Market

With increasing patient population, newer medical 
technologies, growing medical coverage, and gov-
ernmental support, it is estimated that cardiovascular 
medical	devices	market	will	enlarge	to	a	value	of	up	
to $67.5 billion by 2019 [1]. North America accounts 
for	the	largest	share	of	the	market	with	47.1%	of	the	
market	 share	 in	2013,	Europe	had	a	 share	of	22.6%	
and	 emerging	 markets	 such	 as	 India,	 China,	 Brazil,	
Mexico,	South	Africa,	and	Russia	had	a	share	of	30.3%	
in	2013;	the	worldwide	market	is	expected	to	grow	at	
greater	than	10%	annual	growth	rate	with	majority	of	
the	growth	coming	from	the	emerging	markets	[1].
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Within	 the	 cardiovascular	market,	CRM	devices	
make	up	the	largest	share	of	overall	cardiac	devices	
market	accounting	for	nearly	35%	of	the	overall	mar-
ket.	The	cardiac	rhythm	devices	include	ECG	devic-
es and cardiac monitors for diagnostic applications, 
implantable	 pacemakers,	 defibrillators,	 and	 cardiac	
resynchronization devices for treatment of cardiac 
arrhythmia.	The	overall	CRM	market	is	expected	to	
grow	at	4.7%	per	annum	[2]. The strongest growth 
in the CRM sector is expected to be in the diagnos-
tic sector and within the devices sector the fastest 
growth is expected in defibrillators.

The	entire	worldwide	catheter	market	is	expected	
to	 grow	 at	 a	 rate	 of	 7.5%	 per	 annum;	 by	 2020	 the	
market	size	is	estimated	at	$42.5	billion	[3]. Cardio-
vascular	 catheters	make	 the	majority	of	 the	overall	
catheters	market	in	terms	of	revenue	accounting	for	
nearly	40%.	It	is	forecast	that	the	two	fastest	grow-
ing	 segments	 of	 the	 market	 during	 this	 period	 will	
be advanced diagnostics and advanced ablation, with 
growth	rates	of	23	and	17%,	respectively	[4]. These 
segments will be driven by growth in the number of 
atrial fibrillation (AF) ablation procedures—AF is the 
commonest sustained arrhythmia in North American 
and European patients and was classified as a growth 
industry in the 21st century by the European Heart 
Journal even in year of 2000 [4].

The	market	for	prosthetic	heart	valves	is		expected	
to	be	worth	$4.8	billion	in	2020	with	an	annual	growth	
rate	of	9.1%	[5]. The rise of valvular diseases in an 
aging population is the main driver for this growth 
and the introduction of the minimally invasive tech-
nique for the heart valve replacement is expected to 
be the strongest area of growth.

The	market	for	the	treatment	of	coronary	heart	dis-
ease through the use of angioplasty and stent technolo-
gies is estimated to grow to $22.5 billion by 2021 [6]. 
The	market	for	stents	is	large	and	is	expected	to	grow	
to greater than $10 billion worldwide by 2021. The 
number of patients receiving stent grafts for aneurysm 
repair is estimated to grow to $1.9 billion by 2020 with 
a	growth	rate	of	between	6.7	and	9.5%	per	annum	[7].

The major companies active in the cardiovascular 
devices sector and some of the products they manu-
facture are listed in Table 1.

3 Cardiovascular Catheters

Catheters are thin tubes inserted into the body 
serving a broad range of functions. Catheter comes 
from	 the	 Greek	 verb	 “kathiemai”	 meaning	 “let	
down”	as	the	catheter	is	let	down	into	the	body	[18]. 

	Depending	on	the	material	used	to	make	the	catheter,	
its manufacture, and design, the catheter can be tai-
lored for use in cardiovascular, neurological, gastro-
intestinal, urologic, or ophthalmic applications. There 
are	many	kinds	of	cardiovascular	or	cardiac	catheters	
including electrophysiology catheters, percutaneous 
transluminal coronary angioplasty (PTCA) balloon 
catheters, intravascular ultrasound (IVUS) catheters, 
percutaneous transluminal peripheral angioplasty 
catheters, guiding catheters, angiography catheters, 
and pulmonary artery catheters [18].

Cardiac catheters can be used for diagnostic eval-
uation	of	a	patient	or	for	interventional	purposes.	Di-
agnostic catheters are used to determine and evaluate 
the state of the patient with regard to certain cardio-
vascular diseases. Interventional catheters, on the 
other hand, are used for therapeutic purposes, that is 
for the treatment of an identified disease. Catheters 
are used in various applications within the cardiovas-
cular sector; these range from the simple  intravenous 
drug delivery to procedures such as ablation and an-
gioplasty. Catheters are also used as delivery systems 
for the placement and delivery of permanent implants 
such	as	pacemakers	and	defibrillators.

Catheters need to be designed for the specific 
function that they are intended to perform. Catheters 
are designed with the following features in mind:

•	 Mechanical	properties:	The	strength	of	the	ma-
terial of construction and the mechanical design 
of the catheter are important characteristics in 
determining the overall mechanical properties 
of the catheter. The material of construction 
decides the catheter’s resistance to bursting, its 
flexibility, and the ability to steer the catheter 
through the vasculature. The mechanical de-
sign in combination with the material proper-
ties significantly impacts the performance of 
the catheter; the mechanical design includes 
the basic dimensions of inner and outer diam-
eter and the size of the lumens.

•	 Radio	opacity:	The	ability	of	X-rays	to	locate	
the catheter through the vascular system is an 
important property of the catheter. The radio 
opacity allows accurate placement of the cath-
eter inside the body. Radio opacity can be ob-
tained by compounding the catheter material 
with radio opaque agents or by the placement 
of radio opaque strips at different points in the 
catheter length.

•	 Surface	and	friction:	The	ease	of	passage	of	the	
catheter over the metallic guidewire and the 
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Table 1 Major Companies and Their Products in the Cardiovascular Medical Devices Sector

Company Products

Abbott Laboratories, USA [8] •	 Guidewires
•	 Cardiovascular	catheters
•	 Mitral	valve	repair	device
•	 Stents—bare	metal,	drug	eluting	and	bioresorbable
•	 Stent	graft
•	 Vascular	closure	devices

Biotronik,	Germany	[9] •	 Guidewires
•	 Ablation	catheters
•	 Stents—drug	eluting	and	bioresorbable
•	 Angioplasty	catheters
•	 CRM	devices
•	 Cardiac	monitoring	devices

Boston Scientific, USA [10] •	 Guidewires
•	 Ablation	catheters
•	 Stents—drug	eluting	and	bioresorbable
•	 Angioplasty	catheters
•	 Introducer	sheaths
•	 CRM	devices

Cook Medical, USA [11] •	 Guide	wires
•	 Cardiovascular	catheters
•	 Introducer	sheaths
•	 Angioplasty	systems
•	 Stent	grafts

Edwards	Lifesciences,	USA	[12] •	 Cardiovascular	catheters
•	 Prosthetic	heart	valves—bioprosthetic	and	transcatheter
•	 Heart	valve	repair	devices

Gore	Medical,	USA	[13] •	 Vascular	grafts
•	 Stent	grafts
•	 Suture
•	 Septal	occluders

Biosense Webster (Johnson and 
Johnson) [14]

Cardiovascular catheters

Medtronic,	Ireland	[15] •	 Cardiovascular	catheters
•	 Ablation	catheters
•	 Angioplasty	systems
•	 CRM	devices
•	 Stent	grafts
•	 Cardiac	monitors
•	 Prosthetic	heart	valves—mechanical,	bioprosthetic	and	transcatheter

Sorin	Group,	Italy	[16] •	 Cardiovascular	catheters
•	 Prosthetic	heart	valves—mechanical,	tissue	and	transcatheter
•	 Mitral	valve	repair	systems
•	 CRM	devices

St. Jude Medical [17] •	 Cardiovascular	catheters
•	 Ablation	catheters
•	 Septal	occluders
•	 CRM	devices
•	 VADs
•	 Prosthetic	heart	valves—mechanical,	bioprosthetic	and	transcatheter

CRM, cardiac rhythm management; VAD, ventricular assist device; VCD, vascular closure devices.
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surface of the blood vessels without any undue 
damage is an important aspect of the catheter. 
The frictional properties of the catheter are an 
important measurement for this determination. 
The behavior of the surface of the catheter is an 
important consideration in their response to the 
bodily fluids.

•	 Atraumatic	tip:	It	is	important	that	the	process	
of catheter insertion and its progress through 
the vasculature does not cause any damage to 
the surrounding tissues. This damage is mini-
mized by the careful design of the catheter tip.

3.1 Mechanical Properties 
of Catheters

3.1.1 Catheter Size
The	“French”	scale	 is	used	 to	denote	 the	size	of	

a catheter, the Fr (French) number divided by 3 is 
the diameter (D) of the catheter in millimeters (mm), 
that is,

=D (mm)
Fr

3
 (1)

The French size was devised by Joseph Charriere, a 
19th	century	Parisian	surgical	instrument	maker	[18].

π=C D (2)

The circumference of catheters, C, is only slightly 
(4.7%)	 greater	 than	 its	 calculated	 French	 size.	 An	
increasing French size corresponds to a greater di-
ameter of the catheter; however, the size only cor-
responds to the external size of the catheter so the 
effective volume of the catheter depends on its wall 
thickness	and	the	lumens	(size	and	geometry).

Table 2 gives some dimensions of catheters in dif-
ferent units of measurement [18].

In most cases for a diagnostic or interventional 
catheters, sizes between 5 and 7 Fr are used. A cath-
eter	 is	 usually	 in	 the	 range	 100–125	 cm	 (40”–50”)	
in length [19]. Cardiac catheters can range from the 
simplest cylindrical tubes to more complicated struc-
tures. The degree of complexity depends upon the 
nature of the application of the catheter.

3.1.2 Flow Through Catheters
When catheters are used to pump fluids of differ-

ent sorts through them, as in a catheter used to deliver 
medicinal fluids, the flow rates that can be achieved 

D (mm)=Fr3

C=πD

Table 2	 Catheter	Size	Conversion	Between	French	Sizes	to	Millimeters	and	Inches

French Gauge Circumference Diameter (mm) Diameter (inches)

3 3.14 1 0.039

4 4.19 1.334 0.053

5 5.24 1.667 0.066

6 6.28 2 0.079

7 7.33 2.334 0.092

8 8.34 2.667 0.105

9 9.42 3 0.118

10 10.47 3.334 0.131

11 11.52 3.667 0.144

12 12.57 4 0.158

13 13.61 4.334 0.170

14 14.66 4.667 0.184

15 15.71 5 0.197

16 16.76 5.334 0.210

17 17.81 5.667 0.223

18 18.85 6 0.236

19 19.9 6.334 0.249

20 20.94 6.667 0.263
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becomes important. The Hagen–Poiseuille equation 
from fluid mechanics describes the flow of a liquid in 
a circular orifice thus:

π
µ

= ∆Q P
r

8 L

4

 (3)

where Q is the volumetric flow rate, ∆P is the pres-
sure drop along the length of the tube, r is the radius 
of the tube, µ is the viscosity of the fluid being trans-
ported through the tube, and L is the length of the 
tube.

Since the Hagen–Poiseuille equation applies to 
flow through rigid tubes, it can be used to describe 
flow through vascular catheters, and how the dimen-
sions of a catheter can influence the flow rate. The 
effect of the inner radius of the catheter on the flow 
rate that can be achieved is significant as the flow is 
directly related to the fourth power of the radius. A 
change in the catheter diameter can have a profound 
influence on the flow rate through it, doubling the 
 inner radius of a catheter, for example, can increase 
the flow rate through it by 16-fold. According to the 
equation, the influence of length on the flow rate is 
significantly less than its radius; however, the flow 
is inversely proportional to the length of the catheter 
and	it	is	important	to	take	that	into	consideration	in	
catheter design. The fluid viscosity is also inversely 
proportional to the flow rate so increasing viscosity 
will decrease the flow through the catheter. The vis-
cosity of commonly used infusions used in intrave-
nous	injections	ranges	from	1	centipoise	(cP)	 to	40	
cP [20]. The viscosity of water at room temperature 
is ∼ 1 cP, plasma is mostly water but contains other 
components such as proteins, electrolytes, and other 
macromolecules, and as a consequence the viscosity 
of	plasma	at	37°C	is	about	1.8–2	times	that	of	water	
[21]. The viscosity of plasma forms a part of the vis-
cosity of blood which is further determined by red 
blood cells. The concentration of the red blood cells 
in	the	blood,	known	as	hematocrit,	has	a	very	strong	
impact on the viscosity of the blood [22]. At 37°C, 
the viscosity of blood is estimated to be between 3 
and	4		cP	[21].

3.1.3 Pushability of Catheters
The ability of the catheter to easily navigate the 

complexities of the vascular system is expressed in 
terms of the degree of force required to push the 
catheter through. This degree of force is expressed 
as the pushability of the catheter. Catheter pushabil-
ity refers to the response of a tube upon the placing 

of a longitudinal force along its axis. Pushability is 
also related to and sometimes referred to as the co-
lumnar stiffness of the catheter. Columnar stiffness 
is the ability to transmit force or movement from 
the proximal end to the distal end of a catheter. The 
proximal end of the catheter is defined as the portion 
of the catheter close to the point of attachment or 
insertion, whereas the distal end is the opposite of 
the proximal end and describes the portion furthest 
away from the point of insertion. The pushability of 
a catheter is related to longitudinal stiffness of the 
tube and for small deflections its behavior can be ap-
proximated as a spring system; it can be calculated 
as [23]

=k
EA

Llong	 (4)

where k
long

 is the longitudinal spring constant, E is the 
modulus of elasticity of the material of the  catheter, A 
is the cross-sectional area, and L is the length of the 
catheter shaft.

For increased pushability, k
long

 must be increased. 
An examination of the aforementioned equation re-
veals that the pushability is directly related to the ma-
terial modulus and the catheter cross-sectional area, 
whereas the pushability is inversely related to the 
length of the catheter. Accordingly a maximization 
of k

long
 can be achieved in the following ways

•	 Increasing	 the	 size	 of	 the	 catheter,	 that	 is,	
 increasing cross-sectional area of the tubing.

•	 Increasing	 the	 material	 stiffness	 or	 elastic	
 modulus

•	 Decreasing	the	overall	catheter	length

However, these variables are limited by the actual 
application, the size of the catheter is limited by the 
size of the blood vessel to be accessed, the stiffer the 
material of construction of the catheter the greater is 
the probability of causing injury to the vasculature 
and finally the length of the catheter is limited by 
the type of procedure and the distance between the 
point of insertion and the target area for diagnosis or 
 intervention.

3.1.4 Torqueability of Catheters
The maneuverability of the catheter through the 

vasculature depends upon the ability to transmit 
torque from the proximal end to the distal end of the 
catheter. Torque is the force that produces or tends 
to produce rotation. The degree of distal rotation 

Q=∆Pπr48µL

klong=EAL
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is divided by the degree of proximal rotation to 
 determine the torque ratio. The torque ratio must be 
such that the catheter material is able to provide 
sufficient rotation to the distal end of a catheter, in 
some cases a lower torque ratio may be desirable as a 
 lower torque ratio may provide better steering ability 
for the catheter.

The torsional stiffness of a catheter can be ex-
pressed	by	the	“Torqueability”	of	the	catheter.	Again	
for small deflections, as previously, the catheter can 
be approximated as a spring system and the torque-
ability of a catheter can be expressed as [23]

=k
GJ

Ltorq (5)

where k
torq

 is the torsional spring constant, G is the 
shear modulus, J is the polar moment of inertia, and 
L is the length of the catheter shaft.

Maximizing the transmission of torque means an 
increase in the torqueability of the catheter and this 
can be achieved by maximizing the torsional stiff-
ness value, k

torq
. One of the ways of increasing the k

torq
 

 value can be through maximization of the  material 
polar moment of inertia, J.

For a tube, the governing equation for J is [23]

π= −J d d
32

( )
o i
4 4 (6)

where d
o
 is the outer diameter of the catheter and d

i
 is 

the inner diameter of the catheter.
Maximization of J can be achieved through the 

maximization of the catheter’s outside diameter as 
well	as	its	wall	thickness.

As the shear modulus is also directly proportion-
al to the torqueability, an increase in the shear mod-
ulus can also result in an increase in the k

torq
 value. 

The shear modulus is directly related to the elas-
tic modulus of a polymer and generally expressed 
as [24]

= +E G v2 (1 ) (7)

where E is the material elastic modulus, G is the 
shear modulus and ν is the Poisson’s ratio.

Poisson’s ratio is a dimensionless quantity and is 
generally between 0.3 and 0.5 for most plastics.

An increase in torqueability can also occur with a 
corresponding decrease in the part length, L, as it is 
inversely proportional to k

torq
. However, as with push-

ability, the degree of freedom with these  variables in 
increasing the torqueability is limited by the appli-
cation site and the potential of injury to the blood 
vessels.

3.1.5 Catheter Flexibility
As the catheter travels within the vasculature to its 

destination, it has to go through numerous complex 
channels and therefore the ability of the catheter to 
traverse the complex pathway without causing any 
injury to the vasculature is important. This property 
of the catheter is referred to as its flexibility [25].

Traditionally, material durometer is used as the 
measure	of	the	flexibility	of	a	catheter.	Durometer	is	
a measure of the material’s hardness; however, du-
rometer is only an indirect measure of the catheter 
flexibility. The elastic modulus of the material is a 
better measure of the stiffness and flexibility of the 
material. The hardness of a material is related to its 
modulus, in general, the harder a material, the higher 
is its elastic modulus. However, this relationship is 
not direct as can be seen in Fig. 1.

Mathematically, the flexibility or flexural stiffness 
of a tube can be determined by approximating the 
catheter as a spring system and calculating its flex-
ural spring constant [25]:

=k
EI

L

3
flexural 3

	 (8)

where k
flexural

 is the flexural spring constant, E is the 
modulus of elasticity, I is the material moment of in-
ertia, and L is the length of the catheter shaft.

Eq. (8) implies that to improve the flexibility of 
the tube the flexural stiffness value, k

flexural
, must be 

minimized by decreasing the moment of inertia (I) of 
the	material	of	construction	making	up	the	catheter.	
The moment of inertia characterizes the resistance to 
motion demonstrated by a body subjected to rotation-
al motion. When a body is rotating, or free to rotate, 
around an axis, a torque must be applied to change 
its angular momentum. The amount of torque needed 
for any given rate of change in angular momentum is 
proportional to the moment of inertia of the body. For  
a tube, the governing equation for I [24]:

π= −I d d
64

( )
o i
4 4 (9)

where d
o
 represents the outer and d

i
 represents the 

inner diameters of the tube.
Minimization of the moment of intertia, I, can 

be	achieved	by	decreasing	the	wall	thickness	of	the	
catheter. Apart from decreasing I, the overall flexural 
spring constant, k

flexural
, can further be reduced by

•	 By	minimizing	 the	modulus	of	elasticity,	 that	
is, by using a softer material.

•	 By	increasing	the	overall	part	length.

ktorq=GJL

J=π32(do4−di4)

E=2G(1+v)

kflexural=3EIL3

I=π64(do4−di4)
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Along with the flexibility of the catheter,  another 
important	property	of	a	catheter	is	its	kink		resistance.	
The	kink	resistance	of	a	catheter	can	decide	to	a	great	
degree, the amount of bend that the catheter can 
withstand without permanent deformation. The max-
imum bend radius a catheter can withstand is deter-
mined by three factors: the catheter diameter, its wall 
thickness,	and	 the	properties	of	 the	plastic	material	
making	up	the	catheter.	For	some		applications,	bend	
radius may not be as important as tensile strength, 
whereas in other applications the opposite may be 
true. As a general rule, the bend radius is usually 
half of the catheter outer diameter [25]. Flexibility 
itself	 is	 not	 however	 an	 accurate	 measure	 of	 kink	
	resistance.	Data	have	shown	that	tubes	with	a	small	
inner  diameter to outer diameter ratio perform better 
than those with higher inner diameter to outer diam-
eter	 ratios.	 That	 is	 the	 catheters	 with	 thicker	 walls	
have	better	kink	performance	than	those	with	thinner	
walls.

3.1.6 Catheter Burst Pressure
The burst pressure is another important property 

to consider when designing catheters [26]. This prop-
erty becomes especially important when the catheter 
is designed to expand as a balloon in angioplasty pro-
cedures or to deliver a stent. A theoretical calcula-
tion using tensile strength, outer diameter (d

o
), and 

inner diameter (d
i
) values can be used to determine 

the conditions under which a tube might fail or de-
velop	cracks	due	to	pressure	from	within	and	can	be	
expressed as in Eq. (10).

=
−

+
P

T d d

d
d

d

( )

(1 )

o i

i
o

i

2 2

2
2

2

 (10)

where T is the ultimate tensile strength of the cath-
eter, d

o
 is the outer diameter of the catheter, d

i
 is the 

inner diameter of the catheter, and P is the burst pres-
sure of the catheter.

As can be seen, an increase in burst strength is di-
rectly proportional to the material tensile strength and 
materials with higher ultimate tensile strengths are 
chosen for high performance applications. Increasing 
the	wall	thickness	and	decreasing	the	overall	tube	di-
ameter can also increase the burst pressure; however, 
these dimensions are limited by the application.

The mechanical equations for the design of a 
catheter (Eqs. (1–10)) represent the material require-
ments for tensile strength, elastic modulus, durom-
eter, etc. However, in many instances the properties 
of a plastic are just not adequate to satisfy all the re-
quirements for catheter design. In these cases, cath-
eters are frequently reinforced with metallic, steel or 
nitinol,	braids.	Braided	catheter	shaft	designs	(Fig. 2) 
can satisfy requirements for applications that require 

P=T(do2−di2)di2(1+do2di2)

Figure 1	 Relationship	between	polymer	hardness	and	its	elastic	modulus	[data	for	siloxane-based	thermoplastic	
polyurethanes (TPUs)].
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high torque, burst pressure resistance, pushability, 
torqueability,	and	kink	resistance	at	the	same	time.

Catheter design is further complicated by the 
 combination of a small size and the requirement for 
multiple lumens. Multiple lumens are required for 
different functionalities that are delivered through 
each lumen either different fluids or more complicat-
ed therapeutic devices. Multiple lumens help achieve 
the goal of a small and minimally invasive procedure 
providing multiple activities through a single access 
point. Three to six or more lumen catheters have 
been commonly used [25]. The equations provided 
previously (Eqs. (1–10)) are good approximations 
for single lumen catheters; however, multilumen 
catheters can complicate this analysis.

The combination of the catheter design formu-
lae highlights an increasing degree of difficulty for 
design engineers. The equations indicate that the 
same material properties that increase pushability 
and torqueability of the catheter also decrease the 
flexibility	 of	 the	 catheter	 and	 will	 end	 up	 making	
the catheter stiff. A stiffer catheter will increase the 
possibility of causing injury to the vasculature. This 
design challenge is usually overcome by using more 
than one material of construction. Very often the ma-
terial variations used are different durometers of the 

same	material.	Different	durometers	of	the	same	ma-
terial are chosen to facilitate ease of bonding as that 
can occur with the same base chemistry. A harder 
durometer is used toward the proximal end whereas 
a lower durometer is used toward the distal end. As 
seen earlier, the durometer values correspond to the 
elastic modulus of the material.

Catheter assembly with material variations can 
be accomplished by different techniques. Catheters 
with multiple materials or multiple durometers of 
the same material, along the length of the shaft, may 
be manufactured by extruding discrete segments of 
different materials and subsequently bonding or 
fusing them together. The bonding can be achieved 
by different techniques; use of adhesives and ther-
mal bonding or fusion. Adhesives can often be used 
in the assembly technique to fuse together  different 
materials. The selection of adhesives is important 
to the manufacturing process as some adhesives, 
such as epoxies, may display good bonding prop-
erties but may need a long cure cycle or high cure 
temperatures. Adhesives that can be cured at room 
temperature, for example, moisture curing or light 
sensitive adhesives can be viable alternatives. 
Thermal fusion is another technique used in cath-
eter assembly; thermal bonding is done using the 
“reflow”	process.	The	reflow	process	relies	on	the	
melting of the material and gentle pressure during 
the melting process forces adjacent layers of mate-
rial to flow into each other. Reflow ovens and man-
drels are used for the melting of the tubes and the 
exertion of pressure. Upon cooling, the layers form 
an integral adhesive bond to each other. The reflow 
technique is quite commonly used for polyurethane 
and	polyether	amide	(PEBA)	catheters.

An intermittent extrusion technology can also be 
used to produce catheters with variable durometers 
along their length. Most thermoplastic catheter ma-
terials can be utilized in the intermittent extrusion 
process and both single and multilumen catheters 
can be produced using this technology [26]. Intermit-
tent tapering during extrusion is another technique to 
achieve the variable rigidity of the catheter along its 
length. Tapering is done in a controlled fashion as the 
material exits the die when the plastic is still hot and 
malleable. Intermittent tapering is the process which 
tapers different regions of the extrudate into different 
draw downs in a variable manner that changes the 
cross-sectional area of the catheter in different sec-
tions. This variation of the cross-sectional area leads 
to variable flexibility along the length of the shaft. 
This technique can be used for single lumen catheters 
as well as for multilumen catheters.

Figure 2 A braided catheter. Courtesy: St. Jude 
 Medical.
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3.2 Catheter Radio Opacity

Radio opacity refers to the inability of electromag-
netic	radiation,	particularly	X-rays,	to	pass	through	the	
material. Radio opacity can also be referred to as radio 
density. The two primary factors that contribute to a 
material being opaque to electromagnetic radiation are 
its atomic weight and density. Catheters usually incor-
porate materials with high electron density contrast to 
the surrounding tissue material. Visualizing the cath-
eter during a procedure allows the physician to guide 
and maneuver the device for proper placement or align-
ment. The materials inducing radio opacity in catheters 
include titanium, tungsten, bismuth, and barium [27].

X-rays	are	a	form	of	radiation	and	consisting	of	high	
energy waves with different frequencies and lengths 
forming	a	part	of	the	electromagnetic	spectrum.	Diag-
nostic	X-rays	fall	in	the	lower	wavelength	end	of	the	
spectrum with wavelengths between 0.1 and 1 Ang-
stroms (Å). When fast moving electrons emanating 
from	an	X-ray	source	impacts	on	an	anode	or	target,	
X-rays	are	produced.	The	intensity	of	an	X-ray	beam	
is determined by the number of photons in the beam 
and the energy of the photons, which is expressed as 
kiloelectronvolts.	 X-rays	 used	 for	 medical	 imaging	
tend	to	have	photon	energies	between	5–10	keV	[28].

In	an	X-ray	beam	different	parts	of	the	body	can	
attenuate	 the	 X-ray	 energy	 in	 a	 different	 fashion.	
These differences can create differing contrasts of the 
resultant	 image.	Bones	contain	calcium,	which	due	
to	its	relatively	high	atomic	number	absorbs	X-rays	
efficiently.	This	reduces	the	amount	of	X-rays	reach-
ing	the	detector	in	the	shadow	of	the	bones,	making	
them clearly visible on the radiograph.

The	X-ray	imaging	technique	used	frequently	dur-
ing cardiovascular procedures is fluoroscopy. Fluo-
roscopy is an imaging technique commonly used by 
physicians or radiation therapists to obtain real-time 
moving images of the internal structures of a patient 
through the use of a fluoroscope. In its simplest form, a 
fluoroscope	consists	of	an	X-ray	source	and	a	fluores-
cent screen, between which a patient is placed. How-
ever,	modern	fluoroscopes	couple	the	screen	to	an	X-
ray image intensifier and a video camera allowing the 
images to be recorded and played on a monitor.

The material density and its atomic number play 
an important function in the determination of its abil-
ity	 to	act	as	radio	opaque	elements.	Barium	sulfate,	
bismuth compounds, and tungsten metal are fre-
quently used as radio opaque fillers in catheter tub-
ing [27].	 Barium	 sulfate	 (BaSO

4
) is the oldest and 

most widely used of the radio opaque materials. It 
has	a	specific	gravity	of	4.5	and	is	generally	used	as	

20–40%	loadings	by	weight	in	combination	with	the	
base	plastic.	BaSO

4
 is white in color and can be col-

ored differently using colorants. Its main attraction is 
its low cost; however, its density implies that a high-
er loading may be required as compared with other 
more dense fillers. As the loading of a filler increases, 
the properties of the base plastic start getting affected 
and at higher loadings one may see a decrease in the 
plastic’s tensile strength and even its biological sta-
bility.	 Bismuth	 compounds	 are	 considerably	 more	
expensive	than	BaSO

4
 but are almost twice the den-

sity	of	BaSO
4
. That implies that one can compound 

in a greater amount of the radio opaque agent with-
out compromising the physical properties of the base 
plastic. A higher loading means a clearer image of the 
catheter is produced during the procedure. Tungsten 
metal powder has a very high specific gravity of 19.5 
and so much higher loadings can be compounded 
with greater image clarity as a result. However, the 
use of Tungsten is restricted due to its abrasive nature 
that affects the compounding extruders. All these ra-
dio opaque materials are biocompatible and have no 
issues in being used in the medical industry [27].

The amount of the radio opaque agent also depends 
on the application and device design. A catheter that is 
deployed	near	the	surface	of	the	skin	requires	a	much	
lower level of the radio opaque filler as  compared to 
the catheter that is used in the coronary artery of the 
heart. A higher loading of the radio opaque filler is 
also required for thin walled catheters as compared to 
thicker	walled	catheters.	A	higher	level	of		loading	is	
also used for catheters having discrete radio opaque 
markers,	such	as,	strips,	rather	than	a	uniform	distri-
bution of the filler. Sometimes a blend of radio opaque 
fillers may be used to balance the issues of cost, load-
ing, physical properties, and image clarity.

Compounding radio opaque fillers into the base 
plastic is a sensitive operation. First of all, correct 
levels are to be chosen based on the application, de-
vice design and the filler type; second, great care has 
to	be	taken	so	as	not	to	over	shear	and	degrade	the	
properties	of	either	the	filler	or	the	base	plastic.	Bis-
muth compounds, for example, are sensitive to shear 
whereas Tungsten metal can damage the compound-
ing extruder due to their abrasive properties.

3.3 Frictional and Surface 
Properties of Catheters

In catheters, the physical property most often used 
to describe the ease of passage of the catheter through 
the blood vessels is the coefficient of friction (COF). 
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The COF is also used to describe the ease of inser-
tion of another device through the shaft. A low COF 
implies better lubricity of catheters. The science of 
friction, abrasion, and lubrication is called tribology. 
A tribometer is an instrument used for the measure-
ment of friction.

The measurement of friction is carried out empiri-
cally; a tribometer compares the frictional values of a 
known	surface	to	the	one	that	needs	to	be	measured.	
The measure of sliding resistance of one material 
over another is usually used to calculate the COF. 
The COF can be expressed as (Fig. 3)

µ = F

N
 (11)

where µ is the COF, F is the tangential force, and N 
is the normal force.

The COF values depend on the material used. For 
catheter interactions with the blood vessels, COF 
values	of	approximately	0.04	are	indicative	of	a	low	
insertion force whereas values of greater than 0.2 
indicate a high insertion force [29]. Polytetrafluoro-
ethylene (PTFE) has long been recognized as hav-
ing the lowest COF of polymers commonly used in 
medical devices. However, PTFE might not possess 
other properties such as elastic modulus and thermal 
processability that are favorable to catheter design; 
hence PTFE is frequently used as liners in catheters 
but rarely as the main material of construction in 
catheters.

The application of coatings on catheters is seen 
as another way to improve their surface properties. 
Apart	from	making	catheters	more	lubricious,	coat-
ings can function in numerous other ways to enhance 
the surfaces of catheters and leading to an improve-
ment in the catheter interaction with the biological 
environment.

Coatings are often seen as solutions to the prob-
lem	of	the	lack	of	consistency	in	the	surface	proper-
ties of catheters. Coating processes on polymers were 

explored in the 1950s, the oldest patent on a hydro-
philic coating was published in 1956 [30], and al-
though	it	did	not	specifically	talk	about	usage	in	med-
ical devices, it was important as it described the basic 
chemistry of coating processes. This basic chemistry 
was then expanded upon in one form or another by 
subsequent	work	in	the	area	of	polymeric	coatings	in	
general and hydrophilic coatings in  particular.

The polymeric systems that were used in the coat-
ing of catheters and were patented in the 1960s to 
1980s	included	polyvinylpyrolidone	(PVP),	polyure-
thanes, polyacrylic acid (PAA), polyethylene oxide 
(PEO), and polysaccharides. Most of these systems 
continue to be used to this day with subtle varia-
tions in the actual chemistry. The initial patent from 
	DuPont	described	a	two-layer	system,	where	a	bond-
ing layer is first placed over the substrate to provide 
for	consistent	binding	for	a	 top	coat.	Work	done	 in	
later publications differentiated this basic technology 
into heat-cured and photo-cured coatings [31]. These 
studies	also	talked	about	the	use	of	coating	systems	
with a single layer versus systems with a two-layer 
structure comprising a bonding layer and a top coat.

Apart from the reduction in the COF, the antifoul-
ing property of the coating is also an important de-
terminant of the effectiveness of the coating. Protein 
adsorption, as noted earlier, is one of the first events 
that occur upon the introduction of a foreign object 
into the body. Protein absorption, in many instances, 
is seen as a precursor to blood clotting and throm-
bosis [31]. Therefore, if the coating demonstrates an 
ability to reduce protein adsorption, it will reduce 
subsequent tendency to thrombosis of the inserted 
catheter.	Reducing	the	propensity	for	proteins	to	stick	
to	a	surface	is	a	key	approach	to	making	a	nonthrom-
bogenic material and an antifouling coating. These 
coatings were initially utilized in coating guidewires 
but are increasingly being used to coat introducers 
and catheters. Some hydrophilic coatings also em-
ploy heparin, which is antithrombogenic in that it ac-
tively catalyzes a reaction between antithrombin and 
thrombin, which ultimately affects clotting by reduc-
ing the formation of the fibrin protein.

Current coating designs also include drug deliv-
ery	 packages	 into	 the	 coatings.	 A	 pervasive	 prob-
lem that exists in numerous procedures is that of 
operation-related bacterial infections. For example, 
central venous catheters (CVCs) and peripherally 
inserted central catheters (PICCs) have serious po-
tential to cause life-threatening infections such as 
sepsis, and catheter infection rates are 5.3 per 1000 
catheter days. Consequently, there is a large push to 
incorporate antimicrobial materials into hydrophilic 

µ=FN

Figure 3	 Illustration	 of	 the	 frictional	 forces	 on	 an	
 object.
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coatings, which can present special challenges de-
pending on the coating system. One effective tech-
nique is the incorporation of antimicrobial drugs into 
the coating. These antiinfection drugs will elute into 
the body over time and prevent the development of 
infections after the procedure. Each antimicrobial–
catheter coating pair has different requirements that 
are dependent on the relative chemical relationship 
between the compounds in the system. Thus each 
system must thoroughly be tested and verified before 
being used in practice. The antimicrobial agents used 
in today’s catheter systems are either exclusively or 
a combination of silver compounds, chlorhexidine, 
and other antibiotics including minocycline and ri-
fampin in combination [31].

Antimicrobial impregnated catheters have been 
shown to reduce catheter infection rates [31]. How-
ever, the effectiveness of the technology depends not 
only on the drug combination used but also on the 
application conditions, the nature of the contact with 
the tissues, and the duration of the implant.

Another factor that plays a role in the effective-
ness of the antiinfection drugs and their elution is the 
formation of a biofilm on the surface of the implant. 
A biofilm is described as a group of microorganisms 
in	which	the	cells	stick	to	each	other	and	adhere	to	
a surface. The biofilm shields the infection from the 
antimicrobial drug. Thus, another current approach 
in hydrophilic coating technology is to have surfaces 
that inhibit biofilm formation and bacterial attach-
ment.	By	modifying	the	surface	with	specific	chemi-
cal species and charges, protein adsorption can be 
delayed, which can directly or indirectly affect at-
tachment	of	bacteria	to	the	surface	protein	layer.	Do-
ing this cuts off the process of colonization, and if the 
numbers	of	bacteria	in	the	local	area	can	be	kept	low,	
biofilm formation can be reduced or delayed.

The first generation of coated medical devices in 
general and catheters in particular have  succeeded in 
giving us catheters with increased lubricity,  improved 
biocompatibility due to their antifouling properties, 
and durability for their applications. The next genera-
tion of hydrophilic technologies allows for enhanced 
functionality such as drug-delivery  capabilities and 
suppressing the formation of biofilm structures. With 
further advancement in medical devices, there is an in-
creasing identification of issues that the future coating 
technology needs to solve. A more developed coating 
in the future will not only retain the functionalities of 
previous coating technologies but will add on to pro-
viding a biomaterial surface that allows specific mate-
rial–tissue interactions thus allowing for different cell 
types to cover the device surface in different locations.

3.4 Catheter Tipping

For a catheter to be advanced into its position 
down the vasculature, it is critical that the advance-
ment does not cause any damage to the cardiovascu-
lar system. This is done by ensuring that the tip of the 
catheter is fabricated in such a fashion that it does not 
cause any injury during its advancement through the 
vasculature or in other words, it is atraumatic. The 
process of fabricating the atraumatic tip is termed 
catheter tipping or end forming. Tipping is the pro-
cess of molding a rounded tip on the end of a thermo-
plastic tube used in the medical industry. Thus, the 
rounded end of the catheter tube allows the tube to be 
safely inserted into the human with minimal trauma 
to body tissue. Various tip geometries are required 
depending on the application of the catheter; the cath-
eter tips may be open or closed ends, it might also 
involve transitioning of multiple lumens into a single 
lumen	tip,	the	tips	could	be	tapered	or	necked	down	
and	a	special	radio	marker	band	may	be	placed	at	the	
tip as the location of the tip is important to monitor.

3.5 Catheter Extrusion

Thermoplastic melt extrusion with dies designed 
to produce circular cross-sections is used to produce 
catheters.	Catheters	 can	essentially	be	 looked	upon	
as small versions of pipe and hose manufacture; 
however, it is not a simple scale down and involves 
numerous factors for successful manufacture [32].

A typical catheter extrusion line is illustrated in 
Fig.	4.

Figure 4	 A	 typical	 catheter	 extrusion	 line.	Courtesy: 
Elsevier Publications; G. Jin, M. Wang, D. Zhao, H. Tian, Y. 
Jin, Design and experiments of extrusion die for polypro-
pylene five-lumen micro tube, J. Mater. Process. Technol 
214 (1) (2014) pp. 50–59 [32].
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The components of a catheter extrusion line are 
as follows:

3.5.1 Extruder
For medical catheter production, single screw ex-

truders	of	screw	diameters	of	1”	and	below	are	pre-
ferred as the outputs with the production of the small 
diameter tubes are low [33]. The extruder is a melting 
and pumping machine and it converts solid plastic 
pellets into a uniform polymer melt. This melt is then 
forced through a tubular die at a constant rate. The 
frictional	heat	generated	from	the	mechanical	work	
of the screw and heat conducted from the  heated bar-
rel of the extruder provide the extruder with sufficient 
heat to melt the material. The length of the extruders 
and the screw design utilized depends on the mate-
rial being used. Longer lengths and intensive screw 
designs are not suitable for shear sensitive materials. 
Excessive shear can cause degradation, that is, a re-
duction in the polymer’s chain length and subsequent 
loss in the mechanical properties of the tubing. Shear 
rates are affected by the design of the screw, the rpm 
or speed of the screw, and clearances in the die. The 
presence of filler also impacts the screw design con-
siderations,	 radio	 opaque	 fillers	 such	 as	 Bismuth-
based compounds tend to be shear sensitive. Many 
tubing lines are equipped with a melt pump, in such a 
situation, the gear-based melt pump acts as the main 
flow control mechanism.

Polymer degradation greatly affects the properties 
of the finished catheter, any reduction in chain length 
results in a loss of the mechanical properties of the 
catheter and in extreme cases the catheter may end up 
completely discolored and brittle. There can be sev-
eral sources of chain degradation, excessive shear, as 
explained earlier, can lead to degradation, a similar 
effect may occur with the use of the wrong tempera-
ture, too high a temperature can cause temperature-
induced degradation whereas too low a temperature 
may cause the shear rates to increase to a high enough 
level to cause shear induced degradation.

3.5.2 Dryer
The presence of moisture in the extruder may also 

lead to degradation among certain materials, poly-
mers such as thermoplastic polyurethanes (TPUs) 
and polyethylene terephthalates (PETs) will depoly-
merize in the presence of moisture especially at high 
temperatures. Therefore, drying of the polymer pel-
lets, often the first step in most extrusion processes, 
is a critical step in catheter extrusion.

Drying	 technology	 for	 plastics	 has	 advanced	
through the years and different designs of dryers are 
available.	Desiccant	dryers	are	very	commonly	used	
in the catheter extrusion. Inside the desiccant dryer, 
hot dry air is pumped into the bottom of the hopper 
containing the resin so that it flows up through the pel-
lets, removing moisture on its way. The hot wet air 
leaves the top of the hopper and is first run through an 
after-cooler, because it is easier to remove moisture 
from cold air than hot air. The resulting cool wet air is 
then passed through a desiccant bed. Finally, the cool 
dry air leaving the desiccant bed is reheated in a pro-
cess	heater	and	sent	back	through	the	same	processes	
in a closed loop. The degree of drying is strongly de-
pendent on the material used in the extrusion. Underd-
rying of some materials may cause degradation of the 
material in the extruder, overdrying, on the other hand, 
may cause thermal degradation in other materials. The 
specification for the drying of different plastics is usu-
ally specified by the manufacturer of the plastic. Some 
general drying conditions are stated in Table 3.

The moisture level also needs accurate measure-
ment to satisfy the material requirements.

Different	techniques	exist	for	the	measurement	of	
the moisture content in a plastic material. The mois-
ture content determination techniques include loss of 
weight, chemical reaction, thermogravimetric, and 
spectroscopic tests. The loss of weight technique or 
the	loss	on	drying	(LOD)	technique	and	the	chemi-
cal reaction technique of titration are widely used for 
plastics. When the volatile content of the solid is pri-
marily	water,	LOD	technique	gives	a	good	measure	
of	the	moisture	content.	In	a	typical	LOD	analyzer,	

Table 3	 Acceptable	Moisture	Levels	and	Drying	Conditions	for	Common	Catheter	Materials

Material
Acceptable Moisture 

level (%) Drying Temperature Drying Time

Thermoplastic polyurethane (TPU) 0.02 160–220F 2–8 h

PEBA 0.08 55–80°C 2–8 h

Polyethylene terephthalate (PET) 0.005 140–160°C 4–6 h

Nylon (Polyamide 6) 0.25 70-90°C 4–6 h
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the sample is placed on a sensitive balance within 
the instrument, the sample is then rapidly heated 
and moisture content measured as the sample weight 
drops with the release of moisture [34]. A more ac-
curate method for the measurement of the amount of 
water content is the use of Karl Fisher (KF) titration. 
This technique was developed in the 1930s by the 
German	 chemist	 Karl	 Fischer	 and	 is	 reliant	 on	 the	
reaction of water molecules with the KF titrant and 
the resultant electrical activity. The KF technique has 
a high accuracy and precision and in contrast to the 
LOD	technique	is	selective	toward	water	rather	than	
any other volatile substance [34].

3.5.3 Tubing Die
The flow behavior of the material and it relation 

to shear and temperature can be accurately measured 
with rheological studies. It is, therefore, imperative 
to study the rheology of the polymer prior to its use 
as a catheter material and selecting a certain screw 
design. This will ensure that the plastic is extruded 
under the right conditions and final catheter has opti-
mum physical properties.

An extruder die sits at the end of the extruder and 
forms the initial shape and dimensions of the extrud-
ed tube. Tubing die consists of two major compo-
nents	a	mandrel	or	pin	that	forms	the	tube	ID,	and	a	
die	that	forms	the	tube	OD.	The	die	and	the	mandrel	
constitute the extrusion head. There are a number of 
die, head and mandrel designs and these designs play 
a critical role in the extrusion process and the ability 
to produce precise dimensions of tubes. A drawing of 
a multilumen tubing die is shown in Fig. 5.

The design of extrusion dies is based on the prin-
ciples of rheology, thermodynamics, and heat trans-
fer. The quantities to be calculated are pressure, shear 
rate, and residence times as functions of the flow path 
of the melt in the die. The pressure drop is required 
to predict the screw design and its performance, the 
shear rate calculation in the die shows melt flow is 
within the normal shear rate range and the residence 
time of the melt in the dies gives an indication of the 
uniformity of melt flow.

In general, the relation between volume flow rate 
and pressure drop of the melt in a die can be ex-
pressed as [35]

= ∆�Q KG pn n (12)

where �Q  is the volumetric flow rate, G is the die con-
stant, ∆p is the pressure drop in the die, and n is the 
power law exponent.

For a tubular die, the die constant and the shear 
rate in the die are given as [34]
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where R
o
 is the outer radius of the die, R is the inner 

radius of the die, L is the length of die/pin, and γ�  is 
the shear rate.

Using modifications to these basic set of equa-
tions (12–14) accurate simulations of polymer melt 
flow through the die geometry are made possible by 
software	packages	such	as	Compuplast	 [36]. These 
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Figure 5	 A	drawing	of	the	tube	and	die	arrangement.	Courtesy: Elsevier Publications; G. Jin, M. Wang, D. Zhao, H. Tian, 
Y. Jin, Design and experiments of extrusion die for polypropylene five-lumen micro tube, J. Mater. Process. Technol 214 (1) 
(2014) pp. 50–59 [32].
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simulations depend on the correct input of the ma-
terial’s rheological and thermal properties hence the 
accurate measurement of these properties is critical 
to the success of these simulations. These simula-
tions can help the equipment designer and the ma-
terial scientist to design the entire process so as to 
match the process conditions and the material prop-
erties. These simulations can go a long way in the 
avoidance of common issues arising out of catheter 
extrusion such as flow balancing, excessive melt tem-
peratures and pressures, polymer degradation, voids, 
and gels. Representative output of these simulations 
can be seen in Figs. 6 and 7.

In these representative simulations, a multilumen 
die with three lumens was used and low density poly-
ethylene was used as the melt. Fig. 6 shows the dis-
tribution of shear stress in the flow channel leading to 
the die; low values of shear stress signify the presence 
of dead spots and melt flow stagnation that could lead 
to problems such as degradation and gels in the ex-
truded tubing. Fig. 7 shows the distribution of veloci-
ties at the die exit and this could be used to correct for 
proper mass balancing of the flow. Note that the ve-
locity at the metal–polymer interface is always zero.

3.5.4 Post Extrusion
Polymer melts exhibit an increase in cross-sec-

tional area whenever they emerge from extrusion 
dies. This phenomenon is called die swell, or more 
correctly, extrudate swell. Extrudate swell is a re-
sult of the extensional rheology of the polymer melt 
and is attributed to the memory effect that the poly-
mer melt experiences during flow. The relationship 

between the die dimensions and the final catheter di-
mensions	 is	known	as	 the	draw	down	ratio	(DDR).	
The	DDR	can	also	be	said	to	be	the	ratio	of	the	area	
of the die exit and the cross-sectional area of the final 
 annular extruded product. The die exit is formed by 
the die inner diameter and the pin outer diameter. The 
DDR	calculation	does	not	take	the	melt	die	swell	into	
 account. In most catheter operations, the value of the 
DDR	is	maintained	in	the	range	of	1.5–5.0	[33].

The	 DDR	 also	 results	 in	 molecular	 orientation	
and residual stresses in the tubing. The orientation 
can result in increase in tensile properties of the ma-
terial in the machine direction but a corresponding 
strength decrease in the transverse direction which 
could result in a decrease of burst pressure of the 
finished tubing. Stresses can cause problems in the 
subsequent thermal processing such as sterilization; 
stresses can also be detrimental to the stability of the 
material in biological environments and lead to de-
creased biostability, a concern for longer term im-
plants. The built-up stress is addressed by the use of 
an annealing process at the end of the extrusion line.

The molten polymer exiting the extrusion die is 
cooled using a water bath. The cooling process can 
be critical in the determination of the dimensions, 
physical properties, and the morphology of the cath-
eter. Many polymers are either semicrystalline or 
have significant molecular order and the rate of cool-
ing from a melt, that is, an amorphous state, can have 
a significant effect on the morphology. Rapid cool-
ing can slow down or even eliminate crystallinity and 
order, slow cooling, on the other hand, can result in 
large crystal formation. In some applications, such 
as balloon manufacturing, the extruded tubing must 

Figure 6	 Polymer	 melt	 flow	 simulation	 through	 a	
multi-lumen	die—the	shear	stress	distribution.	Cour-
tesy: Compuplast International.

Figure 7	 Polymer	 melt	 flow	 simulation	 through	 a	
multi-lumen	 die—velocity	 profile	 and	 path	 lines	 in	
flow.	Courtesy: Compuplast International
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be amorphous prior to the balloon-forming process 
[33]. In other applications, increasing the amount of 
crystallinity may be more desirable as it can improve 
stiffness and lubricity. Therefore, it is important to 
verify cooling parameters used for the process.

From	the	cooling	 tank,	 the	 tube	 is	cut	 to	 the	ap-
propriate length and subjected to an annealing cycle. 
The annealing happens in a temperature controlled 
oven and is designed to relieve the stresses that are 
stored in the tubing as a result of the manufacturing 
process. The annealing cycle, time and temperature, 
is dependent on the material that is used for the man-
ufacture of the catheter.

Once the catheter is extruded, it has to undergo 
several secondary operations to be ready for its fi-
nal	application.	The	kind	of	secondary	operations	are	
dictated by the nature of the application.

Machining holes and other profiles into the cath-
eter form an important part of the catheter manufac-
turing step as these holes perform an important role 
in the function of the catheter as either a diagnostic or 
interventionist tool. The catheters are extremely small 
in size so special machining devices and methods are 
necessary for successful drilling or punching. Preci-
sion micro-machining techniques can achieve this 
to a certain extent [35]. Laser technology has aided 
considerably in the development of these machining 
tools. Lasers have been successful at machining tiny 
holes with a high degree of precision [37]. Thermal 
damage is one area that needs careful attention espe-
cially	when	working	with	parts	as	small	as	catheters.	
A	growing	trend	with	laser	beam	machining	(LBM)	
is the shift toward shorter wavelengths and deliver-
ing short laser pulses. Shorter wavelengths are bet-
ter	absorbed	by	the	material	and	shorter	pulses	keep	
the	temperature	rise	of	the	material	in	check	avoid-
ing instances of thermal damage. Thermal damage is 
also avoided in standard micro-machining technique 
by using the appropriate coolants and well-designed 
machining fixtures. Any damage caused to the part 
has a big impact on the functionality of the part.

As referred to earlier, a catheter may be  subjected 
to reflow operations to join different parts of the cath-
eter together. Reflow, in general, refers to a  catheter 
construction process whereby the inner and outer 
jacket	materials	are	“reflowed”	(i.e.,	melted)	to	build	
a composite catheter shaft. Plastic reflow involves 
using heating processes where plastics change state 
from solid to liquid. One use of the reflow process 
is press fitting a metal part into a plastic part. The 
metal part, in the process, is heated to a temperature 
greater than that of the plastic melting point. Reflow 
can be done with the polymer material and a metallic 

braid,	braided	reflow	catheters	add	strength,	kink	re-
sistance, steerability, and torsion control to medical 
device tubing. A typical reflow catheter construc-
tion involves a lubricious inner liner (usually PTFE), 
braid	reinforcement,	and	a	polymer	outer	jacket.	The	
materials are reflowed together on a mandrel using 
heat	shrink	tubing	to	build	the	desired	catheter	shaft	
properties.

3.5.5 Bump Extrusion
In many instances, a varying diameter helps with 

the catheter design in terms of its flexibility, push-
ability, and torqueability. A smaller diameter at the 
distal end of the catheter can be beneficial at the 
same time a larger diameter is desired at the other or 
proximal end. Traditionally this variation in diameter 
would be a secondary operation and involve bonding 
several	pieces	together.	However,	this	“tapering”	can	
also be achieved with certain in-line extrusion tech-
niques	known	as	bump	extrusion.	Bump	extrusion	is	
a fairly recent technique that is fast catching on with 
different manufacturers [26].	Bump	extrusion	details	
tend to vary with materials and manufacturers but the 
basic variables that are controlled in bump extrusion 
are as follows:

•	 Tubing	line	speed:	Controlled	variation	in	the	
line speed can control the degree of drawdown 
of the tubing and thus the dimensions of the 
tubing

•	 Internal	air	pressure:	Variation	of	the	blow-up	of	
the melt can effectively alter the tube dimensions.

•	 Extruder	output:	Controlled	change	in	 the	ex-
truder output by changing the speed of extruder 
screw can affect the catheter dimensions.

Careful consideration needs to be given to all the 
catheter dimensions, i.e. the outer and inner diam-
eters, the size and the number of lumens, etc. as all of 
them might be affected differently with the changes 
in drawdown ratio, air pressure, and overall output.

3.5.6 Silicone Extrusion
Polysiloxanes or silicones are thermoset in nature 

and cannot be extruded on standard thermoplastic 
catheter extrusion equipment. The components of the 
tubing line are similar to the catheter extrusion line 
for	thermoplastics.	However,	there	are	key	differenc-
es. The silicone extrusion process begins with blend-
ing	a	two-part	silicone	gum	stock	on	a	two-roll	mill	
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to produce a homogeneous silicone material. The sil-
icone is then formed into strips and fed continuously 
into the extruder. The extruder used for extruding 
thermoset silicones is a single screw with extra flight 
depth and the screw capable of being cooled [38]. 
The length-to-diameter ratio of the screw is typical-
ly10:1 to 12:1with a compression ratio of 1:1.5–1:2. 
The variable speed screw feed maintains proper pres-
sure at the pin and die, and a laser micrometer moni-
tors	the	tube	OD	throughout	the	process.	Extrusion	is	
carried out at room temperature, temperatures higher 
than 50°C are avoided to prevent scorching and any 
loss	of	the	cross-linking	agent.	The	silicone		emerging	
from the extruder die is cured by passing through a 
hot oven. Hot air curing is the preferred method for 
initiating cure with free radical curing agents in the 
formulation.

3.6 Catheter Materials

One of the first materials used in catheters was 
plasticized polyvinyl chloride (PVC). Toxicity con-
cerns with phthalate-based plasticizers have meant 
that current usage of PVC in medical devices is 
very limited and is used only for short-term applica-
tions as peripheral venous catheters [39]. TPUs are 
the	key	polymers	for	catheters	as	they	do	not	need	
plasticizers. Polyether and polycarbonate-based 
polyurethanes with aromatic or aliphatic isocya-
nates have been prepared for catheter application 
[23,24]. Silicone vascular catheters are inserted 
for	long-term	access	(weeks	to	months),	frequently	

as access for hemodialysis. Silicone is softer than 
polyurethanes;	 therefore	also	 thick-lumen	silicone	
catheters	 have	 lesser	 risk	 of	 vascular	 injury	 [39]. 
However,	the	mechanical	weakness	of	silicones	has	
meant that fractures in use can occur [40]. Polyam-
ide	block	copolymers	(PEBA)	are	frequently	used	
as they combine the flexibility of polyurethanes 
with the strength of nylon [41]. The balloons of in-
terventional catheters are typically made of poly-
ester or polyamides such as nylon 11 and nylon 12 
mainly due to their high tensile strength resulting in 
greater burst pressures.

Many catheters are constructed with inner linings, 
high density polyethylene or PTFE are usually used 
as inner lining of interventional catheters to provide 
lubricious properties and ensure good sliding on the 
guide wire. Alternatively, other high strength poly-
mers	 such	 as	 polyimide	 or	 polyether	 ether	 ketone	
(PEEK) can also be used as inner lining of load bear-
ing catheters [42].

Different	materials	have	several	pros	and	cons	as-
sociated with them and quite often it is the particu-
lar application that dictates the type of material that 
is used. Some of the characteristics of materials are 
tabulated as shown in Table	4 [43].

3.7 Catheter Insertion Technique

The process of introduction of a catheter inside 
the body is termed as catheterization. The introduc-
tion of catheters into the body occurs through the 
commonly	known	Seldinger	technique	(Fig.	8).

Table 4	 Properties	of	Commonly	Used	Catheter	Materials

Characteristic Silicone Polyurethane PTFE (Teflon) HDPE

Biocompatibility Excellent Excellent Fair Fair

Heat	sensitivity Excellent Poor Excellent Excellent

Stiffness Soft Softens	in	body Stiff Stiff

Ease	of	insertion Difficult Fair Easy Easy

Memory Excellent Poor Poor Poor

Tensile	strength Low Medium High Medium

Flexibility Excellent Medium Poor Poor

COF Fair Medium Excellent Good

Coating	option Difficult Hydrophilic n/a n/a

Sterilization Autoclave or ETO ETO Autoclave or ETO Autoclave or ETO

Biostability Excellent Fair	to	good
(depends on nature 
of	components)

Excellent Good
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This technique is named after a Swedish radiolo-
gist who introduced this procedure in 1953. The tech-
nique uses a sharp metallic needle to penetrate into a 
blood vessel. The needle is called a trocar and the 
blood vessel accessed is most often the femoral ar-
tery. The radial artery or the femoral vein can also be 
used in certain cases. The femoral artery is  preferred 
in many cases due to its size and a less  tortuous path 
to the heart. Once the trocar is inserted, a metallic 
guide wire is inserted through the lumen of the tro-
car into the blood vessel. The guidewire is threaded 
down through the blood vessel and is primarily used 
to facilitate the placement of a diagnostic or inter-
ventional catheter. The guidewire is followed by an 
introducer sheath, the needle is withdrawn and an in-
troducer sheath with a tapered dilator is introduced 
into the vessel. The introducer sheath can be made 
from different materials and the usual materials of 
construction are polyurethane, PTFE, silicone and 
high density polyethylene, many times the materials 
are coated with a hydrophilic coating. The function of 
the sheath is hold the vessel open and provide access 

to the eventual catheter into the vessel. Sheaths are 
primarily used to avoid trauma to subcutaneous tis-
sues. Sheaths range from 6Fr to 7Fr in diameter and 
around 10 cm in length (Fig. 9).

Insertion of the sheath is performed with a dila-
tor	in	its	lumen.	Dilators	are	short,	stiff,	thick-walled	
sections of catheter, available in a variety of sizes, 
with a long, tapered end that spreads tissues more 
easily than diagnostic or therapeutic catheter. A cath-
eter is then inserted over the guidewire and threaded 
all the way to the heart. Once the catheter is in place, 
the guidewire and the introducer sheath are removed. 
The punctured vessel is sealed either by manual 
compression or the use of vascular closure devices 
(VCDs);	VCDs	are	covered	later	in	this	text.	During	
this entire process the placement and progress of the 
guidewire and catheter is monitored by a continuous 
X-ray	system,	fluoroscopy.

Guidewires	are	either	 solid	or	braided	and	com-
posed	 of	 steel	 or	 an	 alloy	 of	 nickel	 and	 titanium,	
nitinol. Coiled or braided wires offer a great de-
gree	 of	 flexibility,	 pushability,	 and	 kink	 resistance.	

Figure 8	 Seldinger	technique	for	catheter	insertion.	Courtesy: Elsevier Publications; S.H. Wald, C. J. Coté, Procedures 
for vascular access, A Practice of Anesthesia for Infants and Children (2009) pp. 1049–1064, Fig. 49-2 [44]).
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Guidewires	range	from	0.35	mm	up	to	1	mm	in	di-
ameter and are often coated with a hydrophilic coat-
ing for greater lubricity for easier movement in the 
tortuous path within the blood vessels.

Diagnostic	 catheterization	 is	 a	 useful	 technique	
to confirm or exclude the presence of a heart condi-
tions. Noninvasive diagnostic tests such as an elec-
trocardiogram	(ECG),	chest	X-ray,	or	exercise	tests	
give indications of heart disease in a patient and 
these lead to diagnostic catheterization. The diagnos-
tic procedure can be used to measure the pressure of 
the different chambers of the heart, to collect blood 
samples, or inject a dye that allows visualization of 
the	blood	vessels	within	the	heart	in	X-rays.	Unlike	
a	bone,	which	is	clearly	visible	in	X-rays,	a	special	
radiographic contrast dye has to be injected into the 
heart	in	order	for	it	to	be	seen	in	X-rays.	The	proce-
dure of angiography is an example where this radio-
active contrast is used; the procedure relies on this 
contrast	 to	 pick	 up	 any	 obstructions	 in	 blood	 flow	
especially	in	the	main	coronary	arteries.	X-rays	are	
then	taken	of	the	heart	arteries	indicating	the	build-
up of plaque.

Catheters are also used in techniques of interven-
tional cardiology for treating certain cardiac con-
ditions. The catheters are used in techniques such 
as balloon angioplasty, stent placement, and AF 
(Fig. 10). The techniques are described in greater de-
tail in the subsequent sections.

4 Heart Valve Devices

As we had seen in the earlier part of this text, the 
human heart has four valves that maintain the flow 
of blood within the heart and from the heart to the 
lungs and from the heart to the rest of the body. The 
valves ensure the flow of blood in one direction and 
avoid	any	flow-back	or	regurgitation.	The	operation	
of these valves, that is, its opening and closing de-
pends on the contraction and expansion of the heart 
 chambers and the resulting pressure differentials. 
The two atrioventricular (AV) valves are mitral and 
tricuspid, these AV valves ensure blood flows from 
the atria into the ventricles. The two semilunar (SL) 
valves, that is, aortic and pulmonary, are present be-
tween the ventricles and the arteries leaving the heart 
and their function is to regulate blood flow from the 
ventricles	and	prevent	blood	flowing	back	from	the	
arteries into the ventricles [46].

With valvular heart disease, the functionality 
of any of the four heart valves in either blood flow 
regulation	or	the	prevention	of	back	flow	is	affected.	
Heart	valves	can	be	afflicted	by	three	kinds	of	prob-
lems,	back	flow	or	regurgitation,	narrowed	opening	
or stenosis and no opening or atresia. There are a 
number of causative elements that can lead to the de-
velopment of valvular heart disease, regardless of the 
cause; the effect of valvular heart disease is to burden 
the	heart	with	an	increased	work	rate	to	maintain	ef-
fective	stroke	volume.	This	increased	work	rate	can	
lead to effects on the heart muscle such as left ven-
tricular hypertrophy subsequently leading to conges-
tive heart failures [46].

The surgical options for valvular heart disease are 
either heart valve repair or heart valve replacement. 
Depending	on	the	severity	of	the	diseased	state	of	the	
valve either heart valve repair surgery is attempted or 
an artificial valve is used. Artificial valves could be 
either biologic or metallic in nature; both the valves 
have their respective advantages and disadvantages 

Figure 10	 Flexability	ablation	catheter	from	St.	Jude	
Medical. Courtesy: St. Jude Medical.

Figure 9	 Introducer	sheath.	Courtesy: Elsevier Publication; M.B. Silva, Jr., C.C. Cheng, Guidewires, catheters, and sheaths, 
Endovascular Surgery fourth ed., 2011, pp. 59–69 [45]
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[46,47]. Traditional valve replacement surgery re-
quires open heart surgery; alternatively a newer tech-
nique involving delivery of the valve using a catheter 
is a minimally invasive procedure. An artificial heart 
valve with a polymeric structure has been attempted 
by many research teams [48,49]; however, issues with 
thrombogenicity, calcification, biostability, etc. have 
prevented the use of this technology in the clinic.

Mechanical heart valves (MHVs) and bioprosthet-
ic	heart	valves	(BHVs)	are	the	two	principal	designs	
of artificial heart valves used as replacement heart 
valves. While almost half of the implanted valves 
were mechanical in the late 1990s [49], more than 
80%	prostheses	implanted	in	the	industrialized	world	
today are tissue valves [50].

4.1 Mechanical Heart Valves

MHVs are manufactured entirely from artifi-
cial biomaterials including metals such as tita-
nium, cobalt, and pyrolytic carbon and polymers 
such as polytetrafluorethylene (PTFE), polyacetal, 
PET, and silicone [46]. The primary components 
of most types of MHVs are a hinge, stent, leaflet, 
and a  sewing ring. To function as effective one way 
valves, the MHVs typically have a ball or disc to 
enable their valve mechanisms. MHVs designed 
and  developed over the years have  included the 
ball and cage valve,  tilting disc, and the bi-leaflet 
valve. The  design is composed mostly of pyrolytic 
carbon alloys.  Pyrolytic carbon is produced when a 
hydrocarbon is heated to close to its decomposition 
temperature and allowing the graphite to crystallize. 
Pyrolytic carbon has a similar structure to graphite. 
Graphite	consists	of	covalently	bonded	carbon	atoms	
stacked	 in	hexagonal	arrays.	These	arrays	are	held	
	together	by	weak	interlayer	binding.	In	contrast,	py-
rolytic carbon materials are arranged in disordered 
layers,	 resulting	 in	 wrinkles	 or	 distortions	 within	
layers [47]. This gives pyrolytic carbon improved 
durability compared to graphite. Pyrolytic carbon 
materials have many unique physical properties in 
terms of strength, durability, and wear resistance. 
Their surfaces are very resistant to thrombus for-
mation and they do not elicit any adverse  reactions 
when implanted into human bodies, that is, are very 
 biocompatible.

Although mostly metallic, MHVs do use plastic 
components in their construction. One of the first 
heart valves commercialized was the Starr– Edwards 
valve. The Starr–Edwards valve used a ball-cage 
design; the ball used was made out of silicone. The 

silicone	used	was	cross-linked	with	a	peroxide	heat-
cure system. However, these silicone balls absorbed 
lipids and swelled, causing premature failure of the 
valves [46,47]. MHVs have typically a circular ge-
ometry; this circular metallic frame is attached to a 
fabric sewing cuff or ring. This sewing cuff is made 
from a fabric of PET or PTFE. Tissue integration is 
a requirement at the sewing cuff and fabric construc-
tion helps with tissue ingrowth into the micro-porous 
structure of the textile. Rapid tissue integration is 
very important as the sewing cuff may become a site 
for thrombosis, so tissue integration and endothe-
lial cell coverage prevents thrombus formation and 
platelet attachment. Apart from trials with silicone 
as the ball in the Starr–Edwards valve, other plastics 
such	 as	 polyacetal	 (Delrin)	 and	 certain	 polyolefins	
especially ultrahigh molecular weight polyethylene 
(UHMWPE) have been tried as leaflet or disc ma-
terials [47] but with limited success and as a result 
these materials and the related designs are not uti-
lized in any commercial valve at the present. A stan-
dard MHV and a Starr–Edwards MHV are shown in 
Fig. 11.

4.2 Bioprosthetic Heart Valves

BHVs	are	composed	primarily	of	material	that	is	
obtained from living tissue, including porcine aortic 
heart valve leaflets and bovine pericardium [49]. The 
porcine heart represents the best anatomical fit for 
replacement as it is most similar in structure to the 
human heart. Tissue harvested from the pericardial 
sac of cows is also used in the manufacture of the 
leaflets	in	BHVs.	Tissue	from	the	pericardial	sac	is	
 particularly well suited for a valve leaflet due to its 
durable physical properties. The tissues, either por-
cine or bovine pericardium, are chemically treated 

Figure 11	 A	Standard	Mechanical	Heart	Valve	and	
Starr	Edwards	Ball	and	Cage	Design.	Courtesy: Else-
vier Publications; M. N. H E LMU S, Biomedical Consultant, 
USA and C. M. C ßWoodhead Publishing Limited, 2011 U 
N A N A N, Cunanan Consulting, USA [45].
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and	sterilized	so	 that	 the	biological	markers	are	 re-
moved,	making	them	more	compatible	with	the	pa-
tient’s immune system. The leaflets used are flexible 
and durable similar to the patient’s natural tissue 
and therefore the individual with such a replacement 
valve	does	not	require	taking	blood	thinner	medica-
tion on a continuous basis; this is a major differen-
tial with respect to MHVs. Compared to mechanical 
valves they have better hemodynamics in view of 
their similarity to natural flexible leaflet valves, but 
they have limited durability due to calcification and 
degeneration processes [50].	The	longevity	of	BHVs	
is	their	main	drawback	as	opposed	to	MHVs.	The	av-
erage	expected	lifespan	of	a	BHV	is	between	10	and	
20 years [51].

In	 BHVs	 the	 biological	 tissue	 is	 mounted	 on	
a frame to form the leaflet structure. This frame is 
also	known	as	a	stent.	The	stent	can	be	made	from	a	
metallic wire frame or a hard plastic such as polyac-
etal	(Delrin).	Polyacetal	is	injection	molded	to	form	
the shape of the frame. For successful use as a stent, 
the material has to withstand a degree of mechani-
cal stress and creep. Stent creep testing is a standard 
test required of any new stent material design. The 
fixation	elements	of	a	BHV	are	made	from	materials	
similar to those used in mechanical valves. To assist 
in fixation, all valves contain some cloth or fabric that 
attaches	the	tissue	to	the	stent	of	the	BHV	[46]. The 
cloth is typically made of PET or PTFE and permits 
ingrowth of cells into the cloth which helps hold the 
replacement valve in place minimizing thrombosis 
at the same time. Some may also contain additional 
support elements to provide rigidity and integrity to 
support the sutures that are used to fix the valve in 
the patient’s heart; these include the use of an elasto-
meric	silicone	annular	ring.	Examples	of	BHVs	are	
shown in Fig. 12.

4.3 Transcatheter Aortic Valve 
Implantation

The	 implantation	 of	 either	 MHVs	 or	 BHVs	 re-
quires an open heart surgical procedure. The pro-
cedure itself is very involved, it is also reasonably 
expensive and not suitable for certain classes of 
patients who are not well enough to be exposed to 
the procedure such as the elderly. For these reasons, 
transcatheter valves, that is, valves that can be de-
livered through minimally invasive techniques, are 
attractive. Most of the developments of these valves 
have been in the aortic valve space and hence they 
are	known	as	transcatheter	aortic	valve	replacement	
(TAVR) or transcatheter aortic valve implantation 
(TAVI). TAVI is delivered through a vein, an artery 
or through the apex of the heart using a specific de-
livery system. A TAVI available from Edwards Life 
Sciences, Sapien valve is a trileaflet bioprosthesis 
made of bovine pericardium that is mounted on a bal-
loon-expandable stainless steel stent (Fig. 13) [52]. 
The	stent	frame	has	an	inner	PET	fabric	skirt	placed	
on the ventricular side covering half of the frame.

4.4 Polymer Heart Valves

The use of polymers as the leaflets in the manu-
facture of heart valves has many attractive possibili-
ties. Polymer leaflets do not have animal origins and 
therefore are not susceptible to carrying forward em-
bedded diseases such as bovine spongiform encepha-
lopathy	commonly	known	as	mad	cow	disease,	poly-
mer leaflets are relatively inexpensive as a material, 
the requirement for anticoagulation medication is not 
necessary and the manufacturing process for leaflet 
production is straightforward. On that basis several 

Figure 12	 (A)	Hancock	porcine	valve	and	 (B)	Carpentier–Edwards	pericardium	BHVs.	Courtesy: Elsevier Publi-
cations; H. Mohammadi, K. Mequanint, Prosthetic aortic heart valves: modeling and design. Med. Eng. Phys. 33 (2) (2011) 
131–147 [47].
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polymers have been evaluated as potential candidates 
to produce flexible valves for incorporation into a 
new heart valve design. One of the first polymers ex-
perimented with was polysiloxanes or silicones. The 
excellent biological properties of silicone including 

their biocompatibility and biostability made them an 
attractive choice for use as leaflets in heart valves. 
Various	designs	including	different	leaflet	thicknesses	
were tried with silicones [48]. All early trials resulted 
in	 unsuccessful	 experiments;	 the	 lack	 of	 success	 in	
these trials was attributed to the failure of the leaf-
lets	and	resultant	embolism.	One	major	drawback	of	
silicones is their inferior physical properties. The me-
chanical durability of heart valves is an important as-
pect of their functionality. The inferior physical prop-
erties of silicones meant that they were not suitable 
candidates for manufacturing heart valve leaflets.

Another material that was focused on in many 
studies has been TPUs [49]. This is in view of their 
favorable physical and chemical properties combined 
with its flexibility in processing techniques. TPUs 
also demonstrate very high biocompatibility and 
are readily accepted by the body [48]. The biggest 
concern with polyurethanes was their susceptibility 
to degradation in the body. The presence of groups 
that are hydrolytically unstable was addressed by the 
elimination of ester groups in the soft segment of the 
polyurethanes. The introduction of carbonate and 
siloxane groups in the soft segment progressively 
improved the oxidative stability of TPUs [53]. Heart 
valves made with polyurethane leaflets typically 
have a hard plastic stent, using an injection molded 
frame of PEEK upon which the leaflets are dip mold-
ed (Fig.	 14). Many groups used this sort of design 
and had different degrees of success with their trials 
[49]. However, a combination of mechanical durabil-
ity and thrombogenicity meant that in spite of prom-
ise these polyurethane heart valves have so far not 
seen commercial applications.

PTFE was tried as a leaflet material in a few trials. In 
all the trials, a fabric of PTFE was used; in certain cases 
the expanded form of PTFE, ePTFE was used. In all cas-
es, however, extensive calcification was noted and that 
resulted in stiffer leaflets and regurgitation. Other ma-
terials such as poly(styrene-b-isobutylene-b-styrene), 

Figure 13	 Two	 commercially	 available	 TAVI	 heart	
valves,	 Top-	 Sapien®	 from	 Edwards	 Lifesciences,	
Bottom-	CoreValve®	 from	Medtronic.	Courtesy: Else-
vier Publications; M. N. H E LMU S, Biomedical Consultant, 
USA and C. M. C ßWoodhead Publishing Limited, 2011 U 
N A N A N, Cunanan Consulting, USA [45].

Figure 14 Polyurethane heart valves Courtesy: Elsevier Publications; D. Bezuidenhout, D. Williams, P. Zilla, Polymeric heart 
valves for surgical implantation, catheter-based technologies and heart assist devices, Biomaterials 36 (2015) 6–25 [48].



154 Plastics in Medical Devices for Cardiovascular Applications

known	as	SIBS,	and	cross-linked	ethylene-propylene-
dienemonomer (EPR) rubbers have also been tried but 
with no success.

5 Heart Failure Devices

Heart failure is a major affliction affecting mil-
lions of people across the world. Heart failure has 
high mortality rate with one in every five affected; 
heart	 failure	 accounts	 for	 more	 than	 7%	 of	 deaths	
due to cardiovascular disease. Heart failure has many 
causes including coronary atherosclerosis, hyperten-
sion, and congenital issues. Heart failure causes an 
insufficient supply of blood to the body; this causes 
a	volumetric	expansion	of	 the	left	ventricle	 to	keep	
up with the requirements of the body. This volumet-
ric	expansion	weakens	the	heart	muscle	and	further	
increases the size of the left ventricle. This leads to 
a significant increase in the size of the heart and this 
enlarged	heart	“congests”	the	chest;	therefore	another	
term for this is congestive heart failure. Transplanta-
tion has been the only solution to stop the progress of 
heart failure. However, transplantation is limited by 
the number of donor hearts available and as a result 
many patients in need of transplantation do not re-
ceive the hearts in time. An alternative to transplanta-
tion led to the development of mechanical circulatory 
support	 systems	 such	as	VADs	and	artificial	hearts	
[54–56].	The	VADs	are	used	to	supplement	the	func-
tioning of the heart and are used either as a bridge 
to transplant, that is, waiting for a donor heart or in 
certain	cases	as	a	permanent	or	“destination”	therapy.	
Artificial	hearts,	on	the	other	hand,	completely	take	
over the functioning of the heart and can be similarly 
used as bridge to transplant or destination therapies.

5.1 Ventricular Assist Device

A	Ventricular	Assist	Device	(VAD)	is	a	mechani-
cal pump that is used to support heart function and 
blood flow in people who have ventricles that have 
significantly	 weakened	 and	 can	 no	 longer	 provide	
adequate	 blood	 supply	 to	 the	 entire	 body.	 VADs	
can assist the function of ventricles in general, that 
is, both right and left ventricles. The two basic types 
of	VADs	are	a	left	ventricular	assist	device	(LVAD)	
and	a	right	ventricular	assist	device	(RVAD)	[54]. If 
both types are used at the same time, they are called 
a	 biventricular	 assist	 device	 (BIVAD).	 The	 LVAD	
is	 the	most	common	type	of	VAD.	It	helps	 the	 left	
ventricle	 pump	 blood	 to	 the	 aorta.	 RVADs	 usually	

are used only for short-term support of the right ven-
tricle	after	LVAD	surgery	or	other	heart	surgery.	An	
RVAD	helps	 the	 right	ventricle	pump	blood	 to	 the	
pulmonary artery.

An	LVAD	may	be	implanted	in	the	upper	abdo-
men, chest, or inside the pericardium either extra-
ventricular or transventricular as shown in Figs. 15 
and 16.	The	inflow	for	long-term	LVADs	is	typically	
from the apex of the left atrium via a cannula to the 
pump, and the outflow of the pump is connected to 
the	ascending	aorta	via	a	graft.The	device	takes	blood	
from a lower chamber of the heart and helps pump it 
to the body and vital organs, and tries to simulate the 
functioning of a healthy heart.

The	central	part	of	an	LVAD	is	its	pumping	mech-
anism.	The	pumps	used	in	LVADs	are	of	two	main	
types: pulsatile pumps and continuous flow pumps. 
Pulsatile	 LVADs	 use	 positive	 displacement	 pumps	
that mimic the natural pulsing action of the heart. 
Continuous flow pump use either a centrifugal pump 
or	an	axial	flow	pump	for	its	pumping	action.	Due	to	
the	rotary	action	of	the	pump,	a	continuous	flow	VAD	
might not give rise to a normal pulse, but your body 
gets the required amount of blood. Continuous flow 
pumps are smaller and more durable than pulsatile 

Figure 15	 Schematic	overview	of	the	HeartMate	II™	
LVAD	design	and	components.	Courtesy: Elsevier Pub-
lications; A.M. McDivit, J.G. Copeland, E.D. Adler, Ventricu-
lar assist devices, Ref. Module Biomed. Sci. (2014) 2014)
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flow pumps [54]. An important issue with continuous 
flow pumps is the method used to suspend the rotor. 
Early versions used solid bearings; however, newer 
pumps, some of which are approved for use in the 
European Union, use either electromagnetic suspen-
sion	(“maglev”)	or	hydrodynamic	suspension.	Apart	
from the pump there are two other critical parts of an 
LVAD	system;	these	are	the	electronic	controller	and	
the power supply. The electronic controller is usu-
ally a microprocessor chip–based controller that can 
adjust functions of the pump, such as pumping speed 
and provide diagnostic, alarms, alerts, and communi-
cations to an external monitoring system. The power 
supply for the pump is given by two external batter-
ies and that power is transmitted to the electronics in 
the	VAD	via	a	cable	inserted	through	the	abdomen.	
The batteries are carried outside the body usually in 
underarm	holsters	or	a	waist	pack.

A	 VAD	 itself	 has	 several	 basic	 parts	 (Figs. 15 
and 16). A small tube or cannula carries blood out of 
the ventricle into the pump. Another tube carries blood 
from the pump to the aorta, which delivers the blood 
to your body. Where the blood flows from the left ven-
tricle	into	the	pump	is	known	as	the	inflow	cannula.	
As the pump creates suction, the inflow cannula has to 
have the ability to withstand the suction forces with-
out collapsing. The inflow cannula is, therefore, made 
from either a semirigid polymer or metallic frame. 
The outflow cannula is similar in construction to a 
vascular graft and carries the blood from the pump to 
the aorta. The inflow cannula and outflow cannula is 
made in many devices from PET or polytetrafluoreth-
ylene. The pumps are metallic usually titanium-based 
alloys. The power supply cord does not have any strict 
mechanical requirements; silicones are typically cho-
sen for the insulation of the power supply cords due to 
their biocompatibility and biostability [57].

5.2 Total Artificial Heart

An	artificial	device	to	take	over	the	complete	func-
tions of the heart would eliminate the need for a heart 
transplant and the availability of a donor heart. How-
ever, the development of such a device has been very 
challenging and so far technology has progressed to 
the clinical use of these total artificial hearts (TAH) 
as a temporary device. That means that these devices 
are used as bridge to transplant devices still requir-
ing a donor heart. Advances in pumping technology, 
battery design, and biomaterials means that these 
TAH devices are showing increasing longevity and 
in  certain cases are moving toward use as destination 
therapies [56]. A TAH is similar in design and opera-
tion	as	a	VAD	but	the	fact	that	it	takes	on	the	entire	
operation of the heart, presents many more challeng-
es	than	a	relatively	simpler	VAD.

The first clinically used TAH was developed 
at the University of Utah by a team of research-
ers	 lead	 by	 Dr.	 Robert	 Jarvik;	 hence	 the	 first	 de-
vices	were	 called	 Jarvik	TAH.	 The	basic	 concept	
of the many present day TAHs are similar to the 
Jarvik	device	 [54].	 Jarvik	TAH	utilized	pneumat-
ic pumping mechanisms to drive two ventricular 
pumps that were joined together and then fastened 
to the heart’s natural atria using a PET-based felt 
attachment. The ventricles are ellipsoid shaped 
and constructed of polyurethane that has a sac 
that pushes the blood from the inlet to the outlet 
valve. The inflation and deflation of the sacs occur 
by air acting on the nonblood side of the sac. Air 
is pulsed through the ventricular air chambers at 
rates	of	40–120	beats	per	minute	(bpm)	simulating	
the natural beating pattern of the human heart. The 
polyurethane diaphragms are constructed from dip 
molding into solutions containing polyether-based 

Figure 16	 The	VentrAssist™	 left	 ventricular	assist	device	 (Ventracore,	Chatswood,	NSW,	Australia).	Courtesy: 
Elsevier Publications; A. Kumar, P.S. Khanwilkar, 6.625 – Long-term implantable ventricular assist devices (VADs) and total 
artificial hearts (TAHs), Ref. Module Mater. Sci. Mater. Eng. Comprehens. Biomater. (2011) 389–402 [54].
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polyurethane urea [56]. The diaphragms are con-
nected to the atria by PET-based cuffs. The valves 
in the conduits tend to be MHVs. The drive lines 
for the diaphragms are reinforced polyurethane 
tubes. It is critical that the TAH functions similar 
to	a	natural	heart,	that	is,	works	constantly	without	
stoppage. The main properties that are required of 
a material for the construction of an effective dia-
phragm are good blood compatibility, biostability, 
infection resistance, good flexural properties, and 
mechanical robustness. Issues with the use of poly-
urethanes in TAH have been reported, issues such 
as	calcification,	degradation,	surface	cracking	and	
device infections, these issues have so far limited 
the use of TAH as destination therapies [58–60]. 
Two representative TAHs are shown in Figs. 17 
and	18.

6 Cardiac Rhythm Management 
Devices

Cardiac arrhythmia is the disruption of the electri-
cal activity of the heart that results in the irregular 
beating	 of	 the	 heart.	 Depending	 on	 the	 nature	 and	
severity of the arrhythmia, different therapies can be 
prescribed by the doctor. In many cases, antiarrhyth-
mic drugs are the first option. Cardiac ablation is 
used for AF cases when antiarrhythmic drugs do not 
have the desired effect. Implantable devices such as 

pacemakers	and	defibrillators	are	used	for	bradycar-
dia and tachycardia. These implantable devices apply 
electrical	shocks	to	maintain	the	rhythm	of	the	heart	
and if necessary restart it.

Figure 17	 SynCardia	total	artificial	heart	(TAH)	Cour-
tesy: Elsevier Publications; A.M. McDivit, J.G. Copeland, 
E.D. Adler, Ventricular assist devices, Ref. Module Biomed. 
Sci. (2014) 2014.

Figure 18	 (A):	Total	artificial	heart—Jarvik-7.	(B):	The	AbioCor	total	artificial	heart.	Courtesy: Elsevier Publications; A. 
Kumar, P.S. Khanwilkar, 6.625 – Long-term implantable ventricular assist devices (VADs) and total artificial hearts (TAHs) Ref. 
Module Mater. Sci. Mater. Eng. Comprehens. Biomater. (2011) 389–402 [54].
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6.1 Ablation Catheters

Cardiac ablation is a minimally invasive procedure 
in which the doctor threads a flexible thin catheter 
through the blood vessels to ablate or destroy the tis-
sues causing abnormal electrical pathways in the heart 
[61]. Cardiac ablation is done through the use of cath-
eters inserted through a vein in your limb and thread-
ed to the heart. Ablation essentially scars or burns the 
tissue that causes arrhythmia; this scarring is done 
with the help of radiofrequency (RFA) or with the aid 
of very low temperatures (cryoablation) as in Fig. 19.

The ablation catheters are basically single or 
 multilumen extrusions made from primary cardiac 
catheter	materials	such	as	polyurethanes,	PEBA,	etc.	
The challenge in designing cardiac catheters is that 
they need to be relatively inflexible toward the proxi-
mal end and flexible enough toward the distal end 
to be able to maneuver through narrow and winding 
blood vessels without causing trauma to them [61]. 
This variation in flexibility, as explained earlier, is 
obtained as a result of using variable hardness mate-
rials at different parts along the catheter length. The 
different hardness materials are bonded together us-
ing either adhesives or a thermal process such as the 
reflow technique.

6.2 Implantable Devices

Depending	 on	 the	 severity	 of	 the	 arrhythmia,	
the doctor can prescribe the use of implantable de-
vices. The implantable devices can address the is-
sues of a fast beating heart, tachycardia (heart 
beats > 100 beats/min) or a slow beating heart, bra-
dycardia (heart beats <60 beats/min).

Pacemakers	 are	 designed	 to	 treat	 bradycardia	
whereas implantable cardioverter defibrillators 
(ICDs)	 are	 used	 to	 treat	 tachycardia	 (Fig. 20). A 
pacemaker	monitors	 the	heart	beat	 and	 if	 it	detects	
a slow rhythm, it sends out low voltage electric sig-
nals through the insulated leads to the heart to correct 
the issue. A recent development in the area of pace-
makers	 is	 the	 introduction	 of	 leadless	 pacemakers.	
St. Jude Medical (Nanostim) and Medtronic (Micra) 
have introduced these leadless devices (Fig. 21) that 
can be placed directly in the heart and do not need 
leads	to	deliver	shocks.

An	important	role	of	the	pacemaker	is	to	be	able	to	
provide electrical stimulation to the right portions of 
the heart at the right time [62]. This is an important 
aspect	of	the	sensing	mechanism	of	the	pacemaker	and	
the avoidance of unnecessary stimulation by sensing 

Figure 19	 Ablation	 catheter	 with	 an	 irrigated	 radio	
frequency	head.	Courtesy: St. Jude Medical, Therapy™ 
Cool Flex™ ablation catheter.

Figure 20 A pacemaker. Courtesy: St. Jude Medical, 
Accent™ pacemaker.

Figure 21 Leadless pacemaker. Courtesy: St. Jude 
Medical, Nanostim™.
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of the natural heart rhythm is critical. The function of 
the	 pacemaker	 is	 the	 stimulation	 of	 a	 depolarization	
wave that readily spreads throughout the entire heart. 
The engineering challenges for these devices include 
providing or withholding pulses and/or adjusting their 
timing	to	make	them	as	physiological	as	possible	[63].

6.2.1 Functioning of a Pacemaker
Cardiac stimulation requires energy and the ener-

gy generated by each stimulus is dependent on output 
parameters	that	are	programmed	in	the	pacemaker’s	
memory. Electrical energy is governed by Ohm’s law,

=V IR (15)

where V is the voltage, I is the current, and R is the 
resistance.

During	 pacing	 or	 sensing,	 the	 voltage	 always	
 remains constant but the resistance and, as a conse-
quence, the current can vary from patient to patient. 
The resistance of the device is a function of

•	 Conductor	wires
•	 Tissue	between	the	electrodes
•	 Interface	between	 the	 electrode	 and	 the	myo-

cardium

An increased resistance results in a lower current 
in the device and a lower current is associated with a 
greater longevity of the device.

The programmable characteristics of the pace-
maker	 that	decides	 the	amount	of	 energy	delivered	
by the device to the tissue depends upon the intensity 
of the beats of the heart. The beats, as described by 
the pulses, are affected by degree of polarization, the 
resistance of the tissue, and the density of the current. 
The pulse amplitude and the pulse width define the 
output	of	a	pacemaker.	The	pulse	amplitude	is	mea-
sured in volts and can be described as the intensity 
of the output; the pulse width, on the other hand, is 
a measure of the length of time the output energy is 
delivered to the cardiac tissue [64].

Every	 time	 the	pacemaker	delivers	electrical	en-
ergy to the heart and initiates depolarization, the re-
verse effect of polarization occurs near the electrode 
of	 the	pacemaker.	 In	 some	 cases,	 polarization	may	
be	interpreted	by	the	pacemaker	as	a	signal	from	the	
heart and it may respond inappropriately. The polar-
ization is affected by different factors [62]:

•	 Surface	area	of	electrode	tip
•	 Current	flow	into	the	electrode

•	 Material	of	construction	of	the	electrode
•	 Duration	of	the	pulse

The tip of the electrode can contribute not only to 
the polarization effects but also to the current density 
of	the	pacemaker.	A	high	current	density	tip	is	there-
fore	 considered	 desirable	 for	 efficient	 pacemaker	
 operation.

Pacing and sensing are the two basic functions of 
any cardiac device lead. For this to occur efficiently 
the requirement for the device is the existence of con-
ductors for current flow between the pulse generator 
and myocardium and insulators over the conductors 
to prevent short-circuiting of this current. The pac-
ing and sensing function can be set up in a couple of 
ways; the negatively charged lead electrode tip can 
act	as	a	cathode	whereas	 the	pacemaker	can	or	 the	
pulse generator acts as the positively charged anode 
[64]. In such a case, the electrons from the electrode 
tip flow from electrode tip through the myocardium 
and the thoracic cavity to the positively charged 
pulse generating metallic can. Such an arrangement 
is	called	a	unipolar	lead	circuit.	The	basic	drawback	
of the unipolar system is the distance between the 
cathode and anode. The distance can cause issues 
with oversensing of myocardial signals. Signal over-
sensing can lead to major consequences in the perfor-
mance of the device. This oversensing can be  avoided 
by the use of a bipolar configuration (Fig. 22). In a 
bipolar arrangement, there are two electrodes on the 
lead and hence the pulse generator does not act as 
the anode in the circuit. The bipolar lead is primarily 
used	in	the	current	construction	of	pacemaker	leads.

V=IR

Figure 22	 Unipolar	 and	 bipolar	 arrangement	 in	 a	
pacemaker. Courtesy: Elsevier Publications; Haqqani 
et al. Engineering and Construction of Pacemaker and ICD 
Leads [63]
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The minimum amount of electrical energy re-
quired to consistently trigger depolarization in the 
heart	through	a	given	electrode	is	known	as	cardiac	
stimulation threshold. After the implantation of the 
pacemaker,	there	is	resulting	inflammation	and		tissue	
growth around the newly implanted electrode. This 
results in a variation of the energy requirements of 
the	 pacemakers	 and	 may	 take	 weeks	 or	 months	 to	
stabilize.	To	minimize	this	inflammation	and	to	keep	
the cardiac stimulation threshold from rising, pace-
makers	tend	to	have	a	steroid	eluting	plug	placed	at	
the tip of their electrodes. The elution of steroid, such 
as dexamethasone sodium phosphate, helps with the 
control	of	inflation	and	keeps	the	cardiac	stimulation	
threshold at a stable value [64].

6.2.2 Pacemaker Implant Technique
The subclavian vein is most often used for implan-

tation	 of	 the	 pacemaker,	 occasionally;	 other	 veins	
such as the cephalic and auxiliary vein may be used. 
An incision is made beneath the collar bone and a 
pocket	is	created	to	house	the	pacemaker	can.	In	ad-
dition	 to	creating	a	pocket	 for	 the	can,	 the	 incision	
also provides access to the vein for lead placement 
(Fig. 23). The vein is accessed and using the Selding-
er technique the leads are placed into position [65].

For placement of the lead into the right ventricle, 
the lead enters the right atrium through the superior 
vena cava and descends to the bottom of the right 
ventricle. The leads could have an active or passive 
fixation technique. In active fixation, the tip of the 
lead is screwed on to the myocardium whereas in a 
passive fixation technique, the lead is placed in con-
tact with ventricular tissue and fibrotic tissue grows 
on	it	over	a	6	to	8	week	time	period	[65]. The place-
ment of the lead in the right atrium can be similarly 

active or passive and follows a similar delivery route 
to the lead meant for the ventricle but ends earlier in 
the	atrium.	A	fluoroscopic	X-ray	is	used	to	confirm	
the correct placement of the leads.

6.2.3 Implantable Cardioverter 
Defibrillator

ICD,	on	the	other	hand,	is	implanted	to	treat	cases	
of	 tachycardia	 or	 fast	 heart	 rate.	 An	 ICD	 monitors	
the heat and if it detects a fast rhythm, it sends out 
a low to high voltage electrical signal to restore nor-
mal	heart	beat.	An	ICD	is	therefore	very	useful	for	
all cases of ventricular fibrillation and ventricular 
	tachycardia.	 ICDs	 are	 very	 similar	 in	 construction	
to	the	pacemaker	as	described	earlier.	The	ICD	con-
tains the electronic circuitry inside a titanium can; it 
is connected to the wires or leads through a plastic 
connector or header. The leads are passed through a 
vein to the right chambers of the heart. The lead is 
usually anchored in the apex of the right ventricle. 
Just	like	pacemakers,	ICDs	can	be	made	to	stimulate	
just the right ventricle (single lead), the right atrium, 
and right ventricle (two leads) or have three leads to 
stimulate the right atrium, right ventricle, and anoth-
er lead present on the walls of the left ventricle [66].  
ICDs,	 however,	 can	 stimulate	 the	 heart	 at	 a	 much	
higher	 voltage	 as	 compared	 to	 a	 pacemaker,	 the	
maximum	 voltage	 an	 ICD	 can	 achieve	 is	∼800	 V	
as	opposed	to	8	V	in	a	pacemaker	system	[66]. The 
implantation	 technique	 for	an	 ICD	is	 similar	 to	 the	
implantation	technique	for	a	pacemaker.	A	newer	de-
velopment	in	the	field	of	ICDs	is	the	use	of	a	subcu-
taneous	device	(S-ICD),	in	the	S-ICD,	the	leads	are	
inserted subcutaneously obviating the need for their 
insertion through the veins and into the heart [10].

6.2.4 Cardiac Resynchronization 
Therapy

Cardiac resynchronization therapy (CRT) is used 
in	cases	where	there	is	a	lack	of	synchronization	be-
tween the pumping actions of the chambers of the 
heart. This often means that the right and left ven-
tricles of the heart do not pump together and can 
lead to the left ventricle not pumping enough blood 
as required by the body. This can eventually lead to 
heart	 failure.	 Even	 though	 this	 lack	 of	 synchroni-
zation of the heart’s pumping action is a cause for 
heart failure, CRT is frequently classified with the 
CRM	devices.	The	CRT	device	is	a	special	kind	of	
pacemaker	and	using	biventricular	pacing	to	achieve	

Figure 23	 Insertion	of	 the	 leads	of	 the	pacemaker	
into the heart.
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synchronization.	 Biventricular	 pacemakers	 add	 a	
third lead to help the left ventricle have a normal con-
traction (Fig.	24). The construction of CRT devices 
is	similar	to	the	pacemaker	and	ICD	devices,	in	that	
they are made up of a metallic can, plastic header, 
and insulated leads.

6.3 CRM Device Construction

Both	pacemakers	and	ICDs	consist	of	a	metallic	
can and wires that go along the blood stream inside 
the heart muscle. The can is implanted subcutane-
ously usually below the collar bone. The metallic 
can, usually made out of titanium, houses the main 
electronic circuit and the battery for the operation of 
the circuit. A plastic cap is joined on to the top of the 
can;	this	cap	also	known	as	the	header	acts	as	the	link	
and connects the electrical signals from the wires to 
the electronics in the can and vice versa.

6.3.1 Device Header
The header needs to have certain hardness and 

also be transparent. These properties are essential as 
the connectors from the wires are metallic. A hard 
header is required so as to be relatively inflexible 

with respect to the inserted conductors. Transparency 
is desirable to visually ensure the correct placement 
of these conductors [67]. The can with the header is 
placed	 in	a	pocket	under	 the	collar	bone;	 the	wires	
that travel inside the heart are then joined to the can 
(Fig. 25).

The header is usually made out of epoxy or a 
harder grade (>70D)	 polyurethane.	 Epoxy	 headers	
are molded from a reactive mixture and then glued 
on the can using silicone-based medical adhesives. 
Polyurethane headers are injection molded and 

Figure 24	 Placement	of	the	leads	of	the	pacemaker	into	the	heart.

Figure 25	 CRM	device	header.
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joined	to	the	cans	using	both	mechanical	interlocks	
and silicone adhesives.

Epoxy headers can be directly molded on to the ti-
tanium can. Prior to molding, the can is primed, usu-
ally with a silane-based primer, to aid the adhesion of 
the epoxy header to the can. The connectors from the 
electronics in the can are fed through and protected 
with screws and metallic inserts so as to ensure their 
conductivity. The can is placed in a silicone mold 
with a cavity in shape of a header; suitable inserts 
are placed to protect the conductive connectors com-
ing from the can as well as for the creation of holes 
for the placement of leads. Once the injection step is 
complete, the header is inspected for any defects or 
bubbles [68]. Any bubbles observed are pulled out 
with the aid of vacuum before the header is cured into 
a solid. The mold is then placed in a curing oven with 
circulating inert nitrogen. After the cure is complete, 
the header is further polished, adhered to the can with 
a silicone-based adhesive and finished for final use 
with the device. The entire epoxy header molding 
process is labor intensive and time consuming. The 
use of injection molding, using thermoplastic poly-
urethanes, is a more automated process reducing the 
labor and time from the epoxy header molding pro-
cess. The high temperatures and pressures involved 
in the thermoplastic injection molding process mean 
that the header cannot be directly molded onto the can 
of the device. The injection molded header is fixed to 
the	can	with	 the	use	of	mechanical	 locking	mecha-
nisms and the use of a silicone adhesive. The mate-
rial used in the injection molding process is high hard 
block	polyurethane.	The	hard	block	percentage	levels	
are	greater	than	60%	resulting	in	a	material	hardness	
of	higher	than	70	Shore	D.	As	the	hard	block	levels	
are so high using a polyether-based polyol for the soft 
segment does not create any issues with biostability.

6.3.2 Device Leads
The wires, also referred to as leads, are delivered 

into place inside the heart with aid of a catheter-based 
delivery system. The leads have metallic conductor 
coils	made	out	a	nickel	–	 titanium	alloy,	 and	 these	
are covered with a plastic insulation. There are two 
main	 types	of	bipolar	 lead	designs	 for	pacemakers.	
The coaxial lead design and the co-radial lead design 
(Fig. 26). Coaxial leads have an inner conductor that 
extends down to the to the tip electrode at the end 
of the lead, the cathode [63]. The inner conductor is 
covered with an inner insulation; this coil and insula-
tion arrangement is wrapped by another coil which is 
connected to the anode. Another layer of insulation 

covers the outer coil and protects it from the environ-
ment. The coaxial designs have been widely used in 
the	industry;	however,	their	four	layer	design	makes	
them	bulky	and	stiff.	The	coradial	design	addressed	
some of these concerns by using two parallel, alter-
nating conductor strands one connecting the cathode 
and the other connecting the anode. Each conduc-
tor strand is individually insulated. The concepts of 
the coradial design have also been successfully used 
in	 ICD	 lead	 design	 [63].	 ICD	 leads	 have	 a	 greater	
complexity with multiple coils connecting to the pac-
ing/sensing electrodes as well as to the high voltage 
shocking	coil.	A	depiction	of	an	example	of	the	ICD	
lead is shown in Fig. 27, here each individual coil is 
wrapped in a separate insulation layer (PTFE based), 
all the coils are surrounded by another layer of insu-
lation (silicone based), and finally polyurethane insu-
lation encapsulates the entire lead.

The materials used for the insulation of pacing 
leads are a very important component of the pace-
maker	 or	 defibrillator	 device.	 Any	 issues	 with	 the	
material in the application can lead to failure of the 
lead to sense and regulate the current flowing through 
it and subsequently lead to device failure with seri-
ous consequences. A combination of desired proper-
ties for lead insulation such as flexibility, toughness, 
abrasion resistance, and strong insulation for elec-
trical conductors is required of the materials used. 
Elastomeric polymers offer this combination and as a 
consequence have had a history of use in implantable 
cardiac applications [69,70]. The medical device in-
dustry has primarily used two elastomeric polymers 
for decades—silicones and TPU. Silicone rubber 
(polysiloxanes) is typically available in low durome-
ters offering excellent flexibility and  biostability. The 
biological properties of silicones are very favorable 

Figure 26	 Coaxial	 and	 co-radial	 lead	 design	 for	
CRM	 devices	Courtesy: Elsevier Publications; Haqqani 
et al. Engineering and Construction of Pacemaker and ICD 
Leads.
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as they have a high degree of biocompatibility and 
biostability. However, they possess relatively poor 
mechanical strength, tear, and abrasion resistance. 
This poor mechanical strength means that silicone 
insulations are more prone to abrasion failures and 
tears. The inadequate mechanical strength combined 
with	high	surface	friction	make	silicone	leads	more	
susceptible to damages during implantation. Tradi-
tional TPUs can offer mechanical robustness with 
superior toughness and tear resistance; however, they 
have been shown to be vulnerable to biostability as 
demonstrated	in	studies	by	Stokes	et	al.	and	Wiggins	
et al. [72,73].

TPUs obtain their elastomeric properties through 
the use of a combination of hard and soft polymer 
block	 segments.	 It	 is	 seen	 that	 the	 chemical	 com-
position	of	 the	 soft	blocks	 is	 susceptible	 to	 the	hy-
drolytic and oxidative degradation pathways within 
the body. TPUs made of soft segments comprising 
 polyesters are widely used for industrial  applications 
and were used early on in the medical device indus-
try but deemed unsuitable for long-term implants due 
to hydrolytic degradation of the aliphatic polyester 
soft segment [70,71]. Polyether-based TPUs replaced 
polyester TPUs as the ether groups in them offered 
superior hydrolytic stability. These changes, how-
ever, did not address oxidative stability which is of 
much	greater	concern	in	pacemaker	and	defibrillator	

lead applications [73,74].	 In	 the	1980s,	 large	num-
bers	of	pacemaker	 lead	failures	were	noted	 that	 re-
sulted from oxidative degradation involving metal 
ion	oxidation	(MIO)	and	environmental	stress	crack-
ing	 (ESC)	of	polyether-based	PU	 (Pellethane	80A)	
[69,70]. The environment for pacing lead insulation 
is very challenging as in addition to the standard hy-
drolytic conditions, the oxidative degradation condi-
tions are exacerbated due to the presence of metal 
ions as a result of the conductors present inside the 
lead. The metal ions tend to catalyze oxidation and so 
for a polymer to survive in a lead insulation applica-
tion, exceptional oxidative resistance is paramount.

The use of hydroxyl terminated siloxane as the 
soft segment in TPUs was attempted as an answer to 
combining the advantageous properties of both mate-
rials, silicones and urethanes; however, early attempts 
at synthesizing these materials were challenging due 
to the thermodynamic dissimilarity between the non-
polar siloxane soft segment precursors and the polar 
isocyanates. This resulted in low molecular weight 
polymers with inadequate mechanical properties as a 
result of premature phase separation during polym-
erization. Later, it was identified that a second soft 
segment of intermediate polarity, a polyether polyol, 
could	be	used	as	a	“compatibilizer”	 to	 facilitate	 the	
formation of high molecular weight polymers with 
polydimethyl	siloxane	(PDMS)	and	methylene	diphe-
nylene	isocyanate	(MDI)	[73].	One	example	of	PD-
MS-based polyether urethane, Elast-Eon 2A (E2A), 
synthesized	 utilizing	 20%	 poly	 (hexamethylene	 ox-
ide)	 PHMO/80%	 PDMS	 for	 the	 soft	 segments	 and	
MDI/butanediol	 (BDO)	 for	 the	 hard	 segments,	 has	
been shown to be significantly more biostable through 
improved resistance to oxidation and hydrolysis over 
polyether- and polycarbonate-based PUs through a 
number of in vitro and in vivo studies [75–77].

In a study by Simmons et al. [76], Elast-Eon 2A 
(E2A) was tested for biostability in vivo along with 
commercial control polyether- and polycarbonate-
based	 polyurethanes;	 Pellethane	 2363-80A,	 Pel-
lethane	 2363-55D,	 and	 Bionate	 55D	 for	 periods	
ranging	from	3	to	24	months.	All	samples	were	ex-
planted and examined using scanning electron mi-
croscopy (SEM), attenuated total reflectance-Fourier 
transform infrared spectroscopy (ATR-FTIR), and 
X-ray	 photoelectron	 spectroscopy	 (XPS)	 to	 inves-
tigate	 surface	 morphological	 changes.	 Gel	 perme-
ation	 chromatography	 (GPC),	 differential	 scanning	
calorimetry	(DSC),	and	tensile	testing	provided	bulk	
characteristics. These results revealed the flexible sil-
icone polyurethane E2A provided significantly better 
biostability than the control material having similar 

Figure 27	 ICD	 lead	 insulation	 structure.	 Courtesy: 
 Elsevier Publications; Haqqani et  al. Engineering and 
 Construction of Pacemaker and ICD Leads.
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durometer	 (softness),	Pellethane	80A,	 and	 equal	 or	
superior biostability to both of the higher durometer 
negative	control	polyurethanes,	Pellethane	55D,	and	
Bionate	55D.

A comprehensive assessment of cardiac lead in-
sulation for over 5 years of human implantation was 
recently reported [78]. This study employed micros-
copy imaging, molecular weight determination, FTIR 
spectroscopic analysis, and tubing tensile properties to 
evaluate the performance of polyether-based polyure-
thanes of varying hardness and E2A. The conclusion 
shows that the robustness of the siloxane based E2A 
is on par, if not superior, to the performance in vivo of 
the	harder	formulation	(55D)	in	polyether-based	TPU.

The fluoropolymers, PTFE and expanded PTFE 
(ETFE) have certain advantageous properties such as 
high biostability and good abrasion properties [39]; 
however, these materials have a high degree of stiff-
ness and therefore are limited in use in inner layers 
of insulation. They are used as a thin coating on con-
ductor strands; this inner insulating layer can prevent 
electrical communication between conductor strands 

and can also protect them from interacting with an 
adjacent outer layer of polyurethane, thereby reduc-
ing MIO.

7 Cardiac Artery Disease 
Treatment Applications

The	treatment	for	coronary	artery	disease	(CAD)	
can be either opening up of the blood vessels or pro-
viding an alternative pathway for the blood to reach 
the heart. The technique of balloon angioplasty is 
usually used wherein a balloon is inflated within a 
vessel to compress the plaque against arterial walls to 
open up the vessel and increase flow. Frequently bal-
loon angioplasty is followed with the placement of 
a stent (Fig.	28). Stents are metal scaffolds that give 
support to the blood vessel (Fig. 29). Stents can be 
infused with drugs that elute over time; these drugs 
help in the healing process of the vessel by prevent-
ing restenosis. Another approach in the treatment of 
CAD	is	 the	provision	of	an	alternative	pathway	for	

Figure 28	 Balloon	angioplasty	with	stent	placement.
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the blood; this bypass can be using a vein from the 
patient’s body (saphenous) or a synthetic graft. The 
bypass creates new pathways for blood by circum-
venting	the	blockage	site	(Fig. 30).

7.1 Balloon Angioplasty

The technique of balloon angioplasty is referred 
to as percutaneous transluminal coronary angioplasty 
(PTCA) or percutaneous coronary intervention (PCI). 

Improving technology and catheter-based techniques 
have broadened the spectrum of lesions that are ame-
nable to PTCA [79]. The increasing use of vascular 
stents in the treatment of thrombotic lesions has fur-
ther increased the number of applications for balloon 
angioplasty.

In angioplasty, the inflation of a tiny balloon 
is used to widen an artery that has been narrowed 
by plaque formation (Fig. 31). A wire is threaded 
through	 the	 artery	 past	 the	 site	 of	 the	 blockage,	 a	
catheter is then guided to the plaque. The location of 
a catheter in relation to the plaque is constantly moni-
tored	through	fluoroscopy	using	radiopaque	markers	
on the catheter at each end of the balloon [80]. When 
the balloon is at the exact position, it is inflated with 
saline forced through a syringe and exerting high 
pressure on the balloon. The inflation compresses the 
plaque against the walls of the artery thereby widen-
ing the artery and enabling normal blood flow to the 
muscle. When the balloon is inflated, the proximal 
and the distal ends inflate first, and the middle sec-
tion or the body of the balloon forms a waist [80]. 
The middle portion of the balloon is usually located 
at	the	segment	of	most	severe	blockage	of	the	vessel.	
For retraction, a vacuum is pulled through the bal-
loon to collapse it and the catheter is then withdrawn.

Figure 29 Stent.

Figure 30	 Coronary	artery	bypass	graft.
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Angioplasty balloons are made by a process com-
bining extrusion and blow molding. The material, 
from which balloon is to be manufactured, is first 
extruded as a tube. The extruded tube is preform 
that is used in the blow molding process. The pre-
form is inserted into mold; this mold corresponds 
with the shape and dimensions of the required bal-
loon, one end of the tube is welded shut whereas the 
other end is connected to a supply of compressed 
air [80,81]. The tube in the mold is heated to a de-
formable temperature and compressed air at a high 
pressure inflates the tubular profile converting it to 
a thin walled balloon. The formed balloon is then 
tightly wrapped around a catheter shaft and is glued 
or heat bonded to the shaft. The angioplasty catheter 
is usually bi-lumen with one lumen permitting the 
catheter to glide over the guidewire and the other 
for the passage of the saline to inflate the balloon. 
Various balloon diameters are available ranging 
from 1.5 mm to over 2 cm [81], the selection of the 
balloon dimensions and type depend on a number 
of factors. These factors include the location of the 
lesion, the type of the lesion, the blood vessel, and 
the requirement of a stent placement. In general, 
angioplasty catheters must pass over a 0.035 inch 
guidewire, catheters typically range from 3F to 7F 
and balloon sizes ranging from 3 mm to 2 cm [81]. 

Burst	pressures	 range	from	8	 to	15	atm	with	pres-
sures greater than 15 atm used for heavily calcified, 
recalcitrant lesions.

The	key	requirements	for	an	angioplasty	balloon	
are strength and flexibility. Nylons, PET, polyure-
thanes,	and	polyolefins	(HDPE)	are	most	often	used	
in the manufacture of balloon catheters. One mate-
rial property that is important in the application of 
balloons	 is	 compliance.	 Balloon	 compliance	 is	 the	
term used to describe the degree to which balloon’s 
diameter changes as a function of pressure. A low-
compliance	balloon	might	expand	only	5–10%	when	
inflated to the rated pressure while a high-compli-
ance	balloon	might	stretch	18–30%.	For	angioplasty,	
it is especially important that the balloon does not 
continue to expand and damage the artery after it has 
effectively	dilated	the	artery	and	cleared	the	block-
age. PET and nylons are favored in angioplasty op-
erations due to their low compliance properties. PET 
can be blow molded to very thin walls and precise 
shapes allowing balloons made from PET to be of a 
low	profile.	Balloons	made	 from	nylons	 tend	 to	be	
softer than ones made from PET and have a lower 
tensile strength therefore requiring a greater wall 
thickness.	 This	 means	 that	 nylon	 balloons	 have	 a	
larger	 profile;	 however,	 their	 softness	 makes	 them	
easier to collapse and withdraw [80].

Another important property for balloon materi-
als	is	its	burst	pressure.	Burst	pressure	of	the	tube	is	
the ability of the expanding balloon to withstand the 
exerted pressure inside the tube. As seen earlier, the 
burst pressure is given by
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where T is the ultimate tensile strength of the cath-
eter, d

o
 is the outer diameter of the catheter, d

i
 is the 

inner diameter of the catheter, and P is the burst pres-
sure of the catheter.

Clearly, the burst pressure is directly related to the 
material	 tensile	 strength,	 the	 wall	 thickness	 of	 the	
balloon, and the outer diameter of the balloon. Mate-
rials with high ultimate tensile strength are ideal for 
the	 expansion	 operation.	 Increasing	 the	 wall	 thick-
ness and increasing the outer diameter can also result 
in an increase in the overall burst pressure; however, 
these dimensions are limited by the application. We 
have also seen that larger diameter catheters can re-
sult in stiffer shafts with increasing potential of caus-
ing damages to the blood vessels.

P=T(do2−di2)di2(1+do2di2)

Figure 31 Balloon catheter.
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One of the ways to counter the issue of burst 
strength versus overall stiffness is to split the catheter 
into sections. In angioplasty routines, only select lu-
mens are pressurized; one approach has been to line 
specific lumens with high tensile strength materials 
[81]. The rest of the lumen and the catheter can re-
main to be constructed with a more flexible material. 
In this approach, the burst pressure of the specific 
lumen is increased but the overall flexibility of the 
catheter is retained.

7.2 Stents

Angioplasty is very often accompanied with the 
placement of a coronary stent device. Stents are used 
frequently after angioplasty as the vessels can col-
lapse after ballooning and thus the stents act as a 
scaffolding structure. A stent is a small, expandable, 
metallic mesh structure shaped in a tubular form 
(Fig. 29).	The	metal	typically	used	is	nickel–titanium	
alloy	 and	 the	 alloy	 is	 known	 as	 nitinol.	 Stents	 can	
be balloon expandable or self-expandable. In bal-
loon expandable stents, the metallic stent is mounted 
onto tiny balloons and expanded inside the artery 
to restore blood flow. In self-expanding stents, the 
 metallic stent is compressed into the catheter and 
 expanded at the point of the lesion [82].

In general, a successful stent design needs to have 
the following characteristics:

•	 Low	 profile—ability	 to	 be	 crimped	 on	 the	
 catheter

•	 Good	expansion	and	shape	memory	character-
istics—the stent should undergo sufficient ex-
pansion and conform to the vessel wall;

•	 Mechanical	 strength—once	 implanted,	 the	
stent should be able to withstand the radial 
forces

•	 Flexibility—navigation	through	the	vasculature
•	 Adequate	 radiopacity—to	 assist	 physicians	 in	

the accurate placement of the device
•	 Magnetic	 resonance	 imaging	 (MRI)	 compat-

ibility
•	 Biocompatibility—the	 material	 needs	 to	 be	

blood compatible and not encourage thrombosis

The physical design of a wire mesh structure made 
from the nitinol alloy has been the most successful 
of stent designs [82,83]. Nitinol is typically made 
from	55%	nickel	and	45%	titanium.		Nitinol	has	very	
good mechanical properties and has excellent shape 

memory characteristics. Hence it is frequently used 
to fabricate self-expanding stents. Self-expanding 
stents have a smaller diameter at room temperature 
and expand to a preset diameter at body tempera-
ture. There are four basic stent  designs, the bare 
metal	 stent	 (BMS),	 the	coated	 	metallic	 stent,	drug	
eluting	 stent	 (DES),	 and	 the	 bioresorbable	 stent	
[83]. There tend to be questions and concerns about 
the interaction of the stent surface and the arterial 
surroundings. The biocompatibility of the surface 
of stents is frequently improved using coatings. 
These coatings could be metallic treatments such as 
galvanization or sputtering, metallic depositions, or 
polymeric coatings.

One significant issue with stents is the potential 
for re-occlusion of the artery or restenosis. After 
stent	 placement	 a	 smooth	 thick	 layer	 of	 tissue	 can	
develop	 inside	 the	 artery.	 This	 layer	 is	 known	 as	
the  neointima, and this neointimal growth can actu-
ally reocclude the artery leading to restenosis. This 
restenosis will need reintervention. To prevent this 
neointimal layer developing and the resultant reste-
nosis, several approaches have been tried [82–86]. 
One of the more successful attempts has been the use 
of	DESs	with	drugs	such	as	heparin,	paclitaxel,	and	
sirolimus. These drugs slowly release and are anti-
proliferative agents that prevent scar tissue forma-
tion, the scar tissue that forms as a result of the injury 
caused	by	the	deployment	of	the	stent.	By	the	preven-
tion	of	the	scar	tissue,	DES	can	reduce	the	incidence	
of	restenosis.	DES	has	been	seen	as	effective	treat-
ment against the formation of the scar tissue as the 
drug release is spread out over a period of time and 
is targeted precisely at the point of injury. Polymeric 
coatings are frequently used as a carrier for drugs in 
DES	[83,86]. The polymer may be used as a coating 
for	DES	where	the	coating	is	absorbed	as	the	drug	is	
released	over	a	matter	of	months.	Both	biostable	and	
biodegradable polymers have been used as coatings 
for	DESs.	For	drug	 release	 in	 a	biostable	polymer,	
simple diffusion controls the release profile. The rate 
of release is also controlled by the hydrophobicity or 
hydrophilicity of the drug-polymer combination. In 
drug release with a biodegradable polymer, the rate 
of degradation of the polymer in the artery controls 
the rate of release of the drug into the injury site. 
Variants and copolymers of polylactic acid (PLA) 
and	polyglycolic	acid	(PGA)	are	used	in	biodegrad-
able	coatings	whereas	a	triblock	copolymeric	formu-
lation of poly(styrene-b-isobutylene-b-styrene) also 
known	as	SIBS	is	used	in	biostable	coatings	[83,86].

Restenosis is observed in spite of using measures 
such as using drug eluting coatings on stents, late 
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stage	 thrombosis	 continues	 to	 be	 seen	 with	 DES	
[87]. The exact mechanism and the reasons for the 
occurrence of this thrombosis are still being studied 
and	as	yet	unknown.	A	stent	that	treats	the	lesion	and	
supports the artery healing process over the short 
term and then disappears by completely being ab-
sorbed into the body over the long term can address 
the issue of late stage thrombosis effectively. A bio-
resorbable stent is therefore an attractive prospect. 
A stent composed of a bioabsorbable polymer as the 
lone stent material is starting to be used. Although 
the concept of bioabsorbable stents has created in-
terest for more than a couple of decades, there have 
been challenges in creating a stent with sufficient 
radial strength for an appropriate duration, that can 
be a drug delivery vehicle, and where degradation 
does not generate an unacceptable inflammatory re-
sponse. A stent made out of PLA, capable of drug 
elution	and	marketed	by	Abbott	Vascular	has	been	
approved for clinical use [87,88]. In the absorp-
tion process, the bonds between the repeat units of 
the lactide chain are hydrolyzed and are metabo-
lized to carbon dioxide and water. The absorption 
process	 happens	 by	 bulk	 erosion;	 this	 ensures	 that	
the absorption is not surface dominated but occurs 
throughout	 the	 mass	 of	 the	 implant.	 This	 bulk	 ab-
sorption process allows the stent strut to retain its 
shape until the later stages of absorption. The use of 
these stents has shown positive outcomes from the 
first applications. Trials with a stent made from a 
bioabsorbable metal, stents made from magnesium 
and different polymeric biodegradable formulations 
are under investigation [89].

7.3 Vascular Grafts

In	 cases	 of	 severe	 CAD,	 where	 angioplasty	 and	
stent placement is not adequate, bypass surgery and 
the use of vascular grafts is indicated. With a graft 
the obstruction to the flow of blood through an artery 
due to an occlusion or plaque formation is bypassed 
in	the	surgery.	The	blockage	to	blood	flow	could	be	
in one of the main arteries supplying blood to the 
heart or it could be in the peripheral region.

The graft used can be the person’s own vein, an-
other person’s vein, or a polymeric tube made from 
expanded PTFE (ePTFE) or thermoplastic polyester 
(Dacron)	[90]. In general, the person’s own blood 
vessel, autogenous vessels, is considered the gold 
standard in these surgeries; however, in many cases 
these autogenous vessels may be unavailable due 
to intrinsic vascular disease or because the vessel 

has been used in previous procedures. In such situ-
ations, synthetic grafts have been used. Synthetic 
grafts are suitable for large caliber (>	4	mm)	graft	
sizes and their success in smaller graft sizes has 
been limited [90].

Among the autogenous vessels, the greater saphe-
nous vein in the thigh is the most commonly utilized 
for both peripheral and coronary vascular applica-
tions. The saphenous vein provides the standard by 
which the efficacy of all other materials utilized for 
bypass vascular procedures are compared. Much of 
the effort in the development of synthetic vascu-
lar grafts has focused on thrombogenic resistance, 
 porosity, and the mechanical characteristics of can-
didate materials. All these properties can affect the 
long-term patency of the graft and the development 
of a stable neoinitima. Additional features that are 
highly desirable in a small synthetic graft include 
 durability, resistance to infection, and immediate 
availability [90,91]. The main materials tried out in 
the application of a vascular graft have been ePTFE, 
Dacron	 (PET),	 and	 polyurethane	 [90–93]. Larger 
bore grafts (>7 mm diameter) have done well and 
are regularly used; however, synthetic grafts smaller 
than 7 mm have been associated with various is-
sues of abnormal cell growth, intimal hyperplasia, 
compliance mismatch, thrombosis, and restenosis. 
These have been documented in various publications 
[90,93,94]. The texture of the internal and external 
surfaces is also important. The porosity of vascular 
graft significantly affects the patency and long-term 
healing of the implanted graft. The porosity directly 
affects the growth of endothelial cells onto the graft. 
The growth of endothelial cells on the inner surface 
of vascular grafts is desirable as endothelium main-
tains the fluidity of the blood through the graft; in-
growth	 of	 cellular	 material	 also	 reduces	 the	 likeli-
hood of infection. The porosity is also important on 
the tissue contacting the outer surface of the graft. 
Thus the fabrication method used to manufacture 
the graft becomes important. The compliance of the 
material also is believed to be a critical factor in the 
success of synthetic grafts. The compliance of the 
material is the strain or elongation response to an ap-
plied stress and, as described earlier, is the recipro-
cal of the Young’s modulus. Hence, it is an intrin-
sic property of the material. Ideally, the compliance 
of a material for a synthetic graft should match the 
compliance of the vessel wall as closely as possible. 
A mismatch of mechanical properties may lead to 
turbulent blood flow, which may reach levels that re-
sult in thrombus formation or destruction of formed 
blood elements. This mismatch can frequently occur 
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at the junction between the natural artery and the 
graft	known	anastomosis	[93,95,96].

PTFE grafts are formed by the extrusion of PTFE 
tubes. These tubes are extruded to an exact diam-
eter and are later placed over metallic fixtures and 
stretched yielding an expanded version of the tube 
and hence ePTFE (Fig. 30). These tubes have a mi-
croporous structure which allows natural tissue in-
growth and cell endothelization once implanted in the 
vascular system. This contributes to long-term heal-
ing and patency of the graft [94,96].	Grafts	formed	
of ePTFE have a fibrous structure which is defined 
by interspaced nodes interconnected by elongated fi-
brils. The spaces between the node surfaces that are 
spanned by the fibrils are defined as the internodal 
distance	(IND).	A	graft	having	a	large	IND	enhances	
tissue ingrowth and cell endothelization as the graft 
is inherently more porous.

In	PET	or	Dacron	grafts,	 the	porosity	 is	obtained	
through	 the	 use	 of	 knitting	 and	 weaving	 techniques	
utilizing	a	Dacron	yarn.	The	level	of	porosity	can	be	
controlled by control of the textile manufacturing tech-
nique. The porosity is crucial for the ingrowth of tissue 
into the graft and successful integration of the implant. 
Dacron	grafts	are	often	crimped	longitudinally	to	in-
crease	flexibility,	elasticity,	and	kink	resistance	[96]. 
However, these properties are lost soon after implan-
tation, as a consequence of tissue ingrowth (Fig. 32).

In comparison between the grafts, there have not 
been any differences noted between the two materi-
als	(ePTFE	and	Dacron)	in	terms	of	efficacy	of	use	or	
long-term survival rates [94,95].

Polyurethanes have been an attractive material for 
vascular grafts, primarily because of its high elastic-
ity. The high elasticity would allow for the greater 
compliance that limits the other materials in the 
smaller diameter grafts. However, it is observed that 
the elasticity of the polyurethane material tends to 
decrease after implantation, this loss of elasticity and 
the lower biostability as compared with the other ma-
terials are the two big factors that limits their use in 
the field of grafts [95,97].

8 Aortic Aneurysm

The formation of an aneurysm is the result of the 
thinning of a blood vessel and the rupture that can 
subsequently occur, this rupture can frequently re-
sult in fatal consequences. Ruptures are believed to 
occur when the wall tissue strength is exceeded by 
the mechanical stress acting on the aneurysm wall. 
This tension can be calculated using the Laplace law 
for wall tension [98]:

=F
P R

d
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where F is the force of tension on the vessel wall, P is 
the mean arterial blood pressure, R is the blood ves-
sel radius, and d	is	the	arterial	wall	thickness.

As	 the	 wall	 tension	 increases,	 the	 risk	 of	 vessel	
rupture increases and it can be seen from Eq. (17) 
that	risk	of	vessel	rupture	increases	with	a	decrease	
in	the	thickness	of	the	arterial	wall	(Figs.	33	and	34).

F=P.Rd

Figure 32	 ePTFE	 vascular	 graft	 of	 different	 diam-
eters. Courtesy: Elsevier Publications; R. Guidoin, M.W. 
King, L. Wang, Z. Zhang, R. Guzman, G. Marinov, Y. Douville, 
15 – Vascular prostheses for open surgery, Biotextiles As 
Medical Implants (2013) 434–484 [96].

Figure 33	 PET	 vascular	 graft	 with	 different	 diame-
ters	(A)	femoro-popliteal	arteries,	(B)	abdominal	aor-
ta, (C) thoracic aorta. Courtesy: Elsevier Publications; 
R. Guidoin, M.W. King, L. Wang, Z. Zhang, R. Guzman, G. 
Marinov, Y. Douville 15 – Vascular prostheses for open sur-
gery, Biotextiles As Medical Implants (2013) 434–484 [96].
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The treatment for aneurysm is commonly done us-
ing a stent graft [99,100]. A stent graft is a plastic 
tube that is reinforced with a metallic wire mesh. The 
tube	is	also	known	as	the	graft	that	is	supported	by	
the rigid structure of the metal sometimes referred to 
as	the	skeleton.	This	is	placed	at	a	point	of	aneurysm	
in the artery and is designed to seal tightly just above 
and below the aneurysm. The stent graft is stronger 
than	the	aneurysm	and	the	weakened	artery	therefore	
allows blood flow in that section of the artery without 
it	pressing	on	the	weak	spot.	This	placement	signifi-
cantly reduces the chances of a burst aneurysm and 
associated heavy internal bleeding. In most cases, 
stent grafts are put in position using an endovascu-
lar technique and fixed either with balloon expand-
able stents or are self-expanding. Stent grafts have 
been widely used since the early 1990s. Stent grafts 
are used to treat both abdominal aortic aneurysms 
(AAA) and thoracic aortic aneurysms (TAA).

Stent graft use became commonplace as the endo-
vascular surgery to repair aneurysms (EVAR) was in-
troduced and proven successful since the early 1990s. 
As mentioned earlier, stent grafts are  composed of 
nitinol stents sewn onto a plastic tube. Radio opaque 
markers	are	placed	at	different	points	within	the	stent	
graft device to facilitate correct placement inside the 
artery. The stent graft is usually oversized approxi-
mately	 10–25%	 of	 the	 size	 of	 the	 artery	 to	 form	 a	
tight seal with the artery (Fig. 35) [98].

Figure 34	 Sequence	of	steps	for	the	manufacture	of	
PET	vascular	grafts.	Courtesy: Elsevier Publications; R. 
Guidoin, M.W. King, L. Wang, Z. Zhang, R. Guzman, G. Ma-
rinov, Y. Douville 15 – Vascular prostheses for open surgery, 
Biotextiles As Medical Implants (2013) 434–484 [96].

Figure 35	 Typical	endovascular	stent	graft	deployment	for	AAA.	Courtesy: Elsevier Publications; G. Marinov, R. Gui-
doin, L.W. Tse, A.A. Ruthrauff, T. Yao, M.W. King 21 – Endovascular prostheses for aortic aneurysms: a new era for vascular 
surgery, Biotextiles As Medical Implants (2013) 640–675 [98].
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The manufacturing technique involves the accu-
rate placement of the components in relation to each 
other and often this is a labor intensive and opera-
tor dependent, manual technique. The nature of the 
manufacturing process can result in variations in 
the performance of the device either in the accurate 
placement or in the functioning of the device. Manu-
facturing	 companies	 are	 working	 to	 smoothen	 out	
these variations [101]

Plastics used in this device are either thermoplas-
tic polyester (PET) or ePTFE [98,102].	Dimensional	
stability, robustness, sterilizability, and biostability 
are the most important attributes of a graft material. 
Porosity, to a certain extent, is also an important as-
pect of the graft. Porosity is important to enable a 
degree of tissue ingrowth. Similar to the construction 
of a vascular graft, in PET, porosity is induced by 
the use of a polyester fabric. The fabric can be either 
woven	or	knitted.

9 Vascular Closure Devices 
and Sutures

With millions of cardiac procedures occurring 
 annually, effective closure techniques are an im-
portant aspect of the entire procedure. The closure 
techniques in cardiac surgery can be in the form of a 
suture or a plug to repair the punctured blood vessel 

[103,104]. Sutures are used to hold tissues together 
after surgery. Application generally involves using 
a needle with an attached length of thread or suture 
[105].	Surgical	knots	are	used	to	secure	the	sutures.	
The sutures themselves can be made from a variety 
of materials. The materials can be natural or synthet-
ic, absorbable or permanent. Synthetic absorbable 
 sutures are made with biodegradable polymers such 
as polyglycolides, polylactic acid, and polydioxa-
none [106]. Cardiac surgery generally utilizes per-
manent sutures; these sutures are characterized by 
a permanent retention of mechanical strength espe-
cially important in the case of a stressful internal en-
vironment such as the heart. Constant pressure and 
movement around the heart implies that absorbable 
sutures might not be adequate. With the dissolu-
tion of the biodegradable material in an absorbable 
 suture, the balance between disappearance of the su-
ture and the healing of the tissue may not be adequate 
enough for the pressures as experienced in the heart. 
Nonabsorbable sutures can be composed of polymers 
such as polypropylene, polyester, or nylons. These 
sutures are in the form of a monofilament ranging 
from a  diameter of 0.01 mm up to 0.5 mm [106].

Seldinger technique for vascular intervention has 
been in regular use for vascular intervention for more 
than the past 50 years. The intervention could be for 
therapeutic or diagnostic purposes. After most cath-
eter-based procedures, the vascular access site needs 

Figure 36	 Deployment	of	Angio-Seal®,	a	VCD	from	St.	Jude	Medical.	Courtesy: Elsevier Publications; L.Q. Hon, A. 
Ganeshan, S.M. Thomas, D. Warakaulle, J. Jagdish, R. Uberoi, An overview of vascular closure devices: what every radiologist 
should know, Eur. J. Radiol. 73 (1) (2010) 181–190 [106].
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to be properly closed to achieve right hemostasis 
for the blood vessel to start its healing process and 
the patient to have a short recovery process. Manual 
compression, which involves the mechanical com-
pression over a period of time, is often limited by the 
need to interrupt anticoagulation, prolonged bed rest, 
patient discomfort, and time demands for healthcare 
providers.	The	introduction	of	VCD	in	the	1990s	pro-
vided	an	alternative	 to	manual	compression.	VCDs	
can shorten the procedure, speed up recovery times 
and significantly improve patient comfort. The main 
requirements	of	any	VCD	include	ease	in	device	lo-
cation, use and application, successful hemostasis of 
the punctured vessel, a short time to patient ambula-
tion, and low rates of complications.

Currently	 available	 VCDs	 fall	 into	 three	 major	
classes [106]:

•	 Devices	using	a	bioresorbable	plug,
•	 Devices	using	clips
•	 Devices	that	perform	suture	closure	at	the	arte-

rial access site

The	role	of	VCD	and	their	comparison	to	manual	
compression has been studied and reported in  various 
references [103–106].

VCDs	 use	 different	 mechanisms	 [107] to plug 
the punctured vessel. The devices that rely on the 
use of a bioresorbable matrix to achieve hemostasis 
use either natural tissue or a synthetic biodegrad-
able polymer as the plug. The natural tissue used as 
a plug is usually bovine collagen. Primary vascular 
hemostasis after arterial puncture is facilitated by 
blood contact with the exposed arterial wall smooth 
muscle cells and collagen. This in turn causes plate-
lets adherence, activation and aggregation resulting 
in	 clot	 formation.	 Bovine	 collagen	 used	 in	 these	
 devices augments hemostasis by increasing the 
availability of collagen at the arterial wall defect. 
Devices	 that	 use	 a	 biodegradable	 polymer	 as	 the	
plug rely on different bioresorbable formulations 
such	 as	 polyethylene	 glycol,	 PGA,	 and	 caprolac-
tone, etc [103]. A couple of examples are shown in 
Figs. 36 and 37.

Closure devices utilizing clips for closure use 
metal based extra-luminal devices that remain in situ 
post deployment. The suture-based closure devices 
use a biostable suture material such as polypropylene 
in a monofilament form (Fig.	38).

Figure 37	 Deployment	 of	 VCD	 VasoSea®l	 Elite.	
Courtesy: Elsevier Publications; L.Q. Hon, A. Ganeshan, 
S.M. Thomas, D. Warakaulle, J. Jagdish, R. Uberoi, An over-
view of vascular closure devices: What every radiologist 
should know, Eur. J. Radiol. 73 (1) (2010) 181–190 [106].
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A
Abdominal aortic aneurysm (AAA), 129
ABI. See Ankle-brachial index (ABI) 
Ablation catheters, 135, 150, 157
Acid number measurement, 59
Acyclic olefins, 31
Adipic acid, 44

structure of, 44
Adsorption rate, 91
AF. See Atrial fibrillation (AF) 
AI. See Aortic insufficiency (AI) 
Allophanate reaction, 59
Allophanates, 67
Amoco process, 38
Aneurysm. See Aortic aneurysm 
Angina pectoris, 126
Angioplasty, 127
Ankle-brachial index (ABI), 127
Aortic aneurysm, 127–129, 168–170

abdominal aortic aneurysm (AAA), 129
aortic rupture, risk of, 129
thoracic aortic aneurysm (TAA), 129

Aortic insufficiency (AI), 117
Aortic regurgitation (AR), 117
Aortic root dilation, 117
Aortic stenosis (AS), 117
Aortic valve replacement, 118
AR. See Aortic regurgitation (AR) 
Aromatic isocyanates, 55
Arteries, structure of 

tunica adventitia, 111
tunica intima, 111
tunica media, 111

Artificial aortic heart valves, 118
mechanical heart valve, 118
tissue heart valve, 118

AS. See Aortic stenosis (AS) 
Atherectomy, 127
Atherosclerosis, 125, 127, 128. See also 

Coronary artery disease
Atomic force microscopy (AFM), 21, 66

images of varying amounts of siloxane 
soft segment, 67

Atomic sizes of carbon, 73
Atrial fibrillation (AF), 134, 150, 156

ablation procedures, 134
Attenuated Fourier transform infrared 

spectroscopy (ATR-FTIR), 21
Attenuated total reflectance-Fourier 

transform infrared spectroscopy 
(ATR-FTIR), 97

Attenuated total reflectance infrared 
spectroscopy (ATR-IR), 22

Auscultation, 113, 118

B
Balloon angioplasty, 150, 163–166
Bare metal stent (BMS), 166
BHV. See Bioprosthetic heart valves 

(BHV) 
Biocompatibility, 27, 84
Biodegradable polymers, 78–79
Biological degradation, 92
Bioprosthetic heart valves (BHV), 134, 

151–152
Biostability, 27

testing techniques to evaluate, 95
Biurets, 59
Biventricular assist device (BIVAD), 154
BMS. See Bare metal stent (BMS) 
Bond angles, 73
Bond lengths, 73
Bradycardia, 122
Branched polymers, microstructure, 5
Bundle of His, 108

C
CAD. See Coronary artery disease (CAD) 
Capillary rheometer, for extensional 

viscosity measurement, 21
Caprolactam, 44

conversion to Nylon 6, 45
Carbonyl bonds, 93
Carboxylic acid, 59
Carcinogenicity, testing for, 86–87
Cardiac arrhythmia, 122–125

bradycardia, 122
tachycardia, 123–125

atrial fibrillation, 124
atrial flutter, 124
supraventricular tachycardia 

(SVT), 124
ventricular fibrillation, 123
ventricular tachycardia, 123

Cardiac artery disease 
treatment applications, 163–168

balloon angioplasty, 150, 163–166
stents, 133–135, 139, 152, 163, 

164, 166
bare metal stent (BMS), 166
bioresorbable stent, 166
coated metallic stent, 166
drug eluting stent (DES), 166

vascular grafts, 135, 167–169
expanded polytetrafluoroethylene 

(ePTFE), 167, 168
polyethylene terephthalates (PET), 

168, 169

Cardiac catheterization, 114, 116
fractional flow reserve technique  

(FFR), 114
optical coherence tomography  

(OCT), 114
Cardiac resynchronization therapy  

(CRT), 121, 159
Cardiac rhythm management (CRM) 

devices, 89, 133, 135, 
156–161, 163

ablation catheters, 135, 150, 157
construction, 160–163

device header, 160–161
device leads, 161–163

implantable devices, 156, 157–159, 161
cardiac resynchronization 

therapy, 159
implantable cardioverter defibrillator 

(ICD), 134, 156, 157, 159, 
161, 162

pacemakers, 157
functioning, 158–159
impant technique, 159, 160
unipolar and bipolar 

arrangement in, 158
Cardiopulmonary bypass, 118
Cardiovascular catheters, 133, 134–135, 

140, 150
angiography catheters, 134
antimicrobial agents used in, 142
antimicrobial impregnated catheters, 143
biofilms in, 143
design and construction, 139, 140, 147
electrophysiology catheters, 134
extrusion, 143–147

bump extrusion, 147
dryer, 144
extruder, 144
intermittent tapering process 

during, 140
post extrusion, 146–147
silicone extrusion, 147
tubing die, 145–146

frictional and surface properties, 134, 
141–143

guiding catheters, 134
insertion technique, 148–150
intravascular ultrasound (IVUS) 

catheters, 134
materials, 148

moisture levels and drying conditions 
for, 144

plasticized polyvinyl chloride 
(PVC), 148
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polyethylene terephthalate, 144
polytetrafluoroethylene (PTFE), 

148, 153
properties of, 148
thermoplastic polyurethane  

(TPU), 144
mechanical properties, 134, 136–140

burst pressure, 139–140
flexibility, 138–139
flow through catheters, 136–137

Hagen-Poiseuille equation, 
136, 137

pushability, 137
size, 136
torqueability, 137–138

multilumen, 140
percutaneous transluminal coronary 

angioplasty (PTCA) balloon 
catheters, 134

percutaneous transluminal peripheral 
angioplasty catheters, 134

polymeric coatings in, 142
patents, 142

polytetrafluorethylene (PTFE) 
used in, 148

pulmonary artery catheters, 134
radio opacity, 134, 141

barium sulfate (BaSO
4
) as radio 

opaque material, 141
single lumen, 140
tipping, 143

Cardiovascular devices 
cardiac rhythm management devices, 

156–163
cardiovascular catheters, 134–150
heart valve devices, 150–153

bioprosthetic heart valves (BHV), 
134, 151–152

mechanical heart valves  
(MHV), 151

pyrolytic carbon used in, 151
polymer heart valves, 152–153
polyurethane heart valves, 153
transcatheter aortic valve 

implantation, 152
market, 133–134
plastics, applications of, 133

Cardiovascular diseases, 116–129
aortic aneurysm, 127–129

abdominal aortic aneurysm 
(AAA), 129

aortic rupture, risk of, 129
thoracic aortic aneurysm  

(TAA), 129
cardiac arrhythmia, 122–123, 125

bradycardia, 122
tachycardia, 123–125

atrial fibrillation, 124
atrial flutter, 124
supraventricular tachycardia 

(SVT), 124
ventricular fibrillation, 123
ventricular tachycardia, 123

coronary artery disease (CAD),  
125–127

heart failure, 121–122
peripheral artery disease, 127–128. 

See also Peripheral vascular 
disease (PVD)

risk factors for, 116
valvular heart disease, 117–120

aortic valve, 117–118
aortic insufficiency (AI), 117
aortic regurgitation (AR), 117
aortic stenosis (AS), 117

mitral valve, 119–120
pulmonary and tricuspid valves, 120

surgical treatment of, 120
Cardiovascular system, 133

assessment and diagnostic procedures, 
113–114

cardiac catheterization, 114, 116
fractional flow reserve technique 

(FFR), 114
optical coherence tomography 

(OCT), 114
echocardiogram, 114

stress echocardiogram, 114
electrocardiogram, 113–115
physical examination, 113

functioning, defects in, 133
structure of, 103–104, 112

heart, 103–106, 109
conduction system of, 108–109
coronary circulation system, 106
functioning of, 105–106
heart valves, 107–108
structure of, 106–107

pulmonary circulation, 112–113
systemic circulation, 110–112

arterial network, 110
arteries, structure of, 111
microcirculation, 111
veins, structure of, 112
venous network, 112

Catheterization, 148, 150
Cationic polymerization, 3
CED. See Cohesive energy density (CED) 
Chain extenders, 57
Chain growth, 70

polymerization, 2
molecular weight with conversion, 4

Chemical resistance chart 
for plastic-chemical combinations, 14

CHF. See Congestive heart failure (CHF) 
Chloroform (CHCl

3
), 75

Clinical studies, 97
Cobalt-manganese-bromide catalyst, 38
Coefficient of friction (COF), 141
COF. See Coefficient of friction (COF) 
Cohesive energy density (CED), 14

like-for-like principle, 15
Condensation cure mechanism, 72

hydrolysis of acetoxy end blocked 
polymer, 72

reaction between hydroxyl end groups 
on siloxane polymer chain, 72

Condensation polymerization, 1
Congestive heart failure (CHF), 117
Coronary artery disease (CAD), 125–127. 

See also Ischemic heart disease 
(IHD)

Coronary bypass grafting, 127
Coronary heart diseases, treatment, 134
Cotton, 1
Creep hardening, 73
CRM. See Cardiac rhythm management 

(CRM) devices 
Cross-linking polymers, microstructure, 6
Cross-linking reaction, 72
CRT. See Cardiac resynchronization 

therapy (CRT) 
Crystallinity, in polymer systems, 7
Cytotoxicity, 84

D
DDR. See Draw down ratio (DDR) 
Defibrillators, 89
Deformation, 10
Depolymerization, 67
DES. See Drug eluting stent (DES) 
Diamine, structure of, 44
Diastole, 105, 106, 119, 120
Dielectric strength, 16

of polymers, 17
Differential scanning calorimetry  

(DSC), 8
studies, 63
thermograms, 17, 18

with varying siloxane contents in soft 
segment, 65

Dilute solution viscosity (DSV) 
of polymers, 10

Dimethyl acetamide (DMAc), 23
Dimethyldichlorosilanes, 68

hydrolysis of, 68
Dimethyl terephthalate (DMT), 38

method for, production of, 38
process for synthesis of PET, 39

Disproportionation, 2
DNA damage, 85
Draw down ratio (DDR), 146
Drug eluting stent (DES), 166
Dry heat sterilization, 99

E
Echocardiogram, 114, 120

stress, 114
Ejection fraction, 105
Elastic modulus, 11

of polymers, 13
Electrocardiogram, 109, 113–115

indicator for angina, 126
Electron microscopy technique, 21
Electrospinning, 25

schematic representation, 26
Elution test method, 84
End blockers, 69
Endovascular aneurysm repair (EVAR), 129
Environmental stress cracking (ESC), 94

Cardiovascular catheters (cont.)
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Escherichia coli, 85
Esterification, 37
Ethylene, 31

conversion to polyethylene, 32
electrophilic addition reaction, 31
molecular formula for, 32

Ethylene glycol, 38
Ethylene oxide sterilization, 99
EVAR. See Endovascular aneurysm 

repair (EVAR) 

F
FFR. See Fractional flow reserve 

technique (FFR) 
Filler reinforcement of siloxane polymer 

network, 71
Flexural stiffness value (k

flexural
), 138

Foreign body giant cells (FBGC), 92
Foreign body reaction, 90
Fourier transform infra-red (FTIR) data, 94
Fractional flow reserve technique 

(FFR), 114
Free radical molecule, 2

G
Gel permeation chromatography 

(GPC), 9, 97
polymer molecular weight, 10

Genotoxicity, 84–85
Gibbs free energy, 90
Glutaraldehyde, 86
Guinea pig maximization test  

(GPMT), 89

H
Heart depolarization, 108, 110
Heart failure, 121–122
Heart failure devices, 154–155

total artificial heart, 155–156
ventricular assist device, 133, 154–155

biventricular assist device 
(BIVAD), 154

left ventricular assist device 
(LVAD), 154, 155

right ventricular assist device 
(RVAD), 154

Heart valve devices, 150–153
bioprosthetic heart valves (BHV), 134, 

151–152
mechanical heart valves (MHV), 151

pyrolytic carbon used in, 151
polymer heart valves, 152–153
polyurethane heart valves, 153
transcatheter aortic valve 

implantation, 152
Heart wall layers 

endocardium, 107
epicardium, 107
myocardium, 107

and electrical activity of, 110
Hemocompatibility, 85, 87

subjective thrombosis scoring 
scheme, 87

testing, 85
ASTM hemolysis test method, 85
immunology test, 85
ISO 10993-4, 85

in vivo testing, 87
Hexamethylenediamine, 43

production of, 44
Hexamethylene diisocyanate, 55
Hexane diisocyanate (HDI), 55
High density polyethylene (HDPE), 31

definition, 34
physical properties of, 34

High density polyethylene (HDPE), 15
High pressure liquid chromatography 

(HPLC), 9
High temperature water aging, 95–96
Hildebrand solubility parameters, for 

solvents and polymers, 15
Homeostasis, 90
Hooke’s law, 10
Hydrolysis, 92, 95
Hydrophilic polymers, 92
Hydrosilylation, 73

I
ICD. See Implantable cardioverter 

defibrillator (ICD) 
IHD. See Ischemic heart disease (IHD) 
Implantable cardioverter defibrillator 

(ICD), 125, 134, 156, 157, 159, 
161, 162

Implantable devices, 156–159, 161
Implantation, 88

assessment of the material impact, 88
ISO 10993-1, 88
short-term evaluation of biomaterials, 89

Intermittent claudication, 127
Intradermal reactivity, 89
Intravascular ultrasound (IVUS) 

catheters, 134
Intrinsic viscosity (IV) technique, 9–10
In vitro genotoxicity tests, 85
In vitro oxidation, 97
In vitro tests, 84, 95
In vivo genotoxicity, 86
In vivo studies, 97
In vivo testing, 86
Ionic polymerization, 3
Irritation, 85

scoring scheme, 89
Ischemic heart disease (IHD), 125
Isocyanate, 55

group (NCO) reactions, 58
reactivity of, 58

Isophorone diiscocyanate (IPDI), 55
IVUS. See Intravascular ultrasound (IVUS) 

catheters 

L
Laser beam machining (LBM), 147
LBM. See Laser beam machining (LBM) 
LDPE. See Low density polyethylene 

(LDPE) 
Le Chatelier principle, 38

Left ventricular assist device (LVAD), 
154, 155

Linear low density polyethylene 
(LLDPE), 31

Linear polymers microstructure, 5
Linear siloxane polymer synthesis 

with degree of polymerization, 70
LLDPE. See Linear low density 

polyethylene (LLDPE) 
Low density polyethylene (LDPE), 32

density range of, 33
molecular weight of, 32
physical properties of, 34
synthesis of, 32

LVAD. See Left ventricular assist device 
(LVAD) 

M
Magnetic resonance imaging (MRI) 

machines, 26
Mark-Houwink equation, 9
Material manufacturers for specialty 

plastics, 54
Mechanical heart valves (MHV), 151
Medical grade TPUs, mechanical 

properties of, 64
Melt flow index (MFI), 36
Melt flow rate (MFR), 36
Metal ion oxidation (MIO), 94
Metalocenes, 32
4,4′-Methylene di(phenylisocyanate) 

(MDI), 55
MHV. See Mechanical heart valves (MHV) 
Micronucleus (MN)-based test, 85
Mitral stenosis, treatment of, 120

balloon catheter used for, 120
Mitral valve, 119–120
Moduli of elasticity, 12
Molding, 24
Molecular bonding, schematic of, 23
Monochlorodifluoromethane, 75–76
MTT (3-(4,5-dimethylthiazol-2-yl)-2,  

5-diphenyltetrazolium 
bromide), 86

N
1,5-Naphthalene diisocyanate, 55
Neutrophils, 91
Newtonian nature, 20
Nomenclature, 69

siloxane compound, 69
Nuclear magnetic spectroscopy (NMR), 8
Nylon 6, 7, 43, 44, 45, 48, 93

conversion of caprolactam, 45
hydrolysis in, 45
polycondensation, 45
polymerization, 45
properties of, 48

Nylon 66, 43, 46
production process for, 46
properties of, 48
synthesis of, 46

Nylon (PA), 16
blocks, 50
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O
OCT. See Optical coherence tomography 

(OCT) 
Optical coherence tomography (OCT), 114
Optical contact angle (OCA) analysis, 22
Organo-metallic catalysts, 85
Oxidation degradation pathway, 93–95
Oxidation resistance, 95

P
Pacemakers, 89, 157

functioning, 158–159
impant technique, 159–160
unipolar and bipolar arrangement in, 158

Paroxysmal atrial tachycardia (PAT), 
124. See also Supraventricular 
tachycardia (SVT)

Pascals (Pa), 11
PEBA. See Polyether block amide (PEBA) 
PEEK. See Polyether ether ketone (PEEK) 
Percutaneous aortic valve replacement 

(PAVR), 118. See also Aortic 
valve replacement

Percutaneous coronary intervention  
(PCI), 164

Percutaneous transluminal angioplasty 
(PTA), 127

Percutaneous transluminal coronary 
angioplasty (PTCA) 

balloon catheters, 134
Peripheral artery disease, 127–128. 

See also Peripheral vascular 
disease (PVD)

Peripheral vascular disease (PVD), 127
Phagocytosis, 91
Plastic extrusion process, 24
Plastic injection molding process, 25
Plasticized polyvinyl chloride (PVC), 

16, 148
Plastics 

chemical properties, 13–15
electrical properties, 15–16
mechanical properties, 10–13
medical devices, 26–27
melt processing, 24–25
rheology, 18–20
solution processing, 25
surface properties, 21–23
thermal properties, 17

Polyamide (PA), 43
hydrogen bonding in, 47
raw materials, 43
structure and properties, 46–48
synthesis of, 44–46

Polyanhydrides, 78
Polycaprolactam, 7, 44
Polycarbonates (PC), 16, 78
Polycondensation, 70
Polydimethylsiloxane (PDMS)-based 

materials, 94
polyurethanes, 97
segmented polyurethane copolymers, 66

Polyesters, 14, 56, 78, 162
Polyether block amide (PEBA), 48

applications and trade names, 50
chemistry and chemical structure of, 

48–49
morphology of, 49
physical properties and processing of, 

49–50
trade names of, 50

Polyether ether ketone (PEEK), 148
Polyethylene (PE), 1, 31

annual usage, 31
medical applications of, 36
molecular weight distribution of, 33
properties of, 33–34
synthesis of, 32

conversion rate, 32
routes of manufacturing, 32
slurry process, 33

Polyethylene oxide (PEO), 48
Polyethylene terephthalate (PET), 37, 144

processing of, 42
drying PET pellets, 43

structure and properties of, 38, 40
degree of crystallinity, 40
intrinsic viscosity, 41–42
IV ranges and applications for, 41
typical property values of, 42

synthesis of, 37
DMT process, 39
esterification, 37
TA process, 39, 40
transesterification, 37

thermoplastic polymer, 37
Polymer, 7

chemical properties, 13–15
cross-linking, microstructure, 6
crystallization, 7
degradation, 92
degree of crystallinity, 7–8
electrical properties, 15–16
linear 

branched, and cross-linked chains 
structure, 6

microstructure, 5
mechanical properties, 10–13
medical devices/plastics, 26–27
melt processing, 24–25
molecular weight 

mechanical properties, dependence 
of, 8

rheology, 18–20
solubility, 15
solution processing, 25
step growth mechanism, 3, 4
surface properties, 21–23
thermal properties, 17

Polymerization 
chain growth mechanism, 2–3
defined, 1
nature of, 1
step growth, 3–5

Polymethyl methacrylate (PMMA), 16

Polyol, 55, 56
used in polyurethanes, 56

Polyolefins, 31
medical applications of, 36

Polypeptides, 43
Poly (ethylene terephthalate) (PET), 93
Polyphosphazenes, 78
Poly (methyl methacrylate) (PMMA), 7
Polypropylene (PP), 8, 34

chemical properties, 36
ethylene and, 34
medical applications of, 36
properties of, 35, 37
source of, 34
structure of, 35
synthesis of, 34

Polypropylene oxide (PPO), 48
Poly (tetramethylene oxide)  

(PTMO), 93
Polysiloxane (PDMS) polymers, 7
Polysiloxanes, 53, 68

fillers in, 71
with hydrosilylation, addition cure 

mechanism of, 73
properties of, 73
synthesis of, 69

Polystyrene (PS), 1
Polytetrafluoroethylene (PTFE), 75, 142, 

148, 153
structure and properties, 76–77
synthesis of, 76

Polytetrahydrofuran, 48
Polyurethanes (PU), 1, 4, 16, 53, 78, 96

chemistry of, 53
manufacture of, 59–61
morphology of, 63
properties of, 61–63
reaction, catalysis, 59
reaction, kinetics of, 57
synthesis of, 57

Poly(vinyl chloride) (PVC), 7
Precipitated silica, 71
Pressure sensitive adhesives (PSA), 75
Propagation reaction, 2
Propylene 

molecular formula for, 34
source of, 34
Ziegler-Natta catalyst, 34

Protein adsorption, 90, 91
process, 91

Protein molecule, 90
PTCA. See Percutaneous transluminal 

coronary angioplasty (PTCA) 
PTFE. See Polytetrafluoroethylene  

(PTFE) 
Pulmonary valves, 120

surgical treatment of, 120
Purkinje fibers, 108
Pursil materials, 95
PVC. See Plasticized polyvinyl chloride 

(PVC) 
PVD. See Peripheral vascular disease 

(PVD) 
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R
Radiation sterilization, 99
Raw materials, 55

isocyanates, 55
Reactive oxygen intermediates (ROI), 93
Rheological behaviors, 19
Rheumatic heart disease (RHD), 117
Right ventricular assist device 

(RVAD), 154
Ring opening polymerization (ROP), 70

of siloxanes, primary components, 71
Rubber, 1

S
Salmonella typhimurium, 85
Scanning electron microscopy (SEM), 

21, 97
Scoring chart for GPMT, 90
Secondary ion mass spectroscopy 

(SIMS), 21
Segmented polyurethane (SPU), 55
Seldinger technique, for catheter insertion, 

148, 149
Sensitization, 85, 89
Shear rates, cone-plate rheometry, 20
Sigma blade, 72
Silicone adhesive systems, 75
Silicone elastomers, 73

processing, 74–75
Silicone properties, molecular structure 

on, 74
Silicones with different cure systems 

mechanical property ranges of, 74
Silicon linkages, and electronegativity, 73
Silk, 1
Siloxane, 68

based thermoplastic polyurethanes, 144
polymer hardness and elastic 

modulus, relationship 
between, 139

linear polymer and end blockers, 70
linear polymer, and end blockers, 70
nomenclature 

application of, 69
nomenclature, application of, 69
polymer network, filler 

reinforcement of, 71
Siloxane polymer, with degree of 

polymerization 
synthesis of linear, 70

Size exclusion chromatography  
(SEC), 9

Small angle X ray scattering (SAXS), 
65, 94

curves, for varying amounts of siloxane 
in soft segment, 66

Solvent coating, 25
Spectroscopic techniques, 21
Starch, 1
Steam sterilization, 99

Stents, 133–135, 139, 152, 163, 164, 166
bare metal stent (BMS), 166
bioresorbable stent, 166
coated metallic stent, 166
drug eluting stent (DES), 166

Step growth polymerization 
molecular weight with conversion, 5

Sterilization, 98
degree of sterilization, 98
different techniques, medical  

devices, 98
dry heat sterilization, 99
D-value, 98
effect on different cardiovascular 

plastics, 98
ethylene oxide sterilization, 99
radiation sterilization, 99
steam sterilization, 99

Stress-induced crystallization, 11
Stress-strain plots, for polymers, 13
Supraventricular tachycardia (SVT), 124
Surface characterization techniques, 21
Surface measurement techniques, 23
SVT. See Supraventricular tachycardia 

(SVT) 
Systemic toxicity, 87

for evaluation of pyrogenicity, 88
longer duration toxicity tests, 88
nonrodent tests, 88
recommended minimum group  

sizes, 88
Systole, 105

T
TAA. See Thoracic aortic  

aneurysm (TAA) 
Tachycardia, 123–125

atrial fibrillation, 124
atrial flutter, 124
supraventricular tachycardia  

(SVT), 124
ventricular fibrillation, 123
ventricular tachycardia, 123

TAH. See Total artificial heart (TAH) 
Temperature-based aging tests, 97
Tensile test configuration, 11
Terephthalic acid (TA), 37

process to manufacture of, 38
Thermal transitions, of polymers, 22
Thermoplastic polymers, 6
Thermoplastic polyurethane (TPU),  

93, 94, 96, 144
materials, 94
rheology, and processing, 66

Thermoset polymers, 6
Thoracic aortic aneurysm (TAA), 129
Time of flight secondary ion mass 

spectrometry (ToF-SIMS),  
21, 22

Time-temperature superposition principle 
(TTS), 96

Tissue inflammation, 91–92
acute, 91
foreign body giant cells, 92
macrophages, 91, 92
monocytes, 91, 92
phagocytosis, 91

2,4-Toluene diisocyanate, 55
Toluene diisocyanates (TDI), 55
Torsional stiffness value (k

torq
), 138

Total artificial heart (TAH), 89
Toughness values, of material, 12
Transcatheter aortic valve implantation 

(TAVI), 118
Transesterification, 37
Tribometer, 142
Tricuspid valves, 120

surgical treatment of, 120
Trimer, 59

U
Ubbelodhe type, 10
Ultimate tensile strength (UTS), 11
Urea, 59
Urethane reaction, 58, 67
UTS. See Ultimate tensile strength (UTS) 

V
Valvular heart disease, 117–120

aortic valve, 117–118
aortic insufficiency (AI), 117
aortic regurgitation (AR), 117
aortic stenosis (AS), 117

Vascular closure devices (VCD), 
149, 170, 171

and sutures, 170–171
Vascular grafts, 135, 167–169

expanded polytetrafluoroethylene 
(ePTFE), 167, 168

polyethylene terephthalates (PET), 
168, 169

VCD. See Vascular closure devices (VCD) 
Ventricular contraction, 105
Vinyl polymer, polymerization, initiation 

and propagation steps, 3
Viscoelastic creep, 13
Viscoelastic nature, of polymers, 19
Vroman effect, 91

W
Weissenberg effect, 19
Witten process, 38
Wolff-Parkinson-White syndrome, 124

X
X-ray photo-electron spectroscopy 

(XPS), 21, 97
X-ray photons, 21

Z
Ziegler-Natta catalyst, 3, 34


