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PREFACE

This book 1> wiiiicu [ut students wio wane a wuining knowiedge in the
field of implant materials. Obviously, the interdisciplinary nature of this
subject has been a major obstacle in writing » book of this nature.

eI Wt s book. I have aiteinpted w.cover both-biological and ..

nonbiological (man-made) materials for obvious reasons. Hence. this
book can be divided into three parts—man-made materials. biological
materials, and implant materials. *

The fundamental structure-property relatiouship is dealt with in the
beginning, followed by the biological materials.

Implant materials or biomaterials as such are not greatly different
from other man-made materials. Therefore. their acceptability in the bodv
is emphasized. In addition. the reasons for a particular implant design and
its material selection have been given special attention.

An effort is made to convert all the units into SI units although one or
two exceptions are made such as A (= 107" m). Also some abbreviations
such as v/o (volume ¢¢) and w/o (weight %) are used for brevity.

To cover the wide range of subjects dealt with in this book. [ have
used zountlens orizinal and reviow ooy av well a my own ressarch
proposals. A conscientious effort has been made to give credit to the
original 3 i
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occasional oversight of some tables and figures which could not be traced.
the author offers his apologies.

It is recommended that the Further Reading sections and the refer-
ences in tables and figures be consulted for an in-depth study on anv ot the
subjects given. Also. the examples given in the text and problems at th2
end of each chapter should be solved bv the student to increase famibiarity
with the current problems in the feid of impiants.

Finallv. the author is greatlv indebted to Dr. G. H. Kenner. whose
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contributions to this book are numerous, including his critical reading of
the original manuscript.

Special mention should be givento Mrs. Regina Freeman, who skill-
fully typed the manuscript. Many valuable suggestions were made by Mr.
Steven Young, Dr. Charles Fain, and Dr. James Wolf.

The constant encouragement given to me by Dr. Francis Cooke and
my wife and children has been the major factor for finishing this book.

Joon Bu Park ;‘ ‘
Clemson, South Carolina i C O N T E N TS
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The word biometosis
" "biological materials as tissues and wood; and second, as impiant materials

i tHe patifal-tissues-2nd-organs in the body, it s vory

CHAPTER 1

INTRODUCTION

~

7o be interpreted in two. wrs w-e .l .y such

- that replace the function of the biological materials. According to its legal
deﬁmtlon (Clemson Advisory Board for Biomateriais
“the word “Biomaterials,’ "’ the Sixth Annual International Biomaterial
Symposium, April 20-24, 1974), ‘‘a biomaterial is a systemically. phar-
macologically inert substance designed for implantation within.or incor-
poration with living systems.’” This definition clearly emphasizes biomate-

_rial as an implant material, although the conventional usage of the prefix

“*bio-"" (in biochemistry, biophysics, and bioassay, for example) is vio-
lated. To avoid confusion I will use the term ‘‘biomaterials’’ to mean
implants replacing biological materials. In this definition, implantable
biomaterial includes anything that is intermittently or continuously ex-
posed to body fluids even though it may be actually located outside the
body proper. It includes most dental materials, although traditionally they
-have been treated as separate entities. Such devices as external artificial
“prosthesss’.are-nat imnlonts

Because the ultimate goal of using biomaterials is to restore function

"‘Definition—oi"

aaporant e oo -

unclerst’and‘tne relationships aifiong property, runctxon and structure for
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biological materials. Thus one can envision three areas in the study of
biomaterials—biological materials, implant materials, and interaction be-
tween the two in the body. These relationships are difficult to master
unless one has fundamental knowledge of the entire system.

Another important area of study is that of the mechanics and dvnam-
ics of tissues and the interactions among them. Generally, this kind of
study, called biomechanics, is incorporated in the design and insertion of
an implant (Fig. 1-1).
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Figure 1-1. A biomechanical analysis of femoral neck fracture fixation. If the implant is
positioned at 130° rather than 150° there will be a force component that will generate a
bending moment at the nail-plate iunction. Because the 150° imolant is harder to insert
it is not preferred by surgeons tmadien trom W. K. Massie, J/.: Bone Joint Surg., 464,

" 684, 1964).

The performance of an implant after insertion can be considered in
terms of its reliability. For example, four major factors contribute to the
failure of hip joint replacements: fracture, wear, loosening of the im-
plants, and infection. If we assume the probability of failure of a given
system is f then the reliability r can be expressed as :

r=1-f ' (1-1)

The total reliability 7, can be expressed in terms of the reliabilities of
absence of each contributing factor for failure,

Fe=rcry o re (1-2)

~e-dtaizinseless o replate ihom with biomaterials—for i

_.or function of the mate

INTRODUCTION 3

Answer

re=(1—=0.02)(1 - 0.03)(1 - 0.01)(1 - 0.05)
= (.89 (1 in 10 procedures will not be satisfactory)

In this case I've ignored the time element because the loosening, wear, fracture,
and infection are time-dependent factors, as shown in Figure 1-2. '

The study of the structure~property relationship of biological mate-
rials is as important as that of biomaterials: however, traditionally this
subject has not been treated fully in biologically oriented disciplines be-
cause most of them are interested in biological function rather than viable
or nonviable *‘materials’’ as such. In many cases biological materials can
be studied ignoring the fact that they are made of and made from living
cells. In other cases the function of the tissues or organs is so vital that

]

1, Lpalal
cord or the brain. In this case I will treat the subject as 1t it does not have
living cells unless this is an important factor contributing to the properties
isinthebody. . . . . ...~

The success of a biomaterial or implant is highly dependent on three
major factors: the properties and biocompatibility of the implant, the
condition of the recipient, and the competency of the surgeon who im-
plants and monitors progress of the i}nplant. It is easy to understand the
requirements of the implant by imagining the needs for a bone plate to
stabilize a fractured femur after an accident:

1. Acceptance of the plate to the tissue surface—that is, biocompati-
bility [this is a broad term and sometimes includes (2) and (3) of
this list]

|

FRUBABILITT

wherer, =1 —f,r, = T —f,, and so on.

Equation (1-2) implies that even though the implant is perfect (i.e.,

r = 1), if an infection occurs every time it is implanted then its total
reliability is zero.

Example 1-1

Calculate the reliability of a total hip replacement operation if the probabilities of
infection, loosening, wear, and fracture failure are 2, 3, 1, and 5%, respectively.

LOOSENING
SNING b
. INFECTION -t FRACTURE
SR WEAR
0] 5 10 15

IMPLANT PERIOD (year)

Figure 1-2. A schematic illustration of probability of failure versus implant period for
hip joint replacements (redrawn from J. H. Dumbleton, J. Med. Eng. Tech., 1(8), 341,
1977).
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2. Transient implant

a. Extracorporeal assumption of organs’ functions—heart, lungs
kidney, liver

b. Decompressive (drainage of hollow viscera spacings)—
gastrointestinal (biliary), genitourinary, thoracic, peritoneal lav-
age, cardiac catheterization

c. External dressings and partial implants—temporary artificial
skin, immersion fluids

d. Aids to diagnosis—catheters, probes :
Orthopedic fixation devices—general (screws, hip pins, trac- Q HA RACTE R §ZAT§ Q ?\j @ F
tion); bone plates (long bone, spinal, oseotomy); intertrochan-
teric (hip nail, nail-plate combination, threaded or unthreaded : M ATE R l A LS
wires and pins); intramedullary (rods and pins); staples .
f. Sutures and surgical adhesives

FURTHER READING ' , . .
2.1. MECHANICAL PROPERTIES . _ = . . . o

— T T HI U BIOW, TUE T Jacobs, and Lo Stark, Biomedical Engineering, chapter T1, FU A Davis ™~ ™ ./ o
Co., Philadelphia, 1971.
L. Stark and G. Agarwal (eds.), Biomarerials, Plenum Press, New York, 1969.
S. A. Wesolowski. A. Martinez, and J. D. McMahon, Use of Artificial Materials in Surgery,
Year Book Medical Publishers, Chicago, 1966.

2.1.1. Stress—Strain Behavior

If a material is undergoing a mechanical deformation, the force per unit

D. F. Williams and R. Roaf, Implants in Surgery, chapter 1, W. B. Saunders. London, 1973. area is defined as a stress. which is usually expressed in newtons per
' . square meter (pascal. Pa): el e
D ] o
force N F—o eownd
stress (o) = - — B 2-D
cross-sectional area | m*
¥ Three types of stress will be present singly or in combination when-
ever a-load is placed on a material: tension. compression, and shear
- - v o e —_— - e —o siroonze. Teneile ctrescec ave geperated in response to lnode which onlt
an object apart (Fig. 2-1a), while compressive stresses resist crushing
weremeendazda (Fig oS- 10) Shanr arvsaaccoeesist loads that defarm nsssramis by

e e e s L e e o mme e e o

sliding layers of ilolecules past each other on~ome or more plames——
(Fig. 2-1c). The shear stresses can also be found in uniaxial tension or
compression since the applied stress produces maximum stress on
planes at 45° to the direction of loading (Fig. 2-1d).

The deformation of an object in response to an applied load is called
strain:

elongated length — original length

strain (¢) = - [%] {2-2)

original length
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¢. Shear d. Shear in tension

Figure 2-1. Three different modes of deformation. The shear stresses can be produced
by tension or compression as in d. '

~ Itis also possible to denote strain as the <tretch ratio—that is, elongatzd
length/onginas tength. The deformation associated with different types of
stresseg are called tencile comnrecsive. and shanr strain (cf. Fig. 2-3% e o e i
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True stress

TS

Fs-—
S -

STRESS

STRAIN (%)

Figure 2-2. Stress—strain behavior of an idealized material.

value of £ and the more difficult it is to deform. The unit for the modulus is
the same as that of stress because strain is dimensionless.

épplied stress. Further. when the applied stress is removed, the material i

will not return to its original shape but will be permanently deformed, .
which is called plastic deformation. _ :
Figure 2-3 is a schematic illustration of what will happen when a
material is strained elastically. The individual atoms are distorted and
stretched, while part of the strain is accounted for by a limited movement
of atoms past one another. When the load is released the atoms will go
back to their original configuration. When a material is deformed plasti-
cally (Fig. 2-3), the atoms are moved past each other in such a way that
they will have new neighbors: when the load is released they can no
longer go back to their original positions.

Oriqinai

-—1f the-stress=strain-behavioris plotted-omra graph,a curve that repre-

sents a continuous response of the material toward the imposed force is
seen (Fig. 2-2). The stress—strain curve of a solid is divided by the yield
point (YS) into elastic and plastic regions. In the elastic region, the strain
increases in direct proportion to the applied stress (Hooke's law):

o=FEe (2-3)

The slope E is called Young's modulus or the modulus of elasticity. It is
the value of the stress—strain ratio. The stiffer a material is, the higher the

Elastic
deformation

Plastic
deformation

Figure 2-3. Atwo-dimensional atomic model showing elastic and piastic deformation.
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—Necking &
Drawing

Figure 2-4. Deformation characteristics of met-
als and plastics under stress. Note that metals
rupture without further elongation after necking
occurs, e.g., in plastics, the necked region
undergoes further deformation called drawing.

Metals Plastics

The peak stress in Tigure 2-2 is often foilowed by an apparent de-
crease until a point is reached where the material ruptures. The peak

stress is known as the tensile or ultimate iensile streqgifi (TS); the stress

where failure occurs is called the failure or rupture strength (FS).

In many materials such as stainless steels, definite yield points occur.
This point is characterized by temporarily increasing strain without
further increase in stress. Sometimes, when it is difficult to decipher the
yield point for a given stress—strain curve, an offset yield point (usually
0.2%) is used in lieu of the original yield point. .

Thus far examples of engineering stress—strain curves have been ex-
amined. These differ from the true stress—strain curves in the following
particular, the cross-sectional area over which the load is acting is as-
sumed to be constant from the initial loading until final rupture. That this
assumption is not correct accounts for the peak seen at the ultimate tensile
point. For example, as a specimen is loaded in tension, necking sometimes
occurs (Fig. 2-4), which changes the area aver which tha load is acting. T#
adjustments are made for the changes in cross-sectional area, then a dot-
ted curve like that in Fiaure 2 2 ic nhtaincd

e

PO S

NS S
|
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el o w
so0f -
p
Force |/
(N)
200}
) 100 {
otk .
0 10 20 30 40 50

STRAIN (%) [P
Force versus strain for a copper wire.

Answer

a. Tensile strength

342 N
= e = 2§
T 06X 107 - 238 MPa

Modulus of elasticity

rm—

o ',AExamp/e 2-1 \)
N -

e

The following curve was obtained by stretching an electrical wire (Cu) with a
diameter of 1.30 mm. ‘

a. Calculate modulus of elasticity and tensile strength.

b. Calculate the yield strength.

¢. Calculate the true fracture strength if the final diameter of the wire just before
break was 1.20 mm.

' o 258 MPa
= e 2 e )
E - 1 27% 20.3 GPa
A el b vl e oD ibe uive due 16 T machine T deformnor TEpSIISd ning
literature.)
. 105 N
b. Yield strength = m = 79.1 MPa
342 N
. 1 ile st = e = 32 M
c True tensile strength —(0.60% % 10 302 MPa

This example illustrates the difficulties involved when attempting to determine .
exact values working from the somewhat arbitrary values assigned by

researchers.
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2.1.2. Mechanical Failure

Mechanical failure occurs usually by fracture. The fracture of a
material can be characterized by the amount of energy required to
produce the failure. The quantity is called toughness and can be
expressed in terms of stress and strain:

€r i
Pm@mﬁ@mmw=ﬁade=ﬁaﬂﬁ (2-4)

Expressed another way, toughness is the summation of stress times the
distance over which it acts (strain) taken in small increments. The area
under the stress—strain curve provides a simple method of estimating
toughness (Fig. 2-5).

A material that can withstand high stresses and will undergo consid-
erable plastic deformation (ductile-tough material) is tougher than one
which. rz L ootiosses. bt he

-

only withstand relatively low stresses (ductile-soft or plastic material).

+ 7 The two major characteristics of brittie fracturé are that its fracture.—.. ... 1. ..
stress is far below the theoretical strength and that it is difficult to predict.

The latter fact is the major reason why ceramic and glassy materials are
not used extensively for implantation despite their excellent compatibility
with tissue. The reason for the lower fracture stress of brittle materials is
discussed in Chapter 5.
) Like toughness, impact strength is the amount of energy that can be
absorbed by a material but the force is applied by impact. It can be
measured by subjecting the specimen of known dimensions to a swinging
pendulum. The amplitude change of the swing of the pendulum is the
measure of the energy absorbed by the specimen. From this the impact

f Hard-brittle

STRESS l_'

=epucity fur deformation (ha’i"'"'; T
brittle materialy'of one which has a high capacity for deformation but can

—
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nominat 0]

STRESS

(MPg) 3001 \___
. Endurance
Limit  —efeo ool lDS
2

100

I° 10° 10° i0° 10
NUMBER OF CYCLES(N)

Figure 2-6. Typical curve of a fatigue testing result plotted in nominal stress versus
fatigue cycles.

strength or energy can be calculated. Usually the impact testing requires a
large number of samples because there is 3 large variation in results _ ...

~ When amaterial is subjected to a constant or & repeated load below -
fracture stress it can fail after some time. This is'called static or dynamic
(cyclic) fatigue and is usually plotted as stress versus time or log cycles.
(V);-as-shown' in-Figure 2-6."THe "tithé 6F the Aiimber of cycles before”
failure depends on the magnitude and types of load, the test environment,
and temperature.

Cyclic fatigue is characteristic of ductile or plastic materials, although
the final fracture is rather rapid. The reason for the cyclic fatigue is the
inhomogeneity and anisotropy of materials. Imperfections, particularly
those on the surface caused by machining and handling, can initiate
cracks, and the growth of cracks leading to catastrophic failure can occur.
inside the material under cyclic loading. A material may undergo cyclic
loading indefinitely below a certain stress level called the endurance limit.

Fatigue tests in a simulated body environment will give a better
evaluation of the material because the materials placed in -the body
undergo loading and unloading cycles. However. it is almost impossihie
tu simuiate tne complicated loading and untoading conditions an implant

undergoes in vivo. Nevertheless, the fatiope tect i neefinl for comporing Ll
performances-of various-implants-under-some-testing-eonditions—————— ——

; K\\\“‘: Ductile-tough

:» Ductile-soft

STRAIN

Figure 2-5. Stress—strain curves of different types of materials. The areas underneath
the curves aie the measure of toughness.

2.1.3. Viscoelasticity

Although the simple equation (2-3) can describe the elastic behavior
of many materials at low strain as shown in Figure 2-7. it cannot be used
to characterize the polymers and tissues that are the major concern of this
book. The fluidlike behavior of a material {such as water and oil) can be
described in terms of stress and strain as in the elastic solids. but the




14 CHAPTER 2
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FORCE
(F)
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Figure 2-7. Force versus displacement of a spring.

proportionality constant (viscosity) is derived from the following
relationship:

o = g okl bl e ViSCOST Y X stinliooain) 0 - (2-5)

:

The stress and strain are shear rather than tensile or compressive, al-
though the same syn:i ols are used to avuid complivz-ions.

T A mechanical analog (dashpot) can be used to simulate the viscous

behavior of equation (2-5) as shown in Figure 2-8. A similar construction,
an automobile shock absorber cylinder, contains oil as the damping fluid.
Equation (2-5) shows that stress is time-dependent; i.e., if the deformation
is accomplished in a very short time (df — 0) then the stress becomes
infinite. On the other hand, if the deformation is achieved slowly
(dt — oc), the stress approaches zero regardless of the viscosity value.
In principle, the simple equations (2-3) and (2-5) can describe the

S Tor Kelvia) medeizcespectively. Remember -
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Maxwell model Voigt model

Figure 2-9. Two-element viscoelastic models.

dashpot are arranged in series and parallel they are called Maxwell and

)

[SSRR SR 51

does not involve time, implying that the spring acts instantaneously
when stressed. Hence, if the Maxwell model is stressed suddenly the

_.spring reacts instantaneousiy, while the dashpot cannot react since 1ts pis-

ton cannot move because of the infinite stress required by the surrounding
fluid. However, if we hold the Maxwell model after instantaneous defor-
mation, the dashpot will react to the retraction of the spring and this will
take time (dr = finite). This description can be expressed concisely bv a
simple mathematical formulation. In general, the response to stress by
the Maxwell model will result on the strain as a cumulative; that is, total
strain is a combination of the strain of spring and dashpot

viscoelastic behavior of a material when combined as if the material is €otal = Espring T €dashpot (2-6)
made of springs and dashpots. The stress—strain behavior of the spring

and dashpot can be represented as shown in Figure 2-9. If the spring and Differentiating both sides
L . : ! Siab '-"l‘fsurmg " ‘-‘,f(las'npol 0.7
NN l\\\\\\\\l\\\ o a T ar (=-7)

P Newronian - ;
STRESS fluid and rewriting equation (2-3)
(o) Cylinder .
S'ODG(Q) d Tpring - d €gprine (2-8)
dt dt
STRAIN RATE (gg) « and substituting equations (2-8) and (2-3) into (2-7). one gets
t

‘»("émmi . ‘/U'\'prmu o Duaashpot (2-9)

Figure 2-8. Stress versus strain rate of a dashpot.

{
dr - E dr n
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Also, one can see that the total stress is the same for the spring and
the dashpot because each member has to oppose the same applied load
internally (or-else it breaks!). Thus equation (2-9) becomes

de _ 1do o
a T Ear T 7 (2-10)

Equation (2-10) can be applied easily for a simple mechanical test such

as “‘stress relaxation’” in which the specimen is strained instantaneously

and the relaxation of the load is monitored while the specimen is held
at a constant length. Thus the strain rate becomes zero (de/dr = 0) and
equation (2-10) can be written

Elf_%+§=o i
Therefore,
e e doldr =—Eoly ™" STy L
dolo = —(Elq) dt (2-13)
and
Ing = —(EMm)t + constant (2-14)

Since att = 0, o = ¢, thus In o, = constant, and

L = exp [~(E/m)] (2-15)

]

The constant m/F can he suhstitnted wirh another constant 7 called rolaxs
bk

- g
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Exan:;p/e 22"

A stress of | MPa is required to stretch a 2-cm skin strip to 2.5 cm. After | h in the
same stretched position. the strip exerted a stress of 0.5 MPa. Assume the prop-
erty of skin does not vary appreciably during the experiment.

a. What is the relaxation time?
b. What stress would be exerted by the skin strip in the same stretched position

after 5 h?

Answer

a. From equation (2-16)
o = g, exp (~t/1)

0.5/1 = exp (= 1/7)

therefore
b. o = 1exp (—51.44) = 0.031 MPa

In comparison, a window glass has a large relaxation time (no stress relaxation).
while water and oil have short relaxation times. Thus when stressed their shape
changes immediately to relieve the applied stress (instantaneous stress
relaxation).

Similar analysis can be made with the Voigt model. In this case the
strain of spring and dashpot represent the total strain, i.e.,

- _ _ " 17
€otal = €spring = €dashpot = € (2-17)

The total stress is a cumulative of spring and dashpot

Ctotal = Ospring T Odashpot = T ' (2-18)

TT

—tion-time-and-equation (215> will-become
o = 0, €Xp (—t/7) = oylexp (t/r) (2-16)

Examining equation (2-16) one can see that if the relaxation time is short
then the stress (o) at a given time becomes small. On the other hand, if the
relaxation time is long then the stress (o) is the same as the original stress

(0‘0)-

RO RSIUOUUI SR

Substituting equations (2-3) and (2-5) into (2-18)
o = Ee + n deldt (2-19)
If a stress is applied and the stress is removed after a certain time. then

0= Fe + ndeds (2-20)
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which is similar to equation (2-11) and can be solved similarly; hence
Erecomery-= €, EXP [—(E/n)t] (2-21)

where ¢, is the strain at the time of stress removal. The constant 5/E is
termed retardation time (\) for this creep recovery process. Because the
strain is being recovered from the original strain (e,), equation (2-21) can
be rewritten: '

€ = € ~ € €Xp (—t/A) = ¢[1 — exp (—t/\)] (2-22)

3]

K’b’?ét:e"b’f polymer (polypropylene) is stretched 105 of its length. When the
tension is released, it recovers 50% of its strain after one day at room temper-
ature.

a. What is the ratardaticn time?
b. What is the amount of strain recovered after 10 days at room temperature?

a. From equation (2-22)
€ = e[l — exp (~1/A)]
ele, = 0.5 =1 — exp (= 1/\)
Therefore
A = 1.443 days

b.e=0.1[1 - exp (—10/1.443)]

= 0.0999

=559, s ,,,Z tecuvery i surain smce the original strain is 109%)
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Figure 2-10. Bending of a beam.
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Figure 2-11. Cross-section of a bent beam (cf. Fig. 2-10).

2.1.4. Pure Bending Stress

When a simple beam supported by a pin and a roller is subjected to
bending, as shown in Figure 2-10, then the longitudinal element in the
convex side of the beam will be elongated (tension) while the concave side
element will be shortened (compression). The element that does not elon-
gate or shorteu is cailed the neutral axis (NA) of the beam. An example of

the internal stress distribution is shown for a' rectangular cross section in
Figure 2-11.

The two-dimensional element pgr’s’ from the beam will be changed to
pqrs after bending (Fig. 2-10b): let p be the curvature of the neutral axis.
then the small element ubcd can be constructed. The r's’ line is parallel to
the pq line before bending and /¢’ distance can be expressed as

(2-23)

dd” = v dy 2-23
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Since ab = cd’ = dx = p d#, the strain is
e; = dd'led’ =y deldx = vip (2-24)

The strain can be negative if we consider the inner fiber of the bent beam.
By using the simple relationship of stress—strain if the material behaves as
a spring (Hooke’s law), then

or = €;E = Evlp (2-25)

Let dA denote a small area of the cross section at the distance y from
the neutral axis, as shown in Figure 2-11. The force element on this area
becomes o, dA and from equation (2-25)

oz dA = EvdAlp (2-26)

...\he.moment of the force element o, dA about the neutral axis ds...

given as

AM = yg  dA e e e 2-2T) e

The total moment can be calculated:

= ) = / )2 -
M= [ vo,dA = (Eip) [,y da (2-28)

The integral in this equation is called the moment of inertia of the cross-
sectional area with respect to that axis and expressed as /. Combining
equations (2-25) and (2-28),

ML = gy ' (2-29)

For the maximum stress y is replaced with ¢, which is defined as the

2 i 3 #Enl main teothe remotest elemient. Thue evpcwone oe e

e L . LT LIPS CIRRR AT

(2-29) can be rewritten as
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Rectangle

o

Solid circle

Figure 2-12. Section modulus of varieus cross sections.

- .. . . £
where 7 is the modulus of elasticity and p is the radius of bending.fhe .. . #
relation predicts that for the maximum bending moment one needs to have ' P

a material with a high modulus of elasticity (stiff).

Example 2-4

During hip replacement surgery sometimes the greater trochanter is removed for
easier insertion of the femoral implant and later a Kirschner wire is used to
reattach the bone. If the wire has a- I-mm diameter and the minimum bending
curvature of the wire has a 5-cm radius, calculate the maximum bending stress
that will be produced in the wire made of a wrought Co~Cr alloy (fully annealed).

Answer R I I e B O

From equation (2-25) and Table 11-6.

max o, = M/(lc) = M/Z (2-30)

The section moduli (Z = J/c) of some cross sections are given in Figure
2-12. The reader should be able to calculate the advantages of having a
hollow cross section based on the section modulus calculations. Another

relation can be derived easily: .

M = Ellp 2-31)

or = Exvip

(230 x 10 Pa)0.5 x 10-%*m)
50 x 102 m

2.30 x 10° Pa (or 2.30 GPa)

This value is well over the tensile strength of the material. thus the outer surface of
the wire will break! This is the reason these wires are made up of many fine wires.
i.e.. multistrands.
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2.2. THERMAL PROPERTIES

The most familiar thermal properties are the melting and freezing
(solidification) temperatures; that is, the phase transformation occurs at
some specific temperatures. These temperatures depend on the bond
energy—for example, the higher the bonding strength the higher the meli-
ing temperature. If the material is made of many elements or different
molecules, then it may have a range of melting or SOlldlﬁCat!OH
temperatures.

The thermal energy spent on converting one gram of a material from
solid to liquid is called heat of fusion. The unit is joules per gram, where
one joule is equivalent to one newton meter. The heat of fusion is closely
related to the melting temperature (7, )—i.e., the higher the T,,, the
higher the heat of fusion, although there are many exceptions (Table 2-1).

The thermal energy spent on changlno 1°C of a material for a unit

ass. Tt eecniie heat TradlBoneTe-water 13 usually chosern -
standdm substdnce and 1 calorie is the heat required to raise 1 g of water
from 15°C to 16°C, but now the standard unit of heat is the joule, and the

speudic ieal is J/g (1 calorie is equivaient t0 4,187 ).

Table 2-1. Thermal Properties of Materials

CHARACTERIZATION OF MATERIALS . . = . _ i oy

The change in length for a unit lengtfl by thermal energy is called’

linear coefficient of expansion (¢) which can be expressed

___AL [_ﬂﬁ_]
® 7 original/ - AT | mK

The value may vary with the crystal direction of the material and tempera-
ture range in which it was measured. If the material is homogeneous then
the volumetric thermal expansion coefficient (v) can be approximated:

= y=3a & (2-33)
Another important thermal property is thermal conductivity, which

is defined as the amount of heat passed for a given time, thickness,
and area of the material. The unit is watts/mK where 1 W is equivalent

0’1 J/s. Geneiaily, thermal conductivity 05 mélais s much higher than =

ceramics and polymers because the free electrons in metals act as energy
conductors.

Examp/e 2 5

To ﬁll a cavity, a cylindrical hole with a 2-mm diameter is made in a molar
tooth (there was no enamel left). The length of the hole is 4 mm and filled with

amalgam and acrylic resin.

Thermal Linear
Melting Siedﬁc I;Iegt of conduc- goefﬁde{“ a. Calculate the volume changes for the fillings.
temp. eat usion tivity of expansion
Substances “0) g . e WimK)  (x10-5°C) b. Calculate the force developfd between the dentine and the ﬁllers Assume the
= A temperature variation is 50°C. The moduli of elasticity of amalgam and resin
) are 20 GPa and 2.5 GPa. respectively.
Mercury ~38.87 0.138 12.7 68 60.6
Gold 1063 0.13 67 297 14.4
Silver 960.5 0.2345 108.9 421 19.2 Answer
1083 0.385 205.2 384 16.8
latliuir o e TTE LGS e 11D 70 Coen S Sheolime EXpansion coefiCizr e erue feie moegunnic,
Enamel — 0.75 — 0.82 ll 4 (2-32)
Dentina — 117 — 0.59 22 )
Acrylic-resin 704 1.465 0.2 810 | , p— , — e
Water 0 4187 334.9 (ice) - o ! AVIV,AT = v =3¢, therefore AV =V, 3o - AT
Paraffin 52 2.889 146.5 — — : . .
Beeswax 62 _ 175.8 0.4 350 i The net volume changes after filling will be
Alcohol -117 2.29 104.7 _ _ '
Glycerin 18 2428 75.4 - - i‘-\vznmuluam =V, X 3« amateam — Cdentin) T
Amalgam 480 — - 23 22.1-28 =7(1 mm)» x 4 mm x 3(25 — 8.3) x 107 x 50
Porcelain —_ 1.09 —_ I 4.1 = 0.03 mm*
AVign = 7l mm)* « 4 mm x 3181 — 8.3) x 1075 x 30
e Softening temperature. = 0.14 mm*
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b. Because F = gA, A = wDh = = X 2 x 4 X 107" m* = 25.13 x 107°* m* and

N

7]
M
4
i
&
Mmoo
]
™

<,

o =FE-Ae
Ae = AT(aamaIgam or resin adentin)
Famatgam = 25.13 X 1078 x 20 x 10°% 16.7 x 107° x 50 = 420 N
Fregn = 25.13 x 1078 x 2.5 x 102 x 72.7 X 107% x 50 = 228 N

Note that although the resin expands more than four times in volume compared to
the amalgam, the force exerted on the tooth is half that of amalgam. The actual
force exerted by the fillings will be much smaller than the calculated values be-
cause the fillings can expand freely toward the top of the holes. The force felt by
using amalgam as a filler would be felt sooner than that due to the resin because
the amalgam can conduct heat much faster than the resin.

74 SUKRFACE PROPERiES AND AUHESION
Surface properties are important in any materials-related problems.

surface is the discontinuous boundary between different phases. If ice is
being melted then two surfaces are created between three phases, i.e.,
liquid (water), gas (air), and solid (ice).

Surface tension develops near the phase boundaries because the
equilibrium-bonding arrangements are disrupted, leading to excess energy
which will minimize the surface area. Other means of minimizing the
surface energy include attracting foreign materials (adsorption) or bonding
with the adsorbate (chemisorption). ‘

The conventional units used to describe surfaces are dynes per cm or
ergs per cm? for surface energy (or tension), but these units are exactly the
same because 'l ergis | dyne cm. The SIunit is N/m as given in Table 2-2.

= - If a liquid is dropped on a solid surface then the liquid drop will .

lapie «-z. Suriace iension of Materials -

" The surface property-is-directty retated-to-the bulk-property because the. - b

CHARACTERIZATION OF MATERIALS 25

NP

Yas
Solid

Figure 2-13. Wetting and nonwetting of a liqui i
quid on the flat surface of
il of a solid. Note the

spread or make a spherical bubble, as shown in Figure 2-13. At equilib-
rium, the surface tension between the three phases in the solid plane
should be zero because the liquid is free to move until force equilibrium is
established.

Yas -")'Ls““yGLCOS@:O 5
Yes = yis + yaL COS @ (2-39)
where ¢ is called contact angle and the wetting characteristic can be
generalized as

=0 complete wetting

0 <@ <90° partial wetting (2-35)
9 > 90° nonwetting’

Note that equation (2-34) gives only ratios rather than absolute values of
surface tension; some values of contact angle are given in Table 2-3.
Welding two surfaces together is called adhesion if the two surfaces
are different and cohesion if they are the same. Hence all surfaces ce-
ment‘ed with a cementing agent are demonstrating adhesion, and the ce-
menting agent is an adhesive. For maximum welding strength the thick-
ness of the adhesive layer must be optimal, as shown in Figure 2-14.

e - _,In, dental and medical applications the adhesives should-be consid-. -
SSTEE OLMPULArY reeuy | UeCats s T TN AT LViag, (Nl Tuplace e

gchment. This prob-

old cells with new ones thus destroying the initial att

Temperature Surface tension
Substance (°C) (N/m)
Lead 327 0.452
Mercury 20 0.465
Zinc 419 0.758
Copper 1131 1.103

Gold 1120 1.128

Table 2-3. Contact Angle Values

Liquid Substrate Contact angle
Methylene iodine Soda-lime glass 29°
CH.I, Fused quartz 33°
Water Paratfin 107°
Mercury Sodu-iime glass - 140°
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STRENGTH
of
JOINT

CEMENT THICKNESS

Figure 2-14. Variation of the strength of a joint versus thickness of cement between the
adherend.

lem led to the development of porous implants that allow tissues to grow
into the interstices (pores) making a viable interlocking system between
implants and tissues.

PROBLEMS
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Answer
From Figure 7-8 the strain is 0.36% at 5 MPa stress. thus €. = —0.0036 and

0.999 = (1 — 0.0036)(1 + €,

Therefore.
€, = 0.0013

d

o _ =0.0013
Y= T0.0036
= 036

2-3; An applied strain of 0.5 produces an immediate stress of 2 MPa in a piece of rubber.
wut after 10 days. the stress is only | MPa.

a. What is the relaxation time?
b. What is the stress after 100 days?

Answers
a. From equation (2-19)

TR
* 2:1. 'Which of the following materials will fit closely the three stress—strain curves of

Figure 2-57

. Ceramics and glasses

- Plastics (polymer) such as polyethylene

. Glassy polymers such as Plexiglass® (polymethylmethacrylate)
. Soft tissues such as skin or blood vessel walls

Hard mineral tissues of bone and teeth

Steels

. Rubber bands

@m0 Ao op

T = TEXp(=T0)

7 14.4 days

= 2 exp(— 100/14.4)

o
q
|

[

2-4. Calculate the maximum diameter of the individual wire in Example 2-4 necessary to
prevent breakage of the outer surface of the wire.

Answer

Ansn-‘ers. From equation (2-25) and Table 11-4
Hard-brittle: a.c.e
Nuctile tough: b F =
Ductile-soft: d, g g » = ZEB
- & (900.x 108 Pa)(5cm)
T 230 x 10° Pa

_Z'«Z..Poisson's ratio (1) is defined by the following expression for a cubic isotropic
matefial:

where ¢ is strain and x. v, and z are directions. Determine Poisson's ratio of a cubic bone
(wet) which has 1.000 cm? of volume and is compressed hydrostatically to 0.999 cm® with a 5
MPa pressure.

= 0.02 m (or 0.04 m diameter)

This indicates that if the outside surface of the wire is not to be broken. the wire diameter

must be very small.

2.5, The surface properties change after a material is impianted inside the body. Expluin
how they will be changed and what methods should be used to understand the interaction
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between the tissue and the implant. Can you use the data obtained from in vitro surface
experiments in vivo?

Answer
As soon as a material is in contact with the tissue it is covered with protein and lipid films
masking the original surface properties.

2 6‘ What is the endurance limit for a solid polymer (polymethylmethacrylate) in Figure

29 If a tooth implant is made of this material with a 4-mm diameter in cylindrical shape,
how long will it last? Assume that the average force of chewing is 30 N.

Answer
About 2 MPa

30

70 % 1079 = 2.39 MPa

It will last more than 107 cycles.
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CHAPTER 3

THE STRUCTURE OF
SOLIDS

emm-3,1.-BONDING-BETWEEN ATOMS e

All solids are made up of atoms that are held together by the interaction
of the outermost (valence) electrons. The valence electrons can move
freely in the solid but can only exist in certain stable patterns within the
confines of the solid. The nature of the patterns varies according to the
ionic, metallic, or covalent bonding. The primary type of bonding can be
determined by considering the affinity of atoms for electrons called elec-
tronegativity. Atoms like fluorine and oxygen have a high electronegativ-
ity because of their propensity to complete their valence shell while inert
gases like neon and argon have low electronegativity because their val-
ence shells are already filled.

“Electronegativity can be used to determine the nature of bonding in

solids, 1.€.,

-Electronegativity &5

ionic >2
metallic <2
covalent ~2

Figure 3-1 shows the electronegativity of some elements. Thus bonding
of table salt (NaCl) is ionic, iron (Fe) is metallic, and diamond (C) is
covalent. )
Although we try to categorize the primary bonding into three major
types. these categories are only applicable in limited cases and many
materials escape them. For example, silicon atoms share electrons cova-

s

- 29
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fce structure

hcp structure

Figure 3-5. Close-packing arrangements: (a) two- and (b) three-dimensional.

three dimensions. Because each atom touches twelve neighbors (hence
coordination number is 12), rather than six as in the simple cubic, it
results in the most dense atomic volume per unit area. Another close-
packed structure is hexagonal as shown in Figure 3-5b. The hexagonal
close-packed (hicp) structure is characterized by the repeating layers of
..gvery other plane—i.e., the atoms in the third layer occupy sites-directly

e 5 GIGMS i the st lay Srr LS Cdi Ul Wpleactited aSADAB . . .
packing, while the fcc structure can be represented bv three lavers of
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|

—a—

Figure 3.6. Body-centered cubic unit cell. Each unit cell has two atoms anda = 4,/\3.

Answer

From Figure 3-6, a = 4r//3 and the density, p, is given:

weight/unit cell
" volume/unit cell
2 x 52 g/mol at
= = 5: "g./mcr) 2 OI?S (2 atoms/unit ~eIn
e 1A X 12502 3) AP 6,02 2 102 atoms/mol T
= 7.18 g/lcm?®

3.2.2. Atoms of Different Size :

Most materials used for implants are made of more than two ele-
ments except in a few limited applications. When two or more different
sizes of atoms are mixed together in a solid, two factors must be con-
sidered: (1) the type of site and (2) the number of sites occupied.

- Consider the stability of the structure shown in Figure 3-7. In F igure
3-6a and b, because the interstitial atoms touch the larger atoms they are
stable, but not in structure c. At some critical value the interstitial atom .
will fit the space between six atoms (only four atoms are shown intwo """

“Uni€nsions), which will give the maximum interaction between atoms and
Lonseauentlv the most stahle strictnre Thus, at a certain rading ratis of .

'{,) three-fourths of the unit cell volume is occupied by the atomic volume.

Another common metal structure is the body-centered cubic (bcc) in
which an atom is situated in the center of the simple cube (Fig. 3-6). Its
packing is less efficient; only 68 percent of the cube is accounted for by the
atomic_volume. :

Example 3-1

Chromium has a bee structure with atomic radius of 1.25 A. Calculate its density
(its atomic weight is 52 g).

: the-host-and-interstitial-atoms-the-arrangement-will-be-the-most-stabte—————

(a) STABLE (b) STABLE (c) UNSTABLE

Figure 3-7. Possible arrangements of interstitial atoms. The critical radius ratio for (b)
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ELECTRONEGATIVITY (ev)

Fiaure 3-1  Seale of electronegativity of sn! el
in the same periodic table column. Transiiich elcients are not included {their vaiues
vary from 1.6—1.9). (Adapted from L. Pauling, The Nature of Chemical Bond/ng, 3rd
edition, p 93, courtesy Cornell University Press. Ithaca, 1960. )

ottt Thelinas ronnast o, Lo s

lently but occasionally a few electrons can be freed and permit limited
conductivity (semiconductivity). Therefore, silicon is said to have a lim-
ited metallic bonding tendency, as shown in Figure 3-2.

A secondary force between molecules such as in iodine (I,) is known
as a van der Waals force. The iodine molecules can exist as a solid at room
temperature but when heated gently, they sublimate destroying the van
der Waals bonding. The gaseous units are still covalent iodine (I,) mole-
cules. The van der Waals forces can be generated by dipoles or polar
molecules with asymmetrical distributions of electrical charges.
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Figure 3-2. Most materials possess a combination of different bonds making a gen-
eralization of bonding difficult.

Rhombohedral a-b-c,asB=ys0- ¢

Hexagonal  a- bac[‘;ﬁ:w’

Monoclinic  a+bsc,asy=90%3 r,8

Triclinic a+bsc,asBsyisor »

P = Primitive | = Body-cantered
FeFace-centered B=Base-centered

Fa]
~ Figure 3-3. Sta‘c.;k‘iﬁg of "hard ‘balls tatoms) "in "simple“cubic structure (g is the lattice— """~
spacing).

Crystal - Axial length Space

system and angles lattice

Cubic a=DsC,a=Beyr00" p,i,F

Tetragonal  a-bic, Pl

Orthorhombic a«b-c, . P,1,F,B

EACH

L

3.2.1. Atoms of the Same Size

If we assume the atoms can be represented by hard spherical balls
(only true at absolute zero), the balls can be packed as shown in Figure
3-3. Note that any cube in the structure can be repeated by moving one
lattice spacing, a, in any direction. Thus this type of structure can be
represented by a single square. If it is e¢xtended into three dimensions it
can be represented by a single cube. This is called a simple cubic crystal
system. There are six crystal systems beside the simple cubic. The simple

Figure 3-4. Crystal structure systems and space lattices.

cubic crystal system is further divided into three space lattices: simple
cubic (P), body-centered cubic (1), and face-centered cubic (F). Figure 3-4
shows the space lattices and crystal systems. Any material with a struc-
ture represented by one of the 14 space lattices is called crystailine. The
cubic and hexagonal systems are the most important for metals and
ceramics.

The face-centered cubic (fcc) structure is achieved by stacking the
balls as shown in Figure 3-3a. This structure is called close-packed in



- CHAPTER 3

Structural

_Geometry =~ r/R o
0.155 3
0.225 4
'0.41'4 3
0.732 8
1.0 12

Figure 3-8. Minimum radius ratios and coordination numbers.
Figure 3-8 gives the minimum radius ratios for given coordination num-
bers. Note that these radius ratios are determined solely by the z2smetric
considerations: T < - T

T

.
~,

Example 3—__2}_’,"

Calculate the minimum radius ratios for coordination number 6.

For coordination number 6, from Figure 3-8 looking down:
From diagram:
cos 45° = R/(R + r)

N = RIF+ 1y —

- e sk e RPel e s

,
!
&

o —

; Fre

. . . IR = \/7 _
Two-dimensional representation of a = _ "R ) \/2 ) 1
ructure with_coordination.number. 8

—

= 0.414
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00000 00000
8 8 Q&g ' 8 8@8—%—7'8— INTERSTITIALS
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OO0O00O " 00000
OO000OO0 00000

Figure 3-9. Point defects in the form of vacancies and interstitials.

Line defects are created when an extra plane of atoms is displaced or
dislocated out of its regular lattice space registry (Fig. 3-10). Planar de-
fects or two-dimensional defects exist at the grain boundaries. Grain
boundaries are created when two or more crystals exist in a material.
Within each grain all the atoms are m a lattice of one specific orientation.
Other grains have the same crystal lattice but different orientations, crest-
ing a region of mismatch. The gra'n boundary is less dense than the hulk:

" hence most diffusion of gas or liquid takes place along grain botndaries.

Grain boundaries can be seen by polishing and subsequent etching of
a “‘polycrystalline’” material. This occurs because the grain boundary
atoms possess more energy than the bulk, resulting in a more chemically
reactive site at the boundary. Figure 3-11 shows a polished surface of a
metalimplant. The size of the grains plays an important role in determining
physical properties of a material. In general, a fine-grained structure is

3.3. IMPERFECTIONS IN STRUCTURES

Imperfections in crystalline solids, sometimes called defects. play a

jor role in determining the solids’ physical properties. Point defects

ommonly appear as lattice vacancies or as interstitial atoms ( Fig. 3-9).
e interstitial atoms are sometimes called impurities.

Figure 3-10. Line defects. The displacement is perpendicular to the edge dislocation
but parallel to the screw dislocation (right-hand side). The unit length (b} has mag-
nitude and direction; it is called a Burgers vector.
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Figure 3-11. Midsection of a femoral component of a hip joint impiant which shows
grains (Co-Cr alloy). Notice the size distribution along the stem and from the core to
the surface.

stronger than the coarser one for a given material because the former
contains more grain boundaries which in turn interfere with the movement
of atoms during deformation,. resulting in a stronger material.

3.4. AMORPHOUS SOLIDS

Some solids like window glass do not have regular crystalline struc-
ture and are called amarnhons materials, Thev are nenally supercooled

_ Caiculate the free voiume vi 500 g ot supercooled iodine trom fiqua which has 2
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FREE SUPERCOOLED
VOLUME Haue
GLASSY
SoLD
) 3‘5;;;;";0
Figure 3-12. Change of volume versus ¥
temperature of a solid. The glass transition gi‘.{?g‘”—‘“ )
temperature (7g) depends on the rate of — -
cooling and below 7g the material behaves Tg Tm
as a solid like a window glass. TEMPERATURE

Example 3-3 7

density of 4.8 g/lcm® Assume that the density of amorphous iodine is 4.3 gicm?
and crystalline density is 4.93 g/cm?.

Answer !
&
The fraction of supercooled iodine is *
4.93 — 4.8
—_— = 0.2
493 - 43 0-21

The weight of the supercooled liquid is 0.21 x 500 g = 105 g. therefore the total
free volume is )

———from theliquid statesothey retain Tiquidlike structure-Consequently the
density is always less than the crystalline state of the same material indi-
cating inclusion of some voids (free volume, Fig. 3-12). Due to the
quasiequilibrium state of the structure the amorphous material tends to
crystallize. It is also more brittle and less strong than its crystalline
counterpart. _

It is very difficult to make metals amorphous because the metal atoms
are extremely mobile. The ceramics and polymers can be made amorph-
ous because of the relatively sluggish mobility of their molecules.

1 cm? l cm3>
— —— — —— — | x 105g =326cm?
(4.3 g 493 g 5
o Aprnocapice orysiainntion e volume of the 1odime Wil #I3rsass 55 500 .
PROBLEMS : '

. Ammonia (NH,)

. Salt (NaCl)

. Carbon tetrachloride (CCl,)
Hydrogen peroxide (H,0,)
. Ozone (O,)

. Ethyiene (CH,==CH,)

. Water (H,O)

QR W A6 T
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Answers
Ionic bonding: b.
Covalent bonding: a, ¢, d, e, f, g.

"3-2. Calculate the weight of an iron atom. The density of an atom is 7.87 g/cm®. The
“Avogadro’s number is 6.02 x 10?3, How many iron atoms are contained in 1 cm3?

Answer
For Fe, atomic weight is 55.85 g.

weight ss8sghmol  _ o
atom . 6.02 x 105 atoms/mol — 228 % 107* g/atom

23
atoms _ 6.02 x 10* atoms y 7.87g _ 8.5 x 107 atoms/cm?
cm?® 5585 .8 lem* .

[YYLeTY

a1

3-3. Calculate the number of atoms present per cm® for alumina (Al,0,) which have a den-
sity of 5.8 g/cm®.

.
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R. H. Krock and M. L. Ebner, Ceramics. Plastics, and Metals. chapter 3, D. C. Heath Co.,
Boston, Massachusetts, 1965.

W. G. Moffatt, G. W. Pearsall, and J. Wulff, The Structure und Properties of Muterials. vol.
1, Structure, chapters 1-3, J. Wiley and Sons, New York, 1964.

L. Pauling, The Nature of Chemical Bonding, 3rd ed., chapter 2. Cornell University Press.
Ithaca, New York, 1960.

M. J. Starfield and A. M. Shrager, Introductory Materials. McGraw-Hill Book Co., New

York, 1972.

A. H. Cottrell, " The Mature of Mctais,” in Materials. ed. D. Flanagan et al.. W. H. Freeman
& Co., San Francisco, 1967.

Answer (r
M.W. of Al,O3 = 2 x 26.98 + 16 X 3 = 102 g/mol.
. .02 x 10%
atorr;s - 38 g x 603 10%% x 5 atoms/mol - 102 x 10%9
cm cm® X 102 g/mol e )
3
3-4. Calculate the diameters of the smallest cations that can have a 6-fold and 8-fold coor-
dination with O~* ions. |
Answer
From Table 5-1 the radius of the oxygen ion is 1.40 A and from Figure 3-7 the radius ratios "
for 6-fold and 8-fold coordinations are 0.414 and 0.732 respectively. Therefore
6-fold. 1.4x0414x2= 1.16A
8-fold, 1.4x0732x2= 2054 -]
4
4
FURTHER READING >
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“-is called the metallic bond; to distinguish’ it fromthe covatentbomd;-in =~

CHAPTER 4

METALS AND ALLOYS

The metal atoms are held together by the interactions of the valence

electrons (outermost electrons) and the positive.frieta!!i: :ons. The elec-

trons are free to move throughout the solid (sea of electrons) because the -

valence electrons are not bound between metal ions. Such an arrangement

which electrons are shared between one another (Fig. 4-1).

The metallic bonds are not directional because of the diffuse nature of
the electrons; this in turn makes the-metals able to conduct electricity and
heat more easily. Also, the valence electron cloud is responsible for the
opaqueness and luster of metals because the electrons interact with light.
As the number of valence electrons increases down the periodic table they
become more localized and the metallic bonds become more directional,
resulting in more brittle metals. This is partially the reason for the high
melting temperature of such brittle metals as tungsten and iron.

Metals can be divided into two general categories according to their
composition: unalloved and alloyed. Naturally every atom of unalloyed

- pure metal has only one kind of neighbor. Because- their mechanical;

cilemical, and thermal properties can be easily improved by alloying met-
als, most metals used in medicine and dentistrv are alloved.

4.1. ALLOYS AND PHASE DIAGRAMS

When two or more metallic elements are melted and cooled they form
either intermetallic compounds or solid solutions and more usually a mix-
ture of each. Such combinations are called alloys. The alloys can be either
single or multiphase, depending on temperature and composition. (A phase
is defined as a physical homogeneous part of a material system.) Thus.

41
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METALLIC

COVALENT

0.0.0:0;

Figure 4-1. Schematic representation of metallic, ionic, and covalent bonding.

liquid and gas are each single phases, but there can be more than one
phase for such solids as fcc iron and bcc iron depsnding on pressure and

- temperature—f’rmeng“mnihpﬂrase—metafs- steels are iron-base” alloys ¢on-""

taining various amounts of a carbide (usually Fe,C) phase. In this case the
carbon atoms occupy the interstitial sites of the iron atoms (cf. Fig. 4-5)
and form what is called an interstitial solid solution. Most metal atoms are
too large to exist in the interstitial sites. If the two metal atoms are
roughly the same size, have the same bonding tendencies, and tend to
crystallize in the same types of crystal structure, then a substitutional
solid solution may form.

This structure is composed of a random mixture of two different
atoms as shown in Figure 4-2. Unless the elements are very similar in
properties such a solution will exhibit a limited solubility; i.e., as more
substitutional atoms are added in the matrix. the lattice will be more and
more distorted until phase separation occurs at solubility limit. In some

i i

shown ir Figure 4 .
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1600 -
] auid (L .
. Liquid ( )‘ 1453

1400 »

TEMP. () /T:elme ;

1200- e :

1083°- " Solid (a) L

1000 F——— _
0 Cg Cpa 50 Cg 100 Nj
100 50 0 Cu

COMPOSITION (w/o)

Figure 4-3. The Cu~Ni phase diagram: an example of complete solid solubility. The tie
line is explained in the text.

systems complete solid solubility exists, such as in the Cu-Ni system

" The phase diagram is constructed by first making known compo-
sitions of Cu—-Ni and then melting and cooling them under thermal equilib-
rium. During the cooling cycle, we must determine at what temperatures
the first solid phase (o) appears and all the liquid disappears. These points
will determine the liquidus and solidus line in the phase diagram. From
this phase diagram we can determine the types of phase and amount of
each element present for a given composition and temperature. Thus if we
cool 40 w/o Ni-60 w/o Cu liquid solution (from Fig. 4-3):

Temperature (°C) Phase (relative amount)  Composition of each phase

above 1270 liquid (all) 40Ni-60Cu
liqui 7 33Ni-67
1250 {iauid 160%) - [mercu
1270 {liquifi (5%¢) [26Ni-74Cu
- o (959) PN s70n .
below-1210 a-{all) AON 60—

Figure 4.2. Substitutional solid solution of the Cu—Ni system.

The relative amount of each phase present at a given temperature
and composition is determined by lever rule after making a horizontal
(tie) line at the temperature of interest. Let C, and Cj be the compositions
of element A (Ni) and B (Cu) in the two-phase region met by the tie line
(e.g., 1240°C). with the same composition as that given above {40 wio
Ni = C): then the amount of element 4 in the liquid and solid phases can
be expressed:
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. . . 1837°
Weight of metal A _ Weight of metal A | Weight of metal A
in the alloy in liquid phase in solid phase 15050/‘ - :
. (W, x C, = W, x C, + W, x C,] 4-1) : 4 %
where W, is the weight of the original mixture of metal A and B, and W, 1000
and W, are the weight of liquid and solid. C, and C, are the weight frac- |
tions of metal A in the liquid and solid solutions. . TEMP.(°C)
Since W, = W, + W, we can substitute this into equation (4-1) and ' 6.67
obtain the following expression: 5004 o+ FesC
W, _C-¢ “2) | B
W, = C,-C, c o 2 4 6 re,c
: Fe 100 98 96 : 94 " =3
This can be written another way; that is, COMPQOSITION (w/o)
W Ta : e i rfigure 4-5. The Fe-C phase diagram. =~ 777
We o _C,-C ~4()~34_033 (4-3) , T :
Wo “a+l Co—-C | 52-34" 7 ‘ Hence the last liquid will disappear at eutectic temperature and composi- i
e s e e et v et et i v am .%p.... . tion (Cf.F.lg.."-l'-fi-)- J 4 et o e S .-,_%
e ~‘This “prificiple can be applied in more complicated systems such as R ’ 4
Ag—-Cu (eutectic) or Fe-C (eutectic + eutectoid) systems as shown in Example 4-1 , )
Figures 4-4 and 4-5. The eutectic and eutectoid reactions are defined as: Météls of 20 w/o Cu and 80 w/o Ag powders are mixed thoroughly and heated to
. well above the melting temperature of the alloy. On cooling in a thermodynamic
L—S8+5, sutacte (4-4) . equilibrium condition, calculate the relative amount of Cu and Ag in the phase(s)
Sy 8 +8,  sudectnle L present:
a. At 1000°C
b. At 780°C
3 c. At 700°C
11001 N [1083° Answers
1980.5° Liquid i _
D - - From Figure 4-4. o
ann NN i i 1 fom Tig , R
- e . At 1000°C. all liquid (20 w/o Cu + 80 wio Ag)
TEWP.(C) | e 7794° g} | ? i T DL e Ae) At e e e
s A T T 3 e e e G : . b A LIRS N e T T s W g) e Wit T T TR =i
. 700t -t At AT (38 Twio Cu + 71.9 wlo Ag) 58 wlo ¢ 1%
1 atf - o _W1-30 81 _
500- ' - a+ L 281-88 193 —
0 o 50 , 100 Cu R o~ [alb wio Cu + 94 w/o Ag) 83 wio
100 50 0 Ag ! € ALT00°C. 1 5193 w0 Cu = 7 wio Ag) 12 wio
COMPQOSITION (w/o) .
. . PR - o 93 - 20 73
Figure 4-4. The Cu~Ag phase diagram. The dotted vertical line indicates the precipita- = = — = (}.88

tion hardening by quenching the « phase.
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4.2. IMPERFECTIONS AND STRENGTHENING MECHANISMS

Structural imperfections.play a major role in determining the physical
properties of a metal, as briefly discussed in the previous chapter. All
alloys and multiphase polycrystalline structures have imperfections, al-
though when intentionally created they are not called imperfections.

The interstitial point defects are important in the Fe-C system be-
cause the carbon atoms occupy the Fe lattices. The amount of carbon
dissolved in iron is limited to 6.67% by weight because the carbon atom is
slightly larger than the interstitial sites of the iron lattice (Fig. 4-5). Of
course, the substitution solid solution results in alloys that can be
strengthened over the original pure metals. A typical property change
with composition in Cu-Ni alloys is shown in Figure 4-6. In a two-phase
system, increasing the amounts of harder or stronger elements may in-
crease the strength if properly dispersed.

The line defects are important in strain or the work-hardening pro-
cess because edge and $¢réw  dislocations ‘are introduced by the cold
work. Cold-work is a measure of deformation below the recrystaliization

temperature so that the strain-hardening remains in the structure and can
" 'becalculated:

CW. =4, - A)A, (4-5)

where A, and A are original and final cross-sectional areas, respectively,

T
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The resultant strain-hardening after cold-work increases hardness,
strength, and stiffness, but reduces ductility.

The plane defects are important for recrystallization processes where
the microstructure is changed by thermal energy. One of the strengthen-
ing processes is the precipitation-hardening of alloys. This is ac-
complished by rapidly cooling a solid solution of decreasing solubility, as
shown in Figure 4-4 by the dotted vertical line. If the quenching is done
properly there will be no time for the second phase (8) to form. Hence a

- quasithermal equilibrium exists but, depending on the amount of thermal
energy (i.e., temperature) and time, the second phase (8) will form (pre-
cipitation). If the B-phase particles are small and uniformly dispersed
throughout the o matrix, their presence can increase the strength greatly.
It is important that they be dispersed within an a grain as well as grain
boundaries so that the dislocations can be impeded during the deforma-
tion process as in the case of cold-working. Carbide (intermetallic com-

s oound of metal ot
cobait-base alloys (e.g., Vitallium®), thus strengthening them.

In relation to the precipitation process, the transformation process is

..another. mechanism of stiengthening steel-and its ailoys: Whermrfcoiromor

" steel is quenched from the austenitic temperature range (y phase in Fig.
4-5), there is no time for carbon and other alloying elements to forma + C
phases. Almost all the carbon atoms must diffuse to form carbide (C) as
well as such carbide formers as Cr, Mo, and V., which should concentrate

.in the carbide, whereas Ni and Si must diffuse into the ferrite (). These
reactions take time at low temperatures (below 400°C). Since the fec

structure of austenite is not in equilibrium a driving force develops and at

=iz carboi, e.g., Fe,Cin Fig. 4-5; piECiprates in -

L?O‘ Iow enough temperatures this driving force becomes sufficient to force
800 ST~ ' transformation by shear. The resulting structure is a tetragonal martensite
<= e \\ . iy instead of the body-centered ferrite. The martensite is extremely hard
TENSILE . = // "}8o TENSILE | because‘ it is nppcubic (has less slip combination§ thgn the bce st'mgture)
STREss 400 % STRAIN ‘and the {nters.tmally entrappeq carbqn prevent§ sl‘lpplpg.‘lylartensxte is the
- tMpa) | ,.,_:_ U e hardect iron =inbk shags material but is ext‘remely Cisluie, #IZRCCIESMIpOTIng T
e T e~ : by heating (600°C) is necessary to make it tough and strong.
300‘{ // ‘ ‘
. . . 40 [ ’ . Tempering X
7 | Martensite —— o + carbide (C: Fe,C) (4-6)
200 . | :
o 50 100 Wi E Example 4-2
00 50 O Cu f Titanium changes its structure from Acp structure (¢ = 2,956 A. ¢ = 4.683 Ato
¢

COMPOSITION (w/o)

Figure 4-6. Tensile stress and strain changes of copper by adding nickel.

i
i
i

hee structure (a = 3.32 A) above 880°C. Calculate the volume change in cm* g by
heating above the transition temperature. The density is 4.54 grem® with an atomic
weight of 47.9 g.
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Answer

Area of hexagon

V3 1
=a X —2- a X 5 X 6 » T
C=4.683.
a
=° ;/5(12 Az *'f
Vien 3 ;/ga?c = 106.3 A* which contains 6 atoms

Viee = a® = 36.594 A3 which contains 2 atoms
106.3 A® _ 106.3 A% x 6.02 x 10 atoms/mol _

y = = 0.2227 cm¥/g

he 6 atoms 6 x 47.9 g/mol atoms Zesclcmig
24 - 2

bee 36.594 A _ 36.594 A® x 6.02 x 10?® atoms/mol - 0.23 cm¥g

2 atoms _—

2 x 47.9 g/mol atoms

NTY nenB i

2n e

The difference ‘-

g .- »
A RV R A o R N X

OOt s, s
—PTI R A '

R
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As mentioned previously, because the valence electrons of metals are
not strongly bound to the nucleus, they can be removed easily and be-
come

M — M+ + ne- : 4-7)

where n is the number of valence electrons. If the electrons are removed
from the system then the equilibrium is disturbed and the reaction will be
driven to the right. The result is a corrosion cell. To be a continuous
corrosion process the system must have two reactions, i.e., one producing
electrons and the other consuming them. Thus, the electron transfer must
occur for the corrosion to take place. The nole-nroducing electrons are

called the anode (bemng oxidized), whilgthe_consuming electrons are called

the cathode (heino reduced) | Cathode reduction con accur at any metal- - - .-

stiface cépaBI?Hfiransferﬁng electrons to the anode. It can be the same
metal portion or different phases of the same metal.

Corrosion occurs at the point where the electrons are produced
(anode) and the metal ions generated dissolve into solution or combine
with other species in the environment.

Most corrosion occurs through the interaction of the solution and
oxidation process. The dissolved ions and electrons [equation (4-7)] will
build up an electrical potential, called an electrode potential, that depends
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+0.44 Volt

Figure 4-7. Iron—hydrogen corrosion cell. The platinum tube is porous.

on the nature of the metal and the solution. The electrode notential of any

iuaterial is measuréd by using a standard hydrogen electrode (Fig. 4-7).

The equilibrium of hydrogen reaction can be written

) H, — 2HY + 2¢- (4-8)
The electrode potentials of various metals are given in Table 4-1. If two
dissimilar metals are electrically cortnected in a medium containing their
ions, corrosion will occur. The noble metal will be the cathode and the base
metal the anode, according to the electrode potentials shown in Table 4-1.
This type of corrosion takes place readily on a microscopic level as shown
in Figure 4-8. In both cases a microgalvanic cell is set up due to the elec-
trode potential differences; the ferrite is less noble than the carbide; and
the grain boundary is the region of disorder and thus of higher reactivity,
therefore less noble than the interior of the grains.

Local differences in concentration of electrolyte and oxygen may also

lead to corrosion. In the region of high oxygen concentration of an'ague-""
| URTSuiinon ¢ fuliowing reaction will occur 10 the Tight by consuming

Regions of lower oxygen concentration become anodic to provide those
electrons, as shown in Figure 4-9. —

Any region of distortion or stress will be anodic with respect to the
lesser distorted or stressed region of the same material because the
stressed region has a higher energy level than the nonstressed region. This
is the reason why the head or bent portion of a nail is more readily

elecrronS: - - Be N LTI s e A e s e Nle v o hpp rs wT e e o e
ST SN Dok ol bt ‘_' R i ~- ’
2H,0 + O, + 4¢~ — 4(0OH)- (4-9)
R 2.:," - :'l‘l
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Table 4-1. Electrode Potentials
of Various lons

Tons Potential (volts)
Li* +2.96 Anode
K* +2.92
Ca** +2:90
Na~ +2.71
¢ Mgt +2.40
T +2.0
AP~ +1.70
Zn* +0.76
Cr+ +0.56
Fe+ +0.44
N
Sn**
Pbrr )
-— n Fe.')-i- D -
. H~ Reference
- Cu
Cut . =
Aq'sem s hg
Pri* ) N =
Au~ -1.50 Cathode = -s-: O, g \

corroded. This is also the reason why manufacturers advise surgeons not
to bend or twist the devices unless absolutely necessary.

Corrosion can be accelerated in the presence of external stress. This
is called stress or fatigue corrosion and predominates under repeated
loading condition. Most implants are subject to this type of corrosion. The
endurance (fatigue) limit of a metal can be lowered by this process.

J- - ‘ A \

Grains{cathoda)
Boundariss(anods)

i Carbide(cathode)
Ferrite (anods)
Figure 4-8. Galvanic corrosion caused by energy difference in microstructures. Left:
Galvanic microcell of pearlite. Righi: Gaivanic microcell of grain and grain boundary.

|
1
{
M
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’ C[ck(anods)

Matrix (cathods)

n
pary

0qd
(anods)

Figure 4-8. Example of oxygen-deficient corrosion cells,

A brief summary of various galvanic corrosion cells is given in Taris
4:2. The transfer of electrons occurs because of differences in composition.
energy level, and electrolytic environment. The electrode with higher Co-
tential or energy is the anode that undergoes corrosion.
If a metal forms a coherent, stable oxide film of protective surfzca
than the matal e gaid to he pozsivatsd Such an oxide film wil NI
olution of metal jons into the environment, thus retarding the
siwon. This is the reason titanium and chromium are corrosion-resistan:
-o-uite the relative positions of tieir electrode potentials (¢f. Tabie 37,
Aluminum also forms a stable oxide film but it becomes unstable in Nz
soiutions. Thus, the corrosion resistance of metals In salt water is differen;
nd depends on their passivity. These values are given in Table 4-3. If tre
russivation film breaks down corrosion will take place at that point. which
izcomes anodic and the rest of the material becomes cathodic. Because
the broken-down anodic region should provide electrons for all the ¢
< regions it will result in an accelerated corrosion. or pitting corro
1 the anode.

There are two reasons why the corrosion of metals or any deteriorz-
ton of implant materials is important: one is obviously the weakening

g

SOrro-

L
. 1l

Table 4-2. Summary of Galvanic Corrosion
Examples
Differences Anode Cathode
Composition Fe H,
Ferrite (a) Carbide
Energy level Boundaries Grain
Stressed region Nonstressed region
Electrolytic Low PO, High PO,

Environment Dilute solution Concentrated solution
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Table 4-3. The Galvanic Series for Metals and
Alloys, Including Some Stainless Steels

Anodic end {electropositive)

Magnesium
Magnesium alloys
Zinc
Aluminum
Cadmium
Aluminum alloy
Carbon steel
Copper steel
Cast iron
410 6% Cr steel
12 to 14% Cr steel
A 16 to 18% Cr steel Active
23 to 30% Cr steel
7% Ni, 17% Cr steel
8% Ni, 18% Cr steel
B 14% NI, 23% Cr steel
20% Ni, 25% Cr steel

A~ oae
o Tey 350 Mo stee!

} Active
JUDURSUUNIN. A 73 775 NON

60% Ni, 15% Cr, 20% Fe
Inconel X Active
80% Ni, 20% Cr
Brasses -
Copper
Bronzes
Nickel-silver (Ni-rich brass)
Copper-nickel
Monel metal
Nickel
60% Ni, 15% Cr, 20% Fe
Inconel
80% Ni, 20% Cr
12 to 14% Cr steel
16 to 18% Cr steel
7% Ni, 17% Cr steel
8% Ni., 18% Cr steel

14% Ni, 23% Cr steel
23 t0 30% Cr steel )

'( 20% Nl, AJ'% Crsteel J
12% Ni, 18% Cr, 3% Mo, steel

} Passive

A&B Passive

i

Silvei™

Graphite

Cathodic end (electronegative)

? Note that the role of passivation in moving the stainless
steels toward the bottom of the table. (Adapted from Stain-
less Steels by C. A. Zapffe. American Society for Metals,
1949, by permission from the publisher.)
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effect and the other is the effect of the corrosion by-products on the
tissues. A low corrosion rate of surgical stainless steel (316 and 316L
types) of about 0.2 um/year or less is not detrimental to the mechanijcal
properties of an implant. However, if we calculate the number of jons
released in the area of a pinhead (0.01 cm?) by using the corrosion rate

of.0.2 um/year of the stainless steel (density, 9 g/cm?), we find that

R.=02Hm _ 0.2 x 10 cm _ . 1
C 0 vear ~ 365 x 24 x 3600 5 6 x 1073 cm/s

For an area of 0.01 cm?® the number of ions released per second can be

calculated:
6 X 10713 cm) . g 1 mol 6 X 10® ato
S0 01y (25). (Lol ( ms
( S ( em’) cm? ‘60 g mol )
=354 x 10 28
| i 5
This is over 500 million ions per second released from an area about the g

size of a pinhead (1 x 1 mm). This amount of jons may not be significant
to irritate tissues but may have significance in long-term implantation.

Example 4-3

Calculate the corrosion rate in mm/year of a platinum anode through which
10 pAfem? current flows. ‘

Answer
Assuming a uniform current flow throughout the anode.

VIV IV AL s w107 siyear)
1.6 x 10*° C/electron

[

2.19 x 10" electronsicm® - year

ST <10 Pt atoms‘em? - year

(3.47 < 10*" Ptatoms.cm® - year)( 1953 g/mol)

(6.02 < 10%7 Pt atoms/molX 2145 glem® 00083 mm/year (8.3 pmiyesr:

This corrosion rate is far more than the 0.2 mmvyeur cited previously althouzn
platinum is a noble metal. This rate occurs because electrical energy input aliows
the corrosion to take place at a faster rate.
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PROBLEMS |
A4 = 0.00264 cm* (~0.08%%)

‘41, A 1080 plain steel (0.8 w/o C) is cooled from liquid.

a. What phases are present at 1000°C and 720°C? 4-4. Aniro
er ‘ n sheet was cold-rolled from 4 mm to 3 mm thick with negl
b. What are the cox-pposmons of each phase® . Calculate the amount of cold work done on the sheet. negligible change in widih.
c. What is the relative amount of each phase?
Answer
Answers
From Figure 4-5, 1, -4
: C.W. = 22 _2r
a. 1000°C: all y A,
720°C: o + FeyC ] - sinced, = W-4 and 4,=W-3
b. v: 0.8 w/o C + 99.2 w/o Fe Woed—W.3
a: 0.025 wlo C + 99.975 wio Fe CW. = ——
Fe,C: 6.67 w/o C + 93.33 wio Fe , 4
c. 1000°C: all y _ <
T e = 0.25(23%)
7207 ’

Lheq: 1un

*+ . The following list gives Poisson’s ratios for some metals. 4-5. a. Which ot the following binary solids can be precipitation-hardened? Ni-Cu, Cu-Ag.

e - .. .. . Fe-C
a. List them in order of most volume changes to least. b. Give the maximum amount of other elements that can be presentnxnl(a) ‘and th —_—
b. Determme Poisson's ratios for various tissues and compare them with the list. temperatures. eir
. i . . Answers
Material Poisson’s ratio a. Cu-A¢ and Fe_C -
Tungsten 0.27 b. 8.8 wio Cu for =« phase} c
. " . . u-Agat779.4°

Iron and steel 0.28 92 wfo Cu for 3 phase ga C

Aluminum 0.34 0.025 w/o C for Fe-C at 723°C

Copper 0.35

Lead 0.4 gg Calcla.date the amount of the volume change when iron is oxidized to FeO (p =

. 5 g/cm®) and wh =
Answer g nd when Ca is changed to CaO (p = 3.4 g/cm?).
The smaller Poisson’s ratio the larger the volume change by deformation, therefore lead ! Answers
undergoes the least volume change. }
B i pre = 7.87 glem®, M.W. = 55.85 g/mol
R 4.7 A precisely machined 316 stainless creel rod has a dxamezcr of 2.000 cm. After ten- 3 ) 55 35 g'mol ‘
sioning with a stress of 300 MPa: i 8T i tomtma!
s e ammi - e e e e phl) = 3 4 g'em?, M W =71.85¢g Jm01
b. Calculate the cross-sectional area change - - = bS cm' - i e e e
Answers
a. Area = 7r® = (1.000 cm)* = 3.14 cm*
. o _ 300 MPa < . , 12.08 - 7.1 . .
Strain = = = Soo=n = 19 % 10? cmiem FeO: 1V = T =% (707 volume increase by oxidation)
b. €= —vx e =028 x 1.5 107 = —4.2 x 107 cmem
Final diameter = 2.000 — (2.000)(4.2 x 107) = 2 ~ 0.99958 o, = LIS giem, MW, = 40 grmol
Therefore, 40 g'mol = 75 9 omt |
AA = 7[(1.000)* — (0.99938Y] [S3gems T «mmo
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pcao = 3.4 g/em®, M.W. = 56 g/mol

56 g/mol _ 3
53 gmol = 16.47 cm¥/mol
-1
Ca0: AV = —1.6—%“8—& = —0.36 (36% volume decrease)

4-7. A man broke his forearm and an orthopedic surgeon decided to use an internal fixa-
tion procedure. If he uses an intramedullary rod that can be approximated as a circular
tube with inside and outside diameters of 0.8 cm and 1.0 cm and 15 cm in length. how many
ions are released from the inside surface in 3 months? Assume a corrosion rate of
0.2 mm/yr and that the rod is made from stainless steel (p =9 gicm?).

Answer
j Surface area = wDL = 7(0.8)(15) cm?®
: na n9 104~ e i
i e Corrosion Jale’ = = 22X 10REM. s
v year
b ions m X 0.8 X 15¢cm® x 9g x 6.02 x 102 ions x mol X 0.2 X 10~ cm year
month cm® X mol X 60 g x year X 12 months

i

0.57 x 10" ions/month

Therefore, for 3 months the number of ions released will be

1.7 x 10" ions

4-8. Two pieces of metal. one platinum and the other copper, are immersed in water and
connected by copper wires.

a  Which metal becomes cathade? G
b. What is the maximum electrode potential that can be developed?

Answer
From Table 4-2 the electrode potentials are

Pt: —0.86 V (cathode)
Cu: -0.34 V (anode)

—0.52 volt maximum potential
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4-9. The dental amalgam is an alloy of silver and tin as shown in the following figure for
their phase diagram.

a. Calculate the theoretical weight percent of the silver and tin of the y phase (Ag,Sn).
b. Fill in the missing phases of (a) to (.

1000

800 Liuip
TEMP. 400
o
400
(e) ~,
\ 232¢
200 *
« 3
[s] T
Ag O 60 80 100 sa
COMPOSITION (wh)
- . Phasc dizazam of Ag-Sn. . D B msemme e L
)
ARSI S e e e e e S PP 3
a. Since the molecular weights of silver and tin are 107.87 and 118.69 g/mol, respectively, J

Sn 118.69
Ag+Sn~ 107.87 X 3 + 118.69

= 0.2684(26.84 w/o, tin)

This is the weight percent of tin in the Ag-Sn amalgam (y phase).

b. @a+LB-Licdy+Ldy+s@B+yDHa+p

FURTHER READING

L. V. Azaroff. Introduction to Solids, chapters 4 and 5, McGraw-Hill Book Co., New

n .

iR 156G

M. G. Fontana and N. O. Greene, Corrosion Engineering, McGraw-Hill Book Co., New

York 1067 e

A. G. Guy, Essentials of Materials Science, chapter 2, McGraw-Hill Book Co., New
York, 1976.

A. G. Guy, Physical Merallurgy for Engineers, Addison-Wesley. Reading, Massachusetts.
1962.

L. H. Van Viack. A Textbook of Materials Technology. chapters 3-6, Addison-Wesley.
Reading. Massachusetts. 1973.

L. H. Van Viack. Mareriuls Science for Engineers. chapters 6 and 22. Addison-Wesley.
Reading. Massachusetts. 1970.

B P SN - I TS R s TRt S g %2 e




CHAPTER 5

CERAMIC MATERIALS

Ceramics contain metallic and nonmetallic elements that are mostly bonded

S e o . O e S . IO‘HC&I’Y Or 7oventeniiin A % aonted in r’l—-gQ"‘*S.,-«::;_ ~apse thair bonds lack e n
. ' ' free electrons ceramics are poor conductors of electricity and heat. Lack

of free electrons makes thern also transparent to hght The 1on1c bonds

melting temperatures, on the average, than metals or polymers. Generally
they are also harder and more resistant to chemical changes. Other fac-
tors influencing the structure and preperty relationship of the ceramic
materials are radius ratio {Section 3.2) and relative electronegativity be-
tween the positive and negative ions, although the net electrical charge of
any material should be zero.

Recently, ceramic materials have been given much attention as can-
didates for implant materials because they possess some highly desirable
characteristics for some applications. Ceramics have been used for some
time in dentistry as crowns because of their inertness to body fluids. high
compressive strength, and good aesthetic appearance.

Carbon materials have been used as artificial heart valve disks. per-

~ 2 cutanenua kuttnna and landa nma dentnl imnlants. Although their blnck
g color is a drawback they have other de31rable qualmes such as good
i D B L T TRt I IR PSRRI B - 'uiouOl“Pu.,. - ..3 afve ‘ff b :;i." Tl e e e . P e v e v eeienn

5.1. ATOMIC BONDING AND ARRANGEMENT

When (neutral) atoms such as sodium (metal) and chloride (nonmetal)
are ionized, sodium will lose an electron and chloride will gain an

59
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Table 5-1. Atomic and lonic Radii of Some Elements {Units Are A)e

Group [ Group I Group VI Group VII
Ele- Atomic Ionic Ele- Atomic Ionic Ele- Atomic Tonic Ele- Atomic lonic
ment  radius’  radius ment radius’  radius ment radius®  radius  memt  radius®  radius
Lit 1.52 0.68 Be!~ L1t 0.31 (o2 0.74 1.40 F- 0.71 1.36
Na- 1.86 0.95 Mg~ 1.60 0.65 S 1.02 1.84 cl- 0.99 1.81
K* 227 1.33 Ca*~ 1.97 0.99 Se*- 116 1.98 Br- 114 1.95

« Taken from M. J. Starfield and M. A. Shrager, Introductory Materials Science, p. 64, McGraw-Hill Book Co.,
N.Y. 1972, by permission from the publisher.
» Covalent.

electron,

Na — Na* + e~ (5.1

- e v e s . J R

Thus sodium and chloride can make an ionic compound by the strong

- afniy-of the-positive-and-negative—+ons—This is-usually done in: an aque- - -

ous solution. The negatively charged ions are much larger than the posi-
tive ions due to the gain and loss of electrons as given in Table 5-1. The

radius of an ion varies according to the coordination numbers: the higher -

the coordination number the larger the radius. For example, oxygen ion
(O*) has a radius of 1.28, 1.40, and 1.44 A for coordination numbers 4, 6,
and 8, respectively. »

Ceramics can be classified according to their structural compounds, of
which A, X, is an example. The A is for metal and X is for nonmetal
elements, m and n are integers. The simplest case of this system is the AX
structure, which has three types, as shown in Figure 5-1. The difference
between these structures is caused by the relative size of the ions (radius

Figure 5-1. AX structures of ceramics. The dark spheres represent positive ions (A*}
and the circled ones represent negative ions (X~). (a) CsC!; (b) NaCl; (c) ZnS.
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Table 5-2. Selected A, X, Structures

Coordination
number of
Prototype Lattice Aor X)  Sites Minimum Other
compound of A (or X) sites filled raR ., compounds
CsCl Simple cubic 8 All 0.732 Csl
NacCl fee 6 All 0.414 MgO, MnS. LiF
ZnS fee 4 L 0.225 B-SiC, CdS, AIP
AlLO, hep 6 24 0.414 Cr,0;. Fe,0,

ratios). If the positive and negative ions are about the same size
(r4/R » > 0.732), the structure becomes a simple cubic (CsCl structure).

quite different since the positive ions can be fitted in the tetragonal.or .
octagonal spaces created among larger negative ions. These are summa-
rized in Table 5-2. The aluminum and chromium: oxide beiong to the
A, X, type of structure. The O~ ions form close-packing hexagonals while
the positive ions (AB*. Cr3*) fill in two-thirds of the octahedral sites
leaving one-third vacant. - '

Another important structure group is the silicones, which are made of
tetrahedral chains as shown in Figure 5-2. This tetrahedral structure is
also characteristic of silicates, which can be of the sheet or network type.
Network-type silicates exist in many forms, including quartz (crystal form)
and fused silica (glassy form).

Piezoelectric ceramics have been studied closely because tissues
show similar electromechanical properties. One of the piezoelectric
ceramics. barium titanate (BaTiOjy), is given in Figure 5-3a. This type of
material can be elongated or shortened in an electric field because it has

b et adionles cezeied oy the dlight displacement of the wizive posie e o

tions of the negative and positive ions. For example, a positive titanium

e e s

R sy R, S s it e e ol et ot LT s e e
orEEToT Al TITdET Ty aTioics of two locations, as sEOWIInT i

ure 5-3b. Because neither is at the center of the unit cell, the centers of
positive and negative charges are not coincidental, resulting in an electrical
dipole.

The piezoelectric phenomenon is a reversible process and can be
expressed simply:

Mechanical Piezoelectric maleriais Electrical oA
cnergy 1 BuTiO,, Si0,, tissues. =) energy

ST B S TIPS P - o ralativoa ciwa ¥ e et e
e enrored Cubic structurszeizes if the relative size of thicisme e ‘
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a

b
: A A 'l )
y T 0—3‘5"0‘%;-0‘ —Sli—Cq _' : _ )
T ol O, O, N% QO ‘.v o

- c M NaNdNANd

; Mg” anhoa; o o o
“ o e e = —SI—O—' $i—0— —?l—ﬁ—#&{j—?}—o-—
’ o o o o &

Figure 5-2. Tetrahedral chains: (a) basic {SiO,) chain; (b) siloxane (R = H, OH, CH,,
C.Hs, D, etc.); (c) silicates. (Redrawn after L. H. Van Vlack, A4 Textbook of Materials
Technology, p. 221, Addison-Wesley, Reading, Mass., 1973, by permission from the
publisher.)

Figure 5-3. {g) Barium titanate unit cell structure and {b) formation of dipoles due to
the eccentric location of Ti** ions in the unit cell structure.

N i i
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5.2. PHYSICAL PROPERTIES

Ceramics are generally hard; in fact, one measure of hardness in com-
mon use is calibration against ceramic materials. On this scale, diamond
is the hardest, Moh’s scale 10, and talc (Mg;S1,0,0(0H),) is the softest
(scale 1); others, such as alumina (Al,O,; 9), quartz (Si0,: 8), and apatite
(Ca;P;0,,F; 5), are in between. Another characteristic of ceramic mate-
rials is their high melting temperature which is due to their high ionic bond
energy. ’

Unlike metals and polymers, ceramics are hard to shear, owing to the
ionic nature of bonding, as shown in Figure 5-4. In order to shear, the
plane of atoms should slip past each other. However, for ceramic mate-
rials ions with the same electric charge repel each other; hence moving
the plane of atoms is very difficult because slip is resisted by the repelling
forces. This makes ceramics brittle and hard to creep at room temperature.
Ceramics are also very sensitive to notch or micro cracks because of stress
concentration arnund the tips of cracks.

Stress concentration by a crack of length ¢ was formulated by Griffith

[Phil. Trans. Rov Soc. (.l.ona’on),..,422]-,- 168. 12210 .. e

odo = 2Velr (5-3)
This indicates that even though the applied stress (o) is small. the
concentrated stress (o) can become very large, because the radius of a

00000 00000
> <>
QCOOOOCR=INO0000.
St ot —— AN

00000
EEEG)

S ¥00 000
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IONIC MATERIAL HARD SLIP

METALLIC & COVALENT

MATERIAL EASY SLIP

Figure 5-4. Schematic two-dimensional illustration of slips in ionic and nonionic bond-
ing materials.
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crack (r) can be as small as the atomic spacing—on the order of 1 A. It Table 5-3. Mechanical Properties of Some Ceramics*

is believed that the stress concentration factor (o,/o) can become 100 or

. A-:‘—;mqqﬂl“&—“{?ﬂﬁn.m.‘ﬁ xommt

even 1000, which is why the tensile strength of brittle materials is much . Modulus of Compressive
lower than their theoretical value. This is also why the tensile strength of i Ceramic elasticity (GPa)  strength (MPa)
ceramics is lower than their comp.ressive' strength. In compression any ; ALO, crysals 379 345 1034
cracks or pores can be closed, but in tension the cracks act as stress con- Sintered ALO, (5% porosity) 365 07— 345
centrators, as shown in Figure 5-5. In fact, if a ceramic is made flaw-free, i Silica glass 72 107

it becomes very strong, even in tension. Glass fibers made this way have ; Pyrex glass 69 69

tensile strengths twice that of steel (~7 GPa). However, the strength is
somewhat unpredictable, as shown in Table 5-3.

It is interesting to note that when cracks are introduced as pores,
relative strength is only a function of the pore volume fraction (Fig. 5-6), ' _
regardless of the type of material. This suggests that the stress concentra- ' .
tion is a predominant cause of failure regardless of the type of bonding (or 5.3. DETERIORATION OF CERAMIC MATERIALS
material).

; o Taken from W. D. Kingery, Introduction to Ceramics, pp. 599 and 610,
4 J. Wiley and Sons, New York. 1960, by permission from the publisher.

Although the deterioration of ceramics rarely causes any problems in
o T ) ) B T ordinary appiications (such as cuiwcr¢i€ and brick), when they are uscd as =
S ' - ' - Fe SRR -am-implant in vivo their strength decreases. The polycrystalline ceramics
T o ' e _‘ - 1 . l . 1 R _such as alumina and calcium aluminate (CaQ - nAlLQO;) show deterioration
: even in static loading conditions (with a known weight on the sample) for
both porous and solid samples, as shown in Figure 5-7. The deterioration
— - — R U‘&-—?i- - is thought to be mainly caused by the attack of water molecules on
grain boundaries that have higher enérgy than the bulk material. Another

Wﬁsgpﬂ' I 1 I I . _ reason is that the micro cracks or flaws propagate slowly under load until
Fo

they are large enough to cause a catastrophic failure.
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Figure 5-5. Effect of a crack inside a material when the material is subjected to com- 3 PORE VOLUME FRACTION
pression and tension. The crack does not grow with compression while the opposite is
true with tension because of the stress concentration {indicated with small arrows), Figure 5-6. Effect of porosity on the tensile strength on stainless steel and plaster of
provided the material does not undergo plastic deformation. Thus brittle materials paris. The same is true with polymers. (Redrawn from W. D. Kingery, /ntroduction to

'such as ceramics have higher strength under compression than under tension. Carzmics, p. 622. J. Wiley and Sons, New York, 1960.)
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Figure 5-7. Effect of blood and water on the strength of ceramics under static loading
conditions. The sample, in bar shape, was loaded by a predetermined stress and the

.. Defayed Failure and Agzing
of Alumina in Water and Biological Media, M.S. thesis, University of lllinois, Urbana,
I, June 1972, and G. N. Schnittgrund, Static Fatigue of Calcium Aluminate, M.S.
thesis, University of lllinois, Urbana, Hil., September 1971.}

A substantial decrease in strength was also observed when the sam-
ples were implanted in animals without any loads. However, the dynamic
nature of the in vivo condition (the sample moves with the movement of
the host) adds one more difficuity to interpreting the result.

Example 5-1

A ceramic (AL,O,) is used to fabricate a hip joint. Assume a simple ball-and-

socket configuration with a surface contact area of 1.0 cm® and continuous static

Tl6auing'in"a sumuiated condition similar to Figuré >-7. \Extrapoiate the data 1t

necessary.)

a. How long will it last if the loading is 70 kg (mass) in water? In blood?

b. Will the implant last longer or shorter with dynamic loading? Give reasons.
Answers

a. Force = mass X acceleration = 70 kg X 9.8 m/s* = 686 N

)

VAN

[EU
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From Figure 5-7, ¢ = 54.7 — 0.95 log r. Therefore, 6.86 = 54.7 — 0.95 log r

po= 10 = 2

o =547 - 1.45 log:

2 % 10%° s = 7 x 10* years (forever)
in blood.

Therefore, + = 10%7 s = 1.59 x 10% years (forever).

b. Because the dynamic loading increases the force about 5 to 8 times (Table
12-1), let us assume 8 times, which increases the stress 8-fold. 6.86 x 8 =
54.88 MPa: this exceeds the strength of the alumina and failure occurs

immediately.

5.4. CARBONS

Although rarhors 2re made of one elemept. carhben (), there are

- many different carbon structures with different properties. The lead of a

pencil is graphite, which is one of the carbon structures. Graphite is

~composed of ugzrogates-of crystallites, whick is: tarn are-made-of parailet—

layers of hexagonal lattice structures of elemental carbon, as shown in
Figure 5-8. The parallel layers of the crystallites have cross-links between
them. The degree of cross-linking determines whether the material is a

VACANT
‘/LATTICE

PARALLEL LAYERS IN

mAamase s

CARBONS

AGGREGATE OF
CRYSTALLITES
(POLYCRYSTALLINE)

Figure 5-8. Schematic diagrams of the carbon structures. (Redrawn from J. C. Bokros,
L. D. La Grange, and G. J. Schoen, Chemistry and Physics of Carbon, vol. 9, ed. P. L.
Walker, pp. 103-171, Marcel Dekker, New York, 1972, by permission from the
publisher.)
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Figure 5-9. Schematic diagram of coating with carbon in a fluidized ped. (Redrawn
from J. C. Bokros, Chemistry and Physics of Carbon, vol. 5, ed. P. L. Walker, pp. 70-81,
Marcel Dekker, New York, 1969, by permission from the publisher.)

lubricating graphite (minimal cross-linking with a large amount of unasso-
ciated carbons) or high-strength pyrolytic carbons (maximum Cross-
linking). Other factors influencing the properties are the size and pre-
ferred orientation of the crystallites, microstructure, density, presence of
other elements such as silica, and amount of unassociated carbons.

The pyrolytic carbon can be deposited onto a substrate (usually
graphite) in a fluidized bed, as shown in Figure 5-9. The hydrocarbons are

‘methane, etnane, propane, etc. and depositcq at about (z00°C, which

results in a density of about 2.0 g/cm®. This is the low-temperature iso-
tropic (LTI) pyrolytic carbon used commercially for implants.

The glassy or vitreous carbons are made by pyrolysis of thermoset-
ting polymers such as phenol formaldehyde. The structure lacks a well-
defined crystal structure, although a very small region on the order of 50 A
can contain a layered structure of graphite.

The physical properties of various carbon materials are compared in
Table 5-4. The modulus of elasticity and compressive strength are sub-
stantially lower than they are in ceramic materials. This is due to the large

number of flaws introduced during the manufacture of glassy and pyrolytic

sowermets "t s oo
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Table 5-4. Physical Properties of Carbons”

Carbons
Properties Graphite Glassy Pyrolytic
Density (g/cm®) 1.5-1.9 1.5 1.5-2.0
Modulus of elasticity «GPa) 24 24 28
Compressive strength ¢ MPa) 138 172 317,

@ Taken from J. C. Bokros. L. D. LaGrange. and G. . Schoen. Chemistry and
Physics of Carbon. vaol. S. ed. P. L. Walker. p. 123. Marcel Dekker, New York.
1972, by permission from the publisher.

carbon. The Tooms Wi
siderably compared to the theoretical value.

Calculate the density of a single crystal diamond which has a cubic structure with
a bond length of 1.545 A.
Answer
Since the interatomic distance is one-
fourth of the body diagonal. the direc-
tion along which the carbon atoms are
in contact is
iy = (2r i
a = H1.545 x 107 cm \ 3
3.57 x 107 cm

Diamond structure.

il

There are 3 aiom. 1oty wilia the Lail-coil, Jratoms (82 on the 6 faces, and @~

atom (%/s) on the § corners. or a total 8 atoms per unit cell. T‘If;erefore,
mass. unit cell

volume unit cell

(8 atoms unit cell) 12 gmol)/(6.02 x [0* atoms/mol)

(3.57 ¢ 10~ cm)*unit cell

Density

cm’

= 3.51

U

This value is much higher than the Jensity of graphite. although both are made
from the same eloment. cirbon.

. act a§ strese rizara_roducing the strength con-. -

R
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PROBLEMS

5-1., Some ceramic materials are used for implants. Explain why they usually are employed
for compressive load-carrying devices such as knee and hip joints rather than for tensile
loads. Can you use carbons for the same devices?

Answer
The difficulty of predicting the failure load caused by the brittleness of ceramics forced their
use as compressive load carriers. Ceramic's tensile strength is also lower than its com-
pressive strength because its micropores act as stress risers.

Carbons can be used in the same devices as ceramics but their strength is lower,
although fabrication is easier than with ceramics. The black color of carbons is often con-
sidered nonaesthetic.

5-2. Glass ceramics are proposed to have a direct bonding between implant and bone.
Propose a model for this direct bonding. How can you prove this?

Answer

It is proposed that the insufficient or excess surface ion concentrations nrodnce negative
steogenesis and that nxation (punding) results.’ A summary of the surrace chemistry on the
bioglass implant with hard tissues is shown below. A thin (500 A) zone of co-crystallization
within the inorganic gel and the collagen produces the bonding [A. E. Clark, L. L. Hench,

-and Hi-A. Paschally 7 Bicrweu s Marer—Res 107161 (1976)]. Sec i-igure -7 for an electron

micrograph of the interface.

Mineralized Bone

Osteoid

1 Surface Layer

oul Dlase

5-3. Some piezoelectric ceramics are being considered as substitutes for hard tissues. It has
been shown that the tissues are piezoelectric and that healing can be enhanced by electrical
potential.

a. What considerations should be given to the design of a piezoelectric ceramic implant to
be used for a bone gap?

b. What type of fixation method can be used?

c. What advantages and disadvantages do metallic implants have as compared with screws,
plates. and intramedullary rods?

CERAMIC MATERIALS 7

Answers

a. If the piezoelectricity of a material can be beneficial in increasing tissue healing, as in
the case of electrical stimulation, then (1) the tissue compatibility, (2) the amount of
piezoelectric potentials for given loads, and (3) the long-term effects of such stimulation
should be studied.

b. The bone gap implant surface can be made porous to allow tissue ingrowth. Immobiliza-
tion of the implant in the early stage will require screws and rods.

¢. Piezoelectric implants can be thought of as artificial bone, with properties similar to
those of natural bone. Artificial bone will not induce immunogenic reaction, which is the
major problem of transplantation.

5-4. Give as many examples as possible of the use of ceramics. including carbons, as
implants.

Answer
Acetabular cup and femoral head for hip joint. elbow joint. shoulder joint, toe joint teeth.

transcutanéous implant.

5-5. Peplot the following fiqurz oo

oo te Figure 5-6 and angwer the foliowing,

a. Does the polyethylene follow the same curve as that in Figure 5-67
b. Explain why the porous materials, regardless of their intrinsic properties, follow the same
cuzve of relative strengih - sus pore-volume fraciion. - .

301
20
TENSILE
STRESS
(MPa)
e}
. o
i o °
Sle}
o e

o

0 10 20 30 40 50 60

Tensile stress versus porosity of high-
: POROSITY (%)

density polyethylene.

Answers

a. Yes.

b. The failure rates of porous materials may be the same regardless of the material be-
cause the overriding facter in tailure is the stress concentration caused by the pores.

‘

i

i sl ¢
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CHAPTER 6

POLYMERIC MATERIALS

Polymers (polv = many, mer = unit) are linked together by the primary
-covalent bonding in the.meoir_chain backbone with © N, O, Si, etc..
atoms. The simplesi exampie (but not a simple- mateiial) is polyeth-
ylene, which is derived from ethylene (CH;==CH,), in which the carbon

atoms..share -elect-c 7 . with. twc. other hydrogen .-l _carbon atoms:.

—CH,(CH,—CH,),CH,—, where » indicates the number of repeat units.

To make a strong solid the repeat unit n should be well over 10,000,
making the molecular weight (M.W.) of the polymer over 1 million grams
per mole. This is why the polymers are made of giant molecules. At low
molecular weight the material behaves like a wax (paraffin wax used for
household candles) and at still lower M.W. as an oil and gas.

The main backbone chain can be of entirely different atoms; for
example, polydimethyl siloxane (silicone rubber), —Si(CH;),[0—
Si(CH,).],0—. If we substitute the hydrogen atoms of polyethylene
with fluorine (F), the resulting material is ‘well known—Teflon® (poly-
tetrafluoroethylene). .

Implants made of polymers have several advantages and disadvan-

d Among their advantages:

+ < ~ta e ~ M
tages over mctels nad Zoramiss.. Amen ant,

‘1. They can easilv be fabricated into many errns of final usage, such

as oils, fabrics, hims, and/ofr solds.

2. They are noncorrosive in the body (this does not mean nondegrad-
able) compared to the metals.

3. They bear a close semblance to such natural tissues as collagen,
which makes it possible to incorporate other substances by direct
bonding, e.g.. heparin coating on the surface of polymers for pre-
venting blood clotting.

4. Adhesive polymers can be used as a nonsuturing method of clos-

ing wounds or torn organs or luting orthopedic implants in place.

73
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5. The density of polymers is closer to the density of the natural
tissues (density of 1 g/cm?).

The disadvantages are:

. Low modulus of elasticity and viscoelastic characteristics make
the polymers difficult to use for large load- -bearing applications.

2. The nature of polymerization makes them biodegradable in the
body (they cannot be 1005 polymerized).

3. It is very hard to obtain pure medical-grade polymers without
such additives as antioxident, antidiscoloring agents, and plas-
ticizers because most polymers are produced in large quantities
for other purposes except in very limited cases.

6.1. POLYMERIZATION

To wuk ine wiviccules (monomers) the monomer must be forced o

lose its electrons by the processes of condensation and addition. By con-

i
i
4

trolling the reaction temperature, pressuvs, and time in the presence of - |

' “catalyst(s), the degree to which monomers are put together into chains
' can be manipulated.

6.1.1. Condensation Polymerization

During condensation polymerization. a small molecule such as water
will be condensed out of the chemical reaction:

R—NH, + R’COCH — R'CONHR + H,0 (6-1)
(amine) (carboxylic acid) (amide)
This pamcular process is used to make polyamide (nylon), the first com-
mercial polymer, made initially in the 1930s.
Most natural polymers like celiulose (polysaccharides) and proteins

are mads by condenastion palymedoaiios: Celluluse can be polymierissd
; from the common monosaccharide, glucose, by condensing a water
melecis U o
CH«OH CH,OH H OH
0 H

,/‘ \l H 0 OH H
\OH zi/ ] OH }l{ H

I
H OH H OH CH.OH (6-2)

Glucose Cellulose (polysaccharide)

one double bond For example, in ethvlene:
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Hyarulonic acid, chondroitin, and chondroitin sulfate are important poly-
saccharides present in connective tissues. These polysaccharides lubri-
cate the joints and fibrous connective tissue layers 1ke collagen and
elastin. ,./,O { 2L bordnag

Collagen and elastin are proteins co)rgy)ae%‘f amino ac1ds, which are
the same as monomers. There are about 3@ naturally occurring amino acids

which are polymerized into (poly) peptides by the condensation process:

Tl
i
2 H,N—C—C—OH
|
R
H O H O H 0 H O H
Lo [ enzyme ol [l | .
— HzN——(‘Z-—C—-Z!\I-|C——C——OH s —ic—c—zl\l—lc—-c B!I~[C— (6-3)
R H R R H R H R
Peptide linkage e W e e e

Some tvnical condensation polymers and their chemical reactions are

~ given in Table 6-1. One major drawback of condensation polymerization

is the tendency for the reaction to cease before the chains grow to a
sufficient length. This is because mobility of the chains decreases as
polymerization progresses, which results in many short chains.Nylon
chains are polymerized sufficiently long enough before mobility decreases
and the physical properties of the polymer are preserved. If longer chains
are desired, as in the case of vinyl polymers, addition polymerization is
utilized.

6.1.2. Addition or Free Radical Polymerization

Addition polymerization can be achieved by rearranging the bond
within each monomer. Because each ‘‘mer’” must share at least two
covalent eiectrons with other mers, the monomer nas to have at least

H H
n

The breaking of a double bond can be made with an initicror. This is
usually a free radical such as benzoyl peroxide:

I (')"“IE

l
C==
!
H

CyH; COO——OOC.,H— — 2CH;CO00 - — 2CiH; - + 2C0O,  (6-D)

(R




I
N e N ==

chemxcals

76 CHAPTER 6

Table 6-1. Typical Condensation Polymers®

Type and

interunit linkage Reaction examples

Polyester HO(CH,),COOH — HO[~—(CH,),CO0—],H + H,0
T
1 I
—C—0— HO(CH,),OH + HOO(CH,),,COOH — HO[-CH,),0C(CH,)y—CO—],
H + H,0
CH,0OH
CHOH + HOOC(CH,),COOH — 3-dim. network + H,O
CH,0H
Polyamide NH;(CHZ),,COOH - H[———NH(CHz),.CO—],,.OH + H.0

NH:(CHZ),.NHg + HOOC(CH,)..COOH —
[“NH(CH:L.NHCO(CH:),.'CO—-],,.OH + H.0

mg——-NH—

Polyurethane HO(CH,),0OH + OCN(CH;)..,GNO — ) Tilnsqne
p v s TELE
i A EO(CHA,QCONRICT s varen, : it
— =" nn:—‘ T T i i
Poiyurea

NHy(CH,),NH, + OCN(CH,),£NO —
0 —NLD o~

[—NH(CH.).NHCONH: "%, -NHCO—],

Silk fibroin NH,CH,COOH + NH,CHROOH —»
o
i "~ H[—NHCH,CONHCHRCO—],,0H + H.O
~C—NH—
Polysiloxane
CH, CH,
-—%i—O—-—%i— HO——éx——-OH - HO 41—-‘0 + H,0
R R CH;,
| l{% CHa
—Sr—O——Si—- HO—SI——OH + HO—wSk—OH — 3-dim. network
R ib H, H,
R—Si—R

" Adapted from F. W. Billmeyer, Textbook of Pelymer Science, p. 240, Interscience Publishers. New York, 1962.

The free radicals (initiators) can react with monomers:

!
R+ CH,==CHX — RCH,—C -

l
X

(6-6)

N

e e e

o m e

Foa LBt Attt G by FH€at; -uiaavtolet—hght; -and -oiher ~ -7 -
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and this free radical can react with another monomer:
‘H

|
RCHg—-IC -+ CH,==CHX — RCH,— CHX— CH,—C - (6.7)

HK—O—

X

and the process can continue indefinitely
This process is called a propagation and can be written in a short

form:

R-+M-—RM:- (6-8)
RM-+ M — RMM - d
where M represents any monomer.
- Trb-prepagalion Process can be Wrmursa Ty combining iwo oo~
radicals, transfer, and disproportionate processes:
" RM;M + R+(or RM*) — RM,,R (or RM,,M‘R)"' TT6-Y)
RM\M-+ RH—RM,,,;H +R- (6-10)
RM,M - + - MM,,R — RM,.; + M,.;R (6-11)
N S
(]?H._.C : lC——-CH.-— — —CH, ICH (’Z==CH
)'( X X X

Some of the commercially important monomers for addition poly-
mers are given in Table 6-2.
The degree of polymerization (DP) is one of the most important

‘Tabie 6-2. Monomers for Addiushi Foiymerization
[,

Monomer T - Addirior— “Monomer— " Additioa
Vinyl chloride (CH=CHCD Vinyl acetate {CH3;COOCH=CHy,)
Styrene (CH;==CH—C,H;) Vinylidene (CH.==CCl)
Methylacrylate (CH,=CH—COOCH,) chloride
Acrylonitrile {CH,=~CH—CN) Methylmethacrylate CH.

CH,=C’
N
COOCH, /

R
-
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values determining the physical properties. It is defined as the number of
mers per molecule. Each molecule may have small or large numbers of
mers, depending on the condition of the polymerization. Therefore, we
speak of average degree of polymerization on average molecular weight,
M . The relationship between molecular weight and DP can be expressed
as

M = DP x M.W. of mer (6-12)

The number averége molecular weight can be calculated according to the
number of molecules (Xi) in each molecular weight fraction (U W),

DN
NG

Similarly, the weight average molecular weight can be calculated accord-
ing o the Weisitd ifacdon (Wi) in éach moiecular weight fraction,

T = E(X;-\{/\;IWz) -

(6-13)

o SV VW ZINR G

Vi S e (6:14)

The ratio of the weight average and the number average molecular .
weight (Mw/Mn) indicates the uniformity of the molecule size distribu-
tion. This is why Mw/Mn is called polydispersity. If the ratio is 1, then
only one size molecule exists throughout the polymer. Usually it varies
between 1.5 and 2.5. Because uniform molecular size distribution is an
important factor for physical properties, one should try to obtain a
polymer with a smaller polydispersity.

Example 6-7

The followine data were nhtained far o zolveronylene: T

n Fracheon
Weght(g) -~ ~“Number fraction ™

SN Ik VYL (grmory

e 50,000 1.0 o 0.1
ORI 40,000 20 o050 0.5
T 20.000 1.0 2,55 0.4

a. What are the Wn and 172
b. How many molecules are there in | gram?
c. What is the degree of polymerization?

¥
R0 beae

b

(K

© e
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Answers
T, < 59,000 X 0.1 + 40,000 x 0.5 + 20,000 x 0.4 _ __ 000 & ol
= L 01+05+04 - 2Pvemo
T, — 30,000 x 1.0 + 40,000 x 2.0 + 20,000 x 1.0 __ _
Mw = 105320+ 10 - = 37,500 g mol
b. Number of moleculeé _6.02 x 10‘-’.3 mcilec‘uléé/mol

= 1.6 x 10

gram 37,500 g/mol

c. The molecular weight of propylene monomer is 42 g/mol: therefore.
_ 37,500 g/mol

42 g/mol
= 893

DP

6.1.3. Salid State of Polymers e -

As the molecular chains become longer by polymerization, their

relative mabhility decreases. The chain mohility js also related 10 me.

chanical strength, which in turn is directly proportional to the molecular
weight, as shown in Figure 6-1.

Such linear polymers as polyethylene and polyamide (nylon) cannot
be crystallized as easily as metals because the individual chains are long,
making the relative motion difficult. Another factor is the length of chains,
which varies from chain to chain, creating many defects because the chain
ends act as defects (similar to the edge dislocation).

STRENGTH
/ i PLASTICS

P o '
i~ BRITTLE

: g TOUGH )

O - - -t i WAX -
/SOF T
t wax
GREASEBOR.

MW of POLYOLEFINS

Figure 6-1. Strength versus molecular weight of polyolefins (mainly polyethylene and
propylene). The strength increase is mainly caused by the decrease in the reiative
motion of chains as they become longer with higher molecular weight.
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’ EXTENDED
CHAIN

>20004

/@

"FRINGED MICELLE"®

—

13

50-5004A

OLDED
CHAIN AMORPHOUS

~-Figure-6-2~i wusuimiensionatrepresertatior-of polyiner structure-Generally, the fibers

have more extended chains, single crystals have folded chains, and glassy polymers
have amorphous structures. The semicrystalline polymers are thought to have the
“fringed micelle” structure. {Modified from B. Wunderlich, Crystals of Linear Mac-
romolecules, ACS Audio Course, American Chemical Society, Washington, D.C., 1973.)

Nevertheless, linear polymers do crystallize from melt or solution.
Generally, a complete crystallization is impossible and the resulting struc-
ture is a mixture of crystalline and noncrystalline regions, as shown in
Figure 6-2. The arrangement of chains in the crystalline region is believed
to be a combination of folded and extended chains in the amorphous
matrix. The chain folds are necessary to explain a single crystal structure

in which the thickness 1 is too small to accommodate the length of the chain.. ... .
(/( ray androioT AL asuon Withe LIt Saown i1 the chaias shouja— - =~

be aligned in the direction of chain length).
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randomly. In fact, the solid isoprene rubber is made by cross-linking with
sulfur (vulcanization). Too much cross-linking may restrict the chain
movement severely, making the rubber very hard. Because of this lack of
freedom of chains, the three-dimensional network polymers do not melt;
instead, they bumn.

Example 6-2

The unit cell structure of polyethylene is or-
thorhombic. as shown. Calculate the density for
a 1009 crystalline polyethylene.

——(40A ——- 4934

Umt cell structure of a poly-
e c , sNe.
Answer
One unit cell contains 2 mers and the molecular weight of each mer is 28 g/mol.
Therefore,

Density = (2 mers)(28 g¢/mol)/(6.02 x 10** mers/mol)
COSIY = 7730 x 10~ cm)(@.93 x 10~* cm)(2.53 x 10~ cm)
= 1.01 g/lem?

Example 6-3

The average end-to-end distance (L) of a chain of an amorphous polymer
can be expressed as L =/ \m, where [ is the interatomic distance (1.54 A for

--C—C) and m is the number of bonds. If the average molecular weloht of polv-

el xx; e e

SEYIENE > ZUWS00 & uui. whai Is the dverage cud-iCenmw =

tne caicudvarciranreuffiguration-can-veeur-oy akgnment-of-chains;

which is the lowest energy state for the solid state. The orientation: of
chains can be accomplished easily by drawing through fine holes from
polymer melt or solution. Even this process does not prevent chain folds
entirely. The ends of folds, as in chain ends, act as defects, thus lowering
strength. To some degree the chain folds can be prevented by stretching at
high temperature (below Trm), which results in higher-strength fibers.
The three-dimensional network polymers, such as (poly)phenolfor-
maldehyde (Bakelite®), do not usually crystallize. This type of structure
can be considered as if chains of amorphous polymers are cross-linked

4
ATIowWET

Molecular weight of g@#styrene = 104 g/mol

20.800
104

= 200 mers = 400 bonds

Therefore. L = [ vm = 1.54 \ 400 = 30.8 A. The average end-to-end distance of
a chain for amerphous polymers is quite short. although their total bond distance
is quite long (~600 A in this example). In a crystalline solid the chains are not
randomly distributed): thus this calculation does not apply.
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6.2. EFFECT OF STRUCTURAL MODIFICATION ON PROPERTIES

The physical properties of polymers can be affected in many ways.
By this means polymers can be tailored to meet their end use. Basically,
the chemical composition and arrangement of chains will have a great
effect on the final properties.

6.2.1. Effect of Molecular Weight and Composition

The molecular weight and its distribution have a great effect on the
properties of a polymer since its rigidity is primarily caused by the im-
mobilization of the chains. This is because the chains are like cooked
threads of spaghetti in a bowl. By increasing molecular weight the
polymer chains become longer and less mobile and a more rigid material
results. Equally important is that all chains should be equally long any

1

oY ARt § ] At g =th T

aiid glass wransition temperatures, rigidity (modulus of elasticity), density,
etc.

- ANOther-0bvioisS-way-or Cuwnging properties is ‘to'change ine chemi- ~

cal composition of the backbone or side chains. Substituting the backbone
carbon of a polyethylene with divalent oxygen or sulfur will decrease
melting and glass transition temperatures because the chain becomes
more flexible as a result of increased rotational freedom:

Z, wicl: in turn decreasy ol i LliaigT

POLYMERIC MATERIALS 83

6.2.2. Effects of Side-Chain Substitution, Cross-Linking, and
Branching

Increasing the size of side groups in linear polymers like poly-
ethylene will-decrease the melting temperature as a result of the lesser
perfection of molecular packing, i.e., decreased crystallinity. This effect
is seen until the side group itself becomes large enough to hinder the
movement of the main chain as shown in Table 6-3. Very long side groups
can be thought of as branches.

Cross-linking of the main chains is in effect similar to side-chain
substitution with a small molecule; i.e., it lowers the melting temperature.
This is due to the interference of the cross-linking, which can decrease
the mobility of the chains, resulting in further retardation of the crystalliza-
tion rate. In fact, a large degree of cross-linking can completely prevent

crystallization.

E lo A-d e e
xamnie A4 R o _

Assuming that the density of a supercooled liquid polyethylene is 0.9 g/cm®. what
is the percent crystallinity if the densities for low- and hloh den51ty polvr’thvlene

- are &) 8L and (b}0.97- gemi e e e s iy
Answers - ,
2 - 2
- H = g‘% = 18% crystalline
.97 — 0. 0 .
> H = g“l‘z = 64% crystalline

The low-density polyethylene contains side chains and branches.

R TS Table 6-3. Effect of Side-Chain
C C / H, H, Substitution on Melting
N/ NSNS (6-15) Temperature in Polyethylene
C c c H. H
| | | \ i !
H, H, H., C C S Side chain Tin{°C o
S \Ct '\C/
! | —H 4
He  H €Hy 165
—CH,CH; 124
But the opposite effect can be achieved by substituting the backbone —CH,CH,CH; 75
chains with a rigid molecule like benzene: ' —CH,CH,CH,CH, -35
—CH,CH—CH,CH, 196
H. o) 0 H,
| I H | CH;
C C C CH,
/N /N N ‘/\/\/\/ N S (6-16) 1
C C C —CH,—C~—CH,CH, 350
| l | I !
H, H, 0 0 CH,

Polyethylene terephthalate (polyester, Dacron®
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6.3. PROPERTIES OF POLYMERS

Conventionally, the polymers are classified into two different cate-
gories depending on their thermal properties, i.e., thermopla.sticvand
* thermosetting polymers. The thermoplastic polymers are linear in mole-
cular structure and can be remelted. Most polymers made by free radical
reactions (addition polymerization) are thermoplastic. The thermosetting
polymers cannot be remelted because their chains are made in a three-
dimensional network. Therefore, the chains cannot move unlgss they are
cut off from each other rather thar sliding as in the linear polymers.
Rubbers are linear polymers with cross-links between chains. The
cross-linking can be achieved either by introducing a chemical agent such
as sulfur or by branching between chains as in the case of low-density
polyethylene. Although natural rubbers, poly(cis-)isoprene,

CH. u

~ e

~ s
C=C

\4.

i = e HzL S CHg e e -

are more familiar, an inorganic silicone rubber is more widely used for
implantation. Silicone rubber is made from silicone polymers, which in
turn are made by condensation polymerization. One type of widely used
silicone polymer for making medical-grade silicone rubber-is dimethyl
siloxane, which is made from dimethyldichlorosilane:

CH,

I
Cl—Si—Cl
‘ .

CH

WILCH L Tana.” o sosde 110t pUIC sluva (olwg) (CACHIE With methyicitionac
(CH,CI). The polymerization can be shown as fpllows:
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shown below:
CH, CH, CH,
| ) | Catalyst
HO—Si—0——Si—0—Si—OH + Si(OCH,—CH,—CH,), s>
- | Propyl orthosilicate
CH, CH, w CHj
?H;a
o
&
CH; ? CH,
s 05 £ G EHICH 0 -0 R i T b0
CH, ? CH,
?i{_,
! CH.,
I S
. CH3 L\: Lh‘i
oo TEm—— -1
rH HO—f——ISi——O—- (6-18)

*

The cross-linkine for the silicone rubber increases the strength and
melting temperature, contrary to such other polymers as polyethylene, as
discussed previously. This is largely because the rubber structure is es-
sentially an amorphous state (but not supercooled liquid) in which the
molecules are linked together via cross-links, resulting in a three-
dimensional network structure. :

The degree of cross-linking (or cross-link density) is precisely con-
; trolled to tailor for the final application. Too high cross-link density may

result in too-rigid (nonstretchable) rubber.

§3.1. Mechaniral Pronortiag

i

ciHﬂ ]CH3 (I:H_1 ?H,
HO—Si—O+-H + HO}+—Si—OH — —o%spo Si—0— + nH,0  (6-17)
CH, CH, CH; /4 CH,

The cross-linking or vulcanization can be achieved through heat
(heat-vulcanizing type) or chemical agents, which can be accomplished at
room tempeiciure (room temperature-vulcanizing types or RTVs) as

As discussed in Chapter 2, polymers are viscoelastic: therefore, the
mechanical properties depend greatly on testing conditions. Polymers are
; especially sensitive to temperature and rate of loading.” Generally, the
strength of a polymer depends on its molecular structure, i.e.. degree of
crystallization, orientation. and polymerization. It is also true that by
orienting chains in a polymer like nylon. one can achieve a specific
strength (strength/density) approaching that of steel in the oriented direc-

tion.
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Table 6-4. Mechanical Properties of Some Polymers
Elastic Tensile Fracture
modulus stress elong. Density
Polymer (MPa) (MPa) (%) (g/cm®)

Polyethylene (high density) 500 20-40 400--300 0.95
Polyethylene (low density) 150 7-17 400-600 0.90
Polypropylene 1500 30-40 50-500 0.904
Polyvinyl chloride (rigid) 3000 40-55 400 1.35-1.45
Polyethylene terephthalate — 150-250 70-130 1.40
Polyamide (nylon 6) 500 80-150 20-225 1.12-1.14
Natural rubber 2.5-100 10-50 100-700 0.93
Silicone rubber 10 6 50-800 0.98
Polytetrafluoroethylene 500 17-28 320-350 2.15-2.20
Polymethylmethdfylate 3000 70 2.5-5.4 1.18

- The higher crystailinity of a linear polymer results frdm the better
packing of the chains, which results in greater strength. In polyethylene

- density one has above 70 percent. Consequently, the former has a lower

—TURORCE 20

melting point, lower tensile strength and modulus, and a higher elongation -

to fracture than the latter. Table 6-4 shows some typical values of me-
chanical properties of various polymers. As can be seen, their strength,
elastic modulus, and density are much lower than metals and ceramics.

Example 6-5

Pordﬂé'polyethylene (100-500 um diameter, interconnecting pores) is tested in the
form of rods with a 3.4-mm diameter in vitro and in vivo for two months. Typical
force-elongation curves are obtained as follows, with a 1-cm gage length.

f //\
H B COERENTAREIMAYG . .. . L - . B
/ IMPLANTED S

P

.ihe low-density variety iwi. avout 5Q percent crystallindty and the high-. - ...
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a. Ca!cu{ate the modulus of elasticity and tensile strength for both curves
b. Explain why the curve for the in vivo testing sample is not as smooth as the
control sample and has lower strength than the control

Answers

a. Tensile stresses, area = #(1.7)* x 10~ m* = 9.08 x 1078 m?

27.5 N
for control Y TRV T S
T contro 9= 508 x 10-5 2 = 3:03 MPa
255N

for implanted ¢,

Modulus of elasticity

30N
for control E. = .
908 x 107 me 0,02 169 MPa
ior implanted £, = — ﬂ'ﬂ,’ 5 sy

5.08 x7i07® m? - 0.03

h The implanted sample has ingrown tissues- which are hard to IEmove iiom the
porous surface; when tested they exhibit a random tearing that results in the
uneven curve. The porous polymer is deteriorated by implantation, resulting in
lower strength than the control.

6.3.2. Thermal Properties

. Everyone is familiar with the fact that most plastics cannot withstand
high texpperatures. This is because the rigidity of polymers is directly
proportional to the mobility of the chains, as mentioned previously. Most
linear polymers melt at about 150-300°C. The glassy polymers such as
PMMA (polymethylmethacrylate) and polycarbonate (bisphenol A) have

. glass-transition temperaturcs A e S CMPRraluits) of Go-150°C

The glassy polymers are formed by freezing the chains before they are

- erystallizad, a3 shown in Figure-g=i3s - -

(N)
10}
Porous
Migh Density
Potyethylane
o]

Force versus strain of control and implanted
porous high-density polyethyiene.

0 10 20 30 40 50
STRAIN (%)

lh.e amount of supercooling from the liquid melt depends on the rate
of cooling—i.e., the slower the rate, the more supercooling, resulting in a
lower Tg. The glass transition temperature is the temperature wher: the
maten’al freezes and becomes solid like glass. Semicrystalline polymers
!ﬂ(e polyethylene have both Tg and Tm. Although the Tg of polyetﬁvlene
is vyell below room temperature, it behaves like a solid because the 'crys-
talline portion is holding the whole chains together. The glass transition

. temperatures of semicrystalline polymers range from one-half to two-

thirds of the melting temperature in absolute temperature units (K).
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6.4. DETERIORATION OF POLYMERS

The deterioration of polymers usually results from several factors,
which can be divided into chemical, thermal, and physical categories. These
factors may act synergistically, accelerating the deterioration process.
Usually.the deterioration affects the main chain. the side groups, and their

original molecular arrangement.

6.4.1. Chemical Effects Ceand

If a linear polymer is undergoing deterioration the main chain will
usually be randomly scissioned. Sometimes depolymerization occurs that
differs from the random chain scission because this process is the inverse
of the disproportionate chain termination of addition polymerization [see
equation (4-11

- Lross-linking o
example of this is the low-density polyethylene. On the other hand, if
cr-:o-linkiag is broken by the oxygarn or ozone attack on (poly)iz-urene
rubber, the rubber becomes brittle and cracks develop. ‘

It is also undesirable to change the nature of bonds as in the case of

polyvinyl chloride and polyvinyl acetate.

SR
——|C——C—(’3——IC—(IZ—— - —?-—lc—g::c—lc—+ HCl (6-19)
H ClH ClH HHC H

Polyviny! chloride

i Rl
a[c—?— + H,0 - —(—C— - CH,COOH (6-20)
H OCOCH, ~ H OH _ -

Polyvinyl acetate Polyviny! alcohol (water soluble)

f a linear polymer may result in deterioratica. Am

_ature. However, the time of exposur=..z «
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crylate. In polyamide (nylon), oxidation will occur at the dry sterilization
temperature, although it is below its melting temperature. The only poly-
Z;zrssjtﬁgé gzn rzabf;:g'be dry-sterilized are polytetrafluoroethylene (Teflon®)

Steam sterilization (autoclave) is performed under high steam
pressure at relatively low temperatures’ (120-135°C). Howev%r if the
polymer is subject to attack by water vapor, this method cannOt’be em-
ployed. Polyvinyl chioride, polyacetals, polyethylenes (low-density vari-

“ety), and polyamides (nylons) belong to this category.

Cl}emical agents. such as ethylene and propylene oxide gases, and
phenolic and hypochloride solutions, are widely used for &steril,izing
pol_ymers because they can be used at low temperatures. Chemical sterili-
zation takes more time and costs more. Sometimes chemical agents cause
polymer deterioration even though sterilization is done at rogm temper-

er. B Lr i ot ZUighl) dha
most pol.yn?enc implants can be easily steriiized with this method.
Radiation sterilization using the isotope cobalt 60 can also deteriorate

polymers because at high dosage the pc.ymer chains can be broken.and ......--

recombined. AF high dosage (above 10¢ Gy) poli/ethylene becomes a brit-
tle, hard material because of a combination of random chain scission and
cross-linking.

-

6.4.3. Mechanochemical Effect

It is well known that cyclic or constant loading deteriorates poly-
mers. This effect can be accelerated if the polymer is subjected simul-
taneously to chemical and mechanical activation processes. Thus if the
polyme.r is stored in water or saline solution, its strength will decrease as
shown in Figure 6-3. Another reason for the decrease is the plasticizing
e.fffec.t of the water molecules at higher temperature. However. the plasa-
ticizing effect compensates for the deleterioin o®nar sfaar 0L s
%oaded cyclically, resulting in no differences between the samg;lg;-éf(;;gt‘i‘
n_saline ar in air (Fig 6-4), o

The by-products of the degradation can be very irritable to.tissues be-
cause in this case they are acids.

6.4.2. Thermal Effects during Sterilization

In conjunction with sterilization the thermal effect plays an important
role in polymer deterioration. In dry sterilization the temperature varies
from 160 to 190°C. This range is above the melting or softening temperature
of many linear polymers, such as polyethylene and polymethylmetha-

6.4.4. Deterioration of Polymers in Vivo

_ Even though the material implanted inside the body is not subjected
to ll.ght. radiation, oxvgen, ozone, and temperature variations. the body
en\xlronm?nt is very hostile and all polymers start to deteriorate as soon ais
they are implanted. The most probable cause of deterioration is ionic
attack (especially by the hydroxvl ion. 0Y-} and dissolved oxygen. En-
%yma{ic degradation may also plav a significont role if the implaﬂ;is made
from natural polymeric materials such as reconstituted collagen.
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PMMA ,iN saLINE, 37°C

60- ' Solid (@)
Bone cement (O)

STRESS
(MPa) %

501

40-

304 -

20 ; :

0 50 100
TIME (days)

Figure 6-3. Stress versus time for polymethylmethacrylate in saline solution at 37°C.
Note the large decrease in tensile strengths for both solid and porous bone cement.
(Unpublished data of T. Parchinski, G. Cipolletti, and F. W. Cooke, Clemson University,

1977.)

It is safe to predict that if a polymer deteriorates in physiological
solution in vitre, it will also deteriorate in vivo. Most hydrophilic (water-
‘laving) nalvmers snch as polyamides and polyvinyl alcohot will react with
bodywwater and undergo rapid deterioration. The nyarophobic (water-

. hating) pelvmers such as nolyietrafluoroethylene (Teflon® and polvoro-

| M

A et

Sl ke

Mg e

fads
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701

STRESS
(MPg) 407

30

eo~\\
501

91

DYNAMIC TEST
SOLID PMMA

T T T
L) ? #3
N ae s Ly
o ~ i

I
1] He) v w

NO. of CYCLES

Figure 8-4. Fatigue test ui soiic. polymethylmethacrylate. Note ihat 1he S-A _curve is
the same for both untreated samples and samples soaked in saline solution at 37°C.
{After T. Parchinski and F. W. Cooke, Clemson University, 1977.)

Table 6-5.

Effect of Implantation on Polymers

Polymer

Effect

Polyethylene

rolypropylene

Low-density forms: absorb some lipids, lose teasile strength.
High-density forms: inert. no deterioration occurs.

" Gengially no geterioration.

AR pylene are less prone-to-deteriorate i vivos

The deterioration products may also induce tissue reaction as demon-
strated with polyamides (nylons). As inin virro deterioration, the original
physical properties will be changed if the implant deteriorates. For exam-
ple, polyolefins (polyethylene and polypropylene) will lose their flexibility
and become brittle. For polyamides the amorphous region is selectively
attacked by water molecules which act as a plasticizer, making them
more flexible. Table 6-5 shows the effects of implantation on several

polymers.

Polyvinyl chloride (rigid)

Polyethylene terephthalate
(polyester)

Polyamides (nylons)

Silicone rubber

Polytetrafluoroethylene

Polymethylmethacrylate

Tissue reaction: plasticizers may leach out and become brittle.
Susceptible to hydrolysis and loss of tensile strength.

Absorb water and irritate tissue: lose tensile strength rapidly.

No tissue reaction: very little deterioration.

Solid specimens are inert. If fragmented. irritation will occur.

Rigid form: crazing, abrasion. and loss of strength by heat
sterilization.

Cement form: high heat generation during polymerization may
damage tissues.
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PROBLEMS

6-1. A sample of methylmethacrylate

CH;,
/
CH,=C
COOCH;

is polymerized; the resulting polymer has a DP of 1000. Draw the structure for the re-
peating unit in the polymer and calculate the polymer molecular weight.

Answer

g AR T

—=¢ I s

g =0 p (=01H (=0:
I l | |

o | o | o
- - CHy—|——CH CH,
=
2 = 100 g/mol. Wn = DP x M.W. of

M.W. of the repeating unit = 12 x 5 + I X 8 + 16 X
the repeating unit = 1000 x 100 = 1 x 10° g/mol

6-2. Which of the following compounds form polymers?

a. CH~—CH,

[ P,

[RSCNE,

POLYMERIC MATERIALS a3

6-3. For a Voigt model in which the spring and the dashpot are in parallel, derive the
following equations:

a. The differential equation n de/dt ~ Eé&= o

b. € = (0/EN1 — exp (=Elm)t] for 1 <1,
€ = € exp |—(E/m)}] for ¢ >,
G ooy
STRESSK)
&
STRAING) |
/
o .
TIME (t)
Answers

a. The differential equation is derived in equation (2-19):
o = Ee + ndeld (N

b. Fort <1t,.

Solving for € from the differential equation (1) we have homogeneous solution, i.e.,

/ N\
e. H,.C —CH., ) -, s e T ~ o
b. HC|=CH_) f defdr + (E/Y))E =0 - R BRI
Cl'l [ dee = [ = {Em) dt = —(Em [ det
c. Li—L=Urt, g. H Therefore. In e = —(E'n)t + C,: hence
i e = Cooxp L=(Eln)t] (2)

d. Cl.C=€Cl

Auswers

a. Polyethylene

b. Polyvinyl chloride

¢. Polyvinylidene chloride

e. rolyethylene oxide

g. Methyl-substituted polystyrene

,
N TN

where C, and C, are constants. Solving for a particular solution by making the stress con-
stant (o).

a.m = deldt + (Eime

However.

= /E = r,E = constant

otai = Enmtipat = Ening

KR
R

|

4

£
*
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Therefore, de/dt = 0;
Kim = (Em)e and €= o,JE 3)

Combining equations (2) and (3),

€ = C,exp [—(EMmt] + o,/E 4)
Since t = 0, € = 0; therefore,
Cy, = —g,/E ) (5
* From equations (4) and (5),
t<ty, €= (o/E){1 - exp [~(Em)]} (6)

At time ¢ = 1, the stress is removed and the elements are stretched to € = ¢,; therefore,
from equation (1), n d</dr + € = 0 and the solution is equation (2). Since at this time

‘. € = €, the soiution-can e expressed.as

t>1, € = ¢ exp [—~(E/m)t] _ - @)

6-4. What are the viscosity and shear modulus for a polymer which behaves as a Voigt
model if the shear strains are as follows? ’

1h 0.0060
2h 0.0084
10 h 0.010
20h 0.010

e et o i

L AR kb

+ ot iy €
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When ¢ = 0.006, the time is 1 h (3600 s}

10°
= — - ex -3 T
0.006 = 155 [1 ~ exp (~3600/71]
7 = 4000 s
n=7tE= 4000x 10 = 4x10"Pa-s

6-5. An applied strain of 0.4 produces an immediate stress of 10 MPa in a piece of rubber,
but after 42 days the stress is only 3 MPa.

a. What is the relaxation time?
b. What is the stress after 90 days?

Answers
Since o = @, exp (—t/7),

={a

= exp (—42/7)
a. T = 60 days

o = 10exp (—'90160)

T = 1.86 MPa

6.6. A hip joint is made of a solid polymethylmethacrylate with a contact surface area
of 1 cm® (see Figure 6-4).

a. How many cycles will it last if a loading is 70 kg (mass) in saline solution?
b. Compare this simulated situation with the actual implant.

Answers
From Fioure 52 - Y T
d: £TOM iU Umady 02 vOTAN DT LD PTONNINLLLSO LY

ey we e wg .,
=66 =8714 log ¢ and o= 2 20 e ge MPa P

ARSWEr
From the differential equation of problem 6-5,

o = Ee + ndeldt

After 10 h the strain rate (de/dr) becomes zero; thus o = Ee,

Eo 0P o
0.01 i

I'em*
6.86 = 66 — 8.714 log 1
Therefore,

t = 6 < 10° cycles

b. In humans the mass is divided by t#0 legs. hence the siress is halved. However, the
dynamic nature of the loading will make the load about 4-7 times that of the static loading
(see Chapter 11) thus making the pelymethylmethacrylate unusable as a main load trans-
mitting material.
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CHAPTER 7

STRUCTURE-PROPERTY
RELATIONSHIPS OF

MATERIAL ¢

j-— L84 ueom

The major difference between biological materials and biomaterials (im-
plants) is viability. Other equally important differences distinguish living
materials from artificial replacements. First, most biological materials are
continuously bathed with a solution of water. Exceptions are the spe-

cialized surface layers of skin, hair, nails, hooves, and the enamel of

teeth. Second, most biological materials can be considered as composites.
Basically, biological tissues consist of a vast network of intertwining
fibers with polysaccharide ground substance immersed in a pool of ionic

fluid. Attached to the fibers are cells whose responsibility is nutrition of

the fibers and ground substances that carry out the physical function. The
ground substances probably have definite structural organizations and are
A0UULE CUCplaltu il D Silkdon, diysically,
ground substance behaves as a glue, lubricant, and shock absorber in
variouy ussues. .

The structure and hence the properties of a given biological material
are dependent on the chemical and physical nature of the components
present and their relative amount. For example. nervous tissue consists
almost entirely of cells, while bone is composed of collagenous fibers and
calcium phosphate minerals with minute quantities of cells and ground
substance (as a glue).

Understanding the exact role played by a biological tissue and its
interrelationships with the (uucuons of the entire living organism is essen-
tial if biomaterials are to be used intelligently. Thus. designing an artificial

97




98 CHAPTER 7
BIOLOGICAL MATERIALS 99

blood vessel prosthesis requires understanding not only the blood vessel ]
wall property—structure relationship itself but also the systemic function.
This is because the artery is not only a conduit for blood but is a compo- ' i E\

nent of a larger system, including a pump (heart) and an oxygenator N
) |
(lung). ; H Hg
i 0 R
7.1. STRUCTURE OF PROTEINS AND POLYSACCHARIDES ' : (SN ,?S\ N
, : (; : il
- . E‘ ,
7.1.1. Proteins ; H H
Like polymeric materials, proteins are made of monomers called pep- | 724 Right-handed heiix
tides [equation (6-3)]: f ) .
. Figure 7-1. Left: Hypothetical flat sheet structure of a protein. Right: Helical arrange-
; ment of a protein chain.
I
o R | N C R ) ; G mmmm——e e s
- | | / . : i Table 7-1. Amino Acid Content of Collagen”
H H ) i
i o R . o . } ] , i Amino ucii {a.4.; and component . .. Conteni (moi/100-mol a.a.)-
. The peptides are in turn amides formed by interaction between amino and '
’ carboxyl groups of amino acids; and the basic chemical formula is L Gly 31.4-33.8
* Pro 11.7-13.8
H O Hypro - 9.4-10.2
[ ” Acid polar a.a. (Asp, Glu, Asparagine) 11.53-12.5
. HN——-C—-—C—'OH (7-2) . . Basic polar a.a. (Lys, Arg, His) 8.5-8.9
— pA ) ‘ Other a.a. Residue
R

* By permission from M. Chvapil, P/ns:o[ogn of Connective Tissue, p. 121,
Butterworths. London, 1967.

where R is a side group. Depending on the side group the molecular
structure changes drastically. The simplest side group is hydrogen (H),

which will form glycine. The geometry of the peptide is shown in Figure
7-1a, where the hypothetical flat sheet structure is shown. The structurée .h Three left-handed «-helical peptide chains are coﬂed together to give
] ~ aright-handed coiled heliy with a nerindicityy nf 122 4 »’\ Thig triz le

1. - " e me e | __”\ ﬁ /'\\ . X i ’\"v . e e n N
roe eaimed memant Astancs 2f 7.2 & and the side groiien 503w iimidinl Thie o oo ¢ helix e

crowclm‘J of 51de groups rnakes the flat structure 1mposs1ble except for the
SRR Y () BEICUL, 1°Cy, fv;yE,U ine. IF the side chiams i e B 3 oun. LT U
resulting structure is a helix, where the H bonds occur between different

parts of the same chain and hold the helix together as shown in Figure 7-1.
7.1.1.1. Collagen. One of the basic constituents of proteins is colla-
gen, which has the general amino acid sequence -Gly-Pro-Hypro-Gly-X-
with a triple « helix. It has a high proportion of proline and hydroxy-
proline, as given in Table 7-1. Because the contents of hydroxyproline o ' L

are unique in collagen (elastin contains minute amount), the col- . ST s mEE T 2" e glf ’
Py = Oy

“super helix is the molecular basxs of tropocollagen, precursor of collagen.

_The three chaine oo held tnoetheratranzls to sach-ather L by H bouds -~ e
between glycine re51dues and between the hydroxyl (——OH) groups of
hydroxyproline. In addition, there are cross- -linkages via lysine among the

a helixes. When the cross-linkage between « helixes are done by two and

three « helixes they are called & and y chains, respectively. The labeling -
system of the (tropo) collagen fractions can be expressed as

ek b A 4 s

it £ e

e n,

lagen content in a given tissue is easily determiined by assaying the T » p
i Qg 7 @y = Loy

hydroxyproline. U
Y P a; + B~ Vi, €LC. . . . - -
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Because the molecular weight of an « fraction of the tropocollagen: is
J£9e<120,000 g/mol, the B and  chains will have 240,000 and 360,000 g/mol,
respectively.
Depending on the source of tissues the collagen chains are different.
Bone and skin collagen contains two «, (type I) and B, chains; the
cartilage is composed of three identical chains called «; (type II) chains
but has a different primary structure. On the other hand, blood vessel
walls and dermis have «, (type III) chains, which contain cysteine that can
be cross-linked within molecules through disulfide bonds.

.. The primary factors stabilizing the collagen molecules are invariably
2 5 lated to the linkage between the « helixes. These factors are H bonding
~ between the C=0 and NH groups, and ionic bonding between the
o - side groups of polar amino acids and the interchain cross-links. One of
. «-w'cthe secondary factors affecting the stability of collagen is steric rigidity,

i; «kichoic relgted to the hinh nvrolidine content. o ,
—~Fle side groups of the umino acids of collagen are highly nonpolar in
:L{ ; , character and hence hydrophobic; thereby the chains avoid contact with

water molecules and seek i+ greatest aumber.of contacte with the nenpo-
. lar chains of other amino acids. If the hydrophobic contact is destroyed by
... asolution (e.g., urea) then the characteristic structure is lost, resulting in
..+ microscopic changes such as shrinkage of collagen fibers. The same effect
can be achieved by simply warming the collagen solution. Another factor
affecting the stability of the collagen is water molecules incorporated into
the intra- and interchain structure. If the water content is lowered the
structural stability decreases, and if dehydrated completely (Iyophilized)
then the solubility also decreases (so-called in vitro aging of collagen).

It is known that the acid mucopolysaccharides also affect the
stability of collagen fibers by mutual interaction or by forming
mucopolysaccharide-protein complexes. It is believed that the water
molecules affect the polar region of the chains as shown schematically in
Bigura 7.2 Note thar the dried collagen is more disoriented than the wet

2! "
S

ISR S alelhmma LA

1"

e
PERARG S e
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Figure 7-2. Schematic representative of col-
lagenous protofibrils in dry {left) and wet states.
(Redrawn from R. S. Bear, Advan. Protein Chem.,
7, 149, 1952, courtesy of Academic Press, New

tin. This in turn will resu!t in viscous nonelastic tizsue sizniis. o the linzar

polymers; the tissue loses its rubberlike elasticity, which can lead to =~~~

rupture of the aortic walls.

The elastin is very stable at high temperature and chemicals because
of the very low content of polar sidé groups (hydroxy and ionizable
groups). The specific staining of elastin in tissues by lipophilic stains such
as Weigert’s resorcin-fuchsin results from the same reason. Like colla-
gen, elastin contains high percentages of alanine, proline, and glycine as
well as a high proportion of amino acids with aliphatic side chains, such as
valine (6 times that of collagen). It also lacks all the basic and acidic amino
acids so that it has very few ionizable groups. The most abundant of
these, glutamic acid, occurs only one-sixth as often as in collagen. Aspar-

of collagen.

mosine is only possible by the presence of Cu** and lysy! oxidase enzyme:
hence deficiency of copper in the diet may result in non-cross-linked elas-

.t N e . -

Figure 7-3. Structures of desmosine, isodesmosine, and lysinonorieucine.

one, indicating that the water molecules fill up the intervening space and ‘ Rkz-CH-C00 - .
e or ~f the fibrils to he arranged in narallel NHy GHah N e L
S P N . g . 1. . -z "-I AR TR S el s s e el e e -
‘ . 7.1.1.2. Bastm.‘ ETastifl is another structaral proteinfound i relas i ggo‘.c"”ﬂ; )l"*""'-'l‘ b '53;““"‘1:, i - :
tively large amount in such elastic tissues as ligament, aortic wall, and (('.;‘m . (gw(cug), CHico:)' R
skin. The chemical composition of elastin is somewhat different from that l fity-SHc00 fbis-tH 00G -
The high elasticity of the elastin is believed to result from the cross- : DESMGSINE ISODESMOSINE
linking of lysine residues into desmosine, isodesmosine, and lysinonor- 3 [ u i
. . . . . . ' NHy
leucine, as shown in Figure 7-3. The formation of desmosine and isodes- CH-(CHp)N-(CHg - CH LYSINONORLEUCINE
¢oo ¢od”
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Table 7-2. Overall Composition of Elastin Protein {Residues/1000)”

Amino acids Elastin Microfibril ~ Tropoelastin
Glycine 324 110 334
Hydroxyproline 26 151 39
Cationic residues 21 228 21
(Asp, Glu)

Anionic residues 13 105 55
(His, Lys, Arg)

Nonpolar residues 595 356 541
(Pro, Ala, Val, Met,
Leu, Ileu, Phe, Try)

Cys/2 4 48 0

¢ From various sources.

tic acid_ lv<ine, and histidine are all below ? recidnes ner 1000 in mature

elactip

QG Liil.

"“Three major entities of elastin have been separated: tropoelastin,
' .ajcrofibrils. The compesit's - ~f these compenerts 2re given
. The microfibrillar phase, which is largely oriented crystalline
structure, may be 5-10% of the total elastin and the rest is amorphous.

7.1.2. Polysaccharides

Polysaccharides exist in tissues as highly viscous materials that
interact readily with proteins, including collagen-resulting glycosamino-
glycans or proteoglycans and readily bind both water and cations. The
compounds also exist at physiological concentrations as viscoelastic gels,
not as viscous sols. All these polysaccharides consist of repeating disac-
charide units polymerized to unbranched macromolecules, as shown in
Figure 7-4.

7.1.2.1. Hyaluronic Acid and Chondroitin. Hvaluronic acid is made

of residues of N- acetylglucosamine and D- glucuromc acid but lacks sulfate

_.reciduac  The animal hvaluronic acid _containg nrl‘\fPlT\ component Q. 2%_

5
'

e, w
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Figure 7-4. Structures of hyaluronic acid, chondroitin, and chondroitin sulfates.

Isomer A (chondroitin 4-sulfate) is found in cartilage, bones, and cornea,
while isomer C (chondroitin 6-sulfate) can be isolated from cartilage,
umbilical cord, and tendon. Isomer B-(dermatan sulfate) is found in skin
and lung and is resistant to testicular hyaluronidase.

The chondroitin sulfate chains in connective tissues are bound cova-
lently to a polypeptide backbone through their reducing ends. Figure 7-3
shows a proposed macromolecular structure of protein—polysaccharides

MUCOPOLYSACCHARIDE (MPS)
GROUND SUBSTAN
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or peptide that cannot be removed. This, in turn, will result in proteoglycan
molecules, which may behave differently from the pure polysaccharides.
Hyaluronic acid is found in the vitreous humor of the eye, synovial fluid,
skin, umbilical cord, and aortic walls.

Chondroitin is similar to hyaluronic acid in its structure and proper-
ties; it is found in the cornea of the eyes.

7.1.2.2. Chondroitin Sulfate. This is a sulfated mucopolysaccharide
and resists hyaluronidase. It has three isomers, as shown in Figure 7-4.
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Figure 7-5. A schematic arrangement of mucopolysaccharides—protein molecules in
connective tissues.
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from which one can imagine the viscoelastic properties of the ground
substance. These : complexes of protein and polysaccharides play an im-
portant role of the - physical behavior of connective tissues, either as lubri-
cating agents between tissues (like joints) or between elastin and collagen
microfibrils.

Similar structural stabilizing function of the mucopolysacharides is
shown in Figure 7-5, where the collagen fibrils are stabilized by the
mucopolysaccharides—protein interactions.

7.2. STRUCTURE~-PROPERTY RELATIONSHIP OF TISSUES

Understanding the structure-property relationship of various tissues
is essential for implantation. The property measurements of any tissues
are confronted with many of the following limitations and variations:

PR

1. Limited-saciple size. - C e

2. The original structure can be changed dunng sample collection or
preparetio.

-. 3. Inhomogeneity.

4. Cannot be frozen or homogenized without altering its structure or
properties..

5. The complex nature of the tissues makes it difficult to obtain
fundamental physical parameters.

6. Invitro and in vivo property measurements are sometimes difficult,
if not impossible, to correlate.

The main objective of studying the property—structure relation is to
replace or revitalize the function of a given tissue or organ. Thus one must
always ask what kind of functions of the tissue or organ under study are
being performed in vivo and how can the properties be best represented
with as few Darameters as possible. Each individual tissue stmcture and
SYOpETL TIIIUILLINID can ve studied in this miamnnd: -
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submicroscopic crystals of an apatite of calcium and phosphate resem-

bling hydroxyapaptite crystal structure [Ca,(PO,)s(OH),]. There are other
mineral ions, such as citrate (C¢H;0;*7), carbonate (CO,27), fluoride (F-),
and hydroxylions (OH™), which may give some other subtle differences in
microstructural features of the bone. The apatite crystals are formed as
slender needles 200-400 A 1 long by 15-30 A thick in the collagen fiber
matrix. These mineral-containing fibrils are arranged into lamellar sheets
(3-7 pm thick) and sheets run helically with respect to the long axis of
cylindrical osteon (sometimes called the Haversian system), as shown in
Figure 7-6. The osteon is made up of from 4 to 20 lamellae arranged in
concentric rings around the Haversian canal. Between these osteons the
interstitial systems are dispersed and the limits of the Haversian and
interstitial systems are sharply divided by the cementing line. The
metabollic substances can be transported by the intercommunicating sys-
tems of canaliculi. Iacnnae and Volkman's canal which are connected

with marrow cavity. The.cxternal and interzal su~ace of the bone is
called periosteum and endosteum, respectively, and both have osteogenic
properties.

Long bones such as the femur are usually made of spongy and com-
pact bone. The spongy bone consists of three-dimensional branching of

»

N\cArticular
A\ cartilage

Spongy bone

Compact bone
e

Periosteum . §E| " - oy RS
Fé] %@ Concentr'

7.2.1.1. Bone and Teeth. Bone and teeth are mineralized tissues
whose primary function is "‘load-carrying."* Teeth are in more extraordi-
nary physiological circumstances because their function is carried out in
direct contact with ex vivo substances, whereas most bone functions are
carried out inside the body in conjunction with muscle and tendon.

Bone is composed of 409 organic material, of which 90-96% is colla-
gen and the rest is mineral. The major subphase of the mineral consists of

artery - .
y conal mineral crystals

Nutrient /gl <Faverion (3 -,pm) Apdtite
{200-400 A long)

Intramedullary
cavity

Line of
epiphyseal
fusion

Figure 7-6. Micro- and macrostruciure of a bone.
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bony or trabeculae interdispersed by bone marrow. The spongy bone
changes gradually into compact bone toward the middle of the bone.
There are two types of teeth, deciduous (or primary) and permanent;
the latter is more important for understanding implantation. All teeth are
made of two portions, the crown and the root, demarcated by the gingiva
(gum). The root is placed in a socket, called the alveolus, in the maxillary
(upper) or mandibular (lower) bone. A sagittal cross section of a perma-
nent tooth is shown in Figure 7-7 to illustrate various structural features.
Tooth enamel is the hardest substance found in the body and consists
almost entirely of calcium phosphate salts (97 percent) in the form of
large apatite crystals. Dentin is another mineralized tissue whose dis-
tribution of organic matrix and mineral is similar to the regular bone and
its physical properties. The collagen matrix of the dentin might have a
somewhat different molecular structure than normal bone; it is more
cross-linked, i.e., it has more 8 and , thaine of collagen. than in.othas
Tes inal tubules (3=5 i diaime-
ter) radiate from the pulp cavity toward the periphery and penetrate every
part of dentin. Collagen fibrils (2- 4 ;~m diameter) are filled inside the

~ “dentinal tubules in longitudinal direction and the interface is cemented by

protein-polysaccharides.

Cementum covers most of the root of the tooth with coarsely fibril-
lated bone substance but is devoid of canaliculi, Haversian systems, and
blood vessels. The pulp occupies the cavity and contains thin collagenous
fibers running in all directions and not aggregated into bundles. The
ground substances, nerve cells, blood vessels, etc., are also contained in
the pulp. The periodontal membrane anchors the root firmly into the
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Figure 7-8. Compressive stress and strain behavior of a dry and a wet bone. (Redrawn
by permission from G. H.-Kummer, Biomechanics, Its Foundations and Objectives, ed.
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alveolar bone and it is made mostly of collagenous fibers plus glycopra-
teins (protein~polysaccharides complex). - = -w o

As with most other biological materials, the property of bone depends
largely on the humidity, mode of applied load (compression or tensile,

 static or dynamic, etc.), and direction of applied load onto the sample.

Therefore, one usually studies the effect of the previously mentioned
factors and correlates the results with structural features. For brevity I
will follow the same practice. The effect of drying of the bone can be seen
easily from Figure 7-8, where the dry sample shows a higher modulus of
elasticity and compression strength, and lower toughness and fracture

. strain. Thus the wet bone, which is similar to in vivo characteristics, can

absorb more energy and elongate more before fracture.

As with any other brittle material, there is a large variation in reported
values of bone strength measurements.- However, unlike brittle materials,
the Duile (twid deuniin) undelgoSs Cieep aiid stress relaxation similar oo
'such viscoélastic materials as polymers. This can be interpreted to_mgaq v
that-tne-major-network of strucrure is composed of highiy cross-iinked

a2 Periodontal
—:Jfr} membrane

Cementum 594

Figure 7-7. Schematic diagram of a tooth.

e tem R s

collagen and the apatite crystals are distribpted discretely, as electron
microscopic pictures reveal. It is also in?eres?mg that.for'a given bone, the
strength is higher in the direction of physmlogl‘cal. loading (e. g, thfa strength
is higher in longitudinal direction than the radial in humerus), which can be
viewed as a manifestation that Wolff's law prevails. Thus the strength of a
male’s bone is higher than that of a female’s not becagse of sex but.because
men load their bones more rigorously by being heavier and carrying more

loads.

B e 2o
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Bone is also constructed very efficiently from a structural mechanics
viewpoint because a given material can best be utilized by making it in a
tubular shape, which has the same bending strength as a solidly filled
tube but requires much less material (see Section 2. 1). Studies of the
compressive strength and density showed that only 40-42% of the differ-

~ ence in strength can be attributed to the density difference. This illustrates

that mechanical strength is more related to structural integrity than is the
amount of mineral phase present.

Although the continuum mechanical formulation of the stress—strain
behavior of bone in terms of a simple equation (such as equation 2-1) is
highly informative, it does not reveal the relative contribution of two
major structural components (i.e., organic and mineral components) to
overall mechanical behavior. The mechanical behavior of bone can be
interpreted as a conventional two-phase system similar to steel-reinforced
concrete. Therefore, if one assumes that the load is independently borne

totai load (") is borne by mineral (P,,) and culiagen (P,) together,

Po=Py vt o (145

Since
0 =PI/A =Fe then P, = A, X E. X ¢, (7-3)
where A. E, and € are area, modulus, and strain, respectively. The strain

of collagen can be assumed to be equal to that of mineral, i.e., €. = ¢,,;
thus

b brdrovapatite) ther ¢he

_ by the two compoenents (collagen and mine:

et ik st s,
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Table 7-3. Properties of Bone”

Modulus of Tensile Compressive
Direction elasticity strength strength
Tissue of test (GPa) (MPa) (MPa)
Leg bone
Femur Longitudinal 17.2 121 167
Tibia Longitudinal 18.1 140 159
Fibula Longitudinal 18.6 146 123
Arm bone
Humerus Longitudinal 17.2 1320 132
Radius Longitudinal 18.6 149 114
Ulna Longitudinal 18.0 148 117
Verrebra
Cervical Longitudinal 0.23 3.1 10
Lumbar Longitudinal 0.16 3.7 3
Spongy bone . | v 0ne .. 1.2 1.9 ,
Skull - Tangendal - 25 C et e
Radial — -97 )
5
2 From H. Yamada, Strength of Biological Materials, chapter 3, Williams &. Wilkins_Co:; Baltimore, _____ ‘
1970. L. . :i

0.994. This indicates that most of the load is carried by mineral phase at a
normal loading condition. Actually, the strength of the demineralized bone
is about 5-10% of the whole bone. ’

Some of the physical properties of the teeth are given in Table 7-4. As
can be expected, the strength is the highest for enamel, and .dentin is
between bone and enamel. The thermal expansion and conductivity are
important factors to consider because filling materials should match with

AE .
- Pe = 1;";4,:15; (7-6) s them. The thermal expansion and conductivity are higher for enamel than
! for dentin, as shown in Table 7-4.
Therefore.
D4 r ( Table 7-4. Phvsical Prooerties of Teath
/)m = AT A/.‘. (7 7)7 ;
Anbm + AEe Modulus of  Compressive Coefficient of Thermal
. Density elastcity strength thermal expansion  conductivity
As a simple example, assume that a load of 1000 newtons is acting on a Tissue (o) (GPa) (MPa) femicm®C) (W/m*K)
cross-sectional area of 10 mm?: hence@ = 100 MPa. Because the modulus -
of elasticity of collagen and bone is about 0.1 GPa and 17 GPa, respectively Enamel 2.2 48 241 L4 < (0 0.82
Dentin 1.9 13.8 138 8.3+ 10 0,59

( see Table 7-3), and the volume fraction of each component is about the same,
the fraction of load borne by collagen and mineral phase becomes 0.006 and

“ From various sources.
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Example 7-1

A bone sample with a square cross section of 0.3 cm in one side has a 0.5-cm gage
mark. The following data were obtained:

Load (N) Gage length (ém) :

0 0.5000
250 0.5013
500 0.5025
750 0.5038
1000 0.5063
1250 0.5090 (broke)

a. Draw the stress—strain curve.

b. What is the yield strength?

c. What is the breaking strength?

d. What is the modulus of elasticity?

B L.

i
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Table 7-5. Elastic Properties of Some Nonmineralized
Human Tissues®

Tensile Ultimate
Substance strength (MPa) elongation (%%)

Skin 7.6 78
Tendon . 53 . 9.4,
Elastic cartilage 3 30
Héart valves (aortic) .

radial 0.45 15.3

circumferential 2.6 0.0
Aorta

transverse 1.1 77

longitudinal 0.07 81
Cardiac muscle 0.11 63.8

¢ From various sources.

longitudinal direction. It contains 58-70 w/o water in body and few elastic

- fibers (U8 .wro.wet; 2 wio dry). Where lubrication is. needed.the-teadon is

constrained within a collagenous sheath to facilitate rapid movement.

Tendon is one of the least extensible among the nonmineralized tis-
sues and the highest in tensile strength, as shown in Table 7-5. How-
ever, the tensile strength of 53 MPa is orders of magnitude lower than that
of individual collagen fibers (3000 MPa from Table 7-6), even though the
tendon is made of highly oriented collagenous fibrils. This low strength is
largely caused by the imperfection of fibril organization, and the ends of
the individual fibrils may act like defect regions as in textile fibers, hence
reducing tendon strength considerably.

7.2.1.3. Cartilage. The physiological function of cartilage can be di-
vided into two parts; maintenance of shape and providing bearing sur-

faces at joints. The chemical composition of cartilage is similar to tendon, ~
buttheasdiagen fbars ave ratawiformly oriented as in tendon. Cartiiagezom =

by

tains very large and diffuse polysaccharide-protein molecules that forma gel

the celiagen moleculesToukd boentangled (¢f. Figure 7357 Tney”

Answers
: a. Stress (MPa) Strain (%)
,:’,’_V___ R 0 R “0“ T -
: 27.8 0.26
55.6 0.50
83.3 0.76
111.1 1.26
138.9 1.80
150
.'O
o
b. From the curve plotted of stress versus 100
. strain, the yield stress is 80 MPa. STRESS .
RS o3 0 B S R R e T R T Y SRR arrase
27.8 MPa
: el s e L (), T G P e e e s sy i by el e
e 096 % 1oz 10.7 GF 5C
(about half the reported value). Q"'
0 o] f 2
STRAIN (%)

7.2.1.2. Tendon. The main physiological function of tendon is to
transmit tensile forces between muscle and bone. Thus the tendon is
made of highly oriented collagen fibers (30 w/o wet; 75 w/o dry) in a

e e D

Table 7-6. Elastic Properties of Elastic and Collagen Fibers®

Modulus of elasticity Tensile strength Ultimate
Substance (MPa: 100% elongation) (MPa) elongation (7)
Elastic fibers 0.3 1 100
Collagen 100 3000 30

@ From various sources.
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can affect the mechanical properties of the cartilage by hindering the
movements of fluid through the interstices of the collagenous matrix net-
work. The supportive cartilage can be found in ear, tip of nose, rings
around the trachea, and ends of ribs joining to the bony sternum.

The joint cartilage has a very low coefficient of friction (0.01). The
lubricating function is carried out in conjunction with mucopolysac-
charides, especially chondroitin sulfates, as discussed previously in Sec-
tion 7.1.2.2. The modulus of elasticity (10.3-20.7 MPa) and tensile strength
(3.4 MPa) are quite low. However, wherever high stress is required, the
cartilage is replaced by purely collagenous tissue.

7.2.1.4. Skin. The skin is composed of epidermis and dermis. The
latter is mostly responsible for the mechanical strength while the epider-
mis is primarily important for water conservation. The skin performs
many other obvious functions such as a barrier for heat transfer, electrical
shock, bacteria, or radiation.

. Lhelski 1S composed largely of .collsgen (71Sawio dry). with.grovmd..

substances of mucopolysaccharides (20 w/o dry) for flexibility, as in ten-

don and ~ortilage. The skin is structu=1"- anisotropic; hence dependi::

on the directiorrof testing; the Tesponse of load ¢an be different, as shown in -

Figure 7-9. This anisotropy is the reason behind the Langer’s line, which
follows the least resistant path of the dermis for easier surgery and better
wound healing.

Another feature of the stress—strain curve of the skin is its extensibil-
ity with a small load despite its high collagen content. which is largely a
result of the highly random state of the dermal fibers. On stretching, the

5_
1 TO CRANIO-CAUDAL /
MEDIAN BE—

11 TO CRANIO-CAUDAL - | R

3 MEDIAN —.___/

4]

cToEss

- (MPa) /)

et e st g -

B LY Pop .

et e i < s

BIOLOGICAL MATERIALS 113
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Figure 7-9. Stress—strain curves of human abdominal skin. (After C. H. Daly, The
Biomedical Characteristics of Human Skin, Ph.D. Thesis, University of Strathclyde,
Scotland, 1966.)

Figure 7-10. Scanning electron microscopic pictures of a dermal skin before and after
stretching. Stretch direction is horizontal, 400x. [From G. L. Wilkes, I. A. Brown, and
R. H. Wildnauer, CRC Crit. Rev. Bioeng., 1(4), 459, 1973.j
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fibers align each with other and resist further extension, as can be seen in
Figure 7-10. When the skin is highly stretched, the modulus of elasticity at
these high-extension portions approaches that of tendon.

Example 7-2
The curve at the right was obtained by tensile 100}
testing of canine skin. The skin specimen was F(OP?)CE

cut by using a stamping machine of width 4 mm.
The thickness of skin is about 3 mm and the

length of the sample between the grips is 20 mm. 301

"0 20 40 60

o STRAIN (%)
Force versus strain of canine
dorsal skin.

a. What is the tensile strength and fracture strain of the specimen?
b. What are the moduli of elasticity in the initial region and secondary region?
c. What is the toughness of the skin?

Answers
129 N <
a. o = m = 10.75 MPa
’ 0.186
b. E;, = 6—5'? = 0.34 MPa
11.5 - 0.1
o= 955005 = B MPa
<. Areaunder the force—afi Lo ve v i by irinngle (5,56 - 0.22) x

129/2 = 21.93 N - m/m. Because the cross-section area is 12 x 10~° m?, the tough-

=e=z-hocomes e e

3
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= —ENDOTHELIUM

INTIMA LONGITUDINALLY
(~130 um) STRIATED LAYER
FENESTRATED
MEDIA ELASTIC
MEMBRANE
YEIN
ADVENTITIA

VEIN

Figure 7-11. Structure of a blood vessel wall. {From W. Bloom and D. W. Fawcett, A
Textbook of Histology, Sth ed., p. 378, W. B. Saunders Co., Philadelphia, 1968, by
permission from the publisher.)

wall (and its components are arranged circumferentially); and (3) adven-

titia, which firmly connects the vessels to the matrix via facia. The hond-

1ug between 1ntima and media is formed by the internal elastic membrane

.. telastica interna) nredominant in arteries of medium size.. Retwesn tha |

media-and-adventitia—a-thinner-external-elastiec-membrane felasticaex=

21.93 N-m _ s N-m
X 10 o = L8 x 1078 =

7.2.2. Elastic Tissues

7.2.2.1. Blood Vessel Walls. The blood vessel has three distinct
layers in cross section (Fig. 7-11): (1) intima, whose structural elements
are oriented (longitudinally); (2) media, which is the thickest layer of the

terna) can be found. The smooth muscle cells are found between adjacent
elastic lamellae in helical array.

Because of the anisotropy of the blood vessel arrangement and its
tubal structure the intrinsic properties are not well defined. Early studies
of mechanical properties of blood vessels were done by pressurizing with
saline solution into a segment of the vessel after closing the branches, and
recording the pressure and diameter/length changes as shown in Figure
7-12. However, the composition of the vessel walls changes along the length
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VOLUME
{ml)

T T T T T

100 200
PRESSURE (mmHg)

o

Figure 7-12. Repeated volume versus pressure tests of excised canine femoral artery.
(Redrawn from D. H. Bergel, J. Physiol., 156, 445, 1961, courtesy of the Syndtcs of the
~ambridre University Press.)

cf the wall and hence thilr nhysical properties also chiwgs (Tig. 7-13).

" Another complicating factor is the existence of smooth muscle, which is

associated with arterial blood pressure regulation.
Table 7-7 shows the mean pressure of the various blood vessels and
the approximate tension developed at normal pressure calculated by using

100
CANINE
ARTERIES
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Table 7-7. Wall Tension and Pressure Relationship of Blood Vessels of
Various Sizes®

Mean Internal Wall
pressure pressure tension
Vessel {mm Hg) (dynes/cm?) Radius (dynes/cm)
Aorta, large artery 100 L3 x 108 1.3 cm< 170,000
Small artery S0 1.2 x 107 0.5.cm 60,000
Arteriole 60 8 x 10 62 um-0.15 mm 500-1200
Capillaries 30 4 10 4 um 16
Venules 20 2.6 x 10¢ 10 pm 26 -
Veins } 13 2 x 10 2 mm _400— e
Vena cava 10 1.3 x 10! 1.6 cm 21,000z~ e

" By permission from A. C. Burton. Physiology und Bivphysics of the Circulation. chapter 7, Year Book
Medical Publishers, Chicago, 1963.

the Laplace equation

where T is wall tension. P is internal pressure, and r is the radius of the
vessel. This theory is usually applied touniform, thin, isotropic walls in the
absence of longitudinal tension. It is evident that none of the requirements
can be met strictly by blood vessel walls. ’

7.2.2.2. Ligament. Like tendon, ligament is largely composed of col-
lagen, elastin, and ground substances but it contains a much higher propor-
tion of elastin (60—-70 w/o dry). This in turn results in much higher elonga-
tion before fracture and at low strain it can be recovered fully without a
permanent set. This is particularly suitable for maintaining the head of a
grazing animal such as an ox (ligamentum nuchae) because it requires
high extension and retraction without permanent damage to the tissue.

“Cinl 1uUudiithe €lasticity 137 ivund wue up to 30 percent eilngaici. as

shown in Figure 7-14. However, if the collagen is removed from the

" igament by enzyme Or antociaving (1/ wso dry). 1t behaves like an etas-

. 80
ELASTIN ,
g L
- 5 : H ]

CAROTD ARCHOFB 6 4 2 O 2 4 8  ILIAC  SAPHENOUS.
ARTERY ~ AORTA  THORACIC 4 ABDOMINAL  ARTERY  ARTERY

IRNOMNATE AORTA AORTA FEMORAL

. & . DIAPHRAG! A

- SUBCLAVIAN M RTERY
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Figure 7-13. Variation of elastin percent per elastin plus collagen along the major
arterial tree. (Redrawn from R. D. Harkness, “Mechanical Properties of Collagenous
Tissues,” in Treatise on Collagen, ed. B. S. Gould, chapter 8, vol. 2, part A, Academic
Press, New York, 1968, by perm’ssion from the publisher.)

tomer, with up to 100 percent elongation (Fig. 7-14). From this result,
when two components are pulled together in a simple model, as shown in
Figure 7-15, the elastic fibers (elastin) are stretched first, followed by the
much stronger collagen fibers. With a little more imagination the distribu-
tion of fiber length can be envisioned: thus the response can be smoother
than the two-fiber system shown in Figure 7-14. This kind of study relat-
ing the microstructure to the macrobehavior allows a fuller understanding
of the nature of Inieraction between componenis of a connective tissue.
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Figure 7-14. Stress—strain curves of bovine ligamentum nuchqe after elastase_ and
collagenase tredusicie, (iudiiied 1om A. 5. Horiman, L. . Granae, r. Gibson, J. B.
Park, C. H. Daly, and R. Ross, “Preliminary Studies on Mechanochemical—Structure
Relationships in Connective Tissues Using Enzymolysis Techniques,” in Perspectives

of Biomedical £x:, . 2 g, #i. R M. lencui, . 173, U vissity Park Press, Baltimore,

973
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Example 7-3

Ligamentum nuchae is made of elastin and collagen (other elements do not contri-
bute toward its mechanical strength). The relative amounts excluding water are 70
w/o elastin, 25 w/o collagen, and 5 w/o others: they are homogeneously
distributed.

a. Calculate the percent contribution of the elastin toward the total strength as-
suming elastic behavior (use Table 7-6).
b. Compare the result with Figure 7-14.

Answers

a. From equation (7-7),

B PAE,  where P, and P, are loads borne by collagen

Fe = AcE. + A.E, and total tissue.
lﬁc _ e —,u(:_n, : ll}\) AC
P, 07,100 + 0.254, 03 Ay =
S T T
= 0.9989 (99.89% of loads borne by collagen)
- R -;;;g

b. The collagen contributes to the total"load at high strain (>55%), but elastin
contributes a large proportion at lower strains. However, the contribution of
collagen at the low strain may be substantial in actual physiologic function.

7.2.2.3 Lung Walls. The elastic property like ligament is very im-
portant in lung tissue for obvious reasons. Also the surface properties of
the tissue are inevitably related to the total function of the organ. Like
skin, the lung is also exposed directly to the ex vivo environment; thus the
protection against environment is quite important. The human lung has
about 400 million alveoli supported mostly by elastic tissue component

+ ol a> iigameut. fhese membrane walls are bridged by fine collagen

networks with numerous capillaries for efficient gas exchange

STRAIN

Figure 7-15. The structure—property relationship of connective tissues. The elastin is
represented by a spring or an elastic rubber and the collagen by a loosely knitted

fabric.

7-16. As can be seen, the tissue can elongate 100 percent with small force,
thus minimizing expansion energy of the lung. In real physiological condi-
tions the volume-pressure refationship (Fig. 7-17) is more relevant. The
pulmonary pressure changes of the lung can be expressed with a simple
equation,

Ap = AQAV) + B(V) + C(V) (7-9)

A_typical stress—strain_curve_for lnng—»tissue——is"Sh@%——iﬂ——ﬁgﬁf&“""“‘"‘""‘_‘“
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0.10
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Flgure 7-16. Stress— tram behavnor of the alveolar wall of cat’s lung. (Redrawn from

S 3y, C.J. Msrin, A Co NG, -l e S, _J\_,, 3L,

;988 by permission from the American rnysuologncal Society.)
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-~ -where A.-B;-and €-are-constant; ¥ s volume change, v 1s 'velocity, and v
is acceleration of the air flow. For slow respiration the second and third
terms become negligible, thus

Ap = A(AV) (7-10)

which indicates that the pressure change is in proportion to the volume
change, and the constant (A) indicates the stiffness of the wall (Fig. 7-17).

o
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PROBLEMS

7-1. A sample of bone (0.50-cm diameter) broke with a load of 2600 N. Its final diameter
is 0.49 cm.

a. What is its true breaking strength?
b. What is its engineering breaking strength?
c. What is the fracture strain?

Answers
Assuming that volume change is negligible:

5
a. o= S— — = 137.9MPa

7(0.245)* x 107 m*

o 00N 132.5 MP
v TS 025 x 10 m . oMb
b
o 132.5MPa . o
¢ €= F=TleGR. = 13X 107 (or 0.73¢%) #

-

7-2. To test an artery, a bioengineer cut an artery into a 2-mm-wide sample similar to that
of a rubber band. He tested the sample between two rollers in a saline solution of 37°C.

a. From the stress—strain curve determine the modulus of elasticity.
b. Explain some advantages and disadvantages of this type of test over the ccmpletely
cut-out samples.

SALINE
AIR 1
VOLUME /{ //7 ! ol -
YA | a
/ Ble irionls) { Q"'RES)S* — e e
(MPa
_ ; s 04 //

PRE SSURE ’ 02

o]

Figure 7-17. Volume—pressure relationship of excised lung filled with saline and air.

Note the difference in the amount of volume. {Redrawn from G. C. Lee and F. G.
Hoppin, Jr., in Biomechanics, chapter 14, ed. Y. C. Fung, N. Perrone, and M. Anliker,
Prentice- Ha“ Englewood Cliffs, N.J.. 1972, by permission frem the publisher.)

0 20 40 60 80 10C i2C
STRAIN (%)

Engineering stress versus strain of human aorta.
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Answers
a. Einiua = ~————0‘007 ;;[Pa = 0.127MPa
1 — 0MPa
Ewa = 15707 217MPa2

b. The closer the tissue sample is tested to its natural state, the better and easier to interpret
and use the data. Therefore, the rubber-band type of aortic specimen is better for the test.
There is another problem of gripping the sample during testing. The stress concentration
and the viscoelastic nature of the tissues make gripping a major problem. The rubber-band
type of specimen is better for the test although it adds some other problems.

7-3. The bioengineer in problem 7-2 is trying to understand the contribution of smooth
muscle toward mechanical nroperties of the arterv and ite relation with other tissue com-
ponents such as collagan and elastin, The bioengineer chose a stress-relaxation test and
artificial stimulation of the artery by using a drug (norepinephrine). The drug was introduced
into the test chamber and the following figure was obtained:
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0.9-038

1= o8 = 03 (or50%)

b. It takes about 8 min to have a complete activation of the muscle and notice the
continued contraction of the muscle.

c. The aorta can be kept alive for a day by using Krebs—Ringer solution with percolation
of O,—CO, gas.

7-4. In the same test as problem 7-3, the bioengineer used collagenase and repeated the
same experiment. However, the collagenase took time to remove collagen in this test solu-
tion and therefore a control experiment had to be run. as shown in the following figures.
(Assume that the collagenase does not affect the smooth muscle.)

- O?_ e b e e e v e e e e

L221.73 cm (bofora
digeation, 1.40cm)
06t 5% straln

I O Nepl injection Collogenase; I9hr 25mn
l 03520 0 &0 80
o9y / TIME (minutes)
FORCE . ) .
ratio 08} Stress-relaxation test on collagen-digested artery by collagenase.
(/%) '
O7F Lesl.37em
15 % atrain
osl Aftor 2 hr aacrifics
* - Y Le®i.43em .
05~ + . - - . 4 10r ::.:“_lr;':r Incubation
0. 20 40 80 80
. not . PO
TIME (minitag) : ) S
) Dk tminutes! FORCE £\ u[.p. INjOCTiwn
Stress-relaxation test on fresh canine artery. (Courtesy of A. S. Hoffman and J. B. Park.) RATIO O~8f \ DT e
. i - Ny ) N i/
orr \\/
a. Assuming the tissue is kept alive at all times, calculate the contribution of the smooth J; o6t :
muscle toward the total stress at the given strain (in this case 15%). ’
b. How fast is the drug (2 mg/ml of solution) acting on the aorta? . . .
g g/ g 0.5 0 20 40 50 80

c. How can you keep the tissue alive?

Answers
a. Because the stress relaxed to 80¢% and returned to-90% by the stimulation of the muscle,
the net contribution at this strain level is

TIME (minutes)

Stress-relaxation test on the specimen which underwent the same treatment as the
collagenassad one without removal of collagen.
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a. Calculate the contribution of smooth muscle to the mechanical properties in the control rom equaticn (2)
sample. )
b. Why does lesser relaxation occur for the collagenased sample? de, =2 Ei (4)
c. Calculate the percent strain changes before and after collagenase. Does this affect the dr n 7
interpretation of the results? .
d. What conclusion can you reach in this experiment? » Also from equation (1)
Answers .
de _de;  de ()
a. (0.78 — 0.61)/1 — 0.61 = 0.44 (44%) (slight decrease of the muscle tone compared to die — dt T odi
the shorter period of storage from problem 7-3). '
b. Collagen is a viscous substance that relaxes the stress: if this component is removed from 131, (4) — (5)
the aorta, then the stress—relaxation should be minimal. o
c. (L73 — 1.4)/1.4 = 0.24 (or 24%). The length increased by 24% after collagenase treat- de o Eg 1 do
ment. However, since our concern is only with force ratios, this result does not affect @S5y TE@ ‘8
our interpretation. N
d. There is a definite link between the collagen and the smooth muscle in the aortic wall. : /
Since e, = € — €, = € — o/E,
) 3 ' - . : - s R . [,
/-5. The viscoelastic praperties of compnct hone has been deseriLe Ly we o E (E _ i) - ,EL %T 7
using the three-element model shown in the figure. e m n £, 2 dr ¢
]
&
o - -Rearranging (7~ - - - - -
#
do | (B, +E) _ EE__, de ® '
dr ] - 7 S dr
a. Derive differential equations for the system b. Solving the differential equation (8) according.to the testing (boundary) conditions:
b. Solve the equation for € and . :
c. What are the shortcomings of the model? Explain them clearly. \
Answe{zs i“-\ (1) Static testing.
a. Differential equations: !
The total strain (€) and stress (o) can be written, 5’5' are zero
¥ dt’ d
€ =€ + €, T =gy = 0y (1
F\E. — . -
. R ) . X . = g
witere subscrigs |ooos o mnen TEend § Uvvige auvadd wiwn' g and £, and element 2 f n
(a spring, E,). 1 -
Flement | (Voi.;}r mpdah ; " Iherefore_
From pqnannn l"?_ 10)'
7 = L €
de " 7T E TE
CI'l:El(:‘,-F'r]Frl (2) 1’ ! ! -
i
i .
Element 2 . o= FEe¢ 9
€, I do
o = Eye hence &2 - 24O 3 . L T ST
a2 dt E, dt ) Equation (9) represents purely glastic behavior and £y is called state modulus of ciasticity.
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(2) Creep testing. Instantaneoustly stretch the sample and hold the sample with a constant
load (or welgf}t). The instantaneous elastic strain is solely due to the element 2; thus
€ = o/E; and if 'we use this as our initial condition, then equation (8) can be written
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Ati = =, e, = o/E,; thus

o _ 0 _E____E _EtE _ | E_

€ o/E, E, EEMNE, +E) = E, E,

{4) Constant strain rate iest ¢ = K1 or deidi = X (constant). From equation (9),

4

"By 4+ =2
d 7 n
This indicates that the e./e, is dictated by the relative modulus of elements 1 and 2 for
Therefore " a given constant stress and is always greater than 1: i.e., the length increases with time.
(3) Stress relaxation testing. The sample is stretched instantaneously and held at constant
de . E _E +E 10) length while monitoring the stress changes. The instantaneous stress on the body will be
dt n qE. o (10) o, = Es¢, because the viscous element cannot respond immediately. From equation (9)
Thus the homogeneous solution is
do | E, + E, E\E, .
— = =i = =90
de - _E ¢ de - _Ey o - o - € since - (14)
dt 7 €
Timgravng R N e Tl e o s
£ - o = Be~UEi+Evmy (B = constant) (15)
Ine = ~ “—’r - constant
€ = Aeg—Evmt T e ”(li; T T T R partieular solution ds T T - -
for a particular solution; since the sample is held constant, stress and de/dt =~ 0; thus = L e=FEe (16)
equation (11) becomes Ey +.E,
E, E, + E, Combining (15) and (16)
L T L
n nE,
o = E, + Be-‘EvrEvmt
Hence .
. where t = 0, o = o, = E,&: therefore, B = (E, — E,)e and
€ = EL-LE.é -9 (17) .
E.E. " TE, -
?
Combining (11) and (12)
o = Ee = (E, — Ej)ee NEvEnmit (17)
o 3 B . T e
. E. 1 .
SliT L o= —"UiEy, hence oir, = @i, + A therefore I At F‘-‘ :r: cr ="E,€, therefore
. - y ™ T 35
o -2)
tEe . E d gf___ELE__E__v_ElE‘_'/(EII'-LE‘:): E, <1
i o, Ex E E, E +E,
Therefore 3
e=-L _ D.(.l _.__'_)e—«s.m,, a3 The stress always decreases with time (i.e.. stress relaxation).
Es -E.’ Es i
i
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do (E+E, _EE , | = k(14 B0
= o=t KITEQK—E2K(1+ n) (18)

From mathematical tables (Standard Mathematical Tables,
Cleveland, Ohio), (D — a)y = P(x),

fo= o 20 2w
u a a”

where D = didt.y = g, x =1, q = —(E, + E.)m,

14th ed., p. 372, CRC Press,

- P"(.\‘)]

an

P(x) = E.X (1 + & > Py = BEK
n n
Px) =0, P () =0
Therefore
n L. F ] E. F:K]
Te = * o B s R —
T TC A m

Ek
-7
TE + E2<EQK+

_ MEK | EEK:  EEX
E;+E " E +E  (E tE)

=7 §iK+E,Kt—7; E_ g

EEK  EEK )

/] E, +E,
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Atr =0, 0 = 0and

0=C + Ky + EK:

E,*
(Ey + Eu)

Therefore,

E‘,‘J
= o K2
ME + EF

Final solution:

KnE,* KnE,* S )
= EKt + S = U E B
7T (E\+E)  (E, + Ep°
Ky ~UE ~£2m]
=EK E o ERU-e 0 20
nrsinge t = </K
o = ES = (1~ e“‘“El?E!N""("}\.)) 122

If K =0, static testing will have ¢ = E,e; and if K ==, then ¢ = E,e. Since E, > E,, the
model fits the observation that increasing sfrain rate increases the modulus.

¢. Shortcomings of the model

1. This equation describes only one-dimensional behavior.

2. Assumptions are not realistic; i.e., the bone is highly anisotropic and inhomo-
geneous (two or more phases present).

3. It cannot predict the fracturs point.
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L. Zipkin (ed.), Biological Mineralization, J. Wiley and Sons, New York, 1973. . Te implant a material the tissue must be injured first. The ‘ni:red or
s e diseased- tissues should -be removed -t0 some-extent-in—the-process-of -
! implantation. The success of the entire operation depends on the kind and
degree of tissue response to implants during the healing process. The
f tissue response to injury may vary- wic_lely according to the site, species,
contamination, etc. However, the inflammation and the cellular response
to the wound for both intentional and accidental injuries are the same

regardless of the sites.

Cviela

8.1. WOUND HEALING PROCESS

8.1.1. Inflammation

Whenever tissues are injufed 0r destroyed tie adjacent cells respond
to repair them. An immediate response to any injury is the acute inflamma-
tory.reaction. Scon after constriction.of céplllnneﬁ ( qtnppj_g{gbldgd_leakage .
dilatation occurs while there is a greatly increased activity in the endothe-
lial cells lining the capillaries. The capillaries will be covered by adjacent
leukocytes, erythrocytes. and platelets. Concurrently with vasodilatation,
leakage of plasma from capillaries occurs. The leaked fluid combine with
the migrating leukocytes and dead tissues constitute exudate. Once
enough polymorphonuclear cells are accumulated by lysis, the exudate
becomes pus. (Table 8-1 defines types of cells.) It is impor;ant to know
that the pus can sometimes occur in nonbacterial inflammation.

el ik

ikt
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Table 8-1. Definitions of Cells

Cells Description

An immature cell producing collagen (cartilage).
A cell lining the cavities of the heart and the blood and lymph vessels.

Chondroblast
Endothelial cell

Erythrocyte A formed element of blood containing hemoglobin (red blood cells)..
Fibroblast A common fixed cell of connective tissue that elaborates the pre-
cursors of the extracellular fibrous and amorphous components.
Giant cell
Foreign body A large cell derived from a macrophage in the presence of a foreign
giant cell body. ’
Multinucleated A large cell with many nuclei.
giant cell
Granulocyte Any blood cell containing specific granules; included are neutrophils.
basophils, and eosinophils. ]
Leukocyte A colorless blood corpuscle capable of ameboid movement, protects
R Lbody from micrenreanis aod 2rr be one of five types: lymali.
. - cyte, monocyte, neutrophil; cosinophil, and basophil.
Macrophage Large phagocytic mononuclear cell. Free macrophage is an ameboid

phagocyte and present at the site of inflammation.

.. Mesenciayioal cell  Undifferentiated cell with sumilar roles as fibroblasts but often smailer;.... _ -

can develop into new cell types by certain stimuli.

Mononuclear cell Any cell with one nucleus.

Osteoblast An immature bone-producing cell.
Phagocyte Any cell that destroys microorganisms or harmful cells.
Platelet A small circular or oval disk ~3-um diameter found in the blood:

elaborates in coagulation of blood.

At the time of damage to the capillaries the local lymphatics are also
damaged because they are more fragile than the capillaries. However, the
leakage of fluids from capillaries will provide fibrinogen and other formed

elements of the blood clotting system (see Chapter 10) that will quickly
plug the damaged lymphatlcs thus localizing the mﬂammatory reaction.

LA TRSRS TR ARt A — s odiiniad on of capiliaries, leakage of fluicits
the extrav ascular space and plugging of lymphatlcs—-prowde the classic

i pobs Ty . ‘z'\.ducaa, owtﬁm“s, GG hicdi wildch can lead 1o~ 10Cai

3 anuna o

_.8.1.2. Celiular Response to .Repair

v
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debris, lysed granulocytes, formed blood elements, etc., then the site
becomes a severely destructive inflammation resulting in a necrotic
abscess.

If the severely destructive inflammation persists without healing, a
chronic inflammatory process commences within three to five days. This
is marked by the presence of mononuclear cells called macrophages,
which can coalesce to form multinuclear giant cells. The macrophages are
phagocytic and remove foreign materials or bacteria. Sometimes the
mononuclear cells evolve into histiocytes that regenerate collagen. This
regenerated collagen is used to unite a wound or wall off unremovable
foreign materials by encapsulation.

In chronic inflammatory reaction lymphocytes occur as clumps or
foci. These cells are a primary source of the immunogenic agents that
become active if foreign proteins are not removed by the body’s primary

. _defense  An autoimmune reaction is suggested as 2 Fnrmen bodv reaction

to nonproteinous materials such as silica.

Soon after injury the mesenchymal cells evolve into migratory fibro-
blasts that move into the injured site while the necrotic debris, blood clots,
etc., are removed by the granulocytes and macrophages. The inflamma-
tory exudate contains fibrinogen, which is converted into fibrin by en-
zymes released through blood and tissue cells (Chapter 10). The fibrin
scaffolds the injured site. The migrating fibroblasts use the fibrin scaffoid
as a framework onto which the collagen is deposited. New capillaries are
formed following the migration of fibroblasts and the fibrin scaffold is
removed by the fibrinolytic enzymes activated by the endothelial cells.
The endothelial cells together with the fibroblasts liberate collagenase,
which limits the collagen content of the wound.

After two to four weeks of fibroblastic activities the wound under-

" goes remodeiing by decreasing the glyCcOproilein and poiysaccnaridé con-

tent of the scar tissue and lowering the numper of synthesizing fibroblasts.

A new balance of collagen_synthesis_and dissolution is reached and the

pain.

When the tissue injury is extensive or the wound contains either
irritants or bacteria, the inflammation may lead to extensive tissue de-
struction. The tissue destruction is done by the collagenase, which is a
proteolytic enzyme capable of digesting collagen. The collagenase is re-
leased from granulocytes which in turn are lysed by the lower pH at the
site of wound. Local pH can dbe/dropped to below 5.2 at the injured site
from the normal values of 7.4-7.6. If there is no drainage for the necrotic

e

maturation phase of the wound begins. The time required for the wound
healing process varies with various tissues. although the basic steps de-
scribed here can be applied in all connective tissue wound healing pro-

cesses.
The healing of soft tissues. especially the skin wound, has been

studied intensively because it is germane to all surgery. The degree of

healing can be determined by histochemical or physical parameters. A
combined method will give a better understanding of the overall healing

L 4
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- INFLABMMATION I REPAIR
3 | NEUTROPHILS FIBROBLASTS .
QUANTITY 21
(arbitrary unit)

' 4

O -
)

TIME (days)

Flgure 8-1. Soft tissue wound heahng sequence (Modified from R. Ross Sc1 Amer

e prOCESS. Higure §-1 shows a schematic.diagram-of sequeniial everts in -

cellular responses of soft tissues. The wound strength is not proportional
to the amount of collagen deposited in the injured site as shown in Figure
8-2. This indicates that there is a latent period for the collagen molecules
(procollagen is deposited by fibroblasts) to polymerize. It may take
additional time to align the fibers in the direction of stress and cross-link
fibrils to increase the physical strength closer to a normal tissue. This
collagen restructuring process requires more than six months to complete
although the wound strength never reaches the original value. The wound
strength can be affected by many variables, e.g., severe malnutrition, re-
sulting in protein depletion, temperature, other wounds, and oxygen ten-
sion. Other factors such as drugs, hormones, irradiation, and elecmcal

stimulation all affect the normal wound healing process.
Thp hPﬂl]nn nF }\nna Frnnh,re is '°0°'lel'?‘t‘ve "'lthP" ’L"“l 4L~’...
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repair seen in other tissues (except liver). However, the extent of regener-

2 = The sefalarevents following Sreiv v f
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Figure 8-2. Tensile strength and rate of collagen synthesis of rat skin wounds. (Re-
drawn from E. E. Peacock, Jr., and W. Van Winkle, Jr., Surgery and Biology of Wound
Repair, p. 140, W. B. Saunders Co., Philadelphia, 1970, by permission from the publisher.)

1 Trabecula

ationde Emitod in hamanc

are illustrated i Figure 8-3. When a bone 1s fractured, many blood vessels
(including the adjacent soft tissues) hemorrhage and form a blood clot
around the fracture site. As in any wound repair, shortly after fracture the
fibroblasts in the outer layer of periosteum and the osteogenic cells in the
inner layer of periosteum migrate and proliferate toward the injured site.
These cells lay down a fibrous collagen matrix called callus. Osteoblasts
evolved from the osteogenic cells near the bone surface start to calcify the
callus into trabeculae, forming a spongy bone. The osteogenic cells mi-
grating farther away from an established blood supply become chondro-

KW Fibroblasts Chondroblasts phgope ngrr::epaCt
CELLULAR
ACTIVITY
! (arbitrary /
unit) /
o 2 A
- TIME (weeks)
T "rigure 8-3. Sequence of events Toliowing pone fracture. (After L. L. Hencn and £. C.
Ethridge, Advan. Biomed. Eng., 5, 35, 1975, by permission from the publisher.)
1 blasts, which lay down cartilage. Thus after about two to four weeks the
B periosteal callus is made of three parts, as shown in Figure 8-4.
* Simultaneous with the external callus formation a similar repair pro-

cess occurs in the marrow cavity. Because blood is in abundant supply
the cavity turns irto callus ruther fast and becomes fibrous or spongy

bone.
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NEW BONE EXTERNAL FIBROUS &
ADVANCING /CALLUS ~ OSTEOGENIC LAYER

INTO ) o ~ OF PERIOSTEUM
CARTILAGE

INTERNAL CALLUS

CLOT

DEAD BONE

Figure 8-4. Part of a longitudinal section of fractured rib of a rabbit after two weeks, H
& E stain. (Reproduced by permission from A. W. Ham and W. R. Harris, in Biochemis-
try and Physiology of Bone, ed. G. H. Bourne, Academic Press, New York, 1956.)

A new trabeculae develop in the fracture site by appositional growth
and the spongy bone turns mto compact bone. This maturatlon process

B

Some other mterestmg observations have been made on the healing

.and C. {_Brighton,J. Bone Joint Surg.. 43 A, Q% 14

~ Example 8-1
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+3 1
ELECTRIC ]
POTENTIAL ~51
{(mV) {0
-'5.
-20 ]
-28 4
T T T T +—
DISTANCE ALONG THE BONE
Rebbit Tibia
\FRACTURE SITE

Figure 8-5. Skin surface potentials of rabbit limb before and after fracture. Note that
the fractiire site increases electronegative notential. (Recirawn from Z. B. Friedenberg
nermission from the publsner.)

=

The healing process of skin wounds has
been investigated many times since it is \ | ) 7
somewhat related to every type of sur- '\_\ \“J L///
gery. In one study electrical stimulation “

was used to accelerate rabbit skin 3

wound, as shown in the figure. The
mean current flow was 21 pA and the %}

I Experimental
Cathode over incision

f}-—&— Batteries

‘\Anode -subcutaneously

mean current density was 8.4 uA/cm®.
After 7 days, the load to fracture on the

control samples gave 797 g and the (’ Y implanted
stimulated experimental side gave 1224 ‘,‘ o

. cr oy g te e - I ] \ /
g v ooasoavesage . J. Konikodl o . S
Biomed. Eng.. 4. 1(1976)). ¢ rasarr W\

Schem aﬂchagram_,.o.t;jékih;.wn; ind

UL uulle {factures 1n re(ation 1o tne syninesis of polysaccharide and colia-
gen. It is believed that the amount of collagen and polysaccharides is
closely related to the cellular events following fracture. When the amount
of collagen starts to increase, it marks the onset of the remodeling process.
This occurs after about one week. Another interesting observation is the
electric potential (or biopotential) measured in the long bone before and
after fracture, as shown in Figure 8-3. The large electronegativity in the
vicinity of the fracture marks increased cellular activity in the tissues.
Thus there is a maximum negative potential in the epiphysis in normal
bone because this zone is more active (growth plate is in the epiphysis).

L 4

stimulation experiment.

. 1 . .
a. Calculate the percent increase/strength by stimulation.
b. The width of the testing sample was 1.6 cm. Assuming [.8-mm thickness of
skin. calculate the tensile stress for both control and experimental sampie.

¢. Compared with the strength of normal skin (about 8 MPa). what percentages of

the control and experimental skin wound strengths were recovered?
d. Compare the results of 1) with the result of Figure 8-2.
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Answers
1224 ~ 797
a. Ty = 0.536 (53.6%)
797 x 107% x 9.8N
. t = = (.2
b Stress 18 % 16 X 10° m? 0.27 MPa
) -3
Stress = 1,224 x 107 x 9.8N = 0.42 MPa

1.8 X 16 x 1078 m?*

2 2
0'8-7 0.034 (or 3.4%), 042 . .29%)

d. About the same recovery.

I

C.

8.2. BODY RESPONSE TO IMPLANTS

—eneeer . I'he body sTesponse 1o impiants varies widely.accordingtathe host site

and species, the degree of trauma during implantation, and all the vari-
ables associated with normal wound healing. On the other hand, the

- chemicat-compositionand micro—and macrostructure of the implanitsin:

duce different body response. Body response has been studied in two
different areas: local (cellular) and systemic, although a single implant
should be tested for both aspects. In practice such studies are not done
simultaneously except in a few cases such as bone cement.

8.2.1. Cellular Response to Implants

Generally the body reacts to the foreign materials to get rid of them.
The foreign material could be extruded from the body if it can be moved
or walled off if it cannot be moved. If the material is particulate or fluid,

then it will be ingested by the giant cells (macrophages) and removed.

where the implant is added as an additional factor. A typical tissue re-

~apunst s e polymcipucnuciear leukocy tes dpped LiEar (iE implant

smvpeasne-are related to the healing procoss o inc wound
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Table 8-2. Properties of Various Suture Materials in Vivo®

Wound
tensile Suture tensile
Material strength strength Tissue reaction
Absorbable
Plain catgut [mpaired Zero by 3-6 days Very severe
Chromic catgut Impaired Variable Moderate (much less severe
than plain catgut, but
more than nonabsorbable
materials)
Nonabsorbable
Silk No effect Well maintained Slight
Nylon multi- No.effect Very low at 6 Moderately severe and
filament months prolonged
Nylon mono- No effect Well maintained Slight
“}&‘T‘ent B T I TRy S - 1. e
Polyethylene No effect™ "~ Well mairtained = Very Stight ™™
terephthalate ) ) .
PTFE (Teflon®) No effect Well maintained Almost S

@ After J. K. Newcombe, ~~Wound Healing," in Scientific Basis of Surgery, 2nd edition, ed. W. T. Irvin,
p. 371, J & A Churchill, London. 1972, by permission from the publisher.

-

It is generally very difficult to assess tissue responses to various
implants because of wide variations in experimental protocols. Table 8-2
describes the tissue reactions for various suture materials.

The degree of tissue response varies according to both the physical
and chemical nature of the implants. Pure metals evoke a severe tissue
reaction, which may be related to the high-energy state or large free
energy of pure metals that tend to lower their free energy by oxidation or
corrosion. In fact. the low tissue reaction exhibited by titanium and alu-
minum results from theé (EHacious UAlue dy er, WiliCil fesiSs iarther diffu-

sion of metal ions and gas (O,) at the interface. I'n“ facyf th_is _qg:ic%q layer o
_makes_such _metals ceramiciike _materials, _Which -are_very inert.

followed by the macrophages called foreign body giant cells. However, if
the implant is chemically and physically inert to the tissue then the foreign
body giant cells may not form. Instead, only a thin layer of collagenous
tissue encapsulates the implant. If the implant is either a chemical or a
physical irritant to the surrounding tissue then the inflammation occurs in
the implant site. The inflammation (both acute and chronic) will delay the
normal healing process, resulting in granular tissues. Some implants may
cause necrosis of tissues by chemical, mechanical, and thermal trauma.

Corrosion-resistant metal alloys such as cobalt-chromium and 316L stain-
less steel have similar effect on the tissue. .

Most ceramic materials investigated for their tissue compatibility are
such oxides as Ti0.. Al.O;, ZrO,, and BaTiO; and multiphase ceramics of
Ca0-AlLO,, CaO-Zr0,. and CaO-TiO.. These materials showed minimal
tissue reactions with only a thin layer of encapsulation. as shown in Figure
8-6. Similar reactions were seen for carbon implant.

Some glasses te.g.. 45 wio Si0,, 24.5 wio Ca,0, 24.5 wio CaO, and
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" BARIUM TITANATE
IMPLANT SITE

Figure 8-6. .Optical micrograph of soft connective tissue adjacent to the BaTiO, im-
plants} after 20 weeks. [H & E stain, arrow (1) indicates encapsulation of dense col-
lagenous tissue, 400x.] (Courtesy of G. H. Kenner and J. B. Park.)

6.0 w/o P,Os) show a direct bonding between implant and bone by dissolu-
tion of the silica-rich gel film at the interface, as shown in Figure 8-7.

The polymers as such are quite inert in tissue if there are no additives
such as antioxidant, fillers, antidiscoloring agents, or plasticizers. On the
other hand, the monomers can evoke an adverse tissue reaction because
they are reactive. Thus the degree of polymerization is somewhat related
to the tissue reaction. Since a 100% polymerization is almost impossible
L Loiue VL Ti€ie 18 ardnge of different-size polymer molecules that can be
eached out of the polymer_:‘."[h_iﬁ‘ leads to the fact that the particulate form

+

TISSUE RESPONSE TO IMPLANTS

(C) a;d bone (B8). The arrows indicate region of gel b

|

cefamic

i

¢ 3iomed.: Viater. Res. Symp., No. 5, 48, 1974, courtesy of’

0L very inert polymeric materials can.cause-severe-tissue-reaction—This-is

amply demonstrated by polytetrafluoroethylene (Teflon®), which is quite
inert in such bulk form as rods or woven fabric but very reactive in tissue
when made into powder form. A schematic summary of tissue responses
to implants is given in Figure 8-8.

There has been some concern about the possibility of tumor forma-
tion resulting from the wide range of materials used in implantation. Al-
though many implant materials are carcinogenic in rats, there is no doc-
umented case of human tumors directly related to implants. [t may be too

Figure 8-7. Electron micrdg. aph oi the interface between 4555 bioglass—

, undecailcified. (1:,000:: ). (From L. L. Hench and H. A. Paschall

formation
J. Wiley and Sons, New York.)
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$122 223 .z. :
| IMPLANT: TISSUE | " zg| | S°nFes veEv
MINIMAL RESPONSE £ SEl 4| Lz 2.2 ;
Thin Layer of Fibrous Tissue = e | z22333 2= 5
Silicone rubber, polyoiefins, PTFE (Teflon), ) =
PMMA, most ceramics, Ti & Co~Cr alloys 3 5
CHEMICALLY INDUCED RESPONSE PHYSICALLY INDUCED RESPONSE ;‘3 E s oo - g
Acute, Mild Inflammatory Response Inflammatory Response to Particulates - =14 S 3m =
Absarbable sutures, Some thermo- PTFE, PMMA, nylon, metals o] E] g = §
setting resins : 5 = P
Chronic, Severe Inflammatory Response Tissue Growth into Porous Materials ':;'; H = ? - § 2
Degradable materials, thermoplastics Polymers, ceramics, metals N ° |l 232 3 MR ;E;
with toxic additives, corrosion metal 2l & - &
particles £ | s 5 Y
NECROTIC RESPONSE - < » 3 o
Layer of Necrotic Debris 3| = 2| =38 g g
Bone cement, surgical adhesives & “ T dad ) R
o > I . . el
Figure 22 e carnsaz; of tissue response 1o wiipiants. (Viodified from D, F. . 3 ;;3 I
Williams ana R. Roai, Implants in Surgery, p. 233, W. B. Saunders Co., London, 1973, . e | = H ¥ - <
by permission from the publisher.) ’ o | &7 e | 255§ & g
s 5] 5s Z 3
premature to pass the final judgment because the latent time for human @ §§ ]| 5 e a = s
tumor formation may be longer than 20 to 30 years. However, the number S| 2% 2| 2522859 220 3
of implants placed in the body with no report of direct evidence yet tends S| g3 Z conERs £ N
to support the observation that the carcinogenesis is species-specific and 2 = = 2 s 3 = a:"
that no tumors will be formed in humans by implants. ol ® H 2255 * 22| =
21 & === 3 R
@ E £ o
8.2.2. Systemic Effects by Implants EE . I .| E
= > 223352~ 3| 5
The systemic effect by implants is well documented in hip joint re- 2 | F| d8nZ3E n3%azE 3z
placement surgery. The polymethylmethacrylate bone cement applied in B E <] E‘
the femoral shaft in dough state lowers blood pressure significantly. There ?_ s | =3 )
is concern about the systemic effect of such biodegradable implants as ° R TR —
-absorbable cutizos and surgical adhesives-anz o large Haiver Ur wear” T 5 T e
and corrosion particles released by metallic implants (Section 4.3). The o R S - T
Antter oot litioe ity lmporiant in view Of e 1act (nar_the period of € = c 2
implant is1onger when they are used in younger people. . ] 23 .% N
Table 8-3 indicates that various organs have different affinities for S £z < | = s a3
different metallic elements. This result also indicates that the corrosion. o N B -3 B =8
resistant metal alloys are not completely structurally stable and some 1 © ‘ i <5
elements are released into the body. This causes another concern that the s‘, % ' e
elevated ion levels in various organs may interfere with normal physiologic s E % - 5 ;3
activities. The divalent metal jons may also inhibit various enzyme H iz 22
activities. - i °e
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. As mentioned before, the polymeric materials contain additives that
cause cellular as well as systemic reactions to a greater degree than the
polymer itself.

Even a well-accepted polymer dimethylsiloxane (Silastic®, Dow
Corning Co.) contains a filler, silica powder, to increase the mechanical
strength. Although the silica power itself is reactive when implanted in
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measurement is not a suitable method. Generally, the thinner the encapsulation of the
implant. the better. .

8-3. Calculate the average concentration of metals when Vitallium® is implanted (Table 8-2)
in surrounding muscle and kidney at 6 and 16 weeks. Normalize the averages according to
their weight percentage in the alloy.

movement during implantation, not on its intrinsic properties. Therefure, the thickness

ton Press, Seattle, 1971.) TIME , POSTIMPLANTATION (min)

concentrated area, there seems no. problem with this additive. However, Answer
it is not certain whether there will be a late complication if a large amount
of the silica is released into the tissue and retained in various organs. Muscle Kidney
Example 8-2 6 weeks 16 weeks 6 weeks 16 weeks
A ?10degradgb1e suture will have a strfmgth one-tenth of the original after.3 weeks Ele- Aver- Normal  Aver- Normal-  Aver Normal-  Aver-  Normal.
of implantation. The strength of the implanted suture decreases af:cordlng to ment  age ized age ized age ized age ized
- T Co 30 43.5 7.5 2 35 56.5
where o, = 10 MPa, b = -2 MPa/week, and ¢ = time in week. Determine how Ni 28 1842 7.5 493 13.3 875 g;
long it was implante” - Mo 33 .. .70 . 5.7 670 233 492 ¥
| Y Fe 43 7049 267 43,770 90 14.754 4
Answer \
= +blnt 8-4. Explain why metals are generally less biocompatible than ceramics or polymers. What
77 ga ! can you do to improve this disadvantage of metals as implant material?
In¢ = i— Answer J ke th . ithti h amics
: 4 The higher-energy state of metals tends to make them more reactive with tissue than ceramics.
I = exp (4.5) = 42.65 weeks (or 297 days) which are already oxidized, and polymers, which have giant moiecules (chains).
8-5. The -temperature changes resulting from the heat ot polymerization of bone cement
PROBLEMS (polymethylmethacrylate-polystyrene copolymer powder plus methylmethac.rylate
monomer liquid) was monitored at the interface between bone and cement (placed in the
. . . i -mm-di lug), as shown in the following figure.
8-1. Some materials do not normally induce tissue reaction as a bulk. However, when ] canine femur as a 9-mm-diameter plug). a . g
implanted in powder form. they become nonbiocompatible. Explain why. ;
4
The increased surface area when made into powder form increases the surface energy a great ; e e e e : ~"
e o Azalmtebich the fnone ot to e eceran . This will sha ply mat iiciar UCTivilesand T Ty B
———————the-body-tries-te-reject-individuat particles; 801
. IMPLANT ;
8-2. Sometimes the degree of tissue reaction toward an implant is represented by the : Temperature rise at the cement—  Tpyn.. i
thickness of the collagenous fibrous capsule (e.g., Figure 8-6). State what fallacy these b bone interface In canine femur. 40
experimental results may have for deciding biocompatibility. Do you think the thicker the i The cementwasmixed outsidethe ) —
capsulation the better or worse as an implant? i body for 2 minutes before inser- 20
tion. (Redrawn from C. A. Homsy,
f‘/lf“'t’l_‘ in Biomaterials, ed. A. L. Bement, o : p
The thickness of the collagenous tissue depends largely on the weight of the implant and its Jr., p. 138, University of Washing- Y 2 4
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a. What will happen to the adjacent tissues by the heat generated by the polymerization?

b. Would the temperature rise or decrease by putting a metal cylinder in the middle similar
to the situation of femoral hip replacement?

c. What problems will rise if the cement shrinks when it reaches ambient temperature?

Answers

a. Because the maximum temperature reached is well over 55°C, the temperature at which
proteins will begin to denature, the adjacent tissues will be damaged.

b. The temperature will decrease because the metal acts as a heat sink.

c. A gap will be developed between the bone and the cement (see Example 12-1).

FURTHER READING

C. O. Bechtol, A. B. Ferguson, and P. G. Laing, Metals and Engineering in Bone and Joint
Surgery, Balliere, Tindall, and Cox, Londo: , 1959,

G. H. Bourne (ed.), The Biochemistry and Physiology of Bone, vol. 111, chapter 10, 2nd
edition  Academir Dress, New York, 197: e : A

-1 Charnley. Acrylic Cement in Orthopaedic-Surgery, “Churchill Livingstone, Ed‘iil'_burgh,_

1970. .

T. Gillman. **On Some Aspects of Collagen Tormation in I ocalized Repsir and in Tidne
Firvue Keactions to Injury.” in Trearise on-Collagen, -d: B.S.~Gould; vol.~2B

ne

>

chapter 4, Academic Press, New York, 1968.

L. L. Hench and E. C. Ethridge, **Biomaterials—The Interfacial Problem,”” Adv. Biomed.
Eng., 5, 35, 1975. .

S. F. Hulbert, S. N. Levine, and D. D. Movyle, Prosthesis and Tissue: The Interface Prob-

" lem, J. Wiley and Sons, New York, 1974,

S. N. Levine (ed.), ‘‘Materials in Biomedical Engineering,” Ann. N.Y. Acad. Sci., 146,
1968. i

H. I. Maibach and D. T. Rovee (eds.), Epidermal Wound Healing, Year Book Medical
Publishers, Chicago, 1972. .

E. E. Peacock, Jr., and W. Van Winkle, Jr., Surgery and Biology of Wound Repuir, chapters
1,5,6,and 11, W. B. Saunders Co., Philadelphia, 1970.

R. Ross, “Wound Healing,” Sci. Am., 220, 40, 1969.

CHAPTER 9

SOFT TISSUE
REPLACEMENT I:
SUTURES. SKIN. AND

MAXILLOFACIAL iMPLANTS

The success of soft tissue implants has primarily been due to the
development of synthetic polymers. This is mainly because the polymers
can be tailored to match the physical and chemical properties of soft
tissues. Polymers can be made into various physical forms such as liquid
for filling spaces, fibers for suture materials, films for catheter balloon;,
knitted fabrics for blood vessel prostheses, and solid forms for cosmetic
and weight-bearing applications. '
Obviously, different applications demand different material proper-
ties. The following list outlines minimal requirements for all soft tissue

replacements o 4
1. The implants should closely approximate _p‘nysic_al properties, es-
pecially iu fealbiiiily and texiure.

2. The implants should not deteriorate.

3. The implants should not cause severe tissue reaction. Although
some say that a minor tissue reaction may be beneficial for faster
wound healing as in the case of nylon sutures, it. is generally ac-
cepted that minimum tissue reaction is most desirable. '

4. The implants should not induce fibrous tissue encap.sqlanon or
ingrowth. Such ingrowth causes the loss of the oggnnaﬂy 11n-
tended funciion of the implant by the collagenous tissues. The

147
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marble breast of the early mammary implant was a result of this
effect. An exception to this rule is the blood vessel prosthesis,
where success depends on the formation of a pseudoendothelial
layer to prevent blood clotting or emboli formation.

. The implants should be noncarcinogenic, nonallergic, and
ponimmunogenic.

Other important factors are sterilizability, feasibility of mass produc-
tion, cost, fatigue life, aesthetic quality, etc. This chapter deals mainly
with some biomaterials used for soft tissue replacements such as sutures,
artificial skins, and percutaneous devices.

9.1. SUTURES, SURGICAL TAPES, AND ADHESIVES

-~ «...Tha-mest commeon implants are-the sutures. In recent years surgical

tapes and tissue adhesives have added to the surgeon’s armamentarium.”
limited for some surgicz! proce- .

Although their use in cctial surs
dures, they are indispensable.

9.1.1. Sutures

The types of sutures are classified by their physical integrity, i.e.,
absorbable and nonabsorbable. They may be distinguished according to
their source of raw materials, i.e., natural sutures (catgut, silk, and cot-
ton) and synthetic sutures (nylon, polyethylene, polypropylene, and stain-
less steel). Sutures may also be classified by their physical forms, i.e.,
monofilament and multifilament.

An absorbable suture, catgut, is made of collagen and derived from
sheep intestinal submucosa. It is usually treated with a chromic salt to

--increase its strength and retard resorption by cross-linking. Such -treat-
TIHEHTUAWAUS T € Gima Tdigu. Stdre from 3-7 days up to 2040 Tays”
Table 9-1 gives some of the original strength of catgut sutures according to
their sizés. - ) : ‘ -

[P NP
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Table 9-1. Minimum Breaking Loads for
British-Made Catgut"

Diameter (mm) Minimum breaking load (lb)

Size Minimum Maximum Straight pull Over knot

710 0.025 0.064 0.25 0.125

6/0 0.064 0.113 0.5 025~

5/0 0.113 0.179 1 0.5 -

4/0 0.179 0.241 2 i

3/0 0.241 0.318 3 1.5 -

2/0 0.318 0.406 5 2.5 -~
0 0.406 0.495 7 3.5 o
1 0.495 0.584 10 3 _

2 0.584 0.673 13 65 T
2 0 £ 0.762 s R

4 0.762 0.864 w20 v s - 10

5 0.864 0.978 5. ~ 12.5 <,

6 0.978 1.105 30 15 )

o 0,105 . A2 s s

e L. A. G. Rutter, "*Natural Materials.” in Modern Trend in Surgical Materials,
ed. L. Gills, p. 208, Butterworths, London. 1938, by permission of the

publisher.

-

sorbed. This is true with other natural nonabsorbable sutures like silk and
cotton, which showed higher reaction than such synthetic sutures as
polyester, nylon, or polyacrylonitrile, as shown in Figure 9-1. As in the
wound healing process discussed in Chapter 8, the cellular response is
most active one day after suturing and subsides in about a week.

If the suture is contaminated even slightly, the incidence of infection
increases manyfold. The most significant factor of infection is the chemi-.

Dy S VO SRV S (P SN UDSPAPR | e e o Tt g ey i
T SUECre) LI eUIUEUIC Cuilguralioir STTAHITO RAYL IS GuGdnie o

infection. Polypropylene, nylon. and PGA sutures develop least infection
Colupdared w_ulD€r suture maieriais, suci as> SLEIAESS sicel, praln and

It is interesting to note that the surgical knot decreases the suture
strength of catgut by half, no matter what kind of knotting technique is
used, because of stress concentration. It is suggested that the most effec-
tive knotting is the square knot with three ties to prevent loosening.
Whether it is tied loosely or tightly makes no measurable difference in the
rate of wound healing, according to one study.

The catguts and other absorbable sutures (polyglycolic acid, PGA)

invoke tissue reactions, although the effect diminishes as they are ab-

L g Iiie 22 .

T A

chromic gut, and polyester sutures.

9.1.2. Surgical Tapes

Surgical tapes are supposed to offer a means of avoiding pressure ne-
crosis, scar tissue formation, problems of stitch abscesses. and weakened
tissues. The problems with surgical tapes are similar to those experienced
with Band-Aids. i.e.. (1) misalignmeint of wound edges. (2) poor adhesion
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Figure 8-1. Cellular response to suture materials. (Redrawn from R. W. Postlethwait,
J. F S-haube, M. L. Dillon, and J. Moraan, Surg., Gvnecol. Obstet., 108, ERR, 1958,

- e couriesy of The Franklin H. Martin-Memorial Foundat;on} R Ee

due to moist or dirty wound, and (3) separation of tapes when hematoma,
wound drainage, etc., occur.

The wound strength and scar formation in the skin may depend on the
types of incision made. If the subcutaneous muscles in the fatty tissue are
cut and the overlying skin closed with tape, then the muscle retracts,
which in turn increases the scar area, resulting in a poor cosmetic appear-
ance compared to the suture closure. However, because of the greater
scar tissue strength, the taped wound strength is higher than the sutured
wounds if only the muscles are cut. Because of this, tapes have not
enjoyed the success anticipated when they were first marketed.

Tapes have been used successfully for assemblmg scraps of donor

~ skuu tor skin graft, connecting nerve tissues for neural regrowth, etc.

e iy e ey e e e B
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Figure 9-2. Bond suength of wounds with different closiire materials. (Adapted from
S. Houston, J. W. Hodge, Jr., D. K. Ousterhout and F. Leonard, J. Biomed. Mater. Res.,
3, 281, 1969.}

ing between amine, carboxylic acid, and hydroxyl groups of tissues and
such functional groups as

-

é é~—IC,,P<€NO’ NCO
\N/

|

H

Rl
\

_ There are several adhesives available, of which alkyl-a- cyanoacrylate
is best known. Among the homologs of alkyl -a-Cyanoacrylate, the methyl-
and ethyl-2-cvanoacrylate are most nromising. With some plasticizers _ . _ ...
and fillers in them the» are commerc1a1y known as Eastman 910 and

Alpha S:2, raspentively. Figure 9:2 shows that.the bond strength of adhe - oo e

—sivestr eated-wounds is-about-half that of the-sutured-wound after 10-days———————

The special environment of tissues and their regenerative capacity
make the development of an ideal adhesive difficult. The ideal tissue
adhesive should be able to wet and bond to the tissue, be capable of rapid
polymerization without excessive heat or toxic products, and be resorba-
ble as the wound heals without interfering with normal healing processes.

The main strength of tissue adhesion comes from the covalent bond-

Because of the lower strength and lesser predictability of in vivo perfor-
mance of adhesives, the application is limited to fragile tissues after
trauma, such as spleen, liver, and kidney. The topical use of the adhesives
in plastic surgery and fractured teeth has been moderately successful. As
with any other adhesives. the end results of the bond depend on many
variables, such as thickness. porosity. and flexibility of the adhesive film,
and rate of degradation.
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Example 9-1

When a skin is cut in the cranial-caudal direction in the left side back of a dog after
clean shaving, it opened a 2-mm gap between 1-cm cut edges. When the contralat-
eral site was cut at 90° to the first cut, it made a 4-mm gap. Assuming the right and
left sides are equivalent in properties, determine the following:

a. In which direction would you prefer to cut for surgery?
b. In which direction is the internal stress greater?
¢. Once sutured, which incision will heal faster?

Answers

a. 2-mm gap direction, i.e., cranial-caudal.
b. Perpendicular to the cranial-caudal direction.
¢. 2-mm gap direction.

SESIR—- 2

The need for percutaneous implants has been accelerated with the
advent of artificial kidneys and hearts and the prolonged injection of drugs
and nutrients. Artificial skin is also badly needed to protect the body
temporarily after severe burns.

9.2.1. Percutaneous Devices

The problem of obtaining a functional and a viable interface between
the tissue (skin) and an implant (percutaneous device) results primarily
from several factors.

dosA o boan initial attachaient of the tissue into the intezatizes.nf

3 e e T

implant surface occurs, it cannot be maintained for a long time

PP VOIS NS DIPTSR L PRI SRR RTS DI SR e A Rt P TS TS 2
~CTOCQUIU TS LISOUL UL CODUMIUGULLY Wl OVEL; aNG GO W I gITTE s
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pressure, blopd flow rate), energy (electricg] stimulati
power for assist devices), and matter (cannula for blood ron,
b. Transmission of load (attachment of a prosthesis) o0
2. Engineering factors .

a. Materials selection: polymers, ceramics

: : , . meta] ~

sites S, and compo-
b. Design variation: button, tube wi i

: , ith and without g
surface, etc. skirt, porous

3. Biological factors
a. Implant host: man, dog, hog, rabbit, sheep. etc
b. Implant location: abdominal, dorsal, forearm, e.tc
4. Human factors .
a. Postsurgical care
b. Implantation technique

Selecren studies performed during a tittesn-year. period llustrate th
7 ate the

- difficulty of achieving the delicate balance of seating the interface while

checkira the tissue growth after initial ~ontinuous attachmen: T
. o N W fney 77

-outlined in-Table 9-2. - =+ - -« oo B—————

As the table indicates, interstices for tissue INgrowth have be“’
= en

- provided in almost all percutaneous devices. They provide a more viabl
iable

connection. With few exceptions, silicone adhesives have be i
'f0.r .attaching velours or felts onto the surface of the deviceg ex;;nhzed
initial interface is formed, however, the epithelial layer cells ¢ ater the
“doﬂwm_rvard” until they contact each other. This is nature’s way of
tejctmg itself by exteriorizing the hostile outside world. The exac}; ° pgo~
nism of this contact inhibition. in which cells proliferate untj] T
lish a contact, is not known. ! they estab-

end to grow

evices

Table 9-2. Summary of Past Studies on Perc&taneous D

- R

End use or purpose [mplant: host. location.

T Alia wlorgii Toaurativa 7T TR e e e

epithelium around the implant occurs.

Any openings large enough for bacteria to penetrate will result in
infection, even though there was an initial complete sealing of the
interface between skin and implant.

|38

Many variables and factors are involved in the development of per-
cutaneous devices. These are:

1. End-use factors
a. Transmission of information (biopotentials. temperature,

l\.eﬂi;il“l\a - e e

Transmission of Dog. guinea pig, sheep Good surgica] technique using

information Primate: dorsal posterior healthy. conditioneq arasite- -

(endogenous midline between scapulae: free. and We“‘“‘)uris.hzd aSl‘ni- s
. anima

heat). 2 weeks—9 months. was stressed. Claimed a5 a well

tolerated. simple device for

chronic implantation, (K. A

3 Dacran feit V"‘Sk‘f 2nd R. 0. Rawson, Trans.

pa Silastic cast AmoSec Artif Ing Oroans. 13
143, 1967.) .

teontinued)
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Table 8-2. (continued)

CHAPTER 8

End use or purpose
and design

Implant: host, location,
duration

Remarks

Transmission of
energy and
control signals for
an artificial heart
or heart-assist
device

- “Transmission of -
energy

Calves; abdomen; 12-162
days

) patch with
Dacron feit
w3 Sllostic tuba

Dog, midline of the back--
between the superior

angles of the two scopulag;. ...

v
cobla

Transmission of
energy and
information

p
leads \U

/h

average 33 days

— Teflon
valour tabric (Docron)
=l | P2 win
B}

drill hokes

Human, upper arm; 2 and 3
months

electric

2 early modal
connector {vitrsous
carbon)

vifnoos corbon, Au, T,
stainless stecl, ate.

Two-stage operation; first the pros-

~The lining of the percutaneous por=...... . . .4 .

Carbon and titanium; slight inflam-

T -
BRI AL 2 VEDRREN

thesis was placed under the skin
with the lead extending to the
body area to be serviced, second
stage the skin was punctured and
the tube was withdrawn to pro-
vide the passage through skin.
New design was proposed to
check infection. (A. Rogers and
L. B. Morris, Trans. Am. Soc.
Artif. Int. Organs, 13, 146, 1967.)

- Ce e amr e e mases

tion of the device with velour is
‘essential 10 seai and prevedi
downgrowth of epnhe]xa] lining,
resulting in a potentially infectible
dead space. After 6 weeks the
ceramic button infected and no
tissue adhered to the surface.
(J. Miller and C. E. Brooks, Bio-
med. Mater. Res. Symp., No. 2
251, 1975.)

matory reaction, moderate epi-
dermal downgrowth, stainless
steel and gold; moderate to pro-
nounced inflammatory reaction.
Electrical impedance was fairly
&' immlants

(R. Kadefors, J. B. Reswick, and
R Martin, Ann. RBiomed.
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(continued)

End use or purpose Implant: host, location,

Remarks

and design duration

mqnmc or pin

connactor.
o>
~-pyrolytic

D (‘pl’rcol;cnk 4 poly= corbon
yrana
S#oatic™  ghagtie, corbon)

Percutaneous seal: 1, 3, 6 months
no definite pur-

pose was placed

Dog, dorsal:

. ... Bicinisss steal wire
Watiks X . C e s

! l«— - z:zm:a or selld high d«why

Q‘%’? polysthylens

ultra HOPE » - porous HCPE -

Percutaneous seal.
intended to be
used as a per-
cutaneous lead
system

Dog. upper third of the
fourth intercostal space,
up to 365 days

cartwheel,
59 /Tailon washar

Sllanllc

Lmrevhoruclc
Silaatic tube

Nonthrombogenic ~ Dog. goal, pig: dorsum up to

improvement was noticed since
the load was not transferred
through the implant. [V. Mooney
and A. M. Roth, Biomater. Med.
Devices Artif. Organs, 4(2). 171.
1976.]

Porous high-density polyethylene is
a good candidate for the percu-
taneous device. No difference in
the acceptance by the host

_whether the neck portion is
norous or solid. Porous neck

teria. (W. E. Glazener. Evalua-
tion of Porous Polvethviene as u

.- tends to. act as wick to trap bac~ e e o e

—medicad Muteria! Rescarch, &

Percutaneous Seal, M.S. thesis,
Clemson University, 1975.)

Original idea of anchoring conduit
to the ribs to provide mechanical
stability was to be compromised
due to the extent of periosteal
bone formation. Extrusion of the
Teflon conduit was caused by its
rigidity, friction with the tissues.
and infection. Fibroblastic ac-
tivity was evident in most of tis-
sues in contact with Teflon or
Silastic. (S. Al-Nakeeb, P. T.

. Pearson, and N. R. Cholvin Bio-

245, 1972.)

Basal cell migration to the surface

[ ——

E:zg,, 2,274, 1974 cannuia 24 months hringing the velour with it_No
] . " flt eour non-woven tissue reaction w1tl} c.arbon
i Transmission of Human, leg, back: 3-6 Four-millimeter downgrowth qf the e B O ot buttfm but marsupialized. be-
energy and infor- months. 34 months longest skin leve! was a successful im- Silastic tube ;?mm::fgwm . coming .explants. Growth in
plant. Failure was preceded by - peptide} human is slower: hence the

mation in con-
junction with
attachment of
prosthesis through
skin

retardation of skin from around
the neck of implant. Absence of
inflammatory reaction. down-
growth of epithelium but good
apposition of skin against the
neck portion. Magnetic con-
nector was used later and some

A “&/ "~ pyrolytic carban
with or without Dacron velour

velour cannula is better than
smooth surface. especially
slightly reactive Dacron or nylon
vetour. (C. W. Hall, L. M
Adams, and J. J. Ghidoni. Trans.
Am. Soc. Artif. Int. Organs, 21,
281, 1975.)

tcontinued)
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Tabie 9-2. (continued)
End use or purpose Implant: host, Ioc;tion,
and design duration Remarks
Cannula Sheep: neck, back; 28 days No significant difference between

Dvlscron M!} valour™_silastic tubes

ey z

Cannula (blood Dog: neck: 20-360 days

access device)

o ,/ i ,‘)IH;;':‘ wiis Zeuiing)
T e arterkal prosthests
= {Dacran)
Cannula Dog: abdominal, subcu-
taneous

Rabbit: transcutaneous: 2. 4,
6, 27, and 40 weeks

Man: peritoneal dialysis
patients; 218 weeks

astle cop ocron cutts
Sitastic cathater

Cannula (grafted Dog: renal artery sub-

blood access cutaneous, extracutaneous,

device) detachable
: * Sheep: neck extracutaneous:
16.8 days average

short and long cuff as an infection
barrier. (J. Knight. S. J. Bovd.
W. H. Van Paasschen. J. J. Cole.
and B. H. Scribner, J. Surg.
Res., 15. 30, 1973.)

Infection was observed once the

device is pulled through skin.
especially on the folding spot of
the neck when the head

is lowered. (T. McEvoy,

K. WHnen. K. rorsron. r. or-
man, and B. Monson, Trans.
Am. Soc. Artif. Int. Organs, 21,
L 3)

Ivalon sponge calcified after 27 and

70 weeks of subcutaneous im-
plant. The transcutaneous im-
plant with Dacron cuff showed
slight inflammatory reaction but
after 5 weeks downgrowth of
epithelium was evident. (G. E.
Striker and H. A. M. Tenckhoff.
Surgerv, 69, 70, 1971.)

No observation was made about the
tissue and cannula interface be-
cause the investigators are only

Tiicieolod i wit AEYEIOPIC UL
nonthrombogenic device.
TR e :

Contrac. Conf., Art. Kid-
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Table 9-2. (continued)

End use or purpose Implant: host. location,
and design duration Remarks
7%~ Dacron valour (C. A. Hufnagel. M. N. Gomes,
(é@m‘ —Hepacona and D. Ozdemir. Proc. 6th Ann.
Contrac. Conf.. Art. Kid-
ney-Chronic Uremia Prog.,
NIAMDD. Washington, D.C..
1973.)
Cannula Rabbit: dorsal Aank: 6-119 Ingrowth of tissue into clipped

days velour produced a strong bond
which will not permit the epi-

w‘ngaullnq percutaneous button dermis to slide outward as i[ iS

e . st AL, L cptdermad

pottion oi the button should be
smooth. Ingrowth into looped
veli .7+~ open-mesk Dacron

opan weave
skirt sificons rubber
cannuks

T TR < weees = oo oskirt-materials-produces a stromg—————— -

bond. which fails by the plastic
filaments cutting through the tis-

sue: thus thicker and soft-coated .

- separators of the ingrowth open-
ings are desirable. The modulus
of even the “soft"" Silastic button
is still too high to match thar of
skin. (F. W. Cooke et al., Final
Report, NIAMDD, Contract No.
NIH-69-83. Washington. D.C..
1971.)

9.2.2. Artificial 547

ifici Irim ic nnnthae avamala <L . e
Artificial slin foaoather svampls of o0 L Lshats and has

T - -
simitar problems.-Most needed for this application is 4 material that can

-~ rubbar coated bovine
maesentric artery

Cannula Man: arm; 5 weeks—17
months

ney-Chronic Uremia Prog..
NIAMDD, Washington, D.C..
1974.)

No observation was made about
the tissue and cannula interface
because the investigators are
only interested in the develop-
ment of nonthrombogenic device.

adhere to a large (burned) skin surface and prevent the loss of fluid,
electrolytes, and other biomolecules until the wound is healed. Although a
permanent skin implant is needed, it is a long way from being developed
because of the same reasons given for percutaneous devices proper. Au-
tografting and homografting are the only methods presently available.
Several polymeric materials. including reconstituted collagen. have
been tried. Among them are the copolymers of vinyl chloride and acetate
and methyl-2-cyanoacrylate. The methyl-2-cyanoacrylate was found to be
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too brittle and histotoxic for use as a burn dressing. The ingrowth of tissue
into the pores of sponge (Ivalon®, polyvinyl alcohol) and woven fabric
(nylon and silicone rubber velour) was attempted without much success.
Sometimes plastic tapes were used to hold skin grafts during micro-
tombing and grafting procedures. For severe burns, immersion into
silicone fluid was found to be beneficial for preventing early fluid loss,
decubitus ulcers, and reducing pain.

Fxample 9-2

A bioengineer is trying to understand the biomechanics of a hole created in the
skin for a transcutaneous implant. He made a hole using a circular biopsy drill in
the dorsal skin of a dog. The diameter of the drill is 5 mm. If the hole became an
ellipse with a minor and major axis of 3 and 7 mm, answer the following questions.

2. Tn which direction is the internal -*v2on of the ckin greater”.
b. Iz which direction are the collagen fibers niGiz oriented? s
c. How can the bioengineer obiain a circular hole rather than an elhpse for the
w:nlant?

e d‘*}'xssmnmv—rh‘emp‘rmrs*nmrdffmmzble compared to the skin, what problems —

will arise between skin and implant when a load or force is applied to the skin
or implant by handling or accident?

Answers

a. In the major axis.

b. In the major axis.

c. By making an elliptic hole with a major and minor axis in the opposite of the
ellipse made by the circular hole.

d. All the load will be transferred through the implant and the deformation will be
stopped at the interface, which will result in a large deformation at the inter-
face. It is likely that the interface will fail if it cannot absorb the deformation.

The previous section dealt with problems associated with wound
closing and wound-tissue interfacial implants. This section will consider
(cosmetic) reconstructive implants. Although soft tissue implants can be
divided into (1) space fillers, (2) mechanical supports, and (3) fluid carriers
or storers, most of them have two or more combined functions. For
example, breast implants fill space and provide mechanical support.

i

- ~~-—~9.—3;-»--MAX&LLQFAG#A&ANDQTHER%QFi—T!SSUEAAUGMENIAIIQM——-—%g;-———
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9.3.1. Maxillofacial implant

There are two types of maxillofacial implant materials (often called
prosthetics, which implies extracorporeal attachment): extraoral and
intraoral. The latter is implanted and the former is not. Maxillofacial
implant is defined as ‘‘the art and science of anatomic, functional or
cosmetic reconstruction by means of artificial substitutes of those regions
in the maxilla, mandible, and face that are missing or defective because of
surgical intervention, trauma, etc.”” (V. A. Chalian and R. W. Phillips, J.
Biomed. Mater. Res. Symp., 5, 349, 1973). '

Many polymeric materials are available for the extraoral implant,
which requires that (1) color and texture should be matched with that of
patients; (2) it should be mechanically and chemically stable, i.e., it
‘should not creep and change colors or irritate skin: and (3) it should be
easily fabricated. Polyvinyl chloride and acetate (5-20%) copolymers.
polymeinyimetns -
used.

The requirements for the intraor=! implants are the same as for «:k~r

~~implant materials:-For the-maxilla,”mandibular;-and factalbomedefects;

metallic materials such as tantalum and Vitallium?® are used. For soft
tissues like gum and chin, such polymers as silicone rubber and
polymethylmetyacrylate are used for.augmentation.

The use of injectable silicones that polymerize in situ was partially
successful for correcting facial and other deformities. Although this is
obviously a better approach in view of the minimal surgical damage ini-
tially, this procedure was not accepted because of tissue reaction and
eventual implant displacement. It has now been abandoned.

9.3.2. Other Soft Tissue Implants

Breast implants are quite common. In early stages the enlargement nf
breasts was uone witn various materials such as paraffin wax, beeswax, or
sdxcone fluids by direct 1mectxo*1 or enciosed ina rubbcr hallonn Qaveral

ing progressive instability, ultlmate loss of orlgmal shape and texture,
infection, and pain. In the late 1960s the FDA banned such practices by
classifying as drugs such injectable implants as silicone gel.

Another effort at augmenting breast size was to implant a sponge
made of polyvinyl alcohol. However, the ingrown soft tissues calcified
with time and so-called marble breast resulted. Although the enlarge-
ment or replacement of breast for cosmetic reasons alone is not recom-

crviate, silicone, and polyvrethane rubbers are currently. ..
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mended, prostheses have been developed for patients who have under-
gone radical mastectomy or who have nonsymmetrical deformities. They
are probably beneficial for psychological reasons. In this case the silicone
rubber bag filled with silicone gel and backed with polyester mesh to
permit tissue ingrowth for fixation is widely accepted. The artificial penis,
testicles, and vagina fall into the same category as breast implants.

PROBLEMS

9-1. A cut skin is to be closed by using either a suture or a surgical adhesive, methyl-2-
cyanoacrylate. Which of the two can be removed earlier?

Answer

A sutured wound will heal faster and the suture can be removed earlier than surgical
adhesive could he (cee Figure 9-2). T e
9-2. The bioengineer excised out the skin of example 5-2 with and without the hole and put
on » tensile tes!"re raachine (the width and oage length - fthe sampleq were 4 cm and 4 mm,

a. If the average forces recorded after straining 30% for the samples with and without the
hole were 100 and 160 N, what are the stresses?

b. Calculate the percent stress decrease by making the hole.

c. Indicate where the stress is the greatest in the sample with the hole.

d. If the hole is replaced with a rigid implant with 'a good interface. would the stress be
greater than an empty hole? Assume that other factors are the same.
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9-3. List the order of preference for use in a transcutaneous implant.

a. Silicone rubber

b. Polymethylmethacrylate
c. Polyethylene

d. Polyurethane

e. Stainless steel

f. Carbon

Answer
a,d,c,b, f,ande.

9-4. It is suggested that the stability of hydrolytes of a polymer can give a good estimate of

potential stability in vivo. Explain why and give examples.

Answer -

Hydrolyzation of the chain molecules of a polymer will severe the chains, resuiting in chain
scission. Polymers with —NHCO— and —COO— linkages in their main chain. such as
polyurethane, polyurea, polyester (except pol/e[hylene terenhtalate.  Dacron#), and
poiyamide (see Tabic -1 shuwed deierioration in vive. '

9-5. Suppose that you are a bioengineer Ltrying to develop a new artificial skin. Suggest
steps to ensure that iiw new product will pe usea widely i cunies.,

9-6. List the problems associated with percutaneous devices and suggest ways of improving
them. -

-

Answer

As discussed in the text, the major problem is infection and the second is epithelial
downgrowth. Because the implant-skin interface is the key to the problem. improvements
should come from better understanding of the interface. First. the problem of trauma can
be attacked by understanding the stress applied during accidental handling of the implant.
The hole made to place the implant acts as a stress riser, which warrants a systematic
study. It is also speculated that electrical stimulation and retardation can be applied in the
implant, &specially at the interface. Initially, the electric current will be applied for rapid
growth of the dermis, reducing the healing period: later, by changing the polarity. retarded
tissue growth will prevent epithelial downgrowth. Other innovations, such as grafting
mucosa around the implant for immediate fixation of the implant and delayed later-stage
skin growth. are heina attemnted .

Answers
5o 160 N B
a T ST Hxaxiocm o LMPa
Ohote = :;‘;“—11'9\?“‘1[\‘;‘_,,—('1_ = 0.71 MPa
L - 071
D. . ——= 0.29 ( 29% )
N\
max, strass —
d. Greater

<
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.. .. .| BLOODINTEREACING
IMPLANTS

-

The blood interfacing implants can be divided into two categories: (1)
short-term extracorporeal implants such as membranes for artificial or-
gans (kidney and heart-lung machine) and tubes and catheters for the
transport of blood: and (2) long-term in situ implants such as vascular
implants and implantable artificial organs. Although pacemakers for the
heart are not interfaced with blood they are considered here because these
devices help to circulate blood throughout the body.

The single most important requirement for the blood interfacing im-
plants ‘is blood compatibility. Although blood coagulation is the most
imporiant factor ror compatipiiity, the implants should not damage pro-
teins. enzvmes. and formed blood elements (red blood cells, white blood
: ——_—~eeL}s~and—platele%s;nlhe—43uer_mclude&hemoLysx&@red blood cell rupture)
and initiation of the platelet-release reaction.

Coagulated blood is called a clot. However, sometimes the clot
formed inside the blood vessels is referred to as thrombus or embolus, de-
pending on whether the clot is fixed or floating.

The mechanism and route of blood coagulation are not completely
understood. A simplified version of blood clotting is proposed as a cascad-
ing sequence, as shown in Figure 10-1. As discussed in Section 8.1. imme-
diately after injury the blood vessels constrict to minimize the fiow of
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[SUAPEINCIEN - ley o wn €

BLOOD VESSEL DAMAGE TISSUE DAMAGE

EXPOSURE OF COLLAGEN RELEASE OF THROMBOPLASTIN

PLATELET ADHESION

THROMBIN FORMATION
RELEASE OF ADP

PLATELET AGGREGATION FIBRIN FORMATION

PLATELET-FIBRIN CLOT

Figure 10-1. Two routes for blood clot formation (note the cascading sequence).

blocd.-Platclets adhere to the vessel walls by contacting with the exposed -

collagen. The aggregation of platelets is achieved through release of
adencri  liphosphate (ADP) from dernagzed
‘and adherent platelets. '

Clot formation is achieved by fibrin deposits around the platelet
aggregates. The formation of fibrin is due to the thrombin, which in turn is
produced by the thromboplastin released through damaged tissues includ-
ing the vessel walls. Sometimes the blood coagulation in the absence of
thrombopiastin is called the “‘intrinsic’’ route. ‘

Any interruption of the cascade sequence in Figure 10-1 can prevent
the fibrin formation that precedes blood coagulation. Anticoagulants such
as heparin complexes with plasma thromboplastin thus prevent any fibrin
formation. The plasma thromboplastin cannot be activated without Ca**
ions: hence removing calcium by chelating with citrate and oxalate gives
the same result.

rad blood cells, vessel walls,

"
g
¥

L I

e I e e g e

g

Materials used for interfacing with blood can be divided into short-
and long-term groups: the former includes catheters and inner linings of
heart-lung machines, oxygenators, and kidney dialyzers: the latter in-
cludes vascular implants, heart valves. etc. Many factors affect the blood
compatibility, mainly related to the formation of blood clots (or thrombi).
Clot formation is largely involved with the nature of the surface interfac-
ing with the blood.
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10.1.1. Factors Affecting Blood Compatibility

Surface roughness is an important factor because the rougher the
surface the more area is exposed to blood. Therefore, the rough surface
promotes faster blood coagulation than the highly polished surface of
glass, polymethylmethacrylate, polyethylene, and stainless steel. Some-
times thrombogenic (clot-producing) materials with rough surfaces are
used to promote clotting in porous interstices to prevent initial leaking of

" blood and later tissue ingrowth through the pores of vascular implants.

The surface wettability, i.e., its hydrophilic (wettable) or hydro-
phobic (nonwettable) nature, was once thought an important factor. How-
ever, the wettability parameter, i.e., contact angle with liquids, does not
correlate consistently with clotting characteristics.

The surface of intima of blood vessel is negatively charged (I ~ 5 m
V) with respect to the adventitia. This phenomenon is attributed par-

. tally to the nvninromvogenic or tUrOMDUL esisant Chiaracter ot the intima.

since the formed elements of blood are also negatively charged and hence
are repelled from the surface of the intima This was demonstrated bv

: ‘using a solid copper tube; which is a thromoogenic material,-implanted-as——— - *

an arterial replacement. When the tube was negatively charged. the clot
formation was delayed when compared with the control. In relation to
this phenomenon, the streaming or zeta potential has been investigated
because the formed elements of blood are flowing particles in vivo. How-

. ever, it was not possible to establisk a direct one-to-one relationship be-

tween clotting time and zeta potential.

The chemical nature of the material surface interfacing with blood is
closely related to the electrical nature of the surface because the type of
functional groups of polymer determines the type and magnitude of the
surface charge. (No intrinsic surface charge exist for metals and ceramics,
although some ceramics and polymers can be made piezoelectric.) The
surface of intima is negatively charged largely because of the presence of

- musepolyvinentarides caperinlly ~headenitin sulfate and heparin sulfate

f,

A

+0:12—Nonthrombogenic-Surfaces

Many studies have sought nonthrombogenic materials, often using
the empirical approach. These materials can be categorized as (1)
heparinized or biologic surtaces. (2) surfaces with anionic radicals for
negative electric charges. (3) inert surfaces. and (4 solution-perfused
surfaces.

Heparin is a polysaccharide with negative charges due to the sulfate
groups:
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COgH CHgOH CO,H CH,OH +3 sulfate groups
O, O o) O,
(10-1)
OH OH OH OH
o} (6] 6] 6} 6]
OH NH, OH NH, _|.

Initially the heparin was attached to the graphite surface treated with
quaternary salt, benzalkonium chloride (GBH process). Later a simpler
heparinization was accomplished by exposing the polymer surface to a
quaternary salt, such as tridodecylmethylammonium chloride (TDMAC).
This method was further simplified by making TDMAC and heparin solu-
tion in which the implant can be immersed followed by drying.

The heparinized materials showed a sxgmﬁcant mcrease in thrombo-

a polyester fabric graft was hepanmzed" This reduced the tendency of
mmal bleeding through the fabnc and a thin neointima was later formed.
rinization, including polyetiylene.and..
silicone rubber. Leaching of the heparin into the medium is a drawback,
although some improvement was seen by cross-linking of the heparin with
gluteraldehyde and directly covalent-bonding it onto the surface.

In some studies, the cardiovascular implant surface was coated with
other biological molecules such as albumin, gelatin (denatured collagen),
and heparin. Some reported that the albumin alone can be thrombo-
resistant and decrease the platelet adhesion.

Surfaces with anionic radicals or negative electric charges were made
by copolymerization or grafting the surface with anionic radicals. Some
experimental results of this approach are given in Table 10-1. It has also
been shown that negatively charged electretes on the surface of a polymer
enhance thromboresistance.

... Hydrogels of both hydroxyethyvlmethacrvlate (nolv-HEMA) and ac-
rylamide are classified as inert materials because they neither contain

e e iz Blt L negative anionic radizal.graupa narare negativelw charged T ike

Py DL—-L
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Table 10-1. Relationship between Thrombogenicity of Surfaces and
Fibrinogen on Surfaces”

Fibrinogen on surface

T EHECT U CUIAE tiie DIUVW IR TUUCINIE woriical Condition? Assuliie a ey

@ From T. F. Ziegler and M. L. Miller, J. Biomed. Marer. Res.. 4, 259, 1970: courtesy of J. Wiley and

Sons.
® This figure includes undenatured fibrinogen adsorbed from the underlying solution, which contained 0.05

to 0.10 mg of fibrinogen per 100 ml.

< From solution containing 0.33 mg of fibrinogen in 100 ml of water.

¢ Cannulae, having the surfaces under test, we implanted in the blood vessels of dogs and the length of
time the dogs lived was used as a measure of the thrombogenicity.

¢ Based on in vitro tests.

Example 10-1.

In circulation of the blood. the formed elements are being destroyed by the blood

YR e e e

(nglem?)
Nonthrombogenic
Material Picked up? Adsorbed” character? -

Glass 3.14, 2.37 0.119 Very poor. minutes®
Polytetrafluoroethylene

(PTFE) 0.28 0.156 Fair. days to weeks
Etched PTFE 1.02, 2.58 0.465 Poor to good
Hydroxyl-coated PTFE 2.18 0.471 Poor, days to weeks
Carboxyl-coated PTFE

* (Van de Graaf) 2.11, 2.58 0.308, 0.362 Poor

PTFE coated with sulfated

Gsdronyt . oL 206202 00480 0206 Fair, weeks e
Et"x/l“ﬂn.SulLfO.';C boazed 16T v 0.542 - - Fair, weeks :
Lightly sulfonated PTFE 1.15 0.472 Fair to good. weeks to

. months
Highiy suifonated PTFE. .. _.1.31, 2.85 .. 0.625,0.647 __Very good, monihs

pump and tube wall contacts. A bioengineer measured the rate of hemolysis (red

blood cell ly51s) as 0.1¢/100 liters pumped. If the normal cardiac output for a doo is

CULT T a1l wihial 18TThe “Emoiysis rate? If the animal weighs 20 &grand o o

critical amount of hemolysis is 0.1 :/ksz of body weight, how long can the bnoen-

T aTIee s

the heparin coatings, these coatings tend o be washed away whemex-
posed to the bloodstream. Segmental or block polyurethanes are also
somewhat thromboresistant without surface modification.

Another method of making surfaces nonthrombogenic is by perfusion
of water (solution) through interstices of fabric that interface with blood.
This new approach has the advantage of avoiding damages of formed
elements and is nonthrombogenic. The disadvantage is the dilution of
blood plasma although this problem is not serious because saline solution
is deliberately injected for the kidney and heart-lung machine.

amount of new blood formation.

Answer

Hemolysis rate = 0.1 /100 liters (0.1 literrkg/min) x 20 kg = 2 mg/min

Critical hemolysis = 0.1 ¢/kg < 20kg =2¢

-
—=— = 1000 min tor 16 h 40 min}
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Figure 10-2. Schematic diagram of blood circulation in the body.

10.2. iMPLANTS FOR BLOOD INTERFACE™

Livvd s circulated throughout :he Lody according to the sequesnee

shown in Figure 10-2. Implants are usually used to replace or patch large
arteries and veins, including the heart and its valves, although surgical
remedy without using implants is usually preferred. However, there are
many unavoidable occasions when it is necessary to anastomose a large
segment of the vital organs with implants.

The basic requirements for the blood-interfacing implants are the
same as other soft tissue implants (Chapter 9), except the surface exposed
to blood should be made nonthrombogenic or at least thromboresistant.
Most materials used for this type of applications are made of polymers
because of their flexibility and ease of fabrication.

10.2.1. Vascular Implants

Lmplants have been used in various vascular maiadies, ranging from
_simple sutures for anastomosis after removal of vessel segments to
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allowed tissue growth into the interstices. The new tissues interface blood
and thus minimize clotting. Ironically, thrombogenic materials were
found satisfactory for this type of application. Another advantage of tis-
sue ingrowth is the fixation of implant by the ingrown tissue, making a
viable anchor. The initial leakage through pores is disadvantageous but
this problem can be prevented by preclotting the outside surface of the
implant prior to placement. '

Although the exact sequence of the formation of tissue in the human
implants is not fully documented, quite a bit is known about reactions in
animals. Generally, soon after implantation the inner and outer surfaces of
the implant are covered with fibrin and fibrous tissue, respectively. A layer
of fibroblasts replaces the fibrin, becoming neointima (sometimes called
pseudointima). The long-term fate of the neointima varies with animals: in
the dog it stabilizes into a constant thickness: for the pig it will grow until
it occludes the vessel. In humans the initial phase of the healing is the
same as.in anims's hut 1n latter stages the inner surface 1s covered by both -
fibrin and a cellular layer of fibroblasts. The sequence of healing of arterial
implants iz ziven in Figure 10-3.

- Types of materialand the geometry of the implant influenee the rate-and———— -

nature of tissue ingrowth. Several polymer materials are currently used to
fabricate implants, including nylon, polyester, polytetrafluoroethylene,
polypropylene, and polyacrylonitrile. However, polytetrafluoroethylene,

Jpxeal:

& PIG  0-2 days
e
/1DOG 0-1 week

MAN 0-2 weeks

PIG 2 weeks
DOG 8 weeks

MAN 12+ weeks|

PIG 3-4 weeks|

—-— ——patches-for-aneurysms—The-vein-implant-encountered-some-difficulties

due to the collapse of the adjacent vein or clot formation because of low
pressure and stagnant flow. Vein replacements have not been a major
concern because autografts can be performed in most cases. Nonetheless,
many materials, including nylon, polytetrafluoroethylene, and -polyester;
have been fabricated for clinical applications.

Early designs for arterial implants were solid tubes made of glass,
aluminum, gold, silver, and polymethylmethacrylate. All implants
developed clots. In the early 1950s porous implants were introduced that

Figure 10-3. Basic healing pattern of arterial
prothesis. L = lumen of prothesis, F = fibrin,
Y = yarn bundle, G = organizing granulation
tissue, H = healed fibrous capsular tissue,
D = degenerative fibrous capsular tissue,
C = calcified capsular tissue. {Redrawn from
S. A. Wesclowski, C. C. Fries, A. Martinez, and
J. D. McMahon, Ann. N.Y. Acad. Sci., 146, 325,
1968.)

DOG 34 mon,

MAN 8-12 mon |

PIG 3+ mon.

DOG 6+ mon.

JMAN 2+ years
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polyester, and polypropylene are the most favorable materials due to their
minimal deterioration of physical properties in vivo as discussed in Chap-
ter 6. Polyester (particularly polyethyleneterephthalate, Dacron®) is usu-
ally preferred because of its superior handling properties.

The geometry of fabrics and resulting porosity have a great influence
on healing characteristics. The preferred porosity is such that 5000 and
10,000 ml of water are passed per 1 cm? of fabric per minute at 120 mm Hg.
The lower limit is to prevent excessive leakage of blood and the higher
limit is for better tissue ingrowth and healing. Implant thickness is directly
related to the amount of thrombus formation: the thinner the fabric the
smaller or the thinner the thrombus deposit and the faster the organization
of the neointima.

Example 10-2

a. Calculate the maximum tension developed for an artery with a 0.5-cm diameter.
Assume that the Taximum pressure will be 250 mm ig'and that the artery is
uniform in length.

b. To replace a section of artery of about 5 cm, what is .the maximum force
exerted on the wall?
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Figure 10-4. Circulation of blood in the heart. (Compare-with Fig. 10-2.)

c. Can silicone rubber be used for the replacement material if the wall thickness is
I mm and the safety factor is 10?

Answers

a. From equation (7-8)

T=pP-y
= 250 mm Hg - 1.33 x 10° Pa/mm Hg - 0.25 cm
= 83 N/m
b F=83%x5xk10’-’m=42N
F 42N _
T T A T iXEme i k0, - L84 X 10 Pa

and aortic) become incompetent bécaise of high pressire. THE most im-™ =

portant and frequently critical is the aortic valve, which is the last gate the
blood has to go through before being circulated in the body.

There have been many different types of valve implants. The early
ones in the 1960s were made of leaflets that mimicked the natural valves.
Invariably, the leaflets could not withstand fatigue for more than three
years. In addition to hemolysis, regurgitation and incompetence were
problems. Later, butterfly leaflets and ball or disk-in-the-cage valves were
introduced, some of which are shown in Figure 10-5. The material re-
quirements for valve implants are the same as for vascular implants.
Some additional requirements are related to blood flow and pressure, i.e.,
the formed elements of blood should not be damaged and should not drop
the blood pressure below clinically significant values. Also, noise shoqld
be minimal. . T '

All valves have a sewing ring that is covered with various polymeric
fabrics. This_helps-the initial fixation of implant and iafer the tissue in-

L etima

Since the safety factor is 10, the maximum wall stress should be 0.84 x 10% Pa or
0.84 MPa. From Table 6-4 the tensile strength of silicone rubber is 6 MPa. which is
adequate for this purpose; however, it is not used because of its inadequate cyclic
fatigue propety and absorption of small molecules i vivo.

10.2.2. Heart Valve Implants

The four valves in the ventricles of the heart are shown in Figure 10-4
(cf. Fig. 10-2). In the majority of cases, valves in the left ventricle (mitral

growth will render the fixation viable similar to the porous vascular im-
plant. The cage itself is usually made of metals and covered with fabrics
for reducing noise or with pyrolytic carbon for a nonthrombogenic surface
(the disk or ball is also coated with pyrolytic carbon at the same time).
The ball (or disk) is made of hollowed solid polymers (polypropylene.
polyoxymethylene. polychlorotrifiluoroethylene, etc.). metals (titanium.
Co-Cr alloy), and pyrolytic carbon. The early use of silicone rubber pop-
pet was found undesirable because of lipid adsorption and subsequent
swelling and dimensional changes. Although this was an unfortunate
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Figure 10-5. Various types of heart valves.

episode (some implants were fatal), it helped to reinforce that the in vitro
experiment alone is not sufficient to predict all the circumstances arising
from in vivo use no matter how carefully predictions are made. This is true
of any implant, even a very simple device.

10.2.3. Heart Assist Devices

SOFT TISSUE REPLACEMENT Il 173

surface of the bubble oxygenator, the gas is broken into small bubbles
(about 1-mm diameter; if too small, they are hard to remove from blood),
increasing the surface contact area. Sometimes the blood is spread thinly
as a film and exposed to the oxygen; this is called a film oxygenator. The
membrane oxygenator is similar to the artificial kidney membrane dis-
cussed later. The main difference is that the oxygenator membrane is
permeable to gases only while the kidney membrane is permeable to
liquids.

Some of the mechanical and chemical characteristics of the natural
and artificial lung (oxygenator) are given in Table 10-2. The surface area of
the artificial membrane is about 10 times larger than the natural lung since
the amount of O, transfer through a membrane is proportional to the
surface area, pressure, and transit time, but inversely proportional to the
film thickness (blood). Because the blood film thickness of the artificial
membrane it -l 3 il ¢ must compen
sate by increased transu time (16 5s) and higher pressure (650 mm Hg)
to provide the same amount of O, transfer as the lung.

L‘_ﬁﬁ_ 4L1,‘ .L. (1’::.‘”‘_‘1 |”‘ -

.. The rucirvianes are usually imade ¢i siicone rubber or poly-
CO2
a
_.r'1L o
BLOOD_ = — T
/MEMBRANE 'f
O2
b 02 ¢ ;BLOOD
4

Heart assist devices are aimed at sustaining blood circulation when
the natural heart cannot function normally or during cardiac surgery.
Though the blood can be circulated by a pump it can be oxygenated either
by the patient’s own lung or through an artificial oxygenator. Often the
latter method is preferred for the simplicity of the operation during
surgery.

The three basic types of oxygenators are shown in Figure 10-6. In all
cases oxygen gas is contacted with blood and simultaneously waste gas
(CO.) is removed. To increase the rate of gas exchanges at the blood-gas

Oz

Figure 10-8. Oxygen‘ators: (a) membrane (b) bubble, and (¢) film.
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Table 10-2. Mechanical and Chemical Characteristics of  «
Natural versus Artificial Lung®

Function Natural lung Artificial lung

Pulmonary flow S liters/min 5 liters/min

Head of pressure 12 mm Hg 0-200 mm Hg
Pulmonary blood volume 1 liter 1-4 liters
Blood transit time 0.1-0.3 s 3-30s

Blood film thickness 0.005-0.010 mm 0.1-0.3 mm
Length of capillary 0.1 mm 2-20 cm
Pulmonary ventilation 7 liters/min 2-10 liters/min
Exchange surface 50-100 o’ 2-10 m*
Venoalveolar O, gradient 40-50 mm Hg 650 mm Hg
Venoalveolar CO, gradient 3-5mm Hg 30-50 mm Hg

@ Adapted from D. O. Cooney, Biomedical E/zgmeermg Prmc:ples p. 404, Marcel Dekker,

Sew Vark, 1976, TP s R Y APt

...rafluoroethylene. The ga~ sermeability of these materials is given

“in Table T0-3. Silicone rubber 1s 40 anid 80 times more permeable to Oyand "

CO, than the polytetrafluoroethylene, but the latter can be made about 20
times thinner. Therefore, silicone rubber is only 2 and 4 times better for
0O, and CO, transfer than polytetrafluoroethylene.

" Polyurethane and natural and silicone rubber have been used for
constructing balloon-type assist devices as well as for coating the inner

Table 10-3. Gas Permeability of Teflon and Silicone Rubber Membranes”

Thickness Carbon
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surfaces of total artificial hearts. These materials are thromboresistant.
Sometimes the surfaces are coated with heparin and other nonthrom-
bogenic molecules. Felt or velour surfaces were not successful as imita-
‘tions of natural tissue on the inner surface of an artificial heart wall.

10.2.4. Artificial Organs

The ultimate triumph of implant science would be to make implants
that behave or function exactly the same as the organs or tissues they re-
place. As mentioned in Chapter 1, most implants are designed to substi-
tute for mechanical functions. Electrical functions can be taken over by
implants (pacemakers), and some primitive yet vital chemical functions
can also be delegated to implants (kidney machine and oxygenator).

Most artificial heart and heart assist devices use a simple balloon and

i

s erao ey § rim

1 . I BN rhe e m e T Sapze o semhaensaie e L
darvecysisme Figare 107 showersemne typicaltieart assist devices: maoan

cases a balloon is used to displace blood. A simpler heart assist device is
the intraaortic balloon, which is placed on the descending aorta During

__ihe diastolic phase of the heart the vaiioon is.inflated to _prevent backliow.

Two artificial hearts are shown in Figure 10-8. Although their design
principles and material requirements are the same as those for assist
devices, the power consumption (~ 6 watts) is too high to be implanted
completely at this time. A miniature, totally implantable, nuclear-
powered, artificial heart is being developed. So far the power is intro-
duced through a percutaneous device (Chapter 9) in the form of com-
pressed air or electricity.

A cardiac pacemaker is used to assist the regular contraction rhythm of
heart muscles. The sinoatrial (SA) nodes of the heart originate the electri-

Membrane (1073 m) Oxygen dioxide Nitrogen Helium
Teflon . 14 239 645 106 1425 a
: i T W2 e SR 730 -
% 77 181 35 430
v &l e 30 345 -
34 4p 26 23 240
1 29
Silicone rubber 3 391 . 2072 184 224
4 306 1605 159 187
5 206 . 1112 105 133 AORTA LEFT ATRIUM
7 159 802 81 94 Figure 10-7. Heart assist devices. (@) De
12 93 425 43 51 Bakey left ventricular bypass. (b) Bernhard- b LEFT AR
20 59 279 3t 43 Teco assist pump. (Redrawn from H. Lee and YENTRICLE J

1 Permeation rates of oxygen. carbon dioxide, nitrogen. and helium across Teflon and silicone rubber
membranes of a given thickness, in ml/min - m? - atm (STP).

K. Neville, Handbook of Biomedical Plastics,
pp. 6-24, Pasadena Technclegy. Press,
Pasadena, Calif., 1971.)
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K. Neville, Handbook of Biomedical Plastics, pp. 6-32',_'.Pasadena Technology Press,
Pasadena, Calif., 1971). (b) Jarvik-lll-type artificial heart (W. J. Kolff, Artificial Organs,

p. 18, 5. vi.ey and Sons, New York, 1976;.

cal impulses that pass through the bundle of His to the atrioventricular
(AV) node. In the majority of cases pacemakers are used to correct the
conducticn problem in the bundle of His. Basically, pacemakers should
deliver an exact amount of electrical stimulation to the heart at varying
heart beats. The pacemakers consist of conducting wires with a power
source, as shown in Figure 10-9.

The wires are well insulated with rubber (usually silicone) except the
tips, which are sutured or embedded directly in the cardiac wall. The tip is
usually made of a noncorrosive noble metal with reasonable mechanical
strength such as Pt-10% Ir alloy. The most significant problems are the
fatigue of the wires (they are coiled like a spring to prevent this) and the

2 et e amm e

iagtiivus scar tissue formation at Tl iy T IR HICTEAsTe e Tl
resistance at the junction. The mercury battery and electronic circuits are
insuiated by casting with a clear polymer resm,

LI
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products by passing blood through a glomerulus under a pressure of about
75 mm Hg. The glomerulus contains up to 10 primary branch and 50 secon-
dary loops to filter the blood. The glomeruli are contained in the Bowman
capsule, which in turn is a part of the nephron (Fig. 10-10). The main
filtrates are urea (70 times the urea content of normal blood), sodium,
chloride, bicarbonate, potassium, glucose, creatinine, and uronic acid;
About 120 ml is filtered per minute, of which 2 ml is excreted and the rest
is reabsorbed.

The membrane is the key component of an artificial kidney machine.
In fact, the first attempt to filter or dialyze blood with a machine failed
because of an inadequate membrane. Besides a membrane filter the kid-
ney dialyzer consists of a bath and a pump to circulate blood from an
artery and return the cleansed blood to the vein, as shown in Figure 10-11.

There are basically three types of membranes for the kidney dialyzer
(Fig. 10-12). Thic nat piawe type was develupeu iust aud 'cdn have two or
four layers. The blood passes through the spaces between the membrane

layers while the dialysate is passed hetween the membrane and the re- g
- straining boards. The second and most widely used type.is the coil mem- 4‘__5;.’
brane, in which two cellophane tubes (each 9 cm in circumference and 3

The pacemakers are usually changed between 2 and 5 years because of
the limit of the power source. A nuclear energy-power pacemaker is
commercially available. Although this new power pack may lengthen the
life of the power source, the fatigue of the wire and diminishing conductiv-
ity caused by the thickening of tissue will limit its maximum lifetime to
less than 10 years. A porous electrode at the tip of the wire may be fixed
to the cardiac muscle by tissue ingrowth, as in vascular prostheses, which
may solve the interfacial problem.

The primary function of the kidneys is to remove metabolic waste

Figure 10-9. A typical pacemaker consists of a power source and electronic circuitry
encased in a solid piastic. The electric wires are ccated with a flexible polymer, usually
silicone rubber.
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Figure 10-10. Akidrigy nephron.

made of nylon. The newest addition is made of hollow fibers. Each fiber
has dimensions of 225 and 285 um inside and outside diameter and is 13.5
cm long. Each unit contains up to 11,000 hollow fibers. The blood flows
through the fibers while the dialysate is passed through the outside of the
fibers. The operational characteristics of the various dialyzers are given in
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dialysate

=55
~ <
P S S

cross section

a b c ;

Figure-10-12. Three types of artificial kidney-dialyzer: {a) twin coil, (b) flat plate, a:md'(c‘; e

hollow fibers.

—-- =108 it Tong) are flattened and coited with-an  open-mesh spacer-material - -

Recently there have been some efforts to improve dialyzers using
charcoals. The blood can be circulated directly over the charcoal or thg
charcoal can be made into microcapsules incorporating enzymes or other
drugs. s

' Most dialysis membranes are made from cellophane, which is de-
rived from cellulose. Ideally, the membrane should selectively remove all

Table 10-4.
the metabolic wastes as the normal kidney does. Specifically, the mem-
brane should not selectively sequester materials from dialyzing fluid
/—j—'] should be blood compatible so that an anticoagulant is not needed, and
BUBBLE TRAP should have sufficient wet strength to permit ultrafiltration without
J— YEIN
|
. Bl ;._;jk\ﬂ’“l i
| ! -ﬁ E0TL Lﬁ . Tahle 10-4_ C“!‘OQ?USQOTQf the Plate and Coil
? [ @ == ADT—‘JRTERY Artificial Kidneys
E [ '
- i Flat plate_ Cail
Function (2 layers) (twin)
BATH// DIALYZING
COMPARTMENT Membrane area {m*) 1.15 1.9
colL ~SPOUT Priming volume (ml) 130 1000
Pump needed? No Yes
Blood flow rate (ml/min) 140-200 200-300
Dialysate flow rate (literssmin) 2.0 20-30
Blood channel thickness (mm) 0.2 1.2
Treatinent time (h) 6-3 68

Figure 10-11. A typical dialyzer.
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Figure 10-13. Average /n vitro dialysance versus test solution flow rates. Fresh dialysis
bath addition rate in a circulating single pass (RSP) dialyzer is 600 ml/min with bubble
_trap i cosure of 60 mm Hg at 37°C. (Couricy sy of Travenol Laouratg,ne.; ..xc, N ;
Grove, lllinois.)

significant dimensional changes. It should allow the passage of low
molecular weight waste products while preventing passage of plasma pro-
teins.

Two clinical grade cellophanes are available, Cuprophane® (Bem-
berg Co., Wuppertal, Germany) and Visking® (American Viscose Co.,
Fredericksburg, Va.). The cellophane films contain 25-A-diameter pores
which can filter molecules smaller than 4000 g/mol. A typical curve for
flow rate versus clearance is shown in Figure 10-13. The clearance curve
is flattened at high flow rate; this is the so-called square-meter concept
which is an important design factor in a membrane.

“hzre have been many attecnyts in dreorove tho oollophone mem
brane s wet strength by cross- lmkmg, copolymenzatlon and reinforce-

1., o1
BT S e, T

. Ieason, a si
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Figure 10-14. A schematic arrangement of PEN

the single-need!le dialysis of Dr. Klaus Kopp.
The pump operates continuously or intermit-
tently synchronized with the inflow and out-
flow of blood. (Redrawn from W. J. Kol#f, Ar-
tificial Organs, p. 151, J. Wiley and Sons,
New York, 1976.)

minimize the repeaicd trauma on the biood vessels, the cannula is some-
times permanently implanted for chronic kidney patients. For the same
eedle dialysis iechnique has veen developed, as shown

in Flgure 10-14.

Example 10-3 "

What will be the blood urea nitrogen concentrations after 5 and 10 hours of dialysis
if the initial concentration is | gliter? The concentration after dialysis can be
expressed exponentially:

Cy=Cyexp <-—-——Q3(Bv_ 1)1‘)

where C, is the original dialysate concentration. Qg is the blood flow rate, ¢ is
time, V is the volume of body fluid (60% of body weight). and B is a constant de-
termined by the mass transfer coeﬁimem (K) OR and surface area (A4) of the
membrane by exp (AA () {according 1o U, U. Cooney, Biomedical Engineering

Principles. . 332. Marcel Dekker, New York 1976) The panent welchs 60 kg

and a two-layer fiac_plate diaivzér was used.

terfacing materials, the surface has been coated with heparin to prevent
clotting. Other membranes, such as copolymers of polyethyleneglycol
and polyethyleneterephthalate, can filter selectively due to their alternate
hydrophilic and hydrophobic segments. Besides improving the membrane
for better dialysis, the main thrust of kidney research is to make it more
compact (portable or wearable kidney) and less costly (home dialysis,
reusable or disposable filters, etc.).

The other important development in dialysis is the use of a cannula
that must be connected to the blood vessels. as discussed in Chapter 9. To

Answer

LIS < 10 em? )

i

exp (—

[

3 mincm - 170 ml/min.

= {.343
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For 5 h:
B . 170 ml/min (0.343 — 1) x 10 x 60 min)
C, = 1 (g/liter) exp ( 36,000 ml
= (.39 g/liter
For 10 h:

. 170 ml/min (0.343 — 1) x 10 x 60 min
. = 1(g/liter) exp ( 36.000 ml >

0.15 g/liter

M
1

Note that an extra 5 h of dialysis removed only 0.14 g/liter of urea nitrogen
compared to the 0.61 g/liter removal of the first 5 h.

PROBLEMS

10-1. What characteristics of the cardiovascular system make using man-made materials in
it different from implants in other parts of the body?

Answer
The major difference is that the cardiovascular system is in contact with blood. Another

difference is the dynamic loading condition of arterial prosthesis.

10-2. Explain the principles of operation and the advantages and disadvantages of the
single-needle dialysis machine (Figure 10-14) compared with a conventional machine.

Answer
The flow in the blood lines from the single needle to and from the patient is always unidirec-

tiouai. Only the flow in the singie meenie D ve and fopfhe veie -

Obviously, single-needle dialysis is better for minimizing the trauma on the blood ves-
___sejs. The pump can be used 10 operatc \ne Qiatysate sysiem; iy ¢ wiarable aiuiivial Kidiicy

117610 Hg' e e e s e s i
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Answer
Advantages:

g. Complete freedom of movement away from the cumbersome dyalizer
- More complete restoration of kidney functi i i :
Mo y 1on especially secretion of enzymes, hormones.
c. Less damage to the blood and no problem of i i
. nfection, trauma, etc., i
S due to the catheteri-
d. Psychologically better solution.
e. In the long run the cost may be lower.
f. Some patients cannot be machine-dialyzed.

Disadvantages:

a. Hard to obtain donors.
b. Problems related to rejecti iati
Jection such as use of drugs: also, radiation can b i
ms r¢ : e d
the pationt ) etrimental to
c. The operation itself is major surgery and thus involves a certain danger
o Dugooraiected it s harder to have s.zzcond aperssiag -

10-5. .Calculate the tension developed on the wall of each fiber of the hollow fiber dialyzer by
#ssuming that the maximum pressure differ=nitial of the inside and outside of i~ : fi: 2r i3 10

Answer ;
From equation (7-8) and r = 130 ©“m

T=P-r
10 mm Hg - 133 Pa/mm Hg - 130 x 10~% m
= 0.173 N/m

[

Since the length of the fiber is 13.5 cm,

F =0.173 N/m x 0.135 m
= 0.0233 N

Therefore, for a 30-wm wall thickness

Mha bt

T =

o 0.0233 N
P — = 5.8kPa e

5010w < 0.155m

(WAK) can be made. There is some mixing of blood between dialyzed and undialyzed blood.

10-3. List two major technical problems associated with hemodialysis.

Answer
a. Damage on the formed elements of blood, such as RBC/WBC, platelets, etc.

b. Interfaces between the catheter and blood vessels.

10-4. List the advantages and disadvantages of a kidney transplant as compared with a
dialysis machine.

10-6. From Figure 10-11 indicate areas in the s'ystem which are most likely to damage the
blood flowing through it. )

Answer
Arterial cannula, pump. coil. bubble trap. and the tube wall itself.

10-7. Calculate the molecular weight of the heparin monomer given in equation (10-1) of
the text. If the average degree of polymerization is 30. what is the average molecular weight
of the heparin? i )

e et 4 st
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Answer

C's:24 — 288
H's:38 — 38
07s:20 — 320
N's: 2— 28

678 g/mol

M.W. = 674 x 30 = 20,320 g/mol

10-8. List major problems associated with pacemakers. One of the problems is the source of
energy. Can a nuclear-powered energy source solve the problem?

Answer

.ike any Sther impiani the pacemaker has a pruoter: UL naauvu of eieciCues al i LILIL
The conduction of current decreases as the tissue heals and encapsulates the electrodes. The
fatigne of lead wires and insulation of the wires and circuit sometimes present a problem.

: e e g WerSource-itself—atso—timits—the-implant-period (usually -5 -years), although.ine. .

nuclear-powered (plﬁtonium 238 and promethium 147) pacemakers can prolong the scurce
more than 30 years.

10-9. Describe methods of electrode attachments to the heart for the pacemaker. Can one
make the surface of the electrode porous and let tissue grow into the interstices, thus making
a viable interface between the electrode and the heart? What are the disadvantages and
advantages of this system? ’

Answers

The myocardial electrodes are sewn into the muscle of the ventricles. In emergency cases
the electrodes can be introduced transvenously and placed in the endocardium and paced
externally. In experiments the porous electrodes at the tip have been shown to be feasible for
fixation. However, if it continues to stimulate tissue ingrowth, the problem of threshold
voltage elevation will be created, as with the conventional myocardial electrodes.
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CHAPTER 11

HARD TISSUE

REPLACEMENT I:
LONG RONE REPAIR o

f el AN e e A e i W

Hard tissues can be divided into bones and teeth, as mentioned previ-
ously. This chapter will be concerned with repairs or replacements of
bone with implants. Joint and tooth implants will be studied separately in
Chapter 12.

It is logical that bone repairs should be made according to the best
repair route that the natural tissues follow, i.e., if they heal faster when
compressive force or strain is exerted then compression should be
provided through an appropriate implant design. On the other hand, if
compression is detrimental for wound healing, the opposite approach
should be taken. Unfortunately, the effect of compressive or tensile force
on long bone repair is_not fullv understood. Worse vet, experimental
results show that a completely oppdsite conclusion can be arrived at.

: L -’ . . .The secret of osteqgenic and osteoclastic activity is believed 1 k- .
i ' - - ; related-to-the-nermat-activities-of-the-bonein-vivo—Fhus:the-equitibrigm———————
between osteogenic and osteoclastic activity can be balanced according to
the static and dynamic force applied in vivo; i.e., if more load is applied,
the equilibrium tilts toward more osteogenic activity to counteract the
load, and vice versa. Of course this should be done without excessive
load, which can damage the cells rather than enhance their activity.

This cause and effect may also be related to the piezoelectric
phenomenon of bone and other tissues in which the compressive strain on
the tissue can induce electric potentials that may trigger the tilting of the
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equilibrium. This is the basis of the electrically stimulated fracture repair
of clinical nonunions.

Although the mechanics and design of implants are outside the scope -
of this book, some information on these subjects may help in selecting the
best material for a particular application.

The design principles and criteria for orthopedic implants are the
same as for any other engineering applications that require a dynamic load-
bearing member. Although it is tempting to duplicate the natural tissues
with materials having the same strength and shape, this has not been
practicai because the natural tissues have one major advantage over the
man-made materials, i.e., their ability to adjust to a new set of circum-
stances by remodeling their micro- and macrostructures. Consequently,
the fatigue of tissues is minimal unless disease hinders the natural pro-
Cesses.

alre the nrodurt <im

s -of design in enginz:
: ple “This ml] not only minimize the-citaiic complication; Suchi-as"
infecnon during and after implantation, but also reduces deterioration of
12 b, aio by fatigue and corrosion as discussed previously | {Chapte:: 2
“and 4) Other factors to be considered in the actual design of an implant
are rigidity against bending, e.g., bone plates and femoral neck nails;
rigidity and strength, e.g., spinal rod; and strength against tensile and

compressive fracture.

11.1. INTERNAL FRACTURE FIXATION DEVICES

11.1.1. Wires and Screws

Although the exact mechanism of bone fracture repair is not yet
known, one factor of fracture fixation is clearly important, i.e., stability of
the implant with respect to the wound surfaces. Whether | the fixation is
accomplished by compressive or tensile force, the wound should be
_ rigidly fixed <o that the healing processes cannot he disturbed hv unneces-

o = SAFY - mncmwmaeromevemem—}"hxs—ﬁ\eatleﬁ—eaﬂ.b&accomphshed—by-—-—

devices with a variety of shapes and sizes, as shown in Figure 11-1.
The simplest implants are the various metal wires (Kirschner wires if
the diameter is less than 3/32 inch or 2.38 mm and Steinman pins for the
larger diameter) that can be used to hold fragments of bones together.
Another simple device is the screw, which can be used alone or in combi-
nation with the onlay fracture plate. Screws are usually self-tapping for
better fixation in the bone. The design of the screws to be used with bone
plates should consider (1) ease of insertion through both the plate and
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Figure 11-1. Various sizes of fracture plates and tools for insertion. (Courtesy of Zim-
mer, USA, Warsaw, Ind.)

bone, (2) fatigue strength to resist dynamic loading, and (3) firm attach-
ment combined with ease of removal.

- Table 11-1 illustrates the strength of various screws to pull out from
the cortical bone and their original tensile strength. The safety factors
(ratios between the tensile strength of screw and anchorage) in these cases

are less than 3, which is the normal engineering applications for this type

TT 5Cns Uirews!

Silhhosucigin ol iedn ensie

T T Oside Root anchorage in force for
diameter diameter cortical bone fracture Safety
Screw (mm) (mm) (N) (N) factor
Sherman 3.7 2.7 1746 4011 23
AO type 4.3 3.1 2275 5012 2.2
Experimental
type 4.8 4.0 2354 6963 2.96

¢ From O. Lindahl. Acta Orthopued. Scand.. 38, 101, 1967, by permission of the publisher.
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Table 11-2. Greatest Resistable Bending Moment at Proximal
End of Femur”

Number of subjects Bending moment
tested (newton meters)

Muscle group Men Women Range Mean
Hamstring 11 54-93 72
17 26-54 35
Quadriceps 6 42-60 51
Hip abductors 6 38-108 63
3 24-48 39
Hip adductors 6 60126 81
3 32-40 30

% From M. Laurence, M. A. R. Freeman, and S. A. V. Swaason, J. Bone Joint Surg.,
e, 754, 1999, by permission v ve puzmener : R

of dynamic loading situu. . .\ discussion of screws : complete
without mentioning the head. Although it is not crifica
screw heads are used, the grooves should be sufficiently deep to prevent
slipping of the screwdriver when inserting or removing the screws. The
presence of fats and tissue fluids coupled with poor. visibility make this

simple task very difficult.

11.1.2. Fracture Plates

There are many different types and sizes of fracture plates, as shown
in Figure 11-1. Because the forces generated by the muscles in the limbs
are very large (see Table 11-2) the plates must be strong. This is especially

I"what types of
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R~ o
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60 TWO 7em VENADLES =TT
PLATES AT 90°
S B
/
BENDING 404 15em HICKS PLATE
MOMENT
(Nm) 307
20 4 em STAMM PLATE Figure 11-2. Bending moment versus total
9 cm VENABLES PLATE . .
rotation of various bone plates. (Redrawn
10 after M. Laurence, M. A. R. Freeman, and

S. A. V. Swanson, J. Bone Joint Surg.,
518, 754, 1969, by permission from the
publisher.)

o . :
o 5 10 B 20

TOTAL ROTATION (")

Figure 11-3. Principle of a dynamic compression plate (DCP): method of compression
with a device (upper) and the principle {lower) (from M. Allgéwer, P. Matter, S. M.
Perren, and T. Riedi, The Dynarmic Compression Plate, DCP, p. 18, Springer-Verlag,
New York, 1973, by permission from the publisher.)
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true for the femoral and tibial plates. The bending moment and angle of
various devices are plotted in Figure 11-2. In comparison with the bending
moment at the proximal end of the femur (cf. Table 11-2), one can see that
the plate cannot withstand the maximum bending moment applied. There-
fore, some type of restriction on movement is essential in the early stage
of healing. v

Equally important is the adequate fixation of the plate to the bone
with the screws. However, overtightening may result in deforrped SCrews
that may fail later because of strain or stress, an energy COrrosion process
(section 4.3).

There have been some efforts to compress the fractured bones to-
gether, as shown in Figure 11-3. Although most companies manufacture
these devices with some variations in design, the new concept has not

e} e

Figure 11-5. An example of a simple fracture jixation of a cancellous bone. (Repro-
duced by permission from H. M. Frost, Orthopaedic Biomechanics, p. 444, Charles C
Thomas, Springfield, Ili., 1973.)

been used extensively mainly because of the added complexity of the
devices and controversy as to whether the compressive force or strain is
beneficial. o o ’

Considerable care must be exercised when fixing cancellous bone
hecanse there are far fewer hone snecular tn annnort the |pad, than in

- ———t———cortical-bone—An-example-of-the-fixation-of the ends of -a-long-bone—is——————-.
shown in Figure 11-4, in which the fractured bones are fixed with a
combination of screws, plates, bolts, and nuts. The bulk necessary for
adequate stabilization of the fracture increases the chance of infection
near the site of implants.
Sometimes a cancellous bone fracture can be fixed by using a simple
Figure 11-4. Devices to fix a cancellous bone of a supracondylar fracture of the femur. nail, as shown ig Figure .11—5. This is a special case because the patient
(A. Brown and J. C. D'Arcy, J. Bone Joint Surg., 538, 420, 1971, by permission from was a young child (who incidentally has 2-3 times the trabecullar bone
the publisher.) _ mass in the cancellous femoral head and neck region): and because the
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epiphyseal plate lies close to the hip joint, the loading is essentially normal
to the fracture surface. Also the freely mobile hip joint relieves stress
except during the compression cycle which forces the parts together.
Obviously, a wide range of choices is available. The choice is largely
determined by the surgeon, not by the patient or bioengineer.

11.1.3. Intramedullary Devices

Intramedullary devices are used to fix fractures of the long bones
by inserting them snugly into the intramedullary cavity. Sometimes a
stabilizer is used with this device. This type of implant should have some
spring in it to exert some elastic force inside the bone cavity to prevent
rotation and to fix the fracture firmly.

This close fitting of intramedullary nails is sometimes difficult if the
-=- is curved in the middlc. Alic. ot the point of contact, the constant
compressive pressure may resuit in bone resorption. It is also obvious that

The maximum bending moment about

cos 40° cos 20°.

63.5 N mr(cf; Table 11277

HARD TISSUE REPLACEMENT | 195

the marrow cavity of the long bone has to be destroyed to some extent to
drive in the device.

Example 11-1

Measure the angle of the nail and plate in Figure 11-6. Calculate the maximum
static bending moment at the neck of the implant if the body weight (60 kg) is
applied at a 20° angle in the vertical position.

Answer

the neck of the implant is W, L,
cos 40°, where W, = W, cos 20°; hence
the maximum bending moment is W,L,

FETOW)

Ifa person weighs 60 kg and theL is IJ
cm, the maximum moment is 60 kg - 9.8
m/s? - 15 x 107% m cos 40° cos 20° = =T

-

11.1.4. Nail and Plate Devices for Femoral Osteotomy

Although occasionally the fractured femoral head can only be fixed
with nails or screws, it is more common to use nails (or screws) and a
plate at the same time (Fig: 11-6). This is usually true in intertrochantric
osteotomy because the simple nail and plate cannot absorb the dynamic
load exerted on the device. The various designs for this purpose are
shown in Figure 11-7. The insertion of these devices is rather difficult,

-although a set of special tools and guide wires are supplied by the

mnnu{?qr'fnrpv-c )
Hip nails have several designs, as shown in Figure 11-8. All but one
Lo Lalas I0m bL,—,

-~ AN A ~vida aoay + s A |
2 ALV p a3 3T frptfetettel :." guic & allurae 1 1S e"txon »nu - n\,'v\ SU5 Ay

Figure 11-6. An example of hip nail fix
of a fractured femoral head. (Courtesy
of DePuy, Division of Bio-Dynamics,
Inc., Warsaw, Ind.)

trled to mimimize the amourt of material while maximizing the bending
moment (M), which was derived in chapter 2 [equation (2-31)]:

M = Ellp (11-D
where E is the modulus of elasticity and/ is the moment of inertia. There-
fore. the stiffness of the material is important as well as the moment of

inertia. which in turn is related to the section modulus, Z (= I/c). The
various cross sections of the hip nails of Figure 11-8 are designed to
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LOAD

%} j
/

Figure-11-7—&ehematie-diagram-of-osteotomy-devices: (a) instable state afterfemoral - -~ - —-

osteotomy; (b) typical osteotomy device; (c) Wainwright-Hammond osteotomy plate;
(d) Osborne-Ball osteotomy plate. (By permission from D. F. Williams and R Roaf,
Implants in Surgery, pp. 407, 451; W. B. Saunders Co., London, 1973.)
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increase the bending moment through increased section modulus with
a minimum amount of material.

This economic section can be demonstrated by comparing the
amount of material needed for the same section modulus of solid and
hollow cylinders (see Fig. 2-12 for section modulus):

ar’ _mR =Y [ 11-2
4 sotid 4R tuhe ( “_)
Equation (11-2) can be reduced to
R\ R
(—),—) —7—l=0 (11-3)

The approximaic sciuticu 10 equation (11-3) giVed A = 1.22r. Therefore,
for the same section modulus, the outer radjus of the hollow tube should be
about 22% larger than the inner radius. This translates into about one-half

- tf}e' cross-secticnal area-required for the hollow eylinder than-for-the-solid
cylinder. This is why the hollow cylinder is more economical in resisting

bending.

EXamp/e 711-2

Assuming identical shapes, list, in the order of resistance to bending. bone plates
made of the following substances:

a. Ajslgo_g

b. Type 316 cold-worked stainless steel
c. Compact bone (femur)

d. Polymethylmethacrylate

e. Wrought Co-Crallow J—

Figure 11-8. Cross section of various hip nails. (By permission from D. F. Williams
and R. Roaf, Implants in Surgery, p. 402, W. B. Saunders Co., London, 1973.)

Answers

The order of the most resistance to bending can be made according to the modulus
of elasticity because bending stress is proportional to it.

e. Wrought Co-Cr alloy 230 GPa
b. Type 316 cold-worked S.S. 200 GPa
a. ALO, 24 GPa
c. Compact bone 17.2 GPa
d. Polymethylmethacrylate 3 GPa

-
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Figure 11-9. Harrington spinal distraction rod. {Reproduced by permission from D. F.
Williams and R. Roaf, /mp/ants in Surgery, p. 456, W. B. Saunders Co., London, 1973).

11.1.5. Spinal Fixation Devices

When the spinous elements are deformed in such a manner that the
anterior elements are longer than the posterior ones, the resulting struc-
ture is_hent bacloward: this condition is called lordesis. The opnosite
condition is called kyphosis. In severe cases of such spinal deformities,

bl e ‘a »--.«‘ 2 eem oy
aninternal ond extorna! Sxating | nsed for correctinn. Sevars d..-.z..;-

gy

e

[rree
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As the spine is straightened, it is harder to distract without hooks because
the leverage on the spine decreases. Multiple hooks are sometimes at-
tached to obviate this problem.

Example 17-3

To correct spinal luxation a surgeon is experimenting with a bone cement and
Steinmann pins on dogs. A bioengineer, trying to test the strength of the union by
making test samples, obtained a load deflection curve for the original sample in
vitro and then cemented the same vertebrae and tested as shown in the figure.

a. Calculate the maximum bending shear stresses if the cross section of the spinal
disk can be assumed to be a circle with a diameter of 1.4 cm, and the distance
between the point of loading and the disk is 5.3 cm.

b. If the maximum deflection is 0.5 cm, how long it will last? Assume that the
maximum bending shear stress can be used as the tensile stress of Figure 6-4.

BENDING
LOAD / /

ya P ORIGINAL

(N)
oot e, S
Ve

0 as 10 5 20
DEFLECTION (cm)

FORCE

RIGID ROD.

U
) 3

"Texistto stabilizé or straightén the Curvatures, one of whicH 1S SHOWH i
Figure 11-9. Other designs include plates that are attached to the spinous
processes by using bolts and expanding spinal jacks that are hooked to the
spine through the articular process so that the distraction can be adjusted
during implantation.

The main problems with these devices are (1) adjusting or extending
the device as the spine is straightened and (2) necrosis of the bones where
the fixation device is attached. Necrosis results from the tremendous
moment exerted by the trunk muscles—more than 100 newton meters.

T

Example 11-3 figure. (a) Load-deflection curves for spinal fixation study. Figure (b)
shows how the tests were made. (Courtesy of G. Rouse, J. B. Park, G. H. Kenner, and
C. L. Gendreau.)
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Answers

a. The maximum shear stress can be expressed as
O = MIZ

where Z is the section modulus and M is the bending moment. For a circle Z =
mrY4 (Figure 2-12) and M = P X a (load x distance); hence

Omax = 4P ~ulwr?
For the original sample,

4-230N-53cm
(0.7 cm)?
= £5°3 MPa

Umax =

For the cemented sample.

4-250 - 53
Imax = 00,7 cm)®
49.2 MPa

b. At 0.5-cm deflection, the load on the cemented sample is about 50 N;
_4:50N-53cm

(0.7 cm)?
= 9.8 MPa

Compared with Figure 6-4 it will last about 10° cycles.

t =l - N i ANTIIODD IV ATIAN
SAn2, MATERIALS USED FOR INTERNAL FRACTLURL FXATION

e
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11.2.1. Stainless Steels

The most common stainless steel used for orthopedic implant work is
AISI type 316; its composition is given in Table 11-3. The most important
structural feature of any stainless steel is its maintenance of the austenitic
v phase, as shown in Figure 4-5. This can be achieved by controlling the
relative amount of alloying elements. Figure 11-10 shows that for nickel and

Table 11-3. Specifications for
Stainless Steel, Type 318, for
Use in Implant Surgery

Element Weight percent (w/o0)
Chroninn 17.00-28.08 - -
Nickel 10.00-14:00
Molybdenum 2.00-4.00
Carbon 0.08 max

SR [ ToTs Y DENDINN S o 8 S V-
Manganese 2.00 max
Sulfur 0.03 max
Phosphorus 0.03 max
Iron " Balance

@ From Annual Book of ASTM Standards, part 46,
p. 377, American Society for Testing and Ma-
terials, Philadelphia, 1976, courtesy of ASTM.

201

NICKEL \
(w/o] ~ AUSTEMITIC -
10 \

B N T

DEVICES

The materials currently used for internal fracture fixation devices are

all made of metals and their alloys. Several alloys, such as stainless steels, -

titanium, and cobalt chromium alloys, have enjoyed wide acceptance be-
cause they can be easily obtained in high quality and have excellent
resistance to corrosion in vivo. This resistance has been the most im-
portant aspect of metallic devices because of their electrochemical activity
in solution in the body.

FERRITIC OR
INTERMEDIATE STRUCTURE

0] 10 20
CHROMIUM (w/0)
Figure 11-10. The partial phase diagram of stainless steel {0.1-0.5 w/o carbon) in

relation to the nickel and chromium content. (Adapted from J. H. G. Monypenny,
Stainless Iron and Steel, vol. 2, p. 115, Chapman & Hall, Londan 1954.)
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chromium, the y phase can be formed 18 w/o Cr, 8 w/o Ni, and 0.1 w/o C
but not for, e.g., 18 w/o Cr, 5 w/o Ni, and 0.1 w/o C.

By adding molybdenum to stainless steels to enhance corrosion resis-
tance the o phase (ferrite) may be stabilized to such an extent that the steel
may consist of two phases, i.e., « and y. To avoid this, the nickel content

of molybdenum-bearing stainless steels must be increased. However, this

increase causes more intergranular corrosion than with a lower nickel
content molybdenum steel. Lowering the carbon content or adding other
stabilizing agents such as titanium and niobium prevents such corrosion.

This discussion indicates why the composition given in Table 11-3 for

“stainless steel is the most desirable. Table 11-4 shows mechanical proper-

ties of some stainless steels. Because the austenitic phase does not have
decreasing solid solubility, which is prerequisite for the precipitation hard-
ening (Section 4.2), the usual way of hardening is cold working. As noted

P~ Trenres 414 e T e ir e ey caea 1 S S S Y
mintic fi-4, coid-working dogs it Increase the moduluyor-siasuciiy,

although it makes a substantial increase in yield strength and a marginal
increase in fracture strength. As mentioned in Chapter 4, the trade-off is

11.2.2. Cobalt—Chromium Alloys

The cobalt—-chromium alloys commercially called Stellite®, Vital-
lium®, Vinertia®, etc., vary somewhat in composition. The alloy can
be manufactured into final products by either a cast or a wrought
process. The different compositions are given in Table 11-5. The small

Table 11-4. Mechanical Properties of Somé Stainless Steels"

R et .

o
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Table 11-5. The Composition of Cobalt—
Chromium Alloys”

Cast Wrought

alloys alloys
Chromium 27.0-30.0° 19.0-21.0
Molybdenum 5.0-7.0 —
Nickel 2.5 9.0-11.0
Tungsten e 14.0-16.0
Carbon max 0.05-0.15
Silicon 1.0 1.0
Manganese 1.0 2.0
[ron 0.75 max 3.0 max
Cobalt Balance Balance

- : * From Annuai Book 37 ASTH Stundards, part do, pp.
382, 385: American "Society for Testing and Materials,
Philadelphia, 1976, courtesy of ASTM.
® Figures in weight percent.

amount of molybdenum in the casting alloys decreases the grain size
during solidification, thus increasing the strength (see section 4.2). The
alloy is readily work-hardened as a result of its inability to deform plasti-
cally. Therefore, an implant produced by cold-working has to be annealed.
The mechanical properties of the cobalt-chrome alloys are slightly better
than the stainless steels, as shown in Table 11-6. Furthermore, they are
excellent in both corrosion and fatigue resistance.

The cast alloys are frequently used in dental work for their excellent
reproducibility of details. The casting procedure for this alloy is the *"lost

¢ From D. F. Williams and R. Roaf, Implants in Surgery, p. 305, W. B. Saunders Co., London, 1973,
by permission from the publisher.

et o B

Extra-low
carbon, y T TR X
18 Chromium. 18 chromium. Type3ig T D Table 11-8. Mechanical Properiies of Sobaii~Chromium Aloys:
8 nickel 10 nickel fully Type 316 .
Property iully softened _ fully softened softened " coid-worked” 3 st WICUgAL alicy WiGugiit aiicy
Property alloy (solution-annealed) (cold-worked)

Yield strength (MPa) 200-230 200-250 240-300 700-800 ] ] _
Tensile strength (MPa) 540-700 540-620 600700 1.000 Yield strength (MPa) 430 380 1050
Ductility (elongation %) 50-65 55-60 35-55 7-10 Tensile strength (MPa) 633 900 1540
Young's modulus (GPa) 200 200 200 200 Ductility (elongation %) 8 60
Hardness (V.P.N.) 175-200 170200 170--200 300-350 i Young's modulus (GPa) 200 230. 230
Fatigue limit (MPa) 230-250 — 260--280 300 8 Hardness (V.P.N.) 00 - 240 430

® From D. F. Williams and R. Roaf. Implanss in Surgery, p. 310. W. B. Saunders Co.. London. 1973,
and Annual Book of ASTM Stundards. part 46. pp. 382, 383 American Society for Testing and
Materials. Philadelphia. 1976,
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wax’" investment technique. In this procedure the grain size and its distri-
bution are controlled by controlling solidification temperature, mold sur-
face, and the presence of other elements (e.g., molybdenum) to achieve a
homogeneous solid solution that results in superior physical properties.

Example 11-4

Calculate the densities of 316 stainless steel and cast Co-Cr alloy based on their
composition.

Answer

Since the density of an alloy can be expressed by
p=pWi+pWy+ -+ PaWa

where the subscripts desxoqate each component of the alloy and W 1S the weight
fraction. Therefore, from Tables 11-3 and 11-5,

e g S OB €D 8:9x—6-12-(Ni) + 1025 0.03-(Mo) - e

+ 7.43 x 0.02 (Mn) + 787\( 064(1:6)
= 7.89 g/cm?

peo—cr = 1.19 x 0.285 (Cr) + 10.2 x 0.06 (Mo) + 8.9 x 0.025 (Ni) + 2.4
x 0.01 (Si) + 7.43 x 0.01 (Mn) + 7.87 > 0.0075 (Fe)

= 8.38 g/cm®

11.2.3. Other Metals

Titanium and its alloys are used as implant materials because of their

‘high corrosion resistance and relatively low density (4.5 g/cm? eompared
7.0, 2.0, and 0 22/cm? for stainless steel and cast and wrought rohali—

[V R EF R PRty NSRSt RO PR

chrome alloys, respectxvely) The excellent corrosion resistance of pure

ce.as w\

1 -l
eeesbaiverizrulis fon e lgnacicus oxide film (TIO,) on the surface.

e
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Table 11-7. Mechanical Properties of Surgical Titanium
and Its Alloys" .
Tensile strength Yield strength Elongation

Type (MPa) (0.2% offset, MPa) (%%)

Grade 3, pure 415° 345 18

Grade 4, pure 530 485 15

Ti-6A1-4V 896 830 10

2 From Annual Book of ASTM Standards. part 46, pp. 381, 398; American Society for
Testing and Materials, Philadelphia, 1976, courtesy of ASTM.
5 All values are minimum requirements.

tantalum. It forms an oxide film like that of titanium. Its mechanical
properties are similar to that of stainless steel but tantalum has a high

T deusity, 0.6 g/em®; howevei, i difficaity of extractmg i Trui: ore

makes the metal less attractive.
Platinum metals (platinum. ruthenium. rhodium, palladxun‘ ~Imium,

-and-irridinm)-and their-alloys have been utilized from-time-to-time-for

surgical implants and devices, although their high cost combined with
relatively poor mechanical properties restricts their use to such special
cases as dental bridges and electrodes for special circumstances (e.g.,
pacemaker tips).

PROBLEMS
I'l-1. Indicate where the metallic corrosion will predominate in the osteotomy devices
shown in Figure L1-7.

Answer
The interfaces between the screws and stem, sharp corners in the stem.

11-2. Explain why the wrought cobalt—;:h;omnum ajlc‘a‘); d;;sAnot::or.xtam r;;di;t;denum and

the cast alloy does.

aluminum oxide (Al,O5), Which protects the surface from further uxida-
tion. Unlike aluminum, the titanium oxide film is very stable in saline
solution at room temperature. ’

Because of the difficulty of obtaining titanium in pure form and of
machining, it is alloyed with other elements such as aluminum, vanadium,
manganese, silicon, molybdenum, and tin. The mechanical properties of
titanium and its alloys are given in Table 11-7.

Another corrosion-resistant metal used for implant manufacture is

Answer

The molybdenum increases the strength of the cast Co-Cr alloy: however. cold-working
increases the strength of the wrought Co-Cr alloy and hence the latter does not need
molybdenum. (The modulus of elasticity of molybdenum is 345 GPa, about 70%% higher value
than the Co~Cr alloy.)

11-3. Write the weight percentages of three major alloyving elements for 188, 18/10. and type
316 stainless steel alloys and wrought Co-Cr alloys. Determine from Figure 11-10 if they
are austenitic or ferritic.
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Answer
Element 18/8 18/10 316 Wrought Co—-Cr
Cr 18 18 17-20 19-21
Ni 8 10 1014 9-11
Co — : — — 45.85--51.95
Fe >30 >350 59-68 —

{

From Figure 11-10, all are austenitic.
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C. O. Bechtol, A. B. Ferguson, and P. G. Laing, Metals and Engineering in Bone and Joint
Surgery, Balliére, Tindall, and Cox, London, 1959.

J. H. Dumbleton and J. Black. An Introducton to Orthopedic Marerials, chapter 9, Charles C
Thomas, Springfield, Ill. 1975.

V. H. Frankel and A. H. Burstein, Orthopedic Biomechanics, chapter 7, Lea & Febiger,
Philadelphia, 1971.

G. Kuntscher, The Pracrice of Intramedullary Nuiling, Charles C Thomas, Springfield, Ill.,
1947.

C. S. Venable and W. C. Stuck. The Inrernal Fixution of Fractures, Charles C Thomas,

¥ Springfield, Ill.. 1947.
. . D. F. Willi . . i -gery :
11-4. Calculate the tensile stresses of the three types of bone screws listed in Table 11-1. Lonéolsm]597a3nd R. Roaf. fmplunts in Surgery. chapters 6-8. W. B. Saunders Co..
Compare with the values given in Tables 11-4 and 11-6. Can you tell what possible kinds : :
of metals each is made from?
g wor
Types of screw Fracture s_trength (MPa) Possible metals :
--Shermram 00 Co-Cror-cold-worked 316-5.5~ —-- ! o - e
AO type 664 Softened s.s. A
Experimental 554 18/8 or 18/10 s.s. i
i .
11-5. Explain the principle of a dynamic compression plate (Fig. 11-3). What problems ;
may arise by using this device? Will this device be more susceptible to corrosion than the f
conventional bone plate-screw system? i
Answer (
Figure 11-3 is self-explanatory. The degree of compression is hard to determine and some ;
fractures cannot be compressed by this technique. Because the screws and plate are fixed
in a strained state they are more susceptible to corrosion than in a strain-free system. i
11-6. Calculate the tensile strength and density ratios for the following materials: “V
a. Type 316 cold-worked stainless steel
b. Cast Co-Cr alloy
c. Ti-6Al-4V alloy
G. lign-density potyethyleae -
e. Polymethylmethacrylate
f. Pyrolytic carbon (compressive strength)
g. AlOy crystals (compressive strength)
)
Answers H
4
a. 1.000/7.9 = 127 MPa cm/g e. 70/1.20 = 58 MPa cm¥/g ]
b. 65583 = 79 MPa cm'/g f. 517/1.75 = 295 MPa cm’/g
c. 896/4.5 = 199 MPa cm'/g g.  862/3.8 = 227 MPa cm®/g
d. 30/0.96 = 31 MPa cm'/g
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The articulation of joints poses more problems than long bone fracture
repairs. These include wear, corrosion, and their products, as well as
complicated dynamics of movement. In addition, the massive nature of
totally replacing such joints as the knee and elbow near the skin also
renders the possibility of infection greater. More important, if the re-
placement fails for any reason it is harder to replace the joint a second
time because a large portion of the natural tissue has been destroyed.
For these reasons orthopedic surgeons try to salvage the existing
joint and use hnpiants os o iast resvrt, Hosever, i hip prosthesis has
gained large support in recent years for older patients.

Such familiar tooth impiaais a3 anaigams 10T Savilits a1z vuiside the

scope of this book. Instead total tooth replacement with man-madeé mate-
rials will be considered.

Tooth replacement is challenged by the transcutaneous (or per-
cutaneous) nature of the severe oral environment, which continually
changes its chemical composition, pH, temperature, etc. Teeth undergo
the most severe compressive stress in the body (up to 850 N) and a
satisfactory material or technique has not yet been found that can with-
stand not only the compressive stress but also the added torque and shear
stress during mastication.

209
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CAPSULE & SYNOVIAL
MEMBRANE LINING

XN\ _SYNOVIAL FLUID BEFORE

HYALINE
ARTICULAR
CARTILAGE

AFTER
LOADING

Figure 12-1. Structural arrangement of a knee joint seen from the side {a) and hip joint
before and after loading (b). (From H. M. Frost, Orthopaedic Biomechanics, pp. 268,
277; Charles C Thomas, Springfield, ll., 1973, by permission from the publisher.)

g 12.1. STRUCTURE AND FUNCTION OF JOINTS

The hip and shoulder joint have ball-and-socket articulation, while
other joints such as knee and elbow are of the hinge type. However, all
joints possess two opposing smooth cartilaginous_articular surfaces that
are lubricated by viseons synovial fluid. The fluid _is .made . of
polysaccharides (section 7.1.2) that adhere to the cartilage and on loading

—eee .. ran he permeated cut onte the surfsce to reduce friction. The cartilage is
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ligaments is very complicated. Even the center of rotation of the knee
joint cannot be determined with any great precision; in fact, it shifts
position with each movement. The eccentric joint movement helps to
distribute the load throughout the entire joint surfaces.

Some joints, such as the knee, have fibrous, cartilaginous minisci
shaped like wedges located between the sliding surfaces (Figure 12-1).
The main function of the miniscus is believed to transfer the load over a
larger area than is possible without it.

The joint forces applied during a range of activities are given in Table
12-1. Of course, the forces applied during walking vary considerably with
each motion, as shown in Figure 12-3. It should not be surprising that these
forces are up to 8 times the body weight, because they act on the joints in a
dynamic rather than-a static manner. This type of biomechanical analysis
can help in designing a better implant.

12.2. VARIOUS JOINT REPLACEMENTS

" Traditionally joints have béen Ttéstructured or rémodeled” by a
surgical technique called arthroplasty. Resection and interposition ar-

not vascularized; and the repairand mutrition of thetissues appear to be
diffusional processes.

Nature provides the surface of the joint with a large area to minimize
load concentration effect (Fig. 12-1) for the hip and knee joint. The loading
can be absorbed further by the trabecular subchondral bone underlying
the cartilaginous tissue; it also transfers the load gradually.

The actual articulation of the joint is performed by the ligaments,
tendons. and muscles. An example of this anatomic aspect is given in
Figure 12-2. The analysis of forces acting on the various tendons and

Figure 12-2. Arrangement of loading elements in a thigh. Note the attachment of
muscle. (Fram H. M. Frost, Orthopaedic Biomechanics, p. 262, Charles C Thomas,
Springfieid, lll., 1973, by permission from the publisher.)
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Table 12-1. Average Maximum Values of
Forces at Hip and Tibiofemoral Joints
during a Range of Activities®

Maximum joint force
{multiples of body weight)

Activity Hip Knee

Level walking

Slow 4.9 2.7
Normal 4.9 2.8
Fast 7.6 4.3
Up stairs 7.2 4.4
Down stairs 7.1 4.9
Up ramp 5.9 3.7
Down ramp 5.1 4.4

@ From J. P. Paul, ‘‘Loading on Normal Hip and Knee
Joints and Joint Replacement,”” in Advances in Hip
od Knee Joizi Technology, ed. M. I:haldach and

Itk £

Dorronmann;pri; uyluxgm Verlag-, -Berlin;-1976~-~-— ——

throplasty are common methods of surgical operation. The replacement
arthroplasty involves the use of an implant.
12.2.1. Hip Joint Replacement

The early methods of correcting diseased ot fractured hip joints
involved only the acetabular cup or femoral head. One technique of re-

storing the hip joint function is to place a cup over the femoral head while .

the surface of acetabulum is also resected to fit the cup. The implant
serves as a mold interposing the two surfaces which eventually readjust
accurding o tue function of the joint. An exainpic G this techuqul is
illustrated in Figure 12-4.
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The single most difficult problem in hip joint as well as other joint

replacements is the fixation of the i s, because the implant lies on

cancellous bone, which has few trabecullae to support the large load im-

posed. Also, the stress concentration of the implant at points of sharp
contact, such as the calcar region and the end of the femoral stem, makes
the already weakened bone more necrotic. In fact, the first wide ac-
ceptance of total hip replacement was achieved by providing an ac-
ceptable fixation using acrylic bone cement. The cement is inserted when
it becomes doughy, after mixing the polymer powder and monomer liquid
thoroughly, and the prosthesis is press-fitted into the drilled hole. The
cement can also be used in the fixation of the acetabular cup.

The cement not only serves as the initial attachment of the implant
with bone, but also acts as a shock absorber because it is a viscoelastic
polymer This seemingly small difference in the rigidity among the cement,

13
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Some have tried to replace the femoral head after resection with
various designs, as shown in Figure 12-5. The wide variety of over 30
different implants reflects the limited knowledge of the function of joints
and the ability of the joint to take almost any insult imposed on it by
various implants. Most femoral head replacements are done with the in-
stallation of an acetabular cup. This is the so-called total hip joint re-
placement, which is frequently performed bilaterally. The various types
of hip implants can be grouped into ball and socket, retained ball and
socket, trunnion bearing, floating acetabulum, and double cup (Fig. 12-6).

N knee vomt

0 ; : ; , .
o 20 40 60 80 100
CYCLE TIME (%)

Figure 12-3. Variation of forces with time of hip and knee joint in walking. (J. P. Paul,
“Loading on Normal Hip and Knee Joints and Joint Replacements,” in Advances in Hip
and Knee Joint Technology, ed. M. Schaldach and D. Hohmann, Springer-Veriag, Ber-
lin, 1976, by permission from the publisher.)
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Figure 12-4. An example of mold arthroplasty. (From H. M. Frost, Orthopaedic
Biomechanics, p. 299, Charles C Thomas, Springfield, lll., 1973, by permission from
the publisher.)

bone, and prosthesis helps to spread the load over a large area and to
obviate the stress concentration problem. However, the stress on the
bone in the distal stem is much higher than in the proximal region (calcar)
when the stem is incerted hy using bone cement, as shown in Figure 12-7.

e —This-causes-bone-resorptionof the-calcar region;-whieh-in-turn-will-tead-to
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either loosening or fracture of the stem.

To obviate this problem a higher loading condition in the proximal
region is desirable by making the neck portion of the stem longer. How-
ever, this arrangement increases the moment applied in the midstem,
causing fracture more readily. Actually, the new trends in stem design and
insertion technique are to make it straighter, thus decreasing the moment.

The cement itself sometimes gives problems, e.g., the monomer
interferes with the. systemic function and decreases the blood pressures.

Figure 12-5. Various designs of acetabular and femoral head components of hip
prostheses. (From K. M. Sivash, Alloplasty of the Hip Joint, A Laboratory and Clinical
Study, Medical Press, Moscow, 1967, by permission.)
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. Figure 12-6. Dxﬁerent types of total hlp implants: (a) ball‘andbso‘éket (b) ddu.blevcupv, (c).

trunnion, and (d) retained ball and socket. (Sivash design, courtesy of United States
Surgical Corp., New York.}

= oS iiossal torque becomes v incaat for-the.cobali-
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The highly exothermic_polymerization reaction can cause a local temper-
ature_of over 60°C,.which can.result in_cell necrosis. Also the extensive
intramedullary cavity preparation for the cement space can block the
bone sinusoids, enhancing tissue necrosis and fat embolism. T

Another added problem is the difficulty and the extent of tissue de-
stroyed when removing implants for any reason. The replaceability of the
implant is an important aspect of its design. In this regard, the Sivash
implant has an inherent weakness in its design, i.e., the whole prosthesis
has to be replaced e eyen,iqnly_one_gomponengb@sia.xlgd Also the fixation
of the device is accomplished by direct apposition to the bone, which
results in_ stress.concentration at the end of the stem and sharp edges of
the acetabular cup in contact with.bone.

The friction between the ball and cup of the hip joint is significant
when it creates a rotational torque Especxally at high loadmg rates the

1

o ~nbals

h1p joint, as shown in Fxgure 12-8. The stainless steel/polyethylene and
cobalt-—chrormum alloy/polyethylene, combinations are better for reduc-
~ ing frictional torque and wear than the all-metai systein. {he high fric-

tional torque of the all-metal system may also be due to the larger surface
contact because the femoral head is much larger than the metal-polymer
prosthesis. In actual use the all-metal system works well without exerting

hlgh fnctlonal torque bef:ause tissue ﬂmds lubncate the surfaces.

e
-

Medial side Lateral side
101

1

:g i 2 FRICTIONAL

L4 4 111 TORQUE .

194 » STANMORE, all Co-Cr, 1%
Camar Voo r3 £ < pe {Nm) McKEE, all Co~Cr, 1%
; 7] 13 ] : c, all Co~Cr, 19
{A) A@t\':‘er?r:fn‘g:m o) f ¥ {14 %:1 5 // STANMORE, all Co-Gr, | ’/.
| 1\6 4 A/ 16 STANMORE, Ca-Cr-HOPE — _*, _ ' .
CHARNLEY, SS-HDPE — .

30 20 -10 0 10 20 / 20 -10 0 10 20
STRESS(MPa) 7 / STRESS(MPa)
Figure 12-7. The stresses on the surface of the femoral stem by a load of 4000 N. The
numbers indicate the location of strain gauges to measure the deformations. Note that
there is no stress in position 1 {(calcar region) after insertion of the implant. (From
S. A. V. Swanson and M. A. R. Freeman, The Scientific Basis of Joint Replacement,
p. 41, J. Wiley and Sons, New York, 1977.)

) 500 1000
LOAD (N)

Figure 12-8. Frictional torque versus applied load for various hip prostheses. (Re-
drawn from J. N. Wilson and J. T. Scales, Clin. Orthopaed. Related Res., 72, 145,

1970.)
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Example 12-1

A bioengineer is trying to determine the amount of
gap developed between bone and cement when a
femoral hip is placed. The system is assumed to
consist of concentric cylinders. Calculate the gap
developed between bone and cement if the tempera-
tures of cement, implant, and bone reach 53, 50, and 45°C, respectively, through-
out each component uniformly (assume that the « value of:the implant is 17 X
107%/°C).

BONE (4 mm thick)
CEMENT (3 mm thick)

METAL IMPLANT
{15 mm diameter)

Answer
From Table 2-1 the linear coefficients of thermal expansion are 8.3 and
810 < 107%°C for bone aac ccment; therefore, the rhrhbizg=-aficr equiiheation

with body temperature for each component will be

A 17 x 197%°C(37-70)°C = =332 am

implant: Al = 1.2 ..

cement: Al = 0.6 cm x 81.0 X 107%/°C(37-55)°C = '—8.75 pm

bone: A/ = 0.8 cm x 8.3 x 1078/°C(37-45)°C = —0.53 um

Since the metal implant shrinks, the diameter is only 3.32 wm, but the cement
cannot shrink the full 8.75 um because of the stiff implant. Therefore, the real gap
between bone and cement is ¥5(3.32-0.53)um, which is 1.4 pum. The cement will
impose a hoop stress around the implant. If the hoop stress becomes large enough,
the cement may break by its own shrinkage stress. (Cement breakage and the
micro gap between the implant and bone have been observed in a clinical situation,
although the former is a rare case.) The linear shrinkage of

SOrAsee¥IS pavlie ooy v L
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Liquid
Methylmethacrylate monomer 97.4 vio
N,N-dimethyl-p-toluidine . 2.6 vio
Hydroquinone 75 = 15 ppm
Powder
Polymethylmethacrylate 16.7 w/o
Methylmethacrylate-styrene copolymer 83.3 wio

(Radiopaque cement has 10 w/o barium sulfate in powders)

a. Write the polymerization process(es).

b. Why are N,N-dimethyl-p-toluidine and hydroquinone added in the liquid?
¢. What would be the reason behind using the MMA -styrene copolymer?

d. Suggest ways to sterilize the cement.

SR . PR P S - . ey

Answers

a. The polymerization is free-radical-type (Section 6.1.2); initiatior is achieved

H CH, CH, CH, CH,

| |
— C=C = — > —CH,—C~CH,— éuczif——clz-m

|
H éOOCHu éOOCHq éOOCHJ J:OOCH;
MMA
I"'I (le CI:H:’ CH,4
c=c —CH—C—CH, — CH-CH—L_. ..
| |
H COOCH, F COOCH;
I
AN
Styrene

b. The N,N-dimethyl-p-toluidine is added to accelerate the decomposmon of
_peroxides, thus achieving rapid polymenzaiion (hence it is cailéa an acceieraior).

the « used is for solid glassy polymethalmethacrylate.

~

Example 12-2

The most widely used bone cement in hip joint replacement is made of powder
and liquid, as given below (Simplex-P Bone Cement, Howmedica, Inc., Ruther-
ford. N.J.).

e RS Rt 2 b a0

The hydroquinone is added to prevent the polymerization ofthe monomer (thus it
is called an inhibitor).

c. Although the mechanical properties of the copolymer are not much dif-
ferent from those of the PMMA. the chemical properties are enhanced by the
copolymerization.

d. The powders are sterilized by vy-radiation and the liquid is sterilized by the
membrane filtration method. (Many other commercial bone cements are available.
although Simplex-P is the only cement allowed to be used as a drug by FDA at this
tume).




e ———The—materiats “used —for joint replacements—are-the-same “materiafs
studied so far. As mentioned in the hip prosthesis section, because friction -
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12.2.2. Other Joint Replacements

The development of prostheses for joints other than the hip has been
relatively slow and they are still not widely accepted by the medical
profession. The requirements for a successful knee joint implant are the
same as for other joints, including hip joint replacements. These include a

-low frictional torque without sacrificing the range of motion, a low wear
rate, a rigid and viable fixation of prosthesis to the host, and replaceability.

The knee prosthesis has several severe inherent problems, i.e.,
loosening and infection because of its location. Some prostheses (e.g.,
McKeever) use the principles of mold arthroplasty of hip joint replace-
ment, while others use the hinge principle, as shown in Figure 12-9.

Other joint replacements (elbow, shoulder, and ankle) have been
given little attention compared to the hip and knee joints. The mechanical
and design problems associated with these joints are the same as those of

. a1p and knee joints. Some cvmmercmﬂy available replacem\,..ti for these
joints are shown in Figure 12-10.

The finger joint prostheais has been popularized by the immediate
“improvemennts of cosmetic appearance as well as functionality for severe
arthritic joints. There are essentially two types of prosthesis—the integral
hinge prosthesis and the mechanical hinge prosthesis (Fig. 12-11). The
integral hinge type is made of silicone rubber or polypropylene. Some-
times silicone rubber is reinforced with woven fabrics. The success of this
type of prosthesis lies on the fact that the stem is gliding through the
intramedullary cavity encapsulated with a thin collagenous tissue. This is
the same principle as the mold prosthesis discussed previously. The hinge
type of prosthesis sometimes has two pronged stems to prevent rotation.
(The Schulz finger prosthesis stems shown in Fig.. 12-11 have a rectangular
shape to prevent rotation.)

i AL At s

12 2 3 Materlals Used for Jomt Replacements
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Figure 12-9. Various knee implant designs. Top left: McKeever tibial plateau. Bottam
left: Variable axis total knee. Center Waldius total knee. Top right: patello-femoral
components in position. Bottom right: Freeman-Swanson total knee. [All are from

e s ezdicg, Inc., Rutherford, NoJ., excepi (o) Ricnzros saig o), rictapmsd Tenn

As mf’nhnned-rn-cmjunc%wn-wrth—hrp —pFQS%h@SfS-——t‘he'-C—h&Fﬂ{u y-hip

and wear are major problems for articulating joints the materials that yield
the least friction and wear have been chosen to construct the prosthesis.
Polytetrafluoroethylene (Teflon®) was originally thought to be a good
candidate because of its low friction, but it failed badly because of unfa-
vorable wear properties. Interestingly, the acrylic polymer used for bone
cement was used in the early design of the femoral head (Judet). Need-
less to say, the implants deteriorated fast and excessive wear resulted.

|
|
i
!

i

prosthesis uses a high-density polyethylene (sometimes called ultrahigh
molecular wemht polyethylene) acetabular cup Wlth cobalt—-g_trrgrn,uy_n
the least friction (cf Fxg '12-8) and “wear. Furthermore the particles of
polyethylene show a minimal tissue irritation, another important factor for
this type of ‘implant. Because the polyethylene acetabular cup is
translucent to X rays it is sometimes circumferentially banded with a
wire. Some prostheses are designed to replace the polyethylene compo-
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c

Figure 12-10. Typical prosthesis of (a) an elbow (Pritchard-Walker design, DePuy, Divi-
sion of Bio-Dynamics, Inc., Warsaw, Ind.) (&) shoulder {Bechtol design, Richards Mfg.
Co., Memphis, Tenn.) and {¢) ankle (Mayo total ankle, DePuy).

c

Figure 142-11..Finger joint prostheses: (a) is an integral hinge type; (b) and (c) are
m.echamcal hinge type. (a, Swanson design, Dow Corning Co.; b, St. Georg design
Richards Mfg. Co.; ¢, Schulz design, Zimmer, USA.) '
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nent (either cup or femoral head) easily because the polymer wears out
faster than metal, as shown in Figure 12-12. Some prostheses use different
alloys in different parts. For example, the stem and acetabular compo-
nents of the_Sivash_hip_prostheses.(cf. Fig. 12-6d) are made of titaniun
(Ti-6A1-4V) alloy, while the ball is made of cas obalt—chromium alloy.
Furthermore, the socket liner is made.of an ultrahigh-molecular-weight
polyethylene. )

" There has been a great deal of interest in developing wear-resistant
materials for joint prostheses even though the polymer-metal combination
seems to be satisfactory. Especially in France and Germany, dense
alumina (ALO,) has been studied clinically for use in joint replace-
ments. The main advantages of the ceramic materials are their inertness
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1 ceromic prosthesis
2 gurge nsirument

Figure 12-13. Hip (left) and knee joint (right) made from ceramics (alumina). (Repro-
duced by permission from D. Geduldig, R. Lade, P. Prdssner, H-G. Willert, L. Zichner,
and E. Doerre, in Advances in Artificial Hip and Knee Joint Technology, pp. 439, 443,
ed. M. Schaldach and D. Hohmann, Springer-Verlag, Berlin, 1976.)

taward any environment. including biological. excellent wear resistance.
and high compressive strength. Figure 12-13 gives two examples of hip
.and.knee ioint.prostheses used i apimal studies

Figure 12-12. The hip prosthesis of Weber and Harris design. (Reproduced from C/in.
Orthoped. Related Res., 72, 79, 1970, and 87, 105, 1971, courtesy of J. B. Lippincott
Co., Philadelphia.)

Example 12-3

Suggest methods of prosthesis fixation with bone.

Answers
There are four ways of fixation of implants with bone:

a. Direct mechanical fixation using screws, plates, wires, etc.. and passive me-
chanical fixation. such as impaction of the femoral hip stem into the medullary
cavity of the femur.
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b. Cement, mainly polymethylmethacrylate bone cement.

. Ingrowth of tissue into the porous or grooved surface of implants.

d. Direct chemical bonding between implant and bone.
The last method is still in experimental stages while (c) is used clinically to
some extent. The reader should give some attention to this fixation problem
since this is the most difficult to achieve.

o

12.3. DENTAL IMPLANTS

Implants have been used to support dentures; they can be fixed or
removable, partial or full, and sub- or transgingival. The severest chal-
lenge is encountered in tooth implants. Like transcutaneous unplants the
tooth is exposed to the oral environment, to which no material is com-
pletely inert. The added effect of tremendous compresswe stress imposed

The requirements for successful dental 1mplants are (1) biocompati-
bility, (2) corrosion and wear resistance, (3) high compressive strength

both alveolar bone and mucosal tissue (gingiva, cf. Fig. 7-7).

12.3.1. Endosseous Implants

The endosseous implant is inserted into the site of missing or ex-
tracted teeth to restore the original function. The ideal implant is the tooth
itself pulled from the same socket if it can be replanted; however, this is
not the solution to the problem of tooth replacements. There are many
different types of endosseous implant designs, as shown in Figure 12-14.
The main idea behind the various root portions of self-tapping screws,
spiral, screw-vent, and blade-vent implants is to achieve immediate
stabilization as well as long-term viable fixation. The post is covered with
on appropriate crown after the implant is fixed firmlv (Fig. 12-15)

The dxﬁiculty anses when the alveolar | bone is resorbed by either too

A lcr\ aver mar\"fp

/ - ——.—_and-tougnness,-and (4) adequate viable fixat.on between the implant ana. .

BT

" duced fromi D.E. Grenoble and D.'Voss,
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Figure 12-14. Various designs of self- K
tapping endosczcus implants, [Repre-

Biomater. Med. Devices Artif. Organs,
4(2), 133, 1976, courtesy of Marcel
Dekker, New York.]

LEEVE-BONDED

o g o

wm tead” tmnfecmmm 'lmplam

failure.
“The implant is usually encapsulated by a thin layer of collagenous

tissue that is organized in the direction of stress. No mineral deposition
close to the implant was found with the screw implant. This indicates that
the collagenous tissue acts as a periodontal membrane that distributes and
absorbs impact forces of mastication.

The downgrowth of epithelium sometimes is observed around im-_

plant posts; it is like that seen in transcutaneous 1mplants This tends to

TO IMPLANT

IMPLANT RQOT
{GLASSY CARBON)

Figure 12-15. Tooth-root-shaped implant fabricated from glassy carbon. [Reproduced
from D. E. Grenoble and D. Voss, Biomater. Med. Devices Artif. Organs, 4(2), 133, 19786,
courtesy of Marcel Dekker, New York.}|
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Figure 12-16. A mandibular sub-
periosteal implant framework cast
from cobalt—chromium alloy. [Re-
produced from D. E. Grenoble and
D. Voss, Biomater. Med. Devices
Artif, Organs, 4{2), 133, 1976, cour-
tesy of Marcel Dekker, New York.]

support the idea that gingival tissue is similar to skin and that some kind
of rejection mechanism is triggered by the presence of a foreign material.

12.3.2. Other Dental Implants
Implants have bees successfully used to provide a tframework for

dentures, as shown in Figure 12-16. The implants can be subgingival or
"~ h the odds for success arg “nuch better with the

former (25 years of implantation have been reported) because ‘of the lower -

chance of infection. Other dental implants include endodontic pin
stabilizers, alveolar bone and ridge augmentation, and periodontal defect

repair.

12.3.3. Materials Used for Dental Implants

Such metal alloys as cast and wrought cobalt—chromium and Ti-

6A1-4V are widely used clinically. Stainless steéls are seldom used because
“the amount of metal used for dental work is much smaller than in
orthopedic implants and its cost imposes less restriction. Recently, car-
bon was used to fabricate endosseous tooth implants for clinical use.
Pyrolytic carbon used for percutaneous buttons and artificial heart valve
disks is being tcstcd ior futureuse. w0 m o
Such ceramic materials as dense alumina (Al,Q;) are attractive for

 {helrinerness aul nisn CUMpressive SUEnEiinil tivy tan ve wade without

) UIah b i
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Figure 12 i7. A poraur

‘zital implant used for elecirive:

s ation in a tissue

‘ingrowth stiidy. Noté'the position of thé electrode. The implant was placed in the distal
root socket of the fourth canine premolar. (From S. Q. Young, J. B. Park, G. H. Kenner,

B. W. Sauer, B. R. Myers, R. R. Moore, and A

Example 12-4

During the experiment for tissue growth
it T maeie

Ario AT LT S,
T INg peres Of Wic OGN impldat SuOwii

in Figure 12-17, a push-out test was per-

Z iSU Qi SLUSLINS Ul o

any pores. Some ceramic materials, such as calcium phosphate, are being
evaluated for filling bone defects, e.g., alveolar and periodontal bone
defects. The material is resorbed as the new bone is formed to replace the
implant.

Polymethylmethacrylate (PMMA) mixed with_inorganic_bone. (20
w/o) has been tested for bone ingrowth. The main advantage of this mate-
rial is its ease of fabrication, although its strength is substantially lower
than that of bone or other implant materials. Most other materials have
been tried in porous form in an effort to form a viable fixation, as shown in

Figure 12-17.

. F. Von Recum, Clemson University.)

i w-PLUNGER
L IMPLANT
%
e We+-ALVEOLAR BONE

CROSS~HEAD SPEED
0.05 cm/minute

is given below (the diameter is 4.6 mm).

a. Calculate the maximum interfacial
shear stress between the bone and the
implant.

b. What is the shear modulus?

¢. Is the interfacial strength adequate for
fixation of the implant?

STRAIN (%)

Force—strain curve of a push-out test
{the insert shows the test arrange-
ment) of a tooth implant section.
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Answers
F F 1IN
- - = = (.38 MPa
a. = T T D momm o B MPa

o _ 5.8N/28.9 mm*

e 0.05 = 4 MPa

b. E =

¢. The interfacial strength may not substantially contribute to the total mastica-
tion load (because the natural tooth has a conical shape, the applied load is dis-
tributed into two major components, shear and compression); therefore, the
interfacial shear strength calculated in (2) is a high enough value. (The direct
attachment of artificial tooth by tissue growth into the pores of an implant has
certain advantages. However, the types of tissues, whether hard or soft, to be
grown into to make ankylosis and give the best results have not been established.)

PROBLEMS

12717 Why are the average maximum values of force at the hip and knee several times the "

body weight? Propose a method of measuring the forces transmitted through the joints
in vivo.

Answer .
The total energy of a body can be expressed in terms of potential and kinetic energy, i.e.,

Total energy = K.E. + P.E.
K.E.
P.E.

Vamy?

i

m-g-h

where m1 is mass, g is gravity, / is height, and v is velocity. If a person is standing still only
potential energy will be imposed on the joints because v = 0. If a person moves, the
kinetic energy will act on the joints and its magnitude will depend on the velocity squared.

oAl BECHIN

..122. Controst the integral hinge-tyne and mechanical-hinge tyrze finzer joint prosthoses,

122 Tist the follapins materials urad 1o make o joint in the order of lenst friction:

-

sz

o Q0 o
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12-4. The calcar region of the hip prosthesis frequently undergoes loosening. Some people
suggest that this is caused by stress concentration while others claim it results from the lesser
stress imposed on the bone tissue. which makes it osteoporotic. How can you reconcile
these opposite views?

Answer

The opposite view may result from the fact that the bone constantly undergoes osteogenetic
and osteoclastic processes. If the stress is 100 small or 100 large. the osteoclastic process is
predominant. Therefore, the implant should be designed to distribute the load according to
the body's normal activity before the implantation. Any deviation from this will result in
osteoporotic bone.

12-5. Suggest the characteristics of an ideal bone cement for joint prosthesis.

Answer
Because the cement is an implant. all the requirements of implants should be applied to it.
However, some additional requirements are unique for the cement:

c. It chould be easy to meriiiniaw av i wnown al theate, . -

. It should not reach a high temperzture during setting, which would detcriorate the tissues.
. It should not creep (which changes dimensions), fatigue, etc. :

. It should be spread evenlv and easily around the impl=nt 50 the. ..+ 2uns will ocerr.

.. It should.polymerize completely-so-that no-small molecules will-be leached out-later-

12-6. What biological factors make dental implants so difficult? Suggest the characteristics of
an ideal dental implant.

Answer

The percutaneous nature of dental implants make it difficult for them to be successful. The
gingiva is in fact a specialized skin that is hard to abut against the implant so that the sub-
merged portion of the implant can be isolated from the oral environment. Another factor is the
extremely large compressive stress imposed during mastication, in addition to the cyclic
type of loading. ’

12-7. Give two important characteristics of a material used to construct joints.

Answer
a. The most important factor is wear resistance and such related questions as wear debris.

b. Another important factor in any icint is the fction b iha sniwfhees.

a. Co-Cr alloy/high-density polyethylene
b. Stainless steel/high-density polyethylene
¢. Co-Cr alloy/Co-Cr alloy

d. ALOy/ALO,

Answer

Figure 12-8 shows the order of least friction to the most:
a. S.S/HDPE

b. Co-Cr/HDPE

¢. Co-Cr/Co-Cr

d. ALOYALO,
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SIUNITS

The International System of Units or SI (Le Systeme International
:d’Unités) units define the base units as tollows:

e

Base Units
1 Quantity Unit Symbol
length meter m
’ mass kilogram kg
\ih time second s
E electric current ampere A
] temperature kelvin K
amount of substance mole mol
, The derived units are as follows:
L Darived Unitc
i Quandiity [eyuits Symbui Formula
frequency hertz Hz s
; force newton N kg - m/s*
pressure, stress pascal Pa N/m?
i energy, work, quantity
‘S of heat joule J N-m
power watt W Is
absorbed dose gray Gy Jikg

233
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The common preﬁxes used in this book are as follows:

Multiplication factor Prefix Symbol
10° giga G
108 mega M
10‘3_ , kilo. k
o i o NAME INDEX
10-% micro 73

The conversion factors between the various units to SI units are

< follawe:

Pk YYD [

To convert from . . . to. .. multiply by .

Adams,L M., 155

- (v\rvn- Lk

,\_,u

Akahoshl, Y., 143
Alfrey, T., 96

Chalian, V. A, 159, 161
Charnley, J., 146,220
Cholvin, N. R., 155
Chvapil, M., 99, 129

Fontana, M. G., 57
Yuisiiug, i, 133
Frakes, J.J., 66
Frankel, V. H., 207

Allgdv-. #1,191 Cipolletti, G., 3C : Freeman ** A R,
B - Al-Nakeeb, s 155 - Clark; A B, 70 - e 2165232 - e -

angstrom (A) i m 10‘“’ Anliker, M., 107, 120, 129 Cole,J.J., 156 Fnedenbarg, Z.8B.,137
inch m 0.0254 Argon, A. S., 28 Cooke, F. W., 90,91, 157 Fries, C. C., 169
free-fall, standard (g) ‘m/s? 9.80665 ::r\ner;‘ifa(ies‘,vc.sl?]., 184 Cit;iey, D. 0, 174, 181, Frost, I;I -x:L, 193, 210,

. zaroff, L. V., 211, 214
Calorie J 4. 1_§68 Cottrell, A. H., 28 Fukaya, H., 120
erg ] 1077 Barker, R., 129 Fung, Y. C., 107, 120,
dyne N 10— Bear, R. S., 101 129, 231
kg force . N 9.80665 Bechtol, C. O., 146, 207 Daly, C. H., 112,118, 130
pound (mass) ' kg ©0.4535924 Bement, A. L., Jr., 145 Darcy, J. C., 192
atmosphere (standard) Pa 0.1 ; Bergel, D. H., 116 Dillon, M. L., 150 Geduldig, D., 225
‘ p o : . 1 Billmeyer, F. W., Jr., 76,96 Doerre, E., 225 Gendreau, C. L., 199
inch of Hg (60°F) Pa 3.37685 x 10° | Black, J., 129, 207, 231 Dorman, F., 156 Ghidoni, 1. 7., 155
Iby/in.? (psi) Pa 6.894757 x 107 ; Blackwood, H.J. J., 129 Drane, J. B., 161 Gibson, P., 118
poise " Pa-s 0.1 Bloch, B., 96 Dumbleton, J. H., 3, 207, Gills, L., 149
Lt v 0.01 Bloom.W., 115 231 Gilman. J. J.. 72

Bokros, J. L., 67,68,69
Boretos, . W., 96

uuu.;uv, G ki, 4..4\/, 47l

Tastoe, SLE., B30

Guman, 1., 146
Glazener, W. E., 155

P v v v
CUINOIICL, 1. 9.y LoU
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Bowen, H. K., 72
Boyd, S.J.; 156
Brighton, C. T., 137
Brooks, C. E., 154
Brown, A., 192
Brown, I. A., 113,130
Brown,J.H. U, 6
Bruck, S. D., 184
Bulbulian, A. H., 161
Burstein, A. H., 207
Burton, A. C., 117

“Ebter, M. T.;39

Elden, H. R., 129
Ethridge, E. C., 135, 146

Fawcett, D. W., 115

Ferguson, A. B., 143, 146,
207

Flanagan, D., 72

Fleisch, H., 129

Flory, P.J.. 96

Gomes, M. N, 157
Gornjowsky, M. J., 162
Gould, B.S., 116
Grande, L. A., 118
Green, N.O., 57
Gregor, H. P., 96
Grenoble. D. E., 227, 228,
232
Gurnee, E. F., 96
Gustavson, K. H., 129
Guy, A.G..537
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Hall, C. W., 155

Hall, D.A., 129

Ham, A. W, 136

Hardy,J. D., 184

Harkness, R.D., 116,130

Harris, W. R., 136

Hastings, W. W., 96

Hayden, H. W., 28

Hench, L. L., 70, 135, 141,
146

Hodge, E. 8., 143

Hodge, J. W., Jr., 151

Hoffman, A. S., 118, 122,
130

Hohmann, D., 212, 213,
225,232

Homsy, C., 145, 184

Hoppin, F. G., Ir., 120

Houston, S., 151

Hufnagel, C. A., 157

_ Hulbert, S. F.. 136, tu!

Lee, H., 96, 161,175, 176,
185

Leininger, R. 1., 185

Leonard, F., 151, 185

Levine, S. N., 146, 161, 162

Lindahl, O., 189

Lyman, D.J., 96

Maibach, H. 1., 146, 162
Martin, C. J., 120
Martin, R. L., 154
Martinz, A., 6, 169
Massie, W. K., 2

Matter, P., 191
McClintock, F. A, 28
Molvoy, T, 156
#cMahon, J. D., 6, 169
Meares, P., 96

Miller, I., 154

Miller, M. L 167 ... ...

Irwin, W. T., 139

Jacobs, J.E., 6

Kadefors, R., 154
Katsura, S., 120
Kenedi, R. M., 118, 130

Kenner, G. H., 140, 199, 229

Kingery, W.D., 653,72
Knight, J., 156

Kolff, W. 1,176
Konikoff, 3.3, 3127
Kopp, K., 181

Krane, & M 130

Moffatt, W. G., 28, 39, 72
Monson, B., 156
Monypenny, J. H. G., 201
Mooney, V., 155, 162
Moore, R. R., 229
Morgan, J., 150

Mortis, L. B., 154

Moyle, D. D., 146, 161
Myers, B. R., 229

Myers, G. H., 185

Neville, K., 96, 161, 175,
176, 185

Newcombe, J. K., 139

Worton, r., 72

Nosé, Y., 156

NAME INDEX

Paschall, H. A., 70, 141
Paul, J.P., 212, 213
Pauling, L., 30, 39
Peacock, E. E., Jr., 135, 146
Pearsall, G. W., 39, 72
Pearson, P. T., 155

Perren, S. M., 191
Perrone, N., 107, 120, 129
Phillips, R. W., 159
Postlethwait, R. W., 150
Priissner, P., 225

Ramachandran, G. N., 130

Rawson, R. 0., 153

Remington, J. W., 130

Reswick, 3. B., 154

Roaf, R., 6, 142, 196, 198,
202, 203, 207, 232

Robert, A. M., 130

"Robert, L., 130

Rogers, A., 154

Ross, R., 118, 134, 146
Roth, A. M., 155,162
Rouse, G., 199
Rovee,D.T., 146, 162
Rijedi, T., 191

Rutter, L. A. G., 149

Sauer, B. W., 229

Scales, J. T, 217

Schaldach, M., 212, 213,
225,232

Schaube, I.F,, 150

Schnittgrund, G. N., 66

Schoen. G.J., 67,69

Schulz, J.M., 96

NAME INDEX

Taylor, A. R., 232
Teckhoff, H. A. M., 156
Timoshenko, S. P., 28

Uhlmann, D. R., 72

Van Paasschen, W. H., 156
Van Vlack, L. H,, 28, 57,
62,72

Van Winkle, W., J1., 135, 146

Vasko, K. A., 153
Venable, C. S., 207
Viidik, A., 130

Von Recum, A. F., 229
Voss, D., 227,228, 232
Vroman, L., 185

Walker, P. L., 67, 68, 69
Wathen, R., 156
Wesolowski, S. A., 6,169
Wildnauer, R. H., 113, 130
Wilkes, G. L., 113,130
Willert, H.-G., 225
Williams, D. F., 6, 142,
196, 198, 202, 293, 207,
232
Wilson, J. N, 217

237

Winter, G. D., 162
Wulff, 3., 28,39,72
Wunderlich, B., 80

Yamada, H., 109, 130
Young, A.C., 120
Young, D. H., 28
Young, S.0., 229

Zapffe, C. A., 52
Zichner, L., 225
Ziegler, T. F., 167
Zipkin, I., 130

Kraus,-H., 130

Krock, R. H., 39
Kronenthal, R. L., 96, 185
Kummer, G. H., 107
Kuntscher, G., 207

Lade, R., 225

LaGrange, L. D., 67,69
Laing, P. G., 143, 14§, 207
Laurence, M., 190

Lee, G.C., 120

Oser, Z., 96, 185
Ousterhout, D. K., 151
Owen, M., 129
Ozdemir, D., 157

Parchinski, T., 90, 91

Park, J. B., 118, 122,129,
140, 199, 229

Parsonnet, V., 185

Schwartz, S. A., 162
Scribner, B. H., 156
Shrager, M. A., 39, 60
Sivash, K. M., 215
Standish, S. M., 161
Starfield, M. J., 39, 60
Stark, L., 6
Striker, G. E., 156
Stuck, W. C., 207
Swanson, S. A. V., 190,
216,232
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. Acetabular cup, 212,221

Acetabulum, 212
N-Acetylglycosamine, 102
Acrylamide, 166

Acrylic resin, 22,23 . ... . .

Acrylonitrile, 77
Adenosine diphosphate (ADP), 164
Adhesion, 24, 25
Adhesive
layer, 25
surgical, 6, 142, 150
tissue, 150
Adsorbate, 24
Adsorption, 24
Adventitia, 114, 165
AISI (American Iron and Steel Institute),
201
Alanine, 101
Albumin, 166
Alcohol, 22
Alloy {see under sps i danes)

Alpha S-2, 151

Alumina or aluminum oxvide (41,02} 4 38,

SUBJECT INDEX

Anionic radical 166

Ankle, 220
prosthesis, 222

Anode, 48, 137

_Anorganic bons $ez Bone)

Anticoagulant; 164,179 77
Antidiscoloring agent, 74, 140
Antioxident, 74, 140
Aorta, 111,117,175
descending, 175
human, stress-strain curve, 121
Aortic valve, 171
wall, 100, 102
Apatite (CasP3012F), 63, 107
in bone and teeth, 105
Appositional growth, 136
Arterial prosthesis, 169
Arteriole, 117
Artery, 116,117, 121,122,170
Arthroplasty, mold, 214
ASAIC {amdrican Society for Artificial
Internal Organs), 185
Aspartic acid, 101
ASTM (American Saciety for Testing and

Aluminum, 51, 52, 54, 139, 168, 204
Alveolar bone, 106, 226

Alveolus, 106, 119

Amalgam, 22, 23, 56

Amide (R'CONHR), 74, 98

Amine (RNH,), 74, 151

Amino acid, 75, 98, 100

Ammonia (NH3), 37

Amorphous material, 35, 83
Aneurysm, 168

63,65+66,-197,204,.206, 224,225,228

Materals), 201, 203, 205
Atomic radius (Table 5-1), 60
Atrioventricular (AV) node, 176
Austenite, 47
Austenitic temperature, 47
v phase, 201
Autoclave (see also Sterilization, steam)
of ligament, 117
Autografting, 157, 168
Autoimmune reaction. 133

239
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Bakelite® (see Polyphenolformaldehyde)
Barium titanate, 61, 62
Base metal, 49
Beeswax, 22, 159
Bending
of a beam, 18
moment, 192, 195
of a bone plate (Fig. 11-2), 190
stress, 18
Benzalkonium chloride (GBI process), 166
Benzene, 82
Benzoyl peroxide (C¢HsCOO—~00CsHs),
75
Bernard-Teco assist pump, 175
Bicarbonate, 177
Biocompatibility, 3, 144
Bioglass
—ceramic interface with tene (Fig. 8-7),
141
implant, 70
Biological miateyzi,, 1, 37

Biomaterial
definition, 1
surgical uses, 5
Biopotential (see Electrical potential)
Blade-vent implant, 226 (see also Implant,
dental)
Blood
circulation in body (Fig. 10-2), 168
circulation in the heart (Fig. 10-4), 171
clotting, 148, 163
clotting sequence (Fig. 10-1), 164
coagulation, 163, 164
compatibility, 163, 164, 165
effect on strength, 66
flow, 171
Luufu.... N
plasma, 166
pressure, 171
composition changes, 114
structure (Fig. 7-11), 115
tension and pressure relationship (Table
7-7, 117
Body-centered cubic, 30, 32
Bonding, 29
Bone, 26, 100, 103, 104, 110, 187
anorganic, 228

cement, 90, 142, 145, 199, 213, 218, 226,

(also Acrylic cement)
compact, 106, 124,135, 197

" "Cadmium, 52"

SUBJECT INDEX

Bone (cont.)
demineralized, 109
fracture healing, 134, 135
marrow, 106
properties (Table 7-3), 109
repair, 187
resorption, 194
sequence of fracture healing (FN 8-3),
135
sinusoid, 217
stress-strain behavior (Fig. 7-8), 107
structure (Fig. 7-6), 105
Bowman capsule, 177
Branching, 83, 84
Brass, 52
Bronze, 52
Bubble oxygenator, 173
Bundle ot fiis, 176
Burger’s vector, 35

Calcar region, 213, 216
Calcium
aluminate (CaO - nAl;03), 4, 65, 66
ion (Ca®™), 164
oxide (Ca0), 55
phosphate, 228
phosphate salt, 106
titanate {CaO - TiO,), 139
zirconate (CaO - Zr0,), 139
Callus, 134
Calorie, 22
Calve, 154
Canaliculi, 105
Cancellous bone, 192, 213

Canwuls, 153, 155,156,157, 167, 180

2,1

Capillaries, 117, 131
("’u'hjdé 47 47 50

e e o Blood: vessel-walls; 265 44 Carbon,4, W 57 139,161

fon et 3 st s i

P

SUBJECT INDEX

Carbonate, 105
Carboxyl group, 98
Carboxylic acid (RCOOH), 74,151
Carcinogenesis, 142
Cardiac muscle, 111
Cardiovascular system, 5
Cartilage, 103, 111, 135
Cat, 120
Catgut, 139, 148
breaking strength of (Table 9-1), 149
Catheter, 163
Cathode, 48, 137
Cellophane, 177
Cells, definitions (Table 8-1), 132
Cellulose, 74, 179 (see also Polysaccharide)
Cementing line, 105
Cementum, 106
hain
backbone or side, 82
end-to-end distance, 81
extended, an
fold, B0~ e o e
mobility, 79
Charcoal, 179
Charnley hip prosthesis, 217, 221
Chemisorption, 24
Chloride (C1), 177
Chondroblast, 132, 134
Chondroitin, 75, 102
structure (Fig. 7-4), 103
sulfate, 75, 102, 103, 112, 165
Chromic salt, 148
Chromium (Cr), 32, 51, 52, 143, 202
Citrate, 105, 164
Clearance, curve for dialysate versus flow
1ate, 180
Close-packed. 32

“‘Cobatt (Coy, 143

Cobalt-60, 89

Covall-bust &1uy,

- Lopolymer -

241

Collagen (cont.)
fibrils, 106
matrix in bone and teeth, 106
reconstituted, 5, 90, 157
sutures, 148
synthesis after wound, 135
type 1,11, 111, 100
Collagenase, 118,123, 132, 133
Composites, 4
Compression, 7
dynamic plate, 191, 206
Compressive
strain, 193
stress, 209
Connective tissue, 133
structure-property representation (Fig.
7-15),118
Contact anglz, *3 *n> ~
of materials (Table 2-4j, 25
Conversion factors, SI units, 234
Coordination 1 wuper 32, 60

polyethylene chol and polyethylene-
terephthalate, 180

polymethylmethacrylate and polystyrene,

145, 219
vinyl chloride and acetate, 157, 159
Copolymerization, 180
Copper, 10, 22, 24,42, 46, 54, 56, 165
deficiency, 100
jon (Cu®*), 100
steel, 52
Cornea, 102, 103
Corrosion
cell, 48
fatigue, S0
intergranular, 202
iron~hydrogea wil (ig. =77, 557"
partlcles 142

raig, 33

dlo‘ude, 174

elassy or vitreous, 227

graphite, 4, 52, 68, 166, 167
implant, 139

low temperature isotropic (LTI), 68
physical properties (Table 5-4), 69
pyrolytic, 4, 68, 171, 206, 228
steel, 52

structure (Fig. 5-8), 67
tetrachloride (CCly), 37
unassociated, 67

PRCISRR

Cobalt=chromium alloy, 21,36, 171,197,
200, 202, 204, 206, 217, 221, 224,
228
cast, 203
composition (Table 11-5), 203
mechanical properties (Table 11-6), 203
Cohesion, 25
Cold-working, 46. 55, 202

Collagen, 5, 75, 98, 104, 106, 108, 112, 116

amino acid content (Table 7-1), 99
fibers, 111

A

re‘srstmceﬂm’i,“’zm
stress, 50
Cosmetic implant, 5
Cotton, 148, 150
Covalent bonding, 29, 37
Cracks, effect on strength (Fig. 5-5), 63
Crazing, 91
Creatinine, 177, 180
Creep
recovery, 18
testing, 126
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Cross-linking, 67, 81, 83, 148, 166, 180
Cross-sectional area, 9, 54

Crystal system, 30, 31

Crystalline, 31

Crystallinity, 86

Crystallization, 80, 85
Cuprophane®, 180

Cutter heart valve, 172

(Alkyl-c-) Cyanoacrylate, 151
(Ethyl-2-) Cyanoacrylate, 151
(Methyl-2-) Cyanoacrylate, 151, 157
Cycles, 13

Cysteine, 100

Dacron®, 4,161, 170 (see aiso Polyester;
polyethyleneterephthalate)

Dasitpoe, 15

De Bakey left ventricular by-pass, 175

Deciduous teeth, 106

Detiy 4

Derisity ; 108, 109,204,205
Dental bridge, 205

implant, 226
Dentin, 22, 106
Dentinal tubules, 106
Denture, 228
Depolymerizaiiou, 88
Dermatan sulfate, 103
Dermis, 112
Desmosine, 100

structure (Fig. 7-3), 101
Deterioration

of ceramics, 65

of polymers, 88

in vivo, 89

Dialvsance, 180
Dralysate, 177/
Dialysis, home, 180

Didinoad (C), 25, 03, 65

Diffusional process, 210

Digestive system, 5

Dimethyl siloxane, 84
Dimethyldichlorosilane, 84
Dipole, 30, 62

Dislocation, 35, 46,47,79

Disk type heart valve, 172

Dog, 153, 154, 155, 158, 167, 169
Dynamic load, 188, 195

Dyne, 24

SUBJECT INDEX

Ear, 112

" Eastman 910, 151

Flastase, 118
Elastic
deformation, 9
fibers, 111
force, 194
region, 8
Flastin, 75, 98, 100, 116, 117
composition, 102
variation in arterial wall (Fig. 7-13), 116
Elbow, 210
prosthesis, 220, 222
Flectrete, 166
Electric potential, 136, 187
of fractured rabbit tibia (Fig. 8-5), 137
Electrical
chaigs, 30
dipole, 61
stimulation, 134, 137, 153, 229
Flec:, s, 184

""“potential, 48, 56~ -

of various ions (Table 4-2), 50
Electrolyte, concentration of, 49
Electronegativity, 29,30, 59
Electrons, sea of, 41
Emboli, 148, 163
Enamel, tooth, 22, 106
Encapsulation, 133, 139, 147
Endocardium, 184
Endogenous heat, 153
Endosseous implant, 227 (see also Implant,

dental, Fig. 12-14)
Endosteumn, 105
Endothelial cells, 131, 133
Endurance limit, 13, 50
Energv. bond 22
Engineering stress-strain curve, 9
Enzyme, 75, 142,163

LDIinoly (c, 132

Epidermis, 112

Epiphysis, 136

Epithelial layer cell, 153
Epithelium, 152, 226

Erg, 24

Erythrocyte, 131, 132
Ethane, 68

Ethylene (CH,=CH,), 37,75
Ethylene oxide, 89

Eutectic, 44

SUBJECT INDEX

Eutectoid, 44

Exothermic polymerization, 217
Expansion, coefficient of, 23
Extracorporeal, 6, 163

Extraoral prosthesis, requirements, 159
Exudate, 131, 133

Eye, 102

Face-centered cubic, 30, 31
Facia, 114
Failture strength, 9
Fat embolism, 217
Fatigue, 13
FDA (Food and Drug Administration), 159
Felt, Dacron®, 153, 154, 155, 156
Femoral
artery, 116
head, 212
osteotomy, 195
plate, 192

" Femur, 109,7145,190,192,197 " " 7

Ferrite (« phase steel), 47, 50, 51, 202

Fibrin, 133, 164, 169

Fibrinogen, 132, 133

Fibroblast, 132, 133, 169

Fibula, 190

Filler, 144, 151

Film oxygenator, 173

Filter, disposable, 180

Filtration, membrane, 219

Finger (joint prosthesis), 220, 223 (see also
Implant, finger)

Flat plate artificial kidney, 179

Flow rate, 180

Fluidized bed, 68

Fluoride, 105

Fluorine (F), 73

Force

applied during waiking, 214, 413
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Freeman-Swanson total knee, 221

Freezing temperature, 22

Friction, coefficient of, 112

Frictional torque versus applied load for hip
prosthesis (Fig. 12-8), 217

Fringed micelle, 80

Galvanic corrosion, 50
series (Table 4-3), 52
summary of, 51

Gel, viscoelastic, 102

Gelatin, 166

Genitourinary system, 5

Giant cell, 132, 138

Gingiva (gum), 106, 226

Glass
C-:ranli\,, 70’
direct bonding to bone, 140
fibers, 64
:hi'fi‘.CE), 16, 4

~ frafisition temperature (7g); 37,8287

Glomerulus, 177

Glucose, 74, 177

Glutamic acid, 101

Gluteraldehyde, 168

Glycerin, 22

Glycine, 98, 101

Glycoprotein, 107

Glycosaminoglycan, 102

Goat, 155

Gold (Au), 22,24 168

Grain, 35, 50, 51, 203
boundary, 35, 49, 50, 51

Granular tissue, 138

Granulocytes, 132, 133

Graphjfe (cop Carhan)

Greater trochanter, 21

Ground substance, 103, 112

Growui piate, {20

equilibrium, 25

on hip and knee joints (Table 12-1), 212
Foreign body giant cell, 138
Formed blood elements, 163,167,171
Fracture

bone, 134

fixation, internal, 188

plate (Fig. 11-1), 189, 190
Free radical, 75, 76
Free volume, 36, 37

Guinea pig, 153
Gy, 89

Harrington spinal distraction rod, 198

Harris design hip prosthesis, 224

Haversian system, 103

Healing pattern of arterial prothesis (Fig.
10-3), 169

Heart, artificial (Fig. 10-8), 176
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Heart assist devices (Fig. 10-7),172, 175
Heart/lung machine, 165
Heart valves, aortic, 111, 171
various types (Fig. 10-5), 172
Heat of fusion, 22
Helium (He), 174
Helix, 98
structure (Fig. 7-1), 99
Hemolysis, 163, 167, 171
Heparin, 164, 165, 175, 180, 183
sulfate, 163
Heparinization, 166
Hexagonal structure, 31, 32
lattice, 67
Hip
joint, 210
icint force during walking (Table 17-1,
Fig. 12-3), 212,213
joint loading (Fig. 12-1), 210
joint replacement, 210
nail (see Nail)

prosthesis, 215
Histidine, 102
Histiocyte, 133
Hollow fiber, 178, 183
Homografting, 157
Hooke’s law, 8, 20
Hoop stress, 218
Hormone, 134
Human, 154, 156
Humerus, 109
Hyarulonic acid, 75, 102

structure (Fig. 7-4), 103
Hyarulonidase, 102, 103
Hydrocarbon, 68
Hydrogel, 166
Hydrogen, 51

electrode, 49

peroxide (H,04), 37
Hyvdrolysis. 91
Hydrophilic, 165

_Infection, .34, 149,195

polymers, 90
segment, 180
Hydrophobic, 100, 165
polymers, 90
segment, 180
Hydroquinone, 219
Hydroxyapatite, 108 (see also Apatite)
Hydroxyethylmethacrylate (poly-HEMA),
166

SUBJECT INDEX

Hydroxyl ion (OH™), 89, 105
Hydroxyproline, 98
Hypochloride, 89

Hypro activity, specific, 134

Immunogenic agent, 133
Impact strength, 12 |
Imperfection, structural, 46
Implant
ankle, 220, 222
biodegradable, 142
breast, 158, 159
cellular response, 138
elbow, 220, 222
endosseous dental (tooth), 226
finger, 223
heart valve, 170
hip joint, 215, 216__
knee joint, 221
mandibuiar, subpéii
" materials (Tablé 1:1),4
maxillofacial, 159
percutaneous (Table 9-2), 152, 153
permanent, 5
recoastructive, 158
replaceability, 217
requirements, 3
shoulder, 220, 222
skin, 157
stability, 188 )
tissue response (Fig. 8-8), 131, 142
transient, 6
vascular, 168
vein, 168
Implantation, effect on polymers (Table
6-5),91
Impurity, M
Incompetence, 171
Inconel, 52

B I

SUBJECT INDEX

Intraaortic balloon, 175
Intramedullary
cavity, 194, 217, 220
device, 194
rod, 56,70
Todine (1,), 30
Ion, released, 53
Ionic
bonding, 29, 37
fluid, 97
radius (Table 5-1), 60
Iron (Fe), 29, 38, 51,52, 54, 143
oxide (FeQ), 55
Irradiation, 134
Irridium (Ir), 205
Isodesmosine, 100
structure (Fig. 7-3), 101
“TiGpiene wubler, Ot

"Isotope, 89

“Tvalon®, 158 (see also Polyvinyl, alcohof)

Jarvik-IlI-type artificial heart, 176
Joint
arthritic, 220
articulation, 209
cartilage, 112
force (Table 12-1), 212
Joules (J), 22
Judet femoral head, 220

Kalke-Lillehei heart valve, 172
Kelvin model (see Voigt model)
Kidney, 143, 151,176

diagram (Fig. 10-10), 178

dialyzer (Fig. 10-11), 178
__machine. 175. 177

portable or wearable, 180
Kirschner wire, 188

¥ v
ALRE, Lav

Lacuna, 105

Langer’s line, 112
Laplace equation, 117
Lattice spacing, 30
Lead, 24, 52, 54
Leukocytes, 131, 132
Lever rule, 43

Ligament, 100, 117, 210

Ligamentum nuchae, bovine, 117,118, 119

Line defects, 35

Lipid adsorption, 91, 172
Liquidus line, 43

Liver, 143, 151
Loosening of implant, 2
Lordosis, 198

Lost wax investment, 204
Lung, 103, 143

- - méchaficdl and chemical charactefstits™™
(Table 1(_)72),174 LT

‘walls, 119
stress-strain behavior (Fig. 7-16).

S

- --yolume-pressure curve-(Fig:7-17);126

Lympbhatics, 132

Lysine, 99, 102

Lysinonorleucine, 100
structure (Fig. 7-3), 101

Lysyl oxidase, 100

Macrophage, 132, 133, 138
Magnesium, 52
Mandibular

bone, 106

subperiosteal implant, 228
Manganese, 204
Marrow cavity, 105, 135,195
Martensite, 47
Mastectomy, 160
Mastication, 209, 226
Maxillary bone, 106
sasdiiofucial

Inflammatory reaction, 131
acute, 131
chronic, 133
Initiator, 75
Intermetallic compound, 41
Interstitial solid solution, 42
Interstitial system of bone, 105
Intertrochanteric osteotomy, 193
Intima, 114, 165

joint force during walking (Table 12-1,

Fig. 12-3), 212, 213
joint implant, 220
joint structure (Fig. 12-1), 210
prosthesis, various designs (Fig. 12-9),
221
Knot, surgical, 148
Krebs-Ringer solution, 123
Kyphosis, 198

augmentation, 158
implant, 147
prosthetics, 159
Maxwell model, 15
McKee hip prosthesis, 217
McKeever tibial plateau, 221
Mechanical properties. 7
Media, 114
Melting temperature. 22
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Membrane, 163, 177

coil, 177

oxygenator, 173

silicone rubber, permeability (Table 10-3),

174

Mercury

battery, 22, 24, 25
Mesenchymal cells, 132,133
Metallic bonding, 29
Metals, 4, 41, 171, 200
Methane, 68
Methyl acrylate (CH,=CH—COOCHj3), 77
Methyl methacrylate, 77, 92
Methylchloride (CH3CD), 84
Methylene iodine (CHzI5), 25
Microfibrils, elastin, 102, 111
Mineral deposition, 226
Mineranzed tissues, 1G4
Miniscus, 211
Mitral valve, 170
Mod: s

ceramics (Table 5-3), 65
of elasticity, 9, 74, 82, 125, 195
Young’s, 9
Moh’s hardness scale, 63
Molecular weight, 73
number average, 78
of tropocollagen, 100
weight average, 78
Molybdenum (Mo), 52, 143, 202, 203, 204
Monel metal, 52
Monomer, 75, 140, 214
Mononuclear cells, 132, 133
Mucopolysaccharide, 102,112, 165
acid, 100
—-protein complexes, 103
Multinuclear giant ceils, 133
Muscle 143, 210
Muscular skeleton system, 5

SUBJECT INDEX

Neutral axis (NA), 18

Newtons (N), 7

Nickel (Ni), 42, 46, 52, 201

Niobium (Nb), 143, 202

Nitrogen (N), 174

Noble metal, 49

Norepinephrine, 122

Nose tip, 112

Nylon, 4, 79, 139, 142, 148, 149, 158, 168,
169, 177 (see also Polyamide)

Onlay fracture plate, 188

Organs, artificial, 175

Orientation of chains, 85

Orlon®, 150 (see also Polyacrylonitrile)
Orthopedic fixation devices, 6

Osmium: {2, 2U2

Osteoblast, 132, 134

Osteoclastic activity, 187

Osteoger.exis, 70

"~ Osteogenic, 187

activity, 187
cells, 134
Osteon, 105
Osteotomy
devices (Fig. 11-7), 196
femoral, 195
Oxalate, 164, 174
Oxygen (O3), 51
concentration, 49
tension, 134
Oxygenator, types (Fig. 10-6), 164,172,
175
Ozone (O3), 37

Pacemaker, 163, 175,176,177, 184
nuclear-powerea, 176
typical (Fig. 10-9), 177

up, 23

|
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SUBJECT INDEX

Periodic table, 30
Periodontal
bone defect, 228
ligament (or membrane), 106, 226
Periosteumn, 105, 134
Permanent teeth, 106
Peroxide, 219
pH, 132
Phagocyte, 132
Phase, 41
boundaries, 24
diagram, 41, 43
Cu-Ni (Fig. 4-3), 43
Cu-Ag (Fig. 4-4), 44
Fe-C (Fig. 4-5),45
Ag-Sn, 57
_ seoaration, 42
transformation, 22
Phenolic solution, 8%
Piezoelectric phenomenon, 61, 187

.. Pig, 155,169.

Pitting corrosion, 51
Plasma, 131, 166
protein, 180
Plaster of Paris, 65
Plastic
deformation, 9, 64
region, 8
Plasticizer, 74, 82, 90, 91, 140, 151
Plasticizing, 89
Platelet, 131, 132, 163, 164
Platinum (Pt), 22, 49, 53, 56, 203
Platinum-10% Irridium alloy, 176
Plexiglass® (see Polymethylmethacrylate)
Point defect, 34
Poisson’s ratio (v), 26, 54
Polar molecule, 30
Polyacetal, 89
Polyacrylonitrile, 149, 169
Polyamide, 76, 79, 86, 89, 90, 91, 161 (see

also '.\lylnn\
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Polyethylene (cont.)
oxide, 92
unit cell structure, 81 .
Polyethyleneterephthalate (polyester), 82,
86,91,139
Polyglycine, 98
Polyglycolic acid (PGA), 148, 149
Poly(cis-)isoprene (natural rubber), 34, 88
Polymerization, 74
addition or free radical, 75, 84, 88
condensation, 74
degree of, 77
Polymers, 4, 43
advantages, disadvantages as implants, 73
condensation, 76
deterioration, 88
glassy, 87
linear, 79
mechanical properties (Table 6-4), 86
natural, 74
inyl, 75

86, 87, 89, 90, 91, 95, 142, 159, 161,
165,168, 197, 206, 218, 228
Polymorph, 150
Polymorphonuclear cells, 13!
Polyolefin (see Polyethylene and
Polypropylene)
Polyoxymethylene (POM), 171
Polypeptide, 75
Polyphenolformaldehyde, 80
Polypropylene, 78, 86, 90, 91, 148, 149,
169,171, 220
Polysaccharide, 74, 102, 210
Polysiloxane (see Silicone, rubber)
Polystyrene, 81, 92

“Polytetrafluorethylene (PTFE), 73, 86, 90,

91,139 140 147 167, 148,169 170,
173, 220 (see also Teflon®)
Polyurea, 76, 161

Yuiyhigibanc. 28,13

Nail, hip, 194, 195

cross-section (Fig. 11-8), 196
Natural rubber, 86 (see also Poly(cis-)-

isoprene)

Necking, 10
Negative electric charge, 166
Neointima, 169, 170
Nephron, 177

diagram of (Fig. 10-10), 178
Nervous system, 5

Palladium (Pd), 205
Paraffin, 22, 25, 159
Pascal (Pa), 7
Passivation, 52

Passivity, 51

Pearlite, 50

Pendulum, 12

Penis, artificial, 160
Peptide, 75, 98
Percutaneous device, 152

g
|

Polycarbonate (bisphenol A), 87
Polychlorotrifiu orcethylene, 171
Polycrystalline material, 35
Polydimethylsiloxane (see Silicone. rubber)
Polydispersity, 78
Polyester, 76, 149, 161. 168, 169 (see also
Polyethyleneterephthalate)
Polyethylene, 3, 26,71, 73,79, 83. 86. 87,
89,91.92. 148,161, 165. 166, 206,

217,221,224

rubber, 159
Polyvinyl

acetate, 88

alcohol, 88, 90, 158, 159

chloride, 86, 88, 89,91.92
Polyvinylidenechloride, 92
Poppet, heart valve, 171
Porcelain, 22
Pores, 64

effect on suength (Fig. 5-6), 63

* Polymethylmethacrylate (PMMA), 26, 28,
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Porosity, 65
Porous
dental implant, 229
electrode, 176
vascular prosthesis, 168
Potassium (X), 177
Power consumption, 175
Precipitation-hardening, 44, 47, 55, 202
Precloiting, 169
Preferred orientation, 68
Primary ieeth (see Deciduous teeth)
Primate, 153
Probability of failure, 2
Procollagen, 134
Proline, 98, 101
Propagation of polymer chains, 77
Propane, 68 .
Propy! orthosilicate(s ‘nH X
83
Propylene oxide, 89
©prorEmTIATYE IS -
structure (Fig. 7-1), 99
Proteoglycan, 102
Proteolytic enzyme, 132
Pseudoendothelial layer, 148
Pseudointima, 169
Pulp, tooth, 106
Pus, 13 3 1
Pyrex glass, 65
Pyrolidine, 100
Pyrolysis, 68

Quartz (3i05), 25,61, 63
Quasiequilibrium, 36
Quaternary salt, 166
Quenching. 47

" Rabbit, 136,137,143, 150050 T

Radiation, v, 219
Radius, 109
atomic and ionic (Table 3-1), 60
and coordination number (Fig. 3-8), 34
of an ion, 60
ratio, 34, 59
Random chain scission, 88
Rat skin, 135
Rayon, 155 (see also Polyacrylorutnle)
Reconstituted materal,

SUBJECT INDEX

Recrystallization temperature, 46

Red blood cell, 163

Regurgitation, 171

Relaxation time, 16, 27, 95

Reliability, 2

Repair, cellular response to, 133

Repeat unit, 73

Respiratory system, 5

Retardation time (), 18

Rhodium (Rh), 205

Rib, 142

Room temperature vulcanizing silicone
rubber (RTV), 84

Ruthenium (Ru), 205

Safety factor, 189
Satt {NaCl), 49, 37/
Scar, 133
tissue formation 150,176
Scita usign stmesig, 220 223
Suhumacker—Bums eiect*ohydmuur' heart,
176
Screw, 188
pull-out strength (Table 11-1), 189
Screw-vent implant, 226 (see also Implant,
dental)
Section moduli, 29, 21, 195
Self-tapping screw inuplant (see also Implant,
dental)
various designs (Fig. 12-14), 227
Semiconductivity, 3G
Semicrystalline polymers, 87
Sewing ring, valve, 171
Shear, 7,63
modulus, 94
Sheep, 148, 153, 156

QLoote sbaabian 14
Ty

PIRtoRelavieiabp el

Shoulder joint, 220
prosthems 22"

Stunit, 235
Side
chain substitution, 83
vroun 98
Silastic®. 4, 144, 153, 154, 155,156
Silica, 61, 65,84,133, 144
Silicate, 61,62
Silicon (Si), 204
Silicone
fluid, 158, 159
rubber. 72, 84, 86, 91, 142, 158, 159,

“>prrat implant,

SUBJECT INDEX

Silicone (cont.)
161, 166,170,171, 173,174, 176,
220
Silk, 139, 148, 150
fibroin, 76
Siloxane, 62
Silver (Ag), 22, 52, 56, 168
Simple cubic, 30
Simplex-P bone cement, 218
Single-needle dialysis, 181
Sinoairial (SA) node, 175
Sivash prosthesis (hip joint), 215, 217, 224
Skin, 100, 102,103, 111, 112, 147, 16Q
artificial, 152, 157
canine, 114
graft, 150
implant. 152 .
T aicn suuciure (rig. =10y, 115
rabbit, 137
stress-strain curve, human (Fig. 7 -9), 112
Sell, 109 .
Slip of ionic and nonionic boad materials
(Fig. 5-4), 63
Smooth muscle, 114, 122
Soda-lime glass, 25
Sodium, 177
Soft tissues
healing, 134
replacement requirements, 147
Sol, viscous, 102
olidus line, 43
Solubility limit, 42
Solution-perfused surface, 165, 166
Space lattice, 31
Specific
heat, 22
strength, 83
Sninal fixation. 198 .
J2b (see lmpiant, dentat)
Spleen, 143 151
Cad] TUaT, Ludy 1,
Spring, 14
St. George design finger joint prosthesis,
223
Stanmore hip prosthesis, 217
Starr-Edwards heart valve, 172
Static loading, 65
Steel, 532,65, 161, 163, 200,
316, 3161 Stainless, 4. 53,
204. 206
114 specificatinn (Table 11-3). 201

217,221
54,197, 201.
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Steel (cont.)
meachanical properties (Table 11-4;, 202
partial phase diagram (Fig. 11-10), 201
plain, 54
suture, 148, 149
Steinman pin, 188, 199
Stenite®, 202 (see also Cobalt-chromium
alloy)
S:eric rigidity, 100
Sten’lization
dry, 88
radiation, 89
steam (autoclave), 89
Sternum, 112
Strain, 7, 54
rate, 14
-naraening, 46
Streaming potential, 165
Strenwthenina mechanism, 46
trose,
conc‘*nt;anon 63.64
relaxation, 15, 107,122, 127
Stress-strain curves
alveolar wall (Fig. 7-16), 120
aortic wall (Prob. 7-2), 121
bone (Fig. 7-8), 107
ligamentum nuchae (Fig. 7
lung wall (Fig. 7-17), 120
skin (Fig. 7-9), 112
Stretch ratio, 8
Structure of solid, 29
Structure-property relationship of tis.ues,
104
Styrene (CH,=CH-C¢Hs), 77
Substitutional solid solution, 42, 46
Sulfur (8), 84
Supercoolinz. 36, 87
supracondylar fracture, 192
Surface

-14), 118

lmitgny Akl
energy (tensxon) 24
nonthrombogenic, 163
property, 24
roughness. 165
tension of materials (Table 2-2). 24
wettability, 163

Suture, 6, 142, 148
properties in vivo (Table 8-1), 139
strength. 151

Swanson desien finger joint prosthesic 223
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Synovial fluid, 102, 210
Systemic effect by implant, 142

Talc (Mg3Sis 010(0H)5), 63
Tantalum (Ta), 159, 205
Tapes, surgical, 149
Teflon®, 4, 174 (see also
Polytetraﬂuoroethylene)

Tempering, 47
Tendon, 103, 110, 111, 114,210
Tensile

force, 110

strength (ultimate), 9

strength of skin wound (Fig. 8-2), 135
Tension, 7

it 17 .
Trrmination of pelymerication, / i

disproportionate chain, 77
Testicles, artificial. 160

Thermal conductivity, 25, 109
of materials (Table 2-1), 22
Thermal properties, 22
enamel and dentin (Table 7-4), 109
of polymers, 87
Thermoplastic polymer, 84
Thermosetting polymer, 84
Thigh, loading elements of (Fig. 12-2), 211
Thrombin, 164
Thrombogenicity of various surfaces (Table
10-1), 167
Thromboplastin, 164
Thromboresistance, 165
Thrombus, 163,170
Tibia, 109
rabbit, 137
Tie line, 43
Tin Q) 82 57 2N4d
CTTTissue Liowth, 153 7T T
ingrowth, 169, 171, 176
Titanium (Ti), 47,51, 139, 143, 154,171,
© 200,202
alloys (usually Ti-6A1-4V), 4, 204, 206,
224,228
mechanical properties (Table 11-7), 205
oxides (TiO,), 4, 139, 204
Toluidine, V, N-dimethyl-p-, 219
Tooth, 26, 104, 106
implant, 226

SUBJECT INDEX

Tooth (cont.)
physical properties (Table 7-4), 109
root, 106, 229
socket, 106
structure (Fig. 7-7), 106
Toughness, 11
Trabeculae, 106, 134
Trachea, 112
Transcutaneous (see Percutaneous device)
Transformation process, 47
Transition element, 30
Transplantation, 5
Tridodecylmethylammoniumchloride
(TDMAC), 166
Tropocollagen, 99, 100
Tropoelastin, 102
Tre stress-strain curves. a
Trunk muscle, 198
Tube, 163
Tumor, 140
- --Ti'ungsten; 54.... S
Twin coil drtificial kidney, 179

Ulna, 109
Ultrafiltration, 179
Ultraviolet light, 76
Umbilical cord, 102, 103
Urea, 177, 180

nitrogen, 181
Utronic acid, 177

Vacant lattice, 34, 35

Vagina, artificial, 160

Valence electrons, 29, 41
Valine, 101

Van der Waals foren. 20
Vandium (V), 47, 204

Vascular implant, 163,165, 168
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Vein, 117, 156, 168, 177

Velour, 154, 155, 157

Vena cava, 117

Ventricle, 170, 184

Venules, 117

Vertebra, 109

Viability, 97

Vinertia®, 202 (see also Cobalt-chromium
alloy)

Vinyl acetate (CH;COOCII=CIIz ) 77

SUBJECT INDEX 251

- Vinyl chloride (CH,=CHCl), 77

Vinylidene chloride (CH,=CCly), 77

Viscoelastic polymer, 213

Viscoelasticity, 13

Viscosity, 14, 94

Visking®, 180

Vitallium®, 4, 47, 143, 145, 159, 202 (see.
also Cobalt-chromium alloy)

Voigt model, 15,93, 94, 124

Volkman’s canal, 105

Vulcanization, 81, 84

Weigert’s resorcin-fuchsin, 101
Welding, 25
Wetting, 25
White blood cell, 163
Wire, 188
Wolff’s law, 107
Work-hardening, 46, 203
Wound healing, 131
sequence (Fig. 8-1),134
strength, 134, 135

Yield point, 8
offset, 9

Waldius total knee, 221

Water, 22, 25, 37, 66

Watt (W), 23, 233

Wax, paraffin. bee. 159

3 U wear. z, s2u )

Weber design hip prosthesis, 224 (see also
Implant, hip joint)

Zinc, 24,52 .
Zirconium oxide (Zr0;), 139

et oMUl see Streaming poteniial \







