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INTRODUCTION 

Artificial-joint rep lacement, the fixatien of an artificial device to substitute for the kine
matic and dynamic function of hu man joints, has become a widely accepted treatment in 
orthopedie surgery against advanced joint arthritis and disab ling effects of post-traumatic 
conditions and resective bone-tumor surgery. The performance of such a technica! structure 
in the muscelo-skeletal system is quite complicated and has many biologica! and mechanica! 
aspects. The long-term survival of the fixatien is not trivia! and it is the aim of those con
cerned with these treatments to create the optima! conditions both from the biologica! and 
mechanica! points of view. 
The need for better understanding of the complicated mechanica! aspectsof joints and joint 
replacements has given rise to collaboration between orthopedie surgeons and engineers in 
the fields ofbiomechanicsand biomaterials. In· orthopedie biomechanics, a field fairly recent
ly evolved, the mechanica! functions and structure of normal bones, joints and connective 
tissues as wellas the mechanica! interaction between bones and artificial implants are studied. 
The purpose of these investigations is to develop a better understanding, quantitatively, of 
the mechanica! aspectsof the muscelo-skeletal system and provide criteria on the mechanica! 
aspectsof diagnostic methods and surgical interventions; for example artificia l-joint fixation. 
The investigations described in the following chapters are the results of such interdisciplinary 
ventures carried out in the Labaratory for Experimental Orthopaedics at the Department of 
Orthopedies of the University of Nijmegen, where an 'Orthopedie Biomechanics' sectien was 
set up about 5 years ago, in collaboration with the Applied Mechanics Division of the Depart
ment of Mechanica! Engineering at the Eindhoven University ofTechnology. The studies 
were concerned with artificial-joint loosening problems. A more specific description of the 
objectsof the studies wil I be given at the end of this introduction, where the contents and 
the sequence of the subjects presented wi 11 a lso be outlined. 
Since this area of activities is rather new to engineering disciplines, especially in the Nether
lands, pains have been taken to sketch out a general outline of artificial-joint replacement as 
an orthopedie treatment, its occurrence ra te, its prob lems and the contributions that 
engineerscan possibly make; part of this will be discussed in the remainder of this introduc
tion. 

Although notaften recognized as such, arthritis is one of the major disabling diseases in our 
society. Some statistica! data on arthritis in the U.S.A. were cited by Chao (1976): in 1973 
an Arthritis Foundation study showed that approximately 20 miJlion Americans of whom 
more than 75% are between 45 and 65 years of age, have symptoms of arthritis. In 1969, 
aged patients spent more than 70 miJlion days in bed and employed people lost more than 
14 miJlion werking days because of arthritis. 
Although nota cause of high mortality, arthritis inflicts severe pain and functional disability. 
The economie consequences of this disease in termsof social security, manpower loss and 
health care are substantial. 
Since the development of artificial joints made its dramatic breakthrough in the early sixties, 
many patients with severe arthritis were successfully operated and now function normally 
and free from pain. This development is illustrated in fig. 1 {Gschwend, 1976) giving the 
number of artificial hip replacements and other treatments of arthritis, as carried out in 
Swiss clinics. 
Although the successof artificial-joint replacement dates back relatively few years, the 
development started a long time ago. Excellent reviews of the history in this respect have 
been given by Walker { 1977) and Huggler and Schreiber ( 1978). 
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fig. 7: Number of hip operations for osteoarthritis in 9 Swiss orthopedie clinics, 7 955-7973. 
TP: tata/ hip replacement; /0: intertrochanteric osteotomy (where anatomical pro
portions of the joint are changed); arthrodeses: Stiffening of the joint (reproduced 
with permission of Gschwend, 7 9 76). 

Due to the important kinematic and load-bearing function of the hip and the high number 
of patients suffering from degenerative hip diseases, the first and main efforts in artificial 
joint repfacement were focussed on this joint. 
Starting early this century, many methods of treatment and materials were tried. More-or
less successful trials have been reported by Smith-Petersen ( 1939), Moore and Boh I man 
(1943) and J udet (1954) among others. Intheir different repfacement concepts, only one 
bone component of the joint was replaced in function with the normal cartilage of the 
other component. Wiles (1957) reported on operations on patients using a total hip replace
ment, where both sides of the joint were replaced, by a femoral and an acetabular component 
respective ly. 
Although surgical procedures in general became more successfu l in the course of this century, 
thanks tobetter antiseptic measures and anesthetic procedures, the short and long-term resu lts 
of the early joint repfacement trials were relatively speaking rather poor, mainly because of 
the lack of an adequate fixation. These circumstances changed after Charnley (1960) intro
duced the use of acryl ie cement as space-filling fixation materialand his concept of ' low· 
friction' total hip arthroplasty, replacing the acetabular component of the joint with a plastic 
cup and the femoral component with a metal endoprosthesis. 
Acrylic cement, or bone cement, is a 'cold-curing' plastic. lt consistsof a mixture of pofy. 
methylmethacrylate and monomethylmethacrylate and is inserted in the bone in a doughy 
phase, allowing the surgeon to mold it between the implant and the bone. Aftera few 
minutes it polymerizes toa solid substance. Although the acrylic cement sticks neither to 
the bone, nor to the implant, the space-fi lling capacities guarantee a smoothening of the 
load distribution and a firm placing of the implant. Fig. 2 shows a schematic i I lustration of 
a cemented Charnley hip prosthesis. 
The results reported by Charnley (1972) were extraordinarily good and following this break
through totaf hip replacements have been carried out in ever growing numbers, making it 
one of the major surgical interventions in orthopedie clinics today. 
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fig. 2: Schematic il/ustration of a Charnley tata/ hip prosthesis (acetabular and femora/ 
component) fixated in the bone with acrylic cement. Distal and proximal, media/ 
and lateral directions are indicated. 

a 

fig. 3: Artificial knee-joints are avai/ab/e in two principally different concepts, hinged and 
surface-types. Examples are (a) G.U.E.P.A.R. (hinged-type) and (b) Geomedic 
(surface-type}. 
(Reproduced with permission ofv. Rens and Huiskes, 7976). 
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Although the hip joint still receives the most attention, developments have rapidly expanded 
toother joints. Artificial hinges fortheknee-joint were already developed by Moeys (1954), 
Sh iers ( 1954) and Walld ius ( 1957), foliowed by numerous designs for knee-surface replace
ment and other hinged joints in the nineteen-seventies (fig. 3). Attention was given as early 
as the nineteen-fifties to the elbow, the shoulder and the finger joints, recently foliowed by 
the ankle and wrist. Several designs are now available for various joints and especially the 
hip and the knee are being replaced routinely in most orthopedie clinics. 
In the Orthopedie Department of the University of Nijmegen in 1977 artificial-joint replace
ment was carried out in rough ly 20% of all operative interventions and it accounted for 
approximately 30% of the total operation time; 75% of the replacements were in the hip 
and 23% in the knee-joint. 
Using estimates from several sources, an assessment was made of the number of total joint 
replacements carried out annually in the U.S.A. by Horiet al (1978). Intheir questionnaire 
they not only investigated the number of replacements carried out, but also included the 
number of patients that were indicated for an artificial joint but did not receive one because, 
in the apinion of the surgeon no reliable design was available. A summary of their results is 
given in tab Ie I. 

1972 1973 1974 1975 1976 Total 1976 

implanted indicated 

Hip 55,000 75,000 77,500 80,000 80,000 367,500 89,600 
Knee 4,000 10,000 20,000 32,500 40,000 106,500 52,800 
Others 2,500 3,800 6,500 8,500 10,000 31 ,300 33,900 

Total 61,500 88,800 104,000 121,000 130,000 505,300 176,300 

table 1: Estimated number of joint replacements carried out annually in the U.S. A. from 
7972 to 7976 and indicated number of joint rep/acementsin 7976 {after Horiet al, 
1978). 

Data with respect to the number of joint replacements carried out in the Netherlands were 
supplied by the Foundation for Medical Registratión (table 11). 

Hip 
Knee 
Elbow 

7,277 
643 

30 

Hand (wrist included) : 
Shoulder 
Ankle 

uncertain 
29 
no data 

table 11: Number of arthroplasties ( non-artificial included) carried out in 7 9 77 in the 
Netherlands (source: Found. Med. Registration, Utrecht, the Netherlands). 

lt can be estimated that in the near future somewhere around 300,000 artificial-joint replace
ments wil I be performed annually in the world. lf we assume an average life expectancy of 
the patients to be approximately 8 years (an arbitrary estimate), we find that on the average 
soms 2.4 million people with artificial joints will be alive. 
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Although widely applied, artificial-joint replacement is not without complications. Some of 
these are characteristic of all major operations, others are more specific. The most trouble
some of these specific complications is loosening of the device, directly or indirectly caused 
by a variety of mechanica! and biologica! phenomena. In patient reviews it was established 
that the incidence of loosening rises steeply with the amount of postoperative years. This 
has resulted in many revision- and salvage operations. Moreover, generally speaking, it limits 
the application of artificial jointstoolder people, the present criterion being about 55 years 
and over. Still, the need for joint replacement in young patients is anything but negligible. 
Presently, many efforts by scientists from medica! and engineering disciplines are being put 
into the development of artificial joints and fixation procedures that wil I diminish the com
plications and guarantee longer service life. 

The tunetion of an artificial joint is purely mechanica!, although of course the biologica! 
reactions of the bone and the soft tissues play important and complicating roles. The joint 
has to providefora kinematic system that accords with the kinematic characteristics of the 
original joint; it has to be able tostand up to the physiological joint-loading and experience 
little wear and friction; the material should not induce undesirable tissue reactions and has 
to transfer the load to the bone in such a way that a rigid fixation remains intact for many 
years. 
Until very recently artificial joints were being developed more or less by 'trial and error'. 
Aftera certain number of patients had received a specific design and a number of post
operative years had passed, the patients were reviewed. Based on the short and long-term 
findings, the design was often adapted or dropped altogether. Only seldom could a causative 
relation be established between the failures and the characteristics of the design. A good 
design may have been rejected merely because it was inadequately implanted and a bad 
design may have been widely accepted only because the surgeon-designer carried out the 
first operations exceptionally wel!; quite individual accomplishments, perhapsnot repro
ducable by others. Aiso, quite good designs may have been rejected as a whole in the past, 
only because minor and easily changeable details had led to complications. As aresult of 
this development, many types of prostheses are presently available for the different joints. 
These different typescan be divided into a smal! number of categories; within each category 
the differences are only those of detail. lf we count only the 'popular' types, about 48 
different designs of knee prostheses are available, 10 different elbow prostheses, 4 different 
shoulder prostheses, 6 different ankle prostheses, around 10 different finger prostheses, a 
few wrist prostheses and the different designs of hip prostheses avai lab Ie far excced a 
hundred. New designs, sametimes differing only slightly, are developed yearly. Few objective 
criteria are known fora justified choice between the different makes and, if a choice is 
made, the orthopedie surgeon usually never finds out whether failures are due to an in
adequate surgical procedure, to individual properties of the patient or to the design features. 

lt is the object of the research work described in the following chapters to provide a more 
fundamental comprehension of some aspects of artificial joints and their performance in 
the body. Two subjectsof investigation have been chosen, both regarding the incidence of 
implant loosening. First the cause of bone necrosis as usually seen directly after the opera
tion in a smal! zone close to the acrylic cement, adjoin ing the bone, and more specifically, 
the possible effect in this phenomenon of the heat developed in the acrylic cement during 
the polymerization process. This part of the work is described in section 11. Second, the 
stress distribution in the implant, the acryl ie cement, the bone and on the contact regions 
of these materials, as results of the physiological joint-loading in relation to the strengthof 
the components and possible mechanica! failure. These stress analyses are confined to intra
medullary fixation systems, pmstheses that are fi xated inside the medullar cavity of the 
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bones, using a stem, and although the methods that wi 11 be discussed and some of the 
results are valid forthese systems in genera!, the analyses are principally focussed on the hip 
endoprosthesis. This part of the work is treated in section lil . 
Although results of experiments carried out in our own laboratories as wellas those publish
ed in the literature wil! be used, the approach in both areasis mainly analytica!. Principles 
of mechanics and heat conduction theory will be applied to evaluate the system behavior 
and the influences of the system parameters. Th is approach is not quite common in ortho
pedies and it is feit that, especially in this respect the (biomechanica!) engineer can make a 
contribution tobetter fundamental understanding of the bone-implant structure and some 
of its problems. 
lt should be understood that such a contribution toa more fundamental understanding of 
some phenomena was the object of the work presented and that no new device or material 
is envisaged, although some objective quantitative guidelines for prosthesis designs and 
surgical procedures will result and moreover, a simple method will be proposed that can be 
used to predict the mechanica! performance of specific endoprosthesis designs in patients 
and hence clear the way to a more 'custom fit' approach. 
The two investigations described hereare not the first ventures into the problem areas, nor 
will they be the last; part of the work has been devoted to an evaluation of studies published 
in the literature, a review of which is presented also in sections 11 and 111, respectively. As 
the approach is uncommon in orthopedies and the methods used are of a quite complicated 
nature from a medica! point of view, the possibilities and limitat ions of theoretica! methods 
are discussed toa somewhat greater extent insection I and somerelevant conclusions will 
be discussed in more general termsin section IV. 
Section I a lso gives a more detailed characterization of artificial joints and artificial-jo int 
re placement and describes some properties of the bone-implant system as far as they are 
relevant to the analyses presented. Compl ications of artificial-joint replacement, especially 
prosthesis loosening, will be discussed basedon a review of the literature on this subject in 
section I too, after which the objectsof the investigations presented in sections 11 and lil 
will be defined in more detail. 
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INTRODUCTION 

In this section some general aspectsof artificial-joint replacement are described as far as 
deemed relevant to an understanding of the objects andresultsof the studies discussed in 
sections 11 and 111. Workers in medica! as wel! as technica! fields may encountertrivial infor
mation, because this section is meant to be an introduetion for both. Properties of the bone
prosthesis system, relevant for the analyses, are described in chapter 1. 
In chapter 2 a short review is given of literature data on complications of artificial-joint 
replacement, especially concerning prosthesis loosening. The objects and methods of the 
present studies are outlined in chapter 3. 
Although some general aspectsof artificial-joint replacement are discussed in this section, 
most are focussed on the hip joint. 

CHAPTER ONE 

CHARACTERIZATION AND PROPERTIES OF BONE-IMPLANT SYSTEMS 

1.1. Surgical procedure 

A division can be made into intramedullary-fixated implants (endoprostheses), where a 
prosthesis stem is fixed into the meduallary cavity, and surface replacement, where the 
implant is more or less fixated against the bone. Some prostheses, for instanee tibial com
ponentsof some knee prostheses, use a mixed form of fixation. 
In both casesparts of the bones involved in the articulation are resected. When an intra
medullary stem is used, the medullar cavity is cleaned and reamed tosome extent. In this 
procedure a part of the vascularity system that nourishes the bone is, at least temporarily, 
disturbed, especially in the diaphyseal region. Presently, most of the artificial joints are 
fixated by means of acryl ie cement. The two componentsof this cement are mixed by the 
surgeon during the operation. The curing processstarts right after the mixing procedure 
and takes sarnething in the order of 5- 10 minutes. Still in a doughy state, the cement is 
inserted into the medullar cavity or positioned against the bone; the prosthesis is then 
pressed into the cement mass and held until the cement has cured toa solid mass. 
Especially with intramedullary-fixated implants the surgeon has no complete control over 
the consistency and the thickness of the cement mantle. Often air, bone debris and blood 
are mixed in the cement and the distal part of the cement mass may be pushed downward 
into the medu !lar canal. 
lt has been recognized that a syringe should be used, to ensure a complete and homogeneaus 
cement mantie (Siooff, 1969). 
Recently the use of an intramedullary bone plug has been advocated to enable more pressure 
to be put on the cement mass during insertion and prevent the distal cement mass from 
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being pushed downward ( Markolf and Amstutz, 1976; Oh et al, 1978; Krause et al, 1979; 
Weber and Stühmer, 1979). Pulsatile water lavage before cement insertion has been advised 
in order to clean the bony implant bed prior to fixation of all prostheses ( Narten et al, 
1977; Halawaetal, 1978; Milier et al, 1978). 
A very important part of the operation is the positioning and alignment of the prosthesis. 
Usually this is done by visual judgement. 
Some complications, called preoperative complications, may occur during the operation; 
these include: perforation of the implant through the bone, fracture of the bone, injury to 
arteries or veins, injury to nerves, anesthetic complications, embolies and several others. 

1.2. Basic requirements for artificial joints 

An artificial joint has to approximate as closely as possible the natura! joint function for 
the full postoperative life span, without discomfort and complications. More specifically 
some practical requirements can be formu lated that have to be taken into account when 
new designs or surgical procedures are being considered: 

The prosthesis and fixation materials shou ld not induce undesirable tissue reactions, as 
bone necrosis or bone resorption; they should have acceptable friction and wear 
characteristics and not corrode. 
The surgical procedure should be relatively simple and fast, standardized and repro
duceable, with minimal surgical trauma. 
The design of the prosthesis, the choice of materia Is, with reference to strength as well 
as stiffness properties, should be such as to guarantee adequate mechanica! performance 
in such a way that stress concentrations are avoided and that implant, cement, bone and 
the relevant interfaces are not loaded beyond their strength or fatique limits. 
The implant should have a good salvage potential, meaning that if the system fails, 
another solution remains possible. Since the ultimate salvage solution is usually arthro
deses, for instanee this means that as little bone as possible should have to be resected. 
Early mobilization, sterilization of the components and reasonable manufacturing costs 
of the implant should all be possible. 

Obviously an adequate artificial-joint design will always be a trade-off between these 
different requirements. A mechanica! compromise that usually has to be considered is the 
one between requirements of range of motion and degreesoffreedom (or constraints) on the 
one hand, and of stability on the other. A low-constraint joint that has an extensive range 
of motion, in other words, is free to move in several directionsin an extensive range, will on 
the one hand offer little stability, but on the other hand will have to transfer less loading to 
the fixation system, hence will give less rise to mechanica! loosening than a highly constrain
ed joint with a limited range of motion. 

1.3. lmplant shapes and materials 

Artificial joints are available in a variety of types and shapes. lntramedullary sterns are used 
in different designs for all joints but the ankle. The acetabular part of the hip prosthesis is a 
surface replacement; the femoral part usually has an intramedullary stem, although since 
recently surface replacement of the femoral head is also becoming popular (double cup 
prosthesis). The hinged kneeprostheses are usually intramedullary-fixated; some of the knee 
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surface replacements also have intramedullary sterns. Finger prostheses, elbow prostheses 
and shoulder prostheses use intramedullary-fixation in all cases. The artificial wrist joint is 
usually a surface replacement combined with a stem for both components. 

The contiguration of the artificial joint greatly depends on the kinematic tunetion it has to 
perform and the stability it has to give. Th ree basic configurations are (e.g. Chao, 1976): 
the ball-and-socket design (hip, shoulder); the articulating-type with various degrees of 
freedom (knee, ankle, elbow, wrist); the hinged types {knee, finger, elbow) . Combinations 
of these basic types are also used. 
The designs may a lso vary greatly in shape and d imensions, even if functionally identical. 
A dimensional classification of about 20 popular hip-joint designs was given by Walker 
( 1977): diameters of the prosthesis femoral he ad vary from 22 to 48 mm; neck lengths vary 
from 15 to 55 mm; stem lengths from 93 to 180 mm and a few exceptional sterns from 
240 to 370 mm. The stem may be strongly curvedor rather straight, while different kinds 
of cross-sectional geometries are used ( diamond-shaped, rectangular, rounded-off, triangu lar, 
oval). Some designs u se a more or Ie ss pronounced collar on the proximal si de of the stem, 
resting on the bone ri m. The stem is usually tapered toa greater or lesser extent. 

Many different implant materials have been used in the past. They must be strong, tough, 
resistent to fatigue and wear, tolerated by the body and processable at reasonable costs. 
Because of the favorable friction and wear properties, most designs presently use a metal 
component against a plastic component. The metal components usually consist of high
grade stainless steel, co balt-chromium alloys or titanium alloys; the plastic components of 
high-density polyethylene (HDPE) or ultra-high molecular-weight polyethylene (UHMWP). 
Experiments are being carried out with ceramics, Delrin and composite materia ls. 
Si lastic is being used in finger prostheses. The femoral part of the total hip replacement is 
always fabricated in metal and the acetabular cup usually in plastic. An extensive review of 
materials used for human implantation and their properties has been published by Rostoker 
and Galante (1979) . 

1.4. Loading of the joint 

By the joint-loading is meant the resulting force and moment that one joint component 
exerts on the other and vice versa, by means of their articulating contacts. 
The kind of loading depends on the kind and intensity of the activity. The loading is caused 
by gravity forces, acceleration forces, muscle forces and forces due to ligament constraints. 
lnvestigations of human joint-loading belong to the first activities in biomechanics and date 
back many ages. Many studies on this subject have been published and many are still being 
carried out. A review of the relevant literature is given by Walker (1977). Since the joint 
forces cannot be measured directly they have to be estimated using equilibrium conditions 
and data from 'force-plate' studies (measuring the ground reaction force), EMG studies 
(electromyography, giving an indication at large of muscle activity), movement studies and 
anthropometric measurements. Promising new possibilities are those of computer simulation, 
modeling the complete skeletal system as a kinematic chain, taking the important muscle 
groups into account and solving the redundant problem using optimization criteria. A first 
effort in this direction was published by Seireg and Arvikar (1975). 
Although reliable data, accurate in an absolute sense, is not available as yet, results of 
various studies indicate that the joint forces are much higher thansometimes assumed. 
Brewster et al ( 197 4) have calculated from force-plate studies that the force in the ankie-joint 
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during normal walking can be as high as 4.5 to 5.5 times body weight. Forces in the knee
joint would reach about 3 times body weight and in the hip-joint about 4 t imes body weight 
during normal walking, according to Pa u I ( 197 4). During stairs walkingor sport activities 
these values will be even higher. 
The loading on the artificial joint is not necessarily equal to the loading on the natura! joint. 
Even if the same level of activity were assumed, differences may be due to the positioning 
of the joint relative to the bone, the constraints offered by the prosthesis in comparison to 
those of the natura! joint, and the incidence of friction. 
Valuable data on hip-joint loading was supplied by Rydell (1966) who implanted endo
prostheses instrumented with strain gaugesin two patients and measured the hip-joint forces 
in several activities. An example of his results is shown in f ig. 1.1. Magnitude and di reetion 
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0.8 0.5 0.6 0 .2 45 19 

fig. 7. 7: Magnitudes, directions and points of application o f hip-joint farces as measured by 
Ryde/1 (7 966), using an instrumented hip pmsthesis implanted in a 5 7 yr-old male 
patient (right leg; weight: 75 kg}, during level walkingat 7.3 m/sec. Averages out 
of 7 2 measurements. A lso shown is the resultant force of the important abductor 
muscle group on which magnitude and direction the joint force partly depends. 

of the resultant joint forces varied considerably during the d ifferent activit ies and in the 
two patients. The maximal average force amounted to rough ly 4.3 times body weight 
(a~ 32° and 'Y "'=' 15°) during running at 2.5 m/sec and was measured in patient no. 2 
(56 yrs, female, 45 kg). 

The loading that is transferred by the fixation system ultimately determines the stress distri
bution. This loading, in ad dition to the joint loading, depends on the geometry of the 
implant. In the case of the hip joint, the neck length and the varus-valgus angle of the neck 
are important parameters. Other forces, too, will influence the stress distribution in the 
bone-prosthesis structure as, for instanee the abductor muscle forces (fig. 1.1 ). 

1.5. Acrylic cement 

Acrylic cement is a two-component material. The solid powder component consists princi
pally of polymethylmethacrylate (PMMA) or polymer, the liquid component principally of 
monomethylmethacrylate (MMA) or monomer. Shortly after mixture of the two components 
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fig. 7.2: Description of the polymerization reaction in which monomethylmethacrylate 
molecules are connected to form polymer chains. 

the polymerization processof the monomerstarts {fig. 1.2), ultimately embedd ing the 
PMMA powder into a PMMA matrix, so that asolid substance remains. During the polyme
rization process heat is generared which has to be conducted through the adjoining materials, 
implant and bone. The total amount of generated heat is directly proportional to the mass of 
monomer used (Trommsdorf, 1963). 
In more detail, the polymerization processof acrylic cement can bedescribed as follows 
(Charnley, 1970; de Wijn, 197 4; Oe st et al, 197 5; Debrunner et al, 197 6): to the liquid com
ponent are added an inhibitor or stabilizer (hydroquinon) that prevents the monomer from 
polymerizing spontaneously, and a lso a catalyser {benzoyl-peroxide). To the powder compo
nent an initiator is added (dimethyl-paratoluidine, DPT). After mixture of the components, 
the catalyser is decomposed by the initiator into so-called radicals, molecules that trigger off 
the polymerization of the monomer. The compositions of the various commercial brands 
vary to some ex tent. The characteristics of the polymerization process are usually defined 
with reference to the temperature-time curve (fig. 1.3): the time from starting the mixture 
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fig. 7.3: A typical temperature-time curve of curing acrylic cement. Terminology for phases 
in the polymerization processis shown (see also text). 

until the peak temperature occurs is called the 'setting time', which is roughly 10 minutes; 
the first stage of this period, that takes about 3 to 4 minutes and in which the mixture tends 
to 'stick to the surgical glove', is called the 'mixing time' or 'dough time'; the second stage, 
that takesabout 4- 5 minutes and in which the mixture is still dough but no longer sticks to 
the glove, is called the 'handling time'. There appears to be no complete agreement on this 
terminology in the literature and, moreover, these stages are not uniquely defined, because 
the temperature-time curve dependsnot only on the cement properties, but also on the heat
conduction properties of the adjoining materials, hence on the specific circumstances. 
The mixture reaches its ultimate hardness (sets) somewhat prior to the occurrence of the 
peak temperature. Hardness tests during the polymerization process were carried out by 
Debrunner et al (1976); an example of results is shown in fig. 1.4. 
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fig. 7. 4: Temperature and hardness of curing acryl ie cement, as function of time. Hardness 
was measured as penetrotion depth (mm) at constant force (reproduced with per
mission of Debrunner et al, 79 76). 

During the polymerization process the mixture undergoes dimensional changes due to volume 
contraction of the polymerizing component (density of PMMA: 1.18 kg/m3

; density of 
MMA: 0.94 kg/m3 ) , expansion of enclosed air and vaporized monomer bubbles and thermal 
shrinkage. The first two mechanisms are active during the setting phase, wh ile the last-named 
occurs during the cooling phase. An overall expansion of 2 to 5 volume percent has been 
mentioned in the lirerature (de Wijn et al, 1975) . These authors concluded that in fixating 
intramedullary sterns the initia! expansion will propably cause the mixture to f low in a 
longitudinal direction, while the cooling will cause the layer to shrink around the stem, 
leaving a gap between the bone and the cement mass (at the so-called 'cement-bone-interface') 
and locked-in stresses in the cement layer. Sometimes these stresses will cause the cement 
mantie to fracture during the operation (Mi lier et al, 1976; Chao, 1979). 
The steeprise in temperature after the mixture has set is related to an acceleration of the 
polymerization process, called the 'Trommsdorf' or 'gel'-effect. 
The initia! velocity of the polymerization process depends very much on the initia! tempe
rature, owing to the temperature sensitivity of the catalyser. T he polymerization is never 
complete. lt has been shown that there is 2 to 5% residual monomer in the cement and that 
1 to 2% gradually enters into the tissue {e.g. Kutzner et al, 1974) . Th is residual monomer 
may cause damage to the bone tissue adjoining the cement (e.g. Mohr, 1958). 
Apart from the ones al ready mentioned, other components may have been added to the 
cement, like antibictics or radiopaque fillers (barium sulfate, Ba5o4 , or zirconium oxide, 
Zr02 ). 

The mechanica! properties of acrylic cement (e.g. strength and stiffness) as present in the 
patient are different from those of industrial PMMA. Differences are due to inho mogeneties 
caused by air entrainment and inclusion of blood and tissue debris during the mix ing process, 
antibictic and radiopaque additives and inhomogeneties caused by vaporized monomer during 
the polymerization process. The properties als~ change in the course of time due to tempe
rature influences, moisture uptake and ageing. Extensive studies on mechanica! properties of 
bone cement, preoperalive as well as postoperative, have been published by Mü lier ( 197 5, 
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Conditions Young's modulus Ultimate tensile Elangation at 
(N/mm2

) strength (N/mm2
) fracture ( %) 

industrial PMMA; 2.8 x 1 03 74 8.4 

acrylic cement, 2.6 x 103 43 2.0 
Iabaratory conditions; 

1 0 months in the body 1.9 x 103 23 1. 7 
simulated, tested at 37°(. 

tab te 7 .I: Approximative average value of five commercial brands for mechanica/ properties 
of acrylic cement, tested under different conditions, compared to properties of 
industrial PMMA (after Kusy, 7978). 

1979), Lee et al (1978) and Kusy (1978) . Kusy reports mechanica! properties for five brands 
tested under different conditions (table 1.1). The acrylic cement is many times stronger in 
compression than in tension. Lautenschlager et al ( 197 4) report 20.7 to 34.5 N/mm2 

ultimate compressive strengthand 6.9 to 20.7 N/mm2 ultimate tensile strength. lt should be 
remarked that bone cement is somewhat viscoelastic, hence differences instrain rate may, 
apart from other circumstances, explain the variety in resu lts to some ex tent. Lee et al 
(1978) investigated influences of several variab les that may weaken the bone cement; a 
summary of their results is shown in table 1.11. 

Variabie Possible % change in strength 

ucs UTS 

Environmental temp. 37°C -10% 
Equilibrium moisture content - 3% 
Ageing -10% 
Radiopaque fillers - 5% 
Antibiotics - 4% 
lnferior mixing techn ique - 21% 
lnsertion technique - delay -40% -54% 

- pressure + 20% 
I nclusion of blood and tissue debris -16% -70% 

table 7./1: Possible changes in compressive (UCS) and tensi/e (UTS) u/timate strength by 
different variables separately (after Lee et al, 7978). 

Presently, many research efforts are devoted to the development of alternative intermediate 
materials that have the same favorable properties as PMMA, but lack the adverse side effects 
and give better fixation possibilities. Many of these efforts are concerned with porous 
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materials, allowing bone to grow in, as for instanee porous acrylic cements {Feith, 1975; 
de Wijn et al, 1977, 1978; Ypma et al, 1978) and porous implant coatings {e.g. Ducheyne 
et al, 1977; Spector et al, 1978). 

1.6. Bone reaction to joint replacement 

Bone tissue can be divided into sponge-like trabecular bone and dense cortical bone. Trabe
cular or spongeaus bone is for instanee found in the proximal and distal partsof the long 
bones, near the joints (fig. 1.5.a). Hence the greater part of the bone to be resected for joint 
replacement will be spongeaus bone (fig. 1.5.b). 

a b 

fig. 7.5: A schematic representation of bone structure, showing trabecular bone and cortica/ 
bone intheupper femur, befare (a) and after (b) hip-joint repfacement (reproduced 
with permission of Willert and Semlitsch, 7976}. 

Bone is a living material and is constantly being resorbed and appositioned, a process called 
bone remodeling. Due to this process the conditions in the biologica! part of the bone
prosthesis system gradually altertoa greater or lesser extent after the operation. lnitially 
the bone remodeling process is usually restorative with respect to the surgical trauma. At a 
later stage progressive resorption caused by biochemica! or mechanica! factors may seriously 
endanger the service life span of the system . 

A bone reaction that is of great importance for the functioning of the bone-prosthesis 
system is that of the bony implant bed, during and directly after the operation, but also at 
a later stage. The behavier of this 'bone-cement interface' will be discussed in paragraph 1. 7. 
After intramedullary joint fixation, reactions occur that are typical for all intramedullary 
procedures. An extensive literature review with respecttothese reactions is given by Feith 
{1975). The reactions, that are usually attributed toa disturbance of the intramedullar 
vascularity that nourishes the cortex, include necrosis of the inner part of the cortex, the 
appearance of large resorption lacunae in the middle third of the cortex ('spongiozation' of 
the cortex; Slooff, 1970) and subperiostcal bone apposition. 
Another reaction of ten encountered is a phenomenon called 'dis u se osteoporosis'; a process 
that may gradually occur postoperatively and in which the cortical bone becomes porous, 
thus affecting its mechanica! properties such as strengthand stiffness. A last significant 
reaction specific to hip-joint replacement is called 'calcar resorption', a processin which the 
bone rim in the calcar region resorbs toa greater or lesser extent {e.g. Charnley, 1978). 
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Fig. 1.6 shows an example of this phenomenon. 

Q 

.c 

fig. 7. 6: Roentgen series, showing calcar and acetabular (media/ si de of the cup) bone resorp
tion (indicated by arrows) after toto/ hip rep/acement; respective/y directly (a}, 
2 months (b), 3 years (c) and 6.5 years (d) postoperalive (patient material Depart
ment of Orthopedics, University of Nijmegen, the Netherlands}. 

Many investigations ( cited in section lil) have shown that the orientation and density distri
bution of trabecular and cortical bone coincide with optimal structural requirements to 
resist the stresses due to the loading of the bone. From these observations Wolff's law has 
been formu lated ( Koch, 1917), stating that bone growth is related to the stress ( or st rain!) 
pattern in the bone. lt would, according to this law, not be illogical if at least part of the re
modeling phenomena were caused by the effect of the greatly changed stress pattern in the 
bone, after the joint has been replaced. Especially disuse osteoporosis, as the name indicates, 
is attributed to this stress effect. 

The processof calcar resorption is not yet fully understood. lts occurrence has been attri
buted to effects of vascular damage (e.g. Rhinelander, 1972, 1979) while some investigators 
support the opinion that it is initiated by 'foreign body' reactions to wear particles (e.g. 
Willert et al, 1976, 1978). 
Another hypothesis often put forward is that of a stress-related effect. Especially in the 
calcar region the stress pattern is greatly changed after joint replacement. U pon joint-loading 
unphysiological radial and shear stress components wil I be present at the inner surface of the 
bone (fig. 1.7) and an unphysiological circumferential stress component will be present in 
the bone cortex. The axial normal stress in the cortex will be higher than in the natural case 
if a collar is applied on the prosthesis, but will be practically absent if no collar is used 
(fig. 1.7). Hence, resorption might occur due to overloading, but also to underloading: 
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fig. 7. 7: An example of a hip endoprosthesis with a col/ar, torest on the ca!car bone rlm. 
Varus-valgus position as wel/ as stress components in the ca/car region are indicated: 
the axial stress component is a physiological one, the radial and shear stresses at 
the cement-bone interface and the circumferential (hoop)stresses in the bone, 
inflicted by the prosthesis, are quite unnatural. 

Bocco et al ( 1977) and Grisset al ( 1978) found a significant reduction in the incidence of 
calcar resorption when the (collarless) presthesis was placed in valgus position (fig. 1.7), 
compared to a fixation in varus position, thus changing the loading system relative to the 
fixation and also increasing the cement layer thickness on the medial side. Although most 
experimental and theoretica! studies, as will be reviewed insection lil, support the advan
tages of a collar, there appears to be no clinical evidence as to its benefit (e.g. Charnley, 
1977, 1978; Lee et al, 1977; Müller and N iederer, 1977). Significant data was published by 
Diehl (1975) and by Grisset al (1978) indicating that due to usually minor bone resportion 
at the collar-calcar contact region and the formation of a soft intermediate tissue layer the 
collar will not be effective anyway. 

1.7. The cement-bone interface 

The cement-bone interface is the key region for success or failure of the artificial joint 
replacement; many complications find their origin at this junction of biologica! and technica! 
materiaL I ts in itial shape depends on the bone structure: more or Ie ss smooth if cortical 
bone forms the implant bed and rather wild if the implant bed consistsof trabecular bone. 
There is no chèmical bond between the acrylic cement and the bone. Mechanica! inter
locking between the cement and the trabecular bone is possible to an extent depending on 
a number of factors: the viscosity of the cement mixture when inserted, the pressure 
applied to the cement mass, the cleanliness of the implant bed and dimensional changes of 
the cement. 
As already mentioned in paragraph 1.1., it has recently been advocated to insert the mixture 
early duringa more liquid phase and to press the cement into the trabecular spaces, using 
specially designed equipment and an intramedullary plug in the case of stem fixation 
(Markolf and Amstutz, 1976; Oh et al, 1978; Krause et al, 1979; Weber and Stühmer, 1979). 
lt has also been advised to clean the implant bed after reaming, using pulsating pressurized 
water flow ( Narten et al, 1977; Halawa et al, 1978; Milier et al, 1978). 
An optimal mechanica! interlocking between cement and bone will be advantageous for an 
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adequate performance of the bone-prosthesis system. However, due to the biologica! 
character of the bone, the structure of the interface wil I change postoperatively, both 
immediately and in the course of time. Histological studies on the short and long-term 
reaction of the bony implant bed we re, for example pub I ished by Charn ley ( 1970, 1978), 
Wi llert et al ( 1972, 197 4, 197 6, 197 8) and Vernon-Roberts and F reeman ( 197 6, 1977). 
In the first instance, directly postoperatively, a layer of necrotic bone of a few mm thick
ness is usually found at the interface. Three factors may contribute to this phenomenon: 

the reaming of the implant bed and the disturbed vascularity; 
- the thermal effects of the heat of polymerizing of the acrylic cement; 
- the cytotoxic effect of the residual monomer. 
Vernon-Roberts and Freeman ( 197 6, 1977) believe that the first effect is the principal ca u se, 
because they found necrotic zones of bone in regions where neither heat nor monomer could 
have penetrated. According to Willert and Frech (1976), the amounts of residual monomer 
released into the bone tissue will certainly be capable of causing tissue necrosis. Several ex
perimental temperature measurements in bone adjacent to polymerizing cement (as cited in 
section 11) have not resulted in a conclusive opinion with respect to the thermal effect, 
owing to the wide spread of results. 
A histological study concerning adverse side effects of bone cement in rabbits was published 
by Feith ( 197 5). He concluded that reaming and residual monomer, especially an overdose, 
both cause bone necrosis at the interface, but that the principal causative factor is the heat 
of polymerizing. These experiments will be further discussed insection 11. 

Later, postoperatively, the layer of necrotic bone is resorbed and replaced by soft tissue in 
which new bone is formed. The structure of this new bone layer is not necessarily identical 
to that of the original layer. Vernon-Roberts and Freeman (1976) report that the initial 
trabecular-shaped interface, ensuring good mechanica! interlocking between cement and 
bone, is often lostand replaced by a more or less smooth bone layer. 
A lso, the new bone is not in direct contact with the cement because a fibrous tissue layer 
always remains. This layer may be extremely thin and caused by a normal tissue reaction to 
the 'foreign body' (Charnley, 1970, 1978). Often, however, this layer is reported as quite 
thick and to appear on radiographs as a radioluscent demarcation line. Willert and Puls 
( 1972) measured the layer to be usually 0.1 to 1.5 mm thick. Most authors believe that the 
occurrence of this thick layer is related to micromovements and stresses at the interface 
(e.g. Charnley, 1970; Willert and Puls, 1972; Willert et al, 197 4; Vernon-Roberts and 
Freeman, 1977). 
lf a fibrous layer {radioluscent line) is abnormally thick or its thickness increases progressive
ly, it is usually regarded as a sign of forthcoming pmsthesis loosening (see chapter 2). 
The 'strength' of the cement-bone interface depends on the amount of mechanica! inter
Jocking. Studies of the initial tensile and shear-strengths of cement-cancellous bone inter
faces, using 'push-out' tests on cadaveric material, we re carried out by Kölbel et al ( 197 6). 
They report an average tensile strengthof 1.9 ± 0.9 N/mm2 and an average shear strength 
of 3.4 ± 0.6 N/mm2

. Halawa et al (1978) carried out comparable shear strength tests under 
different circumstances; they found an average increase of 100% in strengthwhen a 2- 3 mm 
cancellous bone layer was retained insteadof a 5 mm layer, an average increase of 200% 
when the bone surface was cleaned before cementing, an average increase of 60% when the 
cement was inserted 3 min. instead of 6 min. after the beginning of mixing and an average 
increase of 100% when pressure (0.15 N/mm2 ) was putto the curing cement. 
These properties wi 11, no doubt be seriously affected by interface remodeling and the forma
tion of fibrous tissue layers, as discussed previously. 
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CHAPTER TWO 

COMPLICATION OF ARTIFICIAL-JOINT REPLACEMENT 

2.1 . Introduetion 

Results and complications of artificial-joint replacement are usually studied in patient 
reviews. The results of these reviews, or follow-up studies, are becoming available in ever
increasing numbers. In the first studies published the number of postoperative fo llow-up 
years was usually rather smal I; recently studies on large series of late results (more than 
5 yrs postoperatively) have been reported ; especially on hip replacement. 

The complications of artificial-joint replacement are usually divided into three categories 
(Müller, 1976; Schulitz and Dustmann, 1976): (1) pre-operative complications (mentioned 
in chapter 1.1), (2) early complication (up to four weeks postoperative, includ ing di slocation 
of the joint, haematoma, thrombosis, allergie reactions, early infection and a few others) and 
(3) late complications (including infection, aseptie loosen ing, mechanica! failure of the 
implant components, bone fracture, ectopie bone formation, migration of the implant and a 
number of others). An extensive follow-up study on 2256 pat ients who received total hip 
replacement was reported by Gschwend (1976). Postoperative complications were found in 
10.68% of the cases, of which bone perforation (femur and acetabulum) accounted for 
approximately 8% and no other specific complication occurred in more than 1% of the 
cases. Early complications were found in 29.42% of the cases, of which 15.32% were local; 
the largest group consistedof haematoma (8%) and infection (1.5%). 
All these complications do not in general cause failure of the joint replacement, as opposed 
to deep infection, aseptie loosening ( loosening without infect ion) and mechanica! faiture of 
the implant. For deep infection, usually leading to re-operation, incidences of 0 to 11% are 
reported in the literature (e.g. Green, 197 6; Hunter and Dandy, 1977). 
Aseptie loosening and implant faiture aresubjectsof the present investigation and wilt be 
treated in somewhat more detail. 

2.2. Aseptie loosening 

Aseptie loosening occurs when the implant loosens with respect to the bone by a cause 
other than infection. Usually patients feel pain on load bearing and the loosen ing can be 
established by clinicaland radiological examinatien and by using scintigraphy ( Fe ithet al, 
1976), although nat always with certainty. As a phenomenon it can either be fracture of 
the cement or a loosening of the cement-bone interface, leading to movement between the 
two materials. Sametimes prosthesis fracture is a lso accounted as loosening. Although a 
fractured component wilt usually be 'loose' and loosening of the implant may, on the other 
hand induce implant fracture, this complication is treated separately here. 
Loosening of the implant most aften results in arevision operation. The cause of the 
loosening is not always apparent, although its incidence is aften found together with 
roentgenographically established cracks in the cement mant Ie, inadequate cementing ( incom
plete mantle). thick radioluscent lines, inadequate positioning, calcar resorpt ion or a combi
nation of these phenomena. During the re-operation fract ioned cement or a thick layer of 
fibrous tissue are sametimes found. 
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Stühmer (1976) reports a loosening incidence of 4.3% in 2577 patients who received a 
total hip replacement, only 10.6% of the material could be qualified as late results (more 
than 5 yrs follow-up); 87.5% of the loosened cases occurred after 450 days postoperatively. 
The loosening incidences reported in camparabie follow-up studies usually range between 
0% and 7% with occasionally a higher number (e.g. Amstutz et al, 1970, 1978; Bergstroem 
et al, 1973; Charnley and Cupic 1973; Lazanksy, 1973; Weber and Charnley, 1975; Eftekar 
et al, 197 6; Slooff et al, 197 6; Stühmer, 197 6; Wittand Hackenbroch, 1976, Rütt, 1977; 
Visuri et al, 1977). 
Aseptie loosening occurs in all the various types of prostheses. Because of the large number 
of parameters involved (design used, materials used, surgical procedures, individual proper
ties and level of activity of the patients) statistica! analyses usually do not result in signifi
cant relations between the parameters and the incidence of loosening. 
In many series aseptie loosening is the complication most occurring but, although undesirable, 
an incidence of 7% cannot be called alarming. However, in most patient reviews the number 
of postoperative years were relatively rather short and it is being shown in an increasing 
number of publications, that the number of artificial hip-joints that loosen aseptically rises 
sharply with the number of postoperative years, as opposed to septic loosening (due to 
infection). Th is was illustrated by an investigation of Witt and Hackenbroch ( 1976), who 
calculated average loosening incidences from publications concerning reviews on hip replace
ments carried out between 1963 and 1973 (table 2.1). 

Postoperative period 
( years) 

Average incidence of 
aseptie loosening 

Average incidence of 
septic loosening 

0.7-1.3 

1.7- 4.5 

5 -9.5 

1.6% 

4 % 

8 % 

2.4% 

2.3% 

3.3% 

table 2.1: Average !oosening percentages, sept ie as wel! as aseptie, ca/culated from various 
hip rep/acement reviews (after Wittand Hackenbroch, 7976). 

Due to the progressively occurring incidence, aseptie loosening is considered as a very severe 
complication and many authors thus maintain that joint replacements should remain 
restricted to older patients ( 60 yrs. and over) (e .g. Mü lier, 197 4; Stühmer, 197 6). 
Disturbing reports have been published recently on radiological reviews of patients who 
received a total hip replacement. Beckenbaugh and llstrup ( 1978) reviewed 333 Charnley 
hip arthroplasties after 4 to 7 postoperative years. They looked for roentgenographic 
evidence of loosening of the femoral component whi eh they defined as significant subsi
denee of the prosthesis with respect to the bone. They found this evidence in 24% of the 
cases. Of the loosened cases 20% showed definite roentgenographic evidence of associated 
fracture in the cement. The overall clinical results of the loosened group was poor, although 
only 8% had required re-operation as yet. The authors ascribe the loosening principally to 
cement fracture, which will be progressive intheir opinion, and ultimately require revision 
of all loosened hips. 
A camparabie investigation was reported by Gruen and Amstutz (1977); 398 total hip 
replacements after 0.5 to 6 postoperative years were reviewed radiographically. Radio
graphic evidence of loosening, which they defined as cement cracks and wide radioluscent 
lines at the cement-bone interface, was found in 19.5% of the cases. In 16.7% these signs 
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increased progressively. A radiographic analysis of 100 Charnley total hip replacements with 
a follow-up of 5 to 7 years was carried out by Salvatiet al (1976). They establ ished clear 
radioluscent lines at the cement-bone interface of the femoral component in 55% of the 
hips; 25% remained constant, 10% decreased and 21% gradually increased in thickness. 
They established rad ioluscent lines in the acetabular component in 93% of the hi ps; the line 
remained stabie in 41%, decreased in 23% and gradually increased in 29% of t he cases. 
Cement cracks they could on ly identify in 3% of the cases. 

Loosening of acetabular componentsof artificial hip-joints is reported about as frequently 
as of femoral components; insome seriesits incidence is even higher (e.g. Dietschi et al, 
1976). 
A loosening incidence of approximately 20% of acetabular cups was reported by Visuri and 
Laurent (1977) in a series of 351 Charn ley total hip replacements with 5 to 7 years follow
up; of the remaining 80%, 29% showed roentgenographic signs of loosening, th is being a 
radioluscent zone of 1 to 12 mm at the cement-bone interface. 
In a series of 95 total hip replacements af ter 4 to 7 postoperative years, Maier et al ( 1977) 
report 14.7% roentgenographically and clinically established cases of acetabular cup 
loosenings; in addition they found 4.9% of only roentgenographically establ ished loosenings. 

Much better results have been reported by Charnley (1978). In a series of 396 patients who 
received total hip replacement, with 12 to 15 years follow-up, 0.25% had to be re-operated 
due to loose femoral components and 1.26% due to loose acetabular components. For his 
total material of 10,000 total hip replacements he reports arevision percentage of 0.25% 
due to loose femoral or acetabular components. A summary of some roentgenographical 
data concerning this series, as established in several invest igations cited by Charn ley (1978), 
is shown in table 2.11. 

Study No. 2 3 4 5 6 7 8 9 

hip replacements 138 106 6,649 141 190 169 216 547 115 
postoperative years 7-8 9-10 3-14 8-11 3-8 8-11 1.6-2.6 8 12-15 

Femoral component 
subsidence 1.5% 12.6% 8.9% 8% 
cement fracture 1.5% 23.3% 8.6%-
calcar resorption 99.9% 37.2% 70% 23.1% 95% 

Acetabular component 
migration 1.4% 1.4% 9.2% - 11% 
no radioluscent line 31.3% 41% 
moderate radioluscent line 60.3% - 53.7% 34% 

table 2. I/: Some results of radiographic reviews of tot a! hip replacements (aft er Charn!ey, 
7 978). 

In summarizing, it is found that the number of failed hip replacements increases late post
operatively due to aseptie loosening. Many patients, although still asymptomatic, show 
roentgenographic evidences of loosening such as cement fractures, subsidence of the 
prosthesis and progressive radioluscent demarcation lines at the cement-bone interface. 
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Although this is being contradicted by Charnley (1978) , many investigators expect that the 
roentgenographic evidence ind icates a forthcoming need for revision. 

Considerably less literature is available on other than hip-joint replacements. For the knee
joint, loosening incidences have been reported of 4% to 30%, the higher numbers being 
representative of the hinged prostheses (Peterson, 1977; Freeman et al, 1978; Ducheyne 
et al, 1978; Lacey, 1978). Loosening incidences of 3% to 30% were reported for e lbow 
prostheses, the high percentages certainly caused by the high torsional toading of the 
humeral component (Schlein, 1976; Nederpelt, 1978). 

2.3. lmplant faiture and bone fracture 

Mechanica! faiture of the artificial joint itself can either be due to fracture or plastic defor· 
mation of a component, while excessive wear mayalso be reckoned among the causes. 
Fracture of a component is frequently reported as occurring in femoral sterns of hip 
prostheses. Martens et al ( 197 4) reported si x femoral stem fractures out of a series of 
56 Charnley-Müller total hip replacements (10.7%). All fractures were located in the middle 
third of the stem and could be ascribed to fatigue. At least part of the fractures were 
preceded by fractures in the cement. 
Ducheyne et al (1975) reported two stem fractures in a series of 90 Charnley total hip 
replacements. Both fractures occurred in the proximal part of the stem (at the curvature) 
and we re preceded by plastic deformation . Galante et al ( 197 5) reviewed 21 articles 
concerning follow-up studies of a total of 6,110 hip replacements and found that re-opera
tion due to fractured sterns was needed in only 0.15% of the cases. Charnley (1975) 
investigated 17 cases of fractured sterns out of a series of approximately 6,500 total hip 
replacements (0.26%) . He found that the incidence of stem fracture among patients over 
7 6 kg in weight was 2.6% and for patients over 89 kg in weight even 6.1 %. Besides weight 
he considers erosion or calcar resorption as the possible predominant factor in stem failure. 
Collis ( 1977) reported 4 stem fractures out of 200 total hip replacements (2%); all in 
patients who weighed over 91 kg. The postoperative follow-up period was 4 to 6 years. 
All stem failures were preceded by cement fractures in the proximal-medial region. 
Rostoker et al ( 1978) i nvestigated 34 fractured sterns. All fractures we re found to be due 
to fatigue failure. In all the fractured cases the patient ex hibited at least one of the ' risk 
factors', which they define as high body weight, malpositioning, lack of calcar support and 
roentgenographic signs of loosening. They also found metallurgical defectsin 31 of the 
fractured sterns. lt should be remarked here that on detailed investigation no material wilt 
be found absolutely pure. 
Dobbs ( 1977) investigated 29 cases of fractured sterns, and on the basis of this review, 
developed a statistica! model to predict the incidence of failure. Owing to uncertain para
meter values, his model predictions are probably not very accurate, but when more accurate 
data become available on the relation between joint-toading and maximal stem stresses, 
taking the 'risk factors' into account, such models could conveniently be used in post
operative radiographic patient evaluation. 

Fractures of acetabular componentsof total hip prostheses are not often reported in the 
literature. Fractures of elbow and kneeprostheses sterns have been reported occasionally, 
while finger-joint sterns appear to fracture more frequently (Walker, 1977). Plastic defor
mation (cold creep) may occur in the plastic tibial componentsof artificial knee-joints 
(Walker, 1977 ; Lacy, 1978; Ducheyne et al, 1978). 
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Occasionally, plasticdeformed meta l intramedullary sterns arealso encountered. 
Recently a case of thermal deformation of a polyethylene tibial component of an artificial 
knee-joint has been reported (Volz and Gradillas, 1978). The authors believe that such a 
deformation, caused by the polymerization heat of the acrylic cement, occurs more often 
and they found some evidence of it in several roentgenograms. 

There is no doubt that prostheses components are subject to wear in the body, wh ich does 
not necessarily have to present a problem. However, if the wear is excessive to an extent 
that it can no longer perform its function, it will result in failure. Much research has been 
and is being doneon wear of various biomaterials (e.g. Charnley and Halley, 1975; Walker, 
1977;Swanssonand Freeman, 1977). 
The wear rates of the materials presently used are such that the wear in itself appears to 
present no serious probtems. This might be different, however, if younger patients received 
joint reptacements. 

Fracture of the bone, postoperatively, is nota comptication often encountered after 
artificiat-joint reptacement In a series of 5400 total hip arthroplasties McEtfresh and 
Coventry ( 197 4) reported 10 postoperative bone fractures, 6 of which were in t he femur, 
3 in the acetabuturn and one in both. The acetabular fractures were not retated to the hip 
replacement. Insome of the femoral fractures defectsof the cortex due toscrew holes or 
misdirected reaming were apparent. 
Scott et al ( 197 5) a lso reported occasionatty occurring femorat fractures, always related to 
cortical defects near the prosthesis stem tip. 

A 'bone faiture mode' with a higher incidence, already mentioned in chapter 2.2, is the 
graduat sinking of a component through the bone. Especiatty protrusion or migration of the 
artificial head or the cup of the hip-joint through the acetabuturn (e.g. Hoogbergen et al, 
1975; Charntey, 1978) and sinkage of the tibial knee-component in the tibia (e.g. Walker, 
1977; Freeman et al, 1978) occur sometimes. The protrusion may be caused by interface 
bone remodeling, stress (fatigue) fractures of the subchrondal spongeous bone or a combi
nation of both. 
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CHAPTER THREE 

OBJECTS AND METHOOS OF THE PRESENT STUDIES 

3.1. Introduetion 

Clinicaland roentgenographic follow-up studies, as discussed in the previous chapter, give 
valuable information on the adequacy of the treatment in genera!, the kinds and numbers of 
problems that may be encountered and the way in which complications manifest themselves. 
Usually no definite relation can be found between a complication and its cause, and when it 
is found, it is mostly statistica! and not causative, due to the many uncertain parameters in
volved in a joint replacement. Especially with respect to such a treatment, however, a funda
mental understanding of the relations between causes and effects of complications is of 
great importance. I t has been mentioned previously that an artificial jo int has to perfarm 
without complications for the full postoperative life span. This means that ten to fifteen 
years would have to pass before the data on the general adequacy of a specific design or 
procedure would be complete. This is nota good basis for 'trial and error' procedures and 
hence, in our opinion , all available means to predict the performance of a prosthetic device 
should be applied. However complicated the (biologica!) bone-prosthesis structure is, it is 
certainly possible to acquire fundamental knowledge on certain aspects. lf, for example, a 
fundamental concept on the relation between the structural parameters and the purely 
mechanica! performance of the pmsthesis in the body can be developed, this might notlead 
to an immediate answer to the question of the optima! design features, since also other com
plicated aspects are involved, but it would at least provide a firm basis, or no basis, fora 
part of the arguments commonly used in solving this problem and it would at least extend 
the available means fora long-term performance prediction . 

In orthopedie research, studies of animalor Iabaratory models are often applied. Another 
method, that is not very common, is the use of theoretica! or mathematica! models. For 
certain research objects, with respect to some problems of artificial-joint replacement, too, 
the use of these methods have many advantages (Hu iskes and v. Heugten, 1974). In these 
methods the properties of the system to be investigated are described mathematically and , 
by using theories, are interrelated in formulas that describe the system behavior. One of 
the advantages of such theoretica! analyses is the possibility to investigate influences of 
parameter changes and in this way acquiring a fundamental comprehension of relations 
between parameters and effe cts. In the following sections 11 and 11 I, theoretica! methods 
wil! be used in an effort to contribute toa more fundamental understanding of some aspects 
of artificial-joint replacement. These studies concern a stress analysis of intramedullary 
fixated prostheses, principally focussed on the hip-joint, and a heat-conduction analysis of 
acrylic cement in situ. Although the use of theoretica! methods wil! certainly not be the 
ultimate answer to problems of artificial-joint replacement, it wil! hopefully be shown that 
these (engineering) methods deserve their rightful place next to follow-up studies, animal 
experiments and Iabaratory experimentsin orthopedie research and that especially when 
used in interactive combination with these experiments an additional d imeosion in research 
possibilities evolves. 
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3.2. Heat-conduction analyses 

As was discussed in paragraph 1. 7, thermal damage due to the polymerization heat of 
acrylic cement is regarded as a possible factor contributing to necrosis of the bony implant 
bed. lt was the object of the analysis presented insection 11 to establish whether the tem
perature values in the bone, during implant fixation, may be such as can cause thermal 
damage and, if so, what measures can betaken to reduce the chancesof thermal damage. 

Between cause (heat of polymerizing) and effect (bone temperature) there is arelation that 
depends on many parameters. The heat of polymerizing itself depends on the amount of 
monomer in the mixture and hence on its composition. 
lf the cement mass were completely isolated from its neighborhood, the temperature rise 
(LlT) could easily be calculated from Q = CLlT, where Q denotes the total amount of poly
merization heat and C the heat capacity. As the cement mass is in contact with its adjoining 
materia Is, implant and bone, heat conduction occurs during and after the polymerization 
process. Hence, on one hand the rate of heat generation in the cement mass depends on the 
polymerization rate, while on the other the rate of heat transport depends on the heat
conduction properties of the cement, the interface, the implant and the bone. By applying 
approximative mathematica! descriptions of these properties and using heat-conduction 
theory, this processcan bedescribed in a mathematica! (computer) model. With this model 
the temperature as a function of time can be calcu lated at any point of the structure, given 
the parameters that describe the following properties: 
·- the geometry of the implant, the cement mass and the bone, 

the heat capacities and the thermal conductivities of these materia Is, 
the cement-bone interface thermal conductivity, 

·- the bone surface heat loss, 
the polymerization rate, 
the cement composition. 

In section 11 such a model will be used to pred iet the time- and location-dependent tempe
ratures during fixation of artificial joints. The calculated temperature values are compared 
with thermal damage threshold levels in order to estimate the chancesof bone necrosis 
occurring. By varying the system parameters, their influences on the temperature values are 
investigated from which quantitative guidelines for composition and application of the 
cement can be derived. 

3.3. Stress analyses 

The stress analyses, presented in section lil, are confined to intramedullary fixated 
prostheses and focussed especially on the hip-joint; although some results are valid for 
these systems in general. 
As was discussed in chapter 2, many complications of joint replacement are or may be 
related to stresses in the bone-prosthesis structure. Certainly stem, cement and bone 
fractures are caused by locally exceeding the (fatigue) strengthof the materials. Although 
definite causes forinterface bone remodeling, development of fibrous tissue layers, calcar 
bone resorption, implant migration and disuses osteoporosis are as yet unknown, there is 
some evidence that these phenomena are, at leasttosome extent, stress-relatedas welland 
thus it appears to be beneficia! to provide a system in which the stress pattem is smooth 
and the stresses on and in bone are as 'natura!' as possible. 
For given joint-forces the stress distribution in the stem, in the bone, in the cement mantie 
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and at the interfaces depends on the geometry of the implant (for example stem length, 
thickness, taper, etc.), the geometry of the cement mantie (for example its thickness) and 
the geometry of the bone; on the mechanica! properties of the materials (for example their 
modulus of elasticity) and on the mechanica! interface conditions. By applying theoriesof 
continuu m mechanics these properties can be described mathematically and interrelated in 
mathematica! models. With such models the stress values in the system can be approximated 
for given joint-loading. 
I t was the object of the analysis described in section lil to contribute to better understanding 
of the relations between the geometrical and materials properties of the system components 
on one hand and the stresses in the system that result from a specific joint-loading on the 
other. To accomplish this, simplified mathematica! modelsof the intramedu llary f ixation 
structure were studied, using various methods. Also, relatively simple formulas were derived 
that roughly approximate to the most important stress values. As wi 11 be shown in section lil, 
with these formulas ad i re ct re lation can be established between the most important design 
and material parameters and some aspectsof the mechanica! performance of the system. 
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CHAPTERONE 

INTRODUCTJON 

In this section a mathematica! (computer) model will be presented for the analysis of the 
heat generation and conduction processof self-curing acryl ic cement in situ. The model will 
be used to simulate this processas it occurs during fixation of artificial joints, to predict 
time- and location-dependent temperature values in the bone-prosthesis system. The results 
wi 11 be compared with data on thermal damage threshold levels of bone tissue, as published 
in the literature, in order to assess the possibility of thermal necrosis. The second chapter 
contains a review of the literature on previous work. The third chapter treats possible 
threshold levels forthermal bone necrosis and in the fourth the model, its assumptions and 
the mathematica! methods of solution will be discussed. In chapter fivevalues for para
meters describing the heat generation and conduction properties of the system, to be used 
in the model calculations, will be estimated on the basis of a thorough review of the litera
ture. In order to evaluate the model and the method of analysis, two experiments described 
in the literature are simulated, as described in chapter six. In chapter seven the model is 
actually used to sim u late the thermal behavior of the cement during fixation of intra
medullary implants. To establish the influences of the system properties, a parametrie 
analysis with respect to this bone-prosthesis system was carried out and wi 11 be described 
a lso in th is chapter. Chapter eight discusses the u se of the acryl ie cement during acetabular 
cup fixation and in chapter nine various measures that can betaken to reduce the chances 
of thermal bone necrosis are evaluated as to their effectiveness. 

CHAPTER TWO 

A SHORT REVIEW OF THE LITERATURE ON EARLIER WORK 

2.1. Temperature measurements in vivo 

Several measurements of temperatures in the cement-bone contact region ( the ' interface') 
in vivo have been reported in the literature, some of which are summarized in table 2.1. 
All investigators used thermocouples. 
Although these results give some indication of the temperature values that might occur, there 
is some doubt as totheir reliability. The heat-conduction process will certainly be affected 
by the thermocouples and, moreover, the cement-bone interface is a region rather than a 
well-defined location where a steep temperature gradient probably occurs. Hence, the 
'cement-bone interface temperature' is a badly defined quantity and measurements in this 
region will be highly sensitive to the thermocouple locations. lt is thus hard to draw 
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Authors 

Homsy et al ( 1 972) 

Meyer et al ( 197 3) 

maximal cement-bone 
'interface temperature' conditions 

dog femurs, various bone 
cements 

human femurs, total hip 
replacement 

Bi eh I et al ( 197 4) average value, human femur, 
total hip replacement 

Labitzke and Paulus (1974) average value, hu man femur, 
total hip replacement 

table 2.1: Results of some temperature measurements in vivo at the cement-bone interface, 
as reported in the literature. 

conclusions as to whether the reported temperatures are those of the cement or the bone. 

Another kind of experiment in vivo was reported by d'Hollander et al (1976) who measured 
temperatures during total hip replacement at the outside surface of the femur and in the 
bloodstream of the ipsilateral iliac vein. The first quantity increased from an average of 
31.5°( to one of 34.1 °C; the latter remained practically stabie at an average of 34.5°C. 

2.2. Temperature measurements in vitro 

Ohnsorge and Kroesen ( 1969) measured temperatures as a function of time, in the cent re 
and at the surface of a ballof acrylic cement, curing in free air in the laboratory. They 
established maximalvalues of 122°C in the centre and 92°C at the surface. Camparabie 
experiments carried out by Hupfauer and Ulatowski (1972) resulted in maximal temperature 
values of up to 134°C; it is not clear what causes the discrepancy between these results and 
those of Ohnsorge and Kroesen (1969). Hupfauer and Ulatowski (1972) in addition measured 
temperatures in plates of bone cement, using thermography. Although this methad is not 
very accurate, the results clearly indicate that the temperature values were distributed rather 
inhomogeneously over the surface of the plate. 
Ohnsorge and Goebel ( 1969, 1970) measured temperatures at different locations during 
fixation of a hip endoprosthesis in a cadaveric femur. An example of their results, which are 
rather illustrative, is shown in fig . 2.1. They repeated this experiment after pre-cooling the 
prosthesis to 0°C. The maximal 'interface temperature' in this case was about 20° less. 
However, due to pre-cooling, the setting time of the cement approximately doubled, which 
probably resu lts in inferior mechanica i properties (Oe st et al, 1975) . 
Meyer et al (1973) measured temperatures in acrylic cement curing in a Teflon cup. They 
varied the quantities used, the powder-to-liquid ratio and the initia! temperature. Their 
results will be used for an evaluation of the mathematica! mode l applied here, as wi ll be 
described in chapter 6. 
Other temperature measurements, in various circumstances, were conducted by de Wijn 
(197 4), J efferisset al (197 5), Cameron et al (1975), Dipisa et al ( 1976), Debrunner et al 
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0 15 18 20 min 22 
Zeil I 

table 2. 7: Temperatures as a function of time at 61ocations in a cadaveric femur-prosthesis 
system during the polymerization of the acrylic cement {reproduced with permis
sion of Ohnsorge and Goebel, 7 969). 

(1976), Lee and Turner (1977) and Seidel et al (1977). Yarieties in commercial brands, 
influences of initial temperatures, 'heat sink' additives and the polymerization rate were 
studied insome of these experiments. 

Experimental conditions were usually much better defined in these Iabaratory measurements 
compared to the experimentsin vivo and useful information was obtained on the thermal 
behavior of the curing acrylic cement. Because of the empirica! character of the experi
ments, however, it is aften difficult to apply the results to the situation in vivo and derive 
general criteria for the use of the cement, as so little is known about the influences of the 
different geometrical and material parameters. Moreover, also in these Iabaratory experi
ments the 'interface temperatures' are unreliable, due to the thermocouple influence and the 
steep temperature gradient in this region. 
lt has become clear from these experiments that the properties and the geometry of the 
adjoining materials have a significant influence on the temperature values and that the heat
generation processcan be affected by changing the composition of the cement mixture. 
I t was a lso found that the initia! temperature of the cement greatly influences the setting 
time. 

2.3. Theoretica! studies 

A theoretica! study of the heat-conduction processin acrylic cement was carried out 
by jefferiss et al (1975). Their model is very simp Ie, assuming one-dimensional heat-flow 
and neglecting the time-dependent character of the heat generation process (a homogeneaus 
initia! temperature was assumend in the cement layer). 
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Such a simple model could be very valuable in roughly evaluating influences of some para
meters, however, the parameter values they applied in their model for the heat capacity and 
conductivity properties of the materials were quite unrealistic. 
D'Souza et al (1977) calculated transient temperatures in an axisymmetric slice consisting of 
a metal core and a 'bony' ring with acrylic cement in between. Few data were published but 
they claim a good agreement between the results and those of verification experiments. 
A oomparabie analysis was carried out by Swenson et al (197 6), who studied the influences 
of the cement-layer thickness on the maximal bone temperatures. In this case, too, few data 
were published. 
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CHAPTER THREE 

THRESHOLD LEVELS FORTHERMAL BONE NECROSIS 

After temperature values in bone have been measured or calculated, they have to be com
pared to a thermal damage criterion in order to estimate the chancesof thermal necrosis; 
such a criterion is called the temperature threshold level forthermal damage (here denoted 
by T n(°C)). In the literature on thermal behavior of acrylic cement, as discussed in the 
previous chapter, the threshold temperatures of collagen denaturation (56°C, Lehnartz 
( 1959); 60°C, Viidik ( 1972); 70°C, Labitzke and Pa u lus ( 197 4)) is usually taken as a crite
rion. lt has been established, however, that collagen is more temperature-resistent than the 
protoplasm proteins (Lundskog, 1972). In this respect Leach et al ( 1943) , on the basisofan 
extensive review, concluded that all endothelial cells die at a temperature of 47°C and over 
and also that temperatures between 42°C and 47°C, provided they are maintained long 
enough, may harm the cells. Th is was confirmed by Moritz ( 1947) and Sevitt ( 1957). 
Not only the temperature, but also the time during which the t issue is exposed determines 
the threshold level forthermal damage; hence, this level will be time-dependent {T n = T n(te) 
where te is the time of exposure). lnvestigations on time-dependent threshold curves for 
epithelial cells were carried out by Moritz and Henriques (1947). They established, for 
instanee that a temperature of 70°C will kill the cells immediately, that a temperature of 
55°( wi 11 do so after a 30 seconds, but that a temperature of 45°C would have to be main
tained for more than 5 hours to harm the cell. Basedon these results they constructed a 
temperature threshold curve (T n(tP.)) for epithelial cells. Their results have been confirmed 
later by other investigators {as cited by Lundskog, 1972), for hu man as well as for porcine 
skin. Kuhl et a/ {1954) found a slightly lower threshold level for epidermal necrosis (52°( 
after 30 seconds) in mice experiments and ascribe the deviation to differences in the species. 
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fig. 3. 7: The time-dependent threshold level for cel/ necrosis (Tn), as established for 
epithe/ial ce/Is by Moritz and Henriques {1947) and also the time-dependent 
threshold level for vascular damage (T d), as constructed on the basis of data from 
the same authors; te denotes the exposure time. 
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Lundskog (1972), in extensive histochemical studies on rabbits, roughly confirmed the 
threshold curve reported by Moritz and Henriques (197 4) but established a lower threshold 
value for the bone cel Is, using heated implants (50°C after 30 seconds). He also indicated 
that much higher temperatures (up to 70°C) are needed befare damage is done to the regene
rative capacity of the bone tissue. 
Due to the many parameters that are involved in experimentsin vivo and also because of 
uncertainties as to the possible surgical trauma brought about by implants, the results of 
Lundskog cannot be considered as significantly different from those of Moritz and 
Henriques. 
Because the threshold curve published by the last-named authors gives a good impression of 
both the temperature and the time aspectsof thermal necrosis, it wi 11 be used he re as a 
criterion for judging possible osteocyte necrosis. 
Moritz and Henriques (1947) also reported that there is functional damage to the vascularity 
after exposure periods that areabout 40 to 60% shorter compared to the necrosis level of 
epithelial cells. From this the vascular damage temperature threshold curve (T d(te)) can be 
constructed. Graphs for both T n and T d are shown in fig. 3.1. lt should be kept in mind, 
however, that cell necrosis has also been reported for lower temperatures (Lundskog, 1972). 
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CHAPTER FOUR 

A THEORETICAL ANALYSIS OF HEAT GENERATION AI'JD CONDUCTION 

4.1. Assumptions and simplifications 

To develop a mathematica! model for simulating the processof heat generation and conduc· 
tion, the relevant properties of the system must bedescribed with parameters. In order to 
perfarm actual calculations these parameters must be given values. Relatively little is known 
about parameter values for heat-generation, heat-conduction and heat-capacity properties 
of the materials in the bone-prosthesis system. Hence, a very refined model can not actually 
be used. lt is also open to question in view of complicated aspects {for instanee the structure 
of bone, the vascularity, the geometry of the cement-bone interface and the consistency of 
the cement mantle, all of which vary considerably from pat ient to patient) whether a very 
refined model would be justified. Therefore a number of assumptions are made. In order to 
be able to analyse the thermal behavior of the cement using the classica! heat-conduction 
theory it is a ss u med: 

no material transport takes place in the system, and the materials are incompressible, 
the local heat loss by conduction and conveerion at the boundary of the system ( usually 
the outer bone surface) is proportionaf to the difference in the local boundary tempera
ture and a constant local ambient temperature, or the boundary temperature is equal to 
this ambient temperature. 

To simplify the analysis in view of the above-mentioned aspectsof the complicated bone
prosthesis system, it is assumed that: 

the thermal properties of implant, cement and bone are isotropic, 
the cement mixture is homogeneous, 
the heat conduction and capacity properties of the materia Is are independent of the 
temperature, 
the heat generation as a function of time is independent of the temperature, 
the cement-bone interface is smooth and the local heat transport across the interface is 
proportionaf to the local difference in temperature between the two materials. 

Obviously, the results of the model calculations can only predict the temperature values in 
the real system by approximation. Since influences of inaccuracies can be evaluated by 
parametrie analyses, the model can still conveniently by used to obtain reliable approxima· 
tive data, if gross effects are not neglected due to the assumptions. The most serious assump· 
tion in this respect, as follows from the experimental data discussed in paragraph 2.2. is 
neglecting the temperature influences on the time-dependent heat-generation, necessary 
because a mathematica! description of t his influence is not available. There are ind ications, 
however (Naylor and Billmeyer, 1953; Meyer et al, 1973; Debrunner et al, 1976), that this 
influence, which mainly affects the setting time of the cement, is relatively slight provided 
the initia! temperature varianee of the cement is kept within a smal! range. 
The bone-prosthesis systems to be investigated are approximated by axisymmetric or plane 
geometry, which simplifies the salution procedurestoa great extent and wil! , in most cases, 
give quite realistic results. lt should be remarked here that the previously mentioned 
assumptions would not justify a true three-dimensional model , as a model requires a certain 
balance in the description of all aspects. F urthermore, if the a im is to perform extensive 
parametrie analyses and evaluate the influences of the most important system parameters in 
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order to develop a fundamental concept of the heat-conduction process, the number of 
parameters in the model have to be kept restricted . 

4.2. Mathematica! formulation 

In consequence of the previously mentioned assumptions, the processof heat generation 
and conduction can bedescribed with the heat-conduction equation (Carlslaw and Jaeger, 
1959) basedon the conservation-of-energy principle and Fourier's law of heat conduction. 
Assuming an axisymmetric construction (fig. 4.1) consisting of (for example) three 

z 

.._ _____ r 

fig. 4. 7: An arbitrary ax/symmetric structure consisting of three materia Is (see text). 

materia Is (M 1, M2 and M 3) in contact at the interfaces ( l12 and l23) with boundaries 81 
and B2, the time and location-dependent temperature T(r,z,t) can be described by: 

a aT a aT aT 
- (Àr-) +- (Àr-)- Cr-+ r<l> = 0 
ar ar az az at 

À l!!,gradT) = -a(T - T) 

},.l!!,gradT) = -/3(T- T d·) a J 

where: 
t 

r,z 

time 

coordinates 

temperature 

heat souree 

thermal conductivity 

heat capacity 

on B1 

on 112 and 123 

T(r,z,t) 

<l>(r,z, t) 

À(r,z) 

C(r,z) 

.!:!_(r,z) 

a(r,z) 

T a(r,z) 

normal vector on boundary (b) or interface (i) 

surface conduction and conveetien coefficient 

ambient temperature 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(sec) 

(m) 
(OC) 

(j/m3sec) 

(J/msec°C) 

(J/m3oC) 

(-) 

(J /m 2 sec°C) 

(oC) 
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(j(r ,z) interface conductivity 

T ad/r,z,t) temperature of the adjoining material 

with initia! conditions: T(r,z,O) = T 0(r,z) in M 1, M 2 and M 3 and on 8 1, 82, 112 and 123. 

For plane geometry (x-z plane), assuming no heat flow in the direction perpendicu lar to the 
x-z plane the d ifferential equation transfarms into 

while all other equations remain as they are, replacing r by x. 

4.3. Method of salution 

The d ifferential equation presented in the previous paragraph can not be solved analytically 
in generaL Hence, numerical (computer) methods have to be used. In order to be able to 
take arbitrary geometry into account, Finite Element Methods (FEM) offer the best options. 
Different salution procedures are available (e.g. Zienkiewicz, 1977) that can be divided into 
those that apply FE discretization in coordinates as wel I as in time, and those that apply 
FE discretization in geometry and a Finite Difference Method for discretization in t ime. 
8ecause a computer program for the solution of elliptical differential equations (such as 
the heat-conduction equation for steady state) in an arbitrary two-dimensional region based 
on F EM was available ( 8rekelmans, 197 5), the latter method was chosen. 
The temperature as a function of time is d iscretized according to: 

a 1 
- T(t) ""' - {T(t) - T(t-6t)} 
ar 6t 

(backward difference) 

where 6t denotes a time step. 

8y introducing the notation: T n(r,z) = T(r,z,tn), T n-1(r,z) = T(r,z,tn-1), <l>n(r,z) = <l>(r,z,tn) , 
etc., where 6t = tn-tn-1• the equations ( 4.1) through ( 4.4) are approx imated by respectively: 

a aT n a aT n C C 
ar(Àr&) + az(M~) - LîtrT n + 6trT n-1 +r<l>n=O in M1, M2, M3 (4.5) 

À(!!,gradT nl = -a(T n - Tal on 81 (4.7) 

T n =Ta on 82 (4.8) 

À(J:!.,gradT nl = -(3(T n - T adj,n) on 112 and 123 (4.9) 

(4.5) is essentially an elliptical differential equation inT n· The available computer program 
for the solution of such an equation and the appropriate boundary conditions (8rekelmans, 
1975) was adapted tosuit a step-by-step procedure in which for each step 

(~1rT n-1 + r<l>n) is a given quantity calculated from the previous step (Huiskes, 1977). 
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This strategy could conveniently be foliowed by using the backward-difference formula for 
time discretization. The application of this formula results in an unconditionally stabie 
procedure, according to Wilsonet al ( 1966, 197 4), wh i Ie the accuracy depends on the time
step dimension. In the computer program the time step is taken as constant, because this 
greatly economizes the computer procedure. The solution procedure cannot be qualified as 
efficient and better methods in this respect may be found in the literature (e.g. Zienkiewicz, 
1977). However, under the circumstances this choice has proved to be quite convenient and 
has given excellent results, provided the time-step dimension was smal! enough, as was 
established in a number of test problems with known solutions (Huiskes, 1977, 1979b). 
The element used in the FEM procedure is triangular and has three nodal points. Within an 
element the temperature (T n(r,z)) is assumed to be linearinrand z. The effects of the 
coarseness of the element mesh have a lso been studied in a number of tests (Huiskes, 1977). 
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CHAPTER FIVE 

REVIEW OF THE LITERATURE ON THERMAL PROPERTIES 

5.1. The composition of the acryl ie cement 

The acrylic cement mixture is composed of polymer powder (PMMA) and monomer liquid 
(MMA). The composition of the mixture is expressed in the P/L ratio (gr.polymer/cc mono· 
mer), which is usually around 2. An initiator is added to the powder and possibly radiopaque 
(BaS04 or Zr02 ) fillers or antibiotics. A stabilizer and a catalyzer are added to the liquid. 
The powder consists to approximately 99% of pure polymer, if no radiopaque or antibiotic 
additives are applied, and the liquid to approximately 97% of pure monomer. After poly
merizing, about 2-5% residual monomer remains present in the cement (Charnley, 1970; 
deWijn, 1974;0esteta/, 1975). 
For convenience in later use, the following quantities are defined: 

me= mass of the cement mixture 

V c = volume of the cement mixture 

Pc = apparent density of the cement mixture 

and further: 

m; = mass of a component 

V; = volume of a component 

P; = density of a component 

v; = volume fraction of a component (v; =V/V c) 

(kg) 

where i denotes: p (polymer), m (the part of the monomer that actually polymerizes), 
rm (residual monomer), ap (additives to the polymer powder), am (additives 
to the monomer liquid), ac (additives to the cement mixture), po (powder 
component), li (liquid component). 

The fraction of the monomer that actually polymerizes in the mixture can be calculated 
from: 

vm = Ppo + P/Lx1 03 + vrm- vam (5.1) 

The density of the polymer is reported as Pp = 1.18xl 03 kg/m 3 (Charnley, 1970) and 
P/L ~ 2; if it is assumed that the residual monomer and the additives to the liquid each 
romprise approximately 3"/o of the liquid component, it follows that Vrm + vam ~ 0.02. 
The monomer fraction vm for given P/L ratio can be evaluated from fig. 5.1, for which 
formula (5.1) was used . 
lf a third component (ac) is added to the powder-liquid mixture, the monomer fraction in 
the three-component mixture can be calculated from: 

vm=v~(1-vac) 

where v~ denotes the monomer fraction in the original two-component mixture. 
This formula (5.2) wil! be used in chapter 9. 
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fig. 5. 7: Graphica/ representation of the re lation between the P/ L ratio and the actual!y 
po!ymerizing monomervolume fraction vm. 

5.2. Heat generation in acrylic cement 

Heat is generated in the cement mass during the curing process, due to the exothermic poly
merization reaction of the monomer. The total amount of heat generated per unit volume 
(Q) depends on the amount of monomer in the mixture and on the total amount of heat 
generated by the monomerper unit mass (Qt)· 
lt is obvious, that both quantities are related by: 

Q = vmpmQt (J/m 3
) (5.3) 

lt has been reported that Ot"" 5.4x105 J/kg (e.g. Trommsdorf, 1963) and 
Pm""' 0.94xl03 kg/m3 (e.g. Charnley, 1970). 

As the heat generated per unit time depends directly on the breakage of the double bond in 
the MMA molecules and hence on the amount of MMA molecules linked to PMMA per unit 
time, the heat souree or heat generation function <l>(t) is proportional to the rate of poly
merizing. 
The polymerization process is, for our purpose, described by the polymerization function 
p(t) (0 :$ p :$ 1), giving the fraction of the monomer that has polymerized at a certain time. 
Hence it follows that 

dp 
<l>(t) = vmpmQt dt (J/m 3 sec) (5.4) 

The polymerization function can be measured by using light refraction methods (e.g. Naylor 
and Billmeyer, 1953) or by measuring the volumetrie change of the mixture. The latter 
methad was used by de Wijn (1977); fig. 5.2 shows an example of his results. The shape of 
this curve is very typ i cal of these functions in genera!, although variations in setting time 
usually occur. For our purposes the 'polymerization time' r (sec) is defined as the time from 
the beginning of the polymerization process until 75% of the monomer has polymerized. 
The beginning of the processis usually somewhat retarded by the stabilizer; this period is 
called the 'retardation time' ( tr( sec)). Usually tr "" 1 00 - 200 sec and T "" 200 - 400 sec for 
bone cements. 
lt is assumed here that the curve shown in fig. 5.2 is in dimensionless form valid for all 
bone cements; this curve is described by Pl = p1 (t-tr/r), t ~ tr, and is in this form only 
influenced by tr and T. 
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polymerized MMA fraction p(t) --------, 

4 

fig. 5.2: The polymerization function p(t) as measured by de Wijn (7977} in shr/nkage tests 
using the apparatus shown in the inset; 7: cement mass; 2: Delrln lid; 3: Delrin cup; 
4: glass tube filled with /iquid to register the amount of shrinkage. In dimension
less farm (p 1 = p 7(t-tr/T)) this curve is assumed tobeva lid for acry/ic cement in 
genera/. 

lt should be remarked here that slightly different curves (p2 and p3) will also be investigated 
later. 

5.3. Heat capacity and conductivity properties 

The heat capacity C(j/m30C} of a material can be calculated from C =pc, where c = specific 
heat {JJkg°C), p = density (kg/m 3

). 

The thermal conductivity of a material is denoted by À (J/msec0 C}. These symbols are 
applied with indices; e.g. ci, Pi, Ài, where i denotes the material (c (cement mixture), b (bone}, 
etc.). 
In general c, p and À may depend on the temperature and on phase transitions but} as 
discussed in chapter 4, these dependencies will be neglected in the analyses. 

5. 3.1. Acrylic cement 

Kaye and Laby (1959) and Debrunner et al (1976) give for the specific heat of PMMA 
c !':::: 1.46x1 03 J /kg

0
C. Hoffmann ( cited by Oe st et al, 197 5) investigated the temperature 

dependency of c, with respect to PMMA as wel! as MMA; fig. 5.3 shows the results of this 
study. There appears to be little difference in the values for bath materials. Bath curvescan 
be approximated by cm!':::: cp"" 1.25x1 03 +6.50T (0 $ T ;S' 1 00). 
Values for the specific heat and the density of radiopaque additives, as given by Müller 
( 197 5), are shown in table 5.1. 

The heat capacity of the cement mixture can be calculated from: 

(5.5) 

the last two termsof which may be neglected. 
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fig. 5.3: Temperature-dependent heat capoeities of MMA and PMMA, as established by 
Hoffmann (in Oest et al, 7975} and linear approximation. 

lf vac = 0 it follows, assuming Cp ""'Cm, that 

Cc""Cp+ (1-vm) (Cap-Cp) r + 
Pap Pp J1 

where: 

lf Vap = 0, it follows that 

Cc""' CP+ vac(Cac- CP) 

Formulas (5.6) and (5.7) will be used in chapter 9. 

(5.6) 

(5.7) 

The heat capacity of the cement mixture Cc will, apart from a temperature dependency 
owing to cp and Cm, also be affected by dimensional changes, due to the contraction of the 
monomer during the polymerization process. 
Taking botheffects into account, it follows that: 

(5.8) 

lf the cement mixture polymerizes adiabatically (ideally isolated) the temperature T (t) in 
the mass is described by: 

(5.9) 

By calculation of T(t), using the polymerization function P1 (t) fora constant value of Cc as 
wellas for Cc according to formula (5.8), it was shown that a good agreement between the 
two cases results if the (constant) heat capacity is taken as Cc""' 1.9xl 06 J/m3 °C (Hu iskes, 
1978). The estimated heat-capacity values are summarized in table 5.1. 
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density specific heat heat capacity 
kg/m3 J /kg°C J/m30c 

PMMA 1.19x 1 03 1.6x103 (50°C) 1.9x1 06 (50°C) 
MMA 0.94x1 03 1.6x 103 (50°C) 1.5x106 (50°C) 
BaS04 4.50x1 03 0.43x1 03 1.96x 106 

Zr02 5.60x1 03 0.70x103 3.91x106 

Acrylic cement 1.1 x 103 1.7x1 03 1.9x106 

table 5.1: Approximate values for heat-capacity parameters of bone cement and its possible 
components. 

No investigations are known on the thermal conductivity of acryl ie cement. For PMMA a 
value of approximately 0.17 J /msec°C has been reported (Barrett et al, 1953; Frados, 1966). 

5. 3.2. Implont materia Is 

Heat capacity and conductivity properties of a few industrial materials, relevant for the 
analyses, are summarized in table 5.11. 

density spec.heat heat therm. souree 
capacity cond. 

kg/m 3 J/kg°C J!m3oc J /msec°C 

Cr-Ni-steel 7.8x103 0.46x1 03 3.6x1 06 14 Eckert and 
Drake ( 1972) 

HDPE 0.93x1 03 2.22x1 03 2.06x1 06 0.29 Kaye and 
Laby (1959) 

Teflon 2.2xl 03 1.04x103 2.29x 106 0.23 Kaye and 
Laby (1959) 

tab Ie 5.11: Thermal properties of some industrial materials. 

5.3.3. Bone 

Measurements of thermal properties of various soft tissues in the body have been carried out 
by several investigators (e.g. Balasubramanian et al, 1977); data on bone are scarce, ho wever, 
and the values available show a considerable scatter. 
No doubt the properties greatly depend on the macroscopie structure, either trabecular 
(spongeous) or cortical (compact), the microscopie structure, for example orientation and 
coarseness of the bone matrix, the fat content, the water content, and the macroscopie and 
microscopie vascularity. Hence great individual ditterences probably occur, while properties 
in vivo, too, may differ from those of cadaveric material. 
Values for the heat-capacity properties, as reported in the literature, are summarized in 
tab Ie 5.11 I. 
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Author pb (kg/m3) cb{J/kgoC) Cb(J/m3oC) test object 

Henschel ( 1943) 2.1x1 03 1.26x1 03 2.65x1 06 Fresh cortical 
bone {human) 

Lundskog ( 1972) 1.26x1 03 Fresh cortical 
bone {human) 

( lattenburg et al 2.1-2.3x 103 1.15-1.73x103 2.64-3.64x1 06 Fresh spongeous 
(197 5) ( 1) bone { calf) 

Kummer ( 1972) 2.2-2.9x1 03 Fresh cortical 
bone (human) 

Saulgozis et al 1.86-1.93x 103 Fresh cortical 
( 197 4) bone (human) 

table 5.111: Heat capacity of cortical and spongeaus bone, as reported in the literature. 
(1) Only Cb original!y published, va lues of Pb supplied by Co hen (1 978). 

Vaiues for the thermal conductivity have been measured in different circumstances; a 
summary of literature data is shown in table 5.1V. 

Souree À.b(J/msec
0
C) test object 

Chato ( 1965) 0.38 Fresh cortical bone (human) 

Vachon et al ( 1 967) 2.3 ( 1) ln vivo cortical bone (bovine); 37°C 

Vachon et al ( 1967) 0.6 ( 1) Fresh cortical bone (bovine) 

Lundskog ( 1972) 19 (2) Fresh cortical bone (various mammals) 

Lundskog ( 1972) 4 (2) Dried cortical bone (various mammals) 

Graf and Stein (1957) 0.36-0.60 In vivo spongeous bone (human); 37°( 

Grafand Stein (1957) 0.29-0.43 Fresh spongeous bone (human); 37°( 

Sundén ( 1967) 0.53 1 n vivo spongeaus bone (rabbit); 37°( 

Clattenburg et al (1975) 0.26-0.33 (3) F resh spongeous bone ( calf); 25° C 

Bowman et al ( 1979) 0.39 F resh spongeous bone (hu man); 37°C 

table 5,/V: Va lues ofÀ.b as reported in the literature. (7} Measurements on the outside bone 
surface; (2) unre!iable technique, gross effects of evaporation; (3) isotropie pro
perties established, at 60° Ca bout 7 5% higher va lues. 

With regard to the thermal conductivity, apparently the greatest range in values is found for 
cortical bone, but the experimentsof Lundskog (1972) can be qualified as definitely 
unreliable and the measurements of Vachon et al (1967) as possibly unreliable, because of 
the rough technique and influences of the sub-periosteal vascularity at the outside surface 
of the bone. Altogether it appears that, presently, À.b for wet cortical bone should be 
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assumed as approximately 0.4 J/msec°C, for spongeaus bone in vivo from 0.36 to 0.60 
J/msec

0
C. Since the experiments by Graf and Stein (1957) were carried out in vivo and in 

vitro in the same kind of bone (sternum) using the same technique, the differences reflect 
the influence of the vascu larity. 
As regards the influence of the vascularity on the heat-conduction properties of the bone 
structure, three aspectscan be distinguished: (1) the influence of the microcirculation on 
the heat-conduction properties of the bone material, (2) the influences of large blood vessels 
and (3) the heat transport at the bone surface in the highly vascularized periosteum. As to 
the first effect, it can probably be assumed that the continuurn model of the bone material 
still applies, but thatÀb shou ld be adapted (Graf and Stein, 1957) . The second effect wi 11 
probably greatly disturb the heat flow, but is a quite local phenomenon that will be 
neglected he re. The third effect wi 11 be discussed in paragraph 5.4. 
With regard to long bones it has been shown (Rhinelander, 1972) that the greater part of 
the cortex thickness (> 2/3) is vascularized from within the medullar system and only the 
superficial part by the periosteal system . In the diaphyseal region, the intramedullar vascu
larity is, at least temporarily, disturbed prior to fixation of endoprostheses and hence the 
greater part of the cortex wil I be without circulation until the periosteal system takes over 
the function of the intramedullar system (Rhinelander, 1972). lt is therefore assumed as 
probable that the vascularity will exert no influence on the thermal conductivity in the 
diaphyseal cortex during the polymerization process. 
As regards the metaphyseal and epiphyseal regionsof the bone, where the implant is fixated 
against spongeaus bone, the function of the vascularity during surgery is uncertain; at least 
part of the circulation wil I be temporarily disturbed. 
Possible influences of the microcirculation can be evaluated by variatien of Àb, guided by 
the results of Graf and Stein (1957), as shown in table 5./V. 

5.3.4. The cement-bone interface 

lt is a well known phenomenon that when heat flows across a contact region between two 
materials, the temperatures in the two materials at the contact surfaces are nat equal : the 
contact region has a certain heat-flow resistance (e.g. Ja cabs and Starr, 1939; Fried, 1969). 
The heat resistance depends mainly on the roughness of the materials and the kind of inter
mediate medium (gas, liquid). 
This contact heat-resistance phenomenon can, in the simplest form, bedescribed by: 

q = (J~T 

where q is the specific heat flow through the contact region (J/m 2 sec), 
~T the temperature drop over the interface (°C), 
IJ the interface conductivity (J/m 2 sec°C). 

(5.1 0) 

This mathematica! model is illustrated in fig. 5.4. Owing to the (in this case steady) heat 
flow (q) there is a certain temperature profile in materials 1 and 2. At the contact regionor 
interface which is assumed to be infinitely thin, a discontinuity (~T) in the temperature 
profile is present, due to the heat-flow resistance; the conductivity of the interface is 
described by (J. In reality, as illustrated in fig. 5.4, the interface has a certain thickness (si), 
over which the temperature decreases more-or-less continuously. 
The conductivity of the cement-bone interface will depend on the structure and the prepa
ration of the bony implant bed, the consistency of the cement and the pressure applied to 
it when inserted, the presence of blood, water or bone debris and probably the dimensional 
behavior of the cement mass. Owing tothese random influences and the smal! dimensions, 
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fig. 5. 4: 11/ustration of a simpl/fied model of an interface heat resistance {a), showing the 
temperafure profile in the two materials and the discontinuous temperature drop 
at the interface, assumed as infinitely thin; in reality (b) the interface hos a certain 
thickness and the temperature drop is more-or-/ess continuous. 

too, the interface conductivity, provided the linear model applies to this complicated 
structure, will be very difficult to measure. Hence the strategy will be to vary the interface 
conductivity (3 in a 'possible' range in the analyses and to evaluate its influence on the heat
conduction process. 

In order to obtain a rough impression of the value of {3, the steady state heat conduction in 
a plane model of an arbitrarily shaped bone-cement interface was analysed, using the 
methods described in chapter 4. The model is shown in fig. 5.5; the interface is assumed to 

fig. 5.5: A simplified p/ane model of an arbitrary cement-bone interface. In the trabecu/ar 
voids a nonconductive material is assumed; the element mesh for the simu/ation of 
the {steady state) heat conduction through the interface is shown. 
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be 1-mm-thick and consistsof bone 'trabeculae', partly in contact with acrylic cement, 
leaving intratrabecular gaps filled with a nonconductive medium. For reasons of symmetry 
only a part of the model has to be regarded; the element mesh is shown in fig. 5.5 {generated 
by computer; Schoofset al, 1978). Parameter values were taken as: Cc= 1.8x1 06 j/m3 °C; 
Cb = 2.9x1 06 j/m3 °C; Àc = 0.17 J/msec°C; Àb = 0.4 J/msec0 C. Fig. 5.6 shows the tempera· 
ture profile on two lines in the materials, as calculated in the computer simulation. 
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fig. 5.6: Temperafure profiles in the interface model on two lines as calcu!ated in the FEM 
simu/ation and a linear approximation of these profiles in each materia!, which 
resu!ts in an apparent discontinuous temperature drop /:, T. 

Linear approximations of the temperature profiles were fitted tothese graphs, resulting in 
a discontinuous temperature drop {t:,.T) over an assumed infinitely thin 'interface' located 
in the middle of the real interface. In this simplified description the specific heat flow can 
be calculated from: 

dTb dTc 
q = -Àb ~ = -Àc dx ' 

where T b{x) = temperature in bone {linear approximation); 
T c{x) = temperature in cement (linear approximation). 

The interface conductivity {3 canthen be calculated from {5.1 0), which gives 
{3= 375 J/m2 sec°C in this case. 
lsotherms, as calculated with the FEM model, are shown in fig. 5.7, indicating that the tips 
of the trabeculae, surrounded by cement, wil! reach high temperatures even if the tempe
ratures in the rest of the bone are not very high. 
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fig. 5. 7: /sotherms as calculated in the computer simu/ation indicating that the tips of 
trabecu/ae, surrounded by cement, may reach qulte high temperature va/ues. 

At the rather smooth cement-implant interface the heat resistance wi 11 be low. A value of 
f3ci = 1,000-10,000 J/m 2 sec°C should be appropriate (Fried, 1969) . 

5.4. Boundary heat transport 

Heat loss at the boundary of the model, which will usually be the bone surface, depends on 
a surface conduction and convection coefficient (a), as discussed in chapter 4, and on the 
ambient temperature (Ta)· 
When the bone surface is the boundary of the model, the coefficient a depends on the heat 
exchange mechanism between the superficial bone and the periosteal circulation, although 
no doubt conduction through the soft tissue also occurs. Nothing appears to be known 
about these phenomena. 
For technica! surfaces in different media, va luesfora were reported by Gröber et al (1961 ), 
as shown in table S.V. 

Medium (free convection) a (J/m 2 sec°C) Medium (forced convection) a (J/m 2 sec°C) 

gas 3- 24 gas 11 - 117 

water 116- 698 viseaus liqu ids 58- 582 

bubbling water 1 '163- 23,260 water 581 - 10,630 

tab/e 5. V: Va/ues of a with respect to technolog/cal surfaces in different media (after 
Gröber et al, 1961). 

Blood and soft tissues consist mainly of water and it has been shown that the thermal 
cönductivity of soft tissues is only slightly less than water (water: À""' 0.6 J/msec°C (20°C), 
Eckert and Drake (1972); muscle: À"'=' 0.5 J/msec°C (21 °C), Balasubramanian et al (1977)). 
In view of the va lues given in tab ie 5. V it is then quite probable that a> 500 J /m 2 sec°C 
and remotely possible that 1 00 <a< 500 J /m 2 sec0

C. The probabi lity that there is an 
adequate heat transport at the bone surface was confirmed by d'Hollander et al ( 1976), who 
measured a temperature increase of only 3°C at the outside surface of the femur during hip 
replacement; the temperature dropped after reaching this peak value. 
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5.5. Initia( and ambient temperatures 

The temperatures in the componentsof the bone-prosthesis system, prior to insertion of 
the implant, depend on the circumstances. I mplants and bone cement wilt be approximately 
at 'room temperature' although both components may have been slightly warmed up by 
manual handling and the onset of the polymerization process. The initia! temperature of the 
bone (T pb) is probably equal to the ambient temperature (Tal, which wil I not be higher 
than 37 C, but probably somewhat lower; for instanee d'Hollander et al (1976) have 
measured values between 32 and 35°C (see paragraph 2.1.). 

5.6. Conclusions 

Based on a thorough review of the relevant literature, estimates for the thermal properties 
of bone-prosthesis systems have been discussed in this chapter. 
The geometry of the system has not been discussed, as it depends so much on the joint com
ponent which is under consideration and can better be treated in the chapters concerned. 
A summary of probable and possible values is shown in table 5.VI. lt should be borne in 
mind that insome cases the values and value rangesshownare only 'educated guesses', 
especially where the 'possible range' is concerned. Sametimes (as for example for Àcl only 
one value is shown in the 'probable value or range' column simpte because only one value 
has been published; the 'possible range' column then reflects uncertainty about this value. 
The ranges in these columns wilt be used later as lower and upper boundaries in the para
metrie analyses. Some parameters are adjustable, for instanee Vm (by the P/L ratio) and 
Cc (by additives), the probable ranges of adjustability are then shown intherelevant 
column. 

As can be concluded from table 5.VI many properties might well come in for more thorough 
experimental investigations. For such investigations it is of importance to knowhow sensi
tive the processof heat generation and conduction is for the parameter values, so as to esta
blish which parameters are the most important and the accuracy with which each parameter 
would have to be measured. Analyses such as those presented in the following chapters, 
where the influences of the parameters on the process are evaluated, can provide guidelines 
for such experiments. 
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parameter unit probable value adjustable range possible range 

Heat generation: 

Pm kg/m 3 0.94x1 03 

Ot J/kg 5.4x1 05 

Vm 0.35 0.27-0.42 

Q J/m3 1.8x 1 os 1.4 - 2.1 x 1 os 

p(t) P1 (t) P2(t) , P3(t) 

tr sec 150 

T sec 200- 400 

Heat capacity and conductivity: 

Acry!ic cement: 

Cc JlmJoc 1.8- 2.0x1 06 1.7-2.1x106 

Àc J/msec°C 0.17 0.14-0.20 

Cortica/ bone: 

eb J/m3oc 2.2 - 3.2x1 06 1.8 - 4.1x106 

Àb J/msec°C 0.3-0.5 0.2 - 0.6 

Spongeaus bone: 

eb J/m3oc 2.8- 3.4x1 06 2.6- 3.6x1 06 

Àb J/msec°C 0.5 0.4-0.6 

Interface conductivity: 

f3ci J/m 2 sec°C 1 ,000- 10,000 500-00 

f3cb J/m 2 sec°C 100- 1,000 50 - 00 

Bone surface heat loss: 

a J/m 2 sec°C 500- 10,000 100 - 00 

lnitial and ambient temperatures: 

Ta= Tob oe 32-35 30- 37 

Toe oe 20-25 

Toi oe 20-25 

tab/e 5. V 1: Probab/e and possib!e va/u es of the relevant thermal parameters. lmp!ant proper
ty va!ues were shown in tab/e 5.11. 
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CHAPTER SIX 

EVALUATION OF THE MODEL 

In order to evaluate the model as to its suitability for the curing cement and judge the para
meter-value estimates, two experiments published in the literature were simulated. As notall 
the parameters that have to be given a value in the model calculations were measured in the 
experiments and the reliability of the experimental results is sametimes doubtful , this simu
lation process cannot be regarded as a true verification procedure, but merely as a rough 
evaluation. 

6.1. A ball of curing acryl ie cement 

Ohnsorge and Kroesen (1969) measured temperatures as a function of time in the centre and 
at the surface of a ball of acryl ie cement curing in free air. Parameter-values that can be 
derived from their publication are given in tab ie 6.1. 

commercial brand 
P/L ratio 
ambient temperature 

Palacos 
2.1 gr/cc 
Ta= 25°C 

initia! temperature : 
ball radius 
ball mass 

table 6.1: Data from Ohnsorge and Kroesen {1969 ). 

TOe= 25°C 
R = 2.2x1 0-2 m 
me = 52.2x1 o·3 kg 

The monomer fraction in the mixture can be evaluated using fig. 5.1 and the given P/L ratio, 
from which it follows that Vm;:::: 0.34. Hence, using the data presented in paragraph 5.2, 
Q ;:::: 1. 7x 1 08 J/m 3

• F or cooling in free air, o:;:::: 3 - 24 J /m2 sec°C ( table 5.V). 
Owing to symmetry of the ball, only a sectien has to be taken into account in the analysis. 
Fig. 6.1 shows the element mesh for the axisymmetric model. At the boundaries r = 0 and 
z = 0, o: is taken as zero to simulate the spherical geometry_ Of course, a spherical model 
would be more appropriate here from a theoretica! point of view; however, the computer 
program is only suited for plane and cylindrical mode Is. 
The time step 11t in the salution procedure was taken as 10 sec; 100 steps were taken into 
account. The polymerization function P1 { t) was used, with tr = 0 and T = 240 sec (a value 
that will be motivated at the end of this paragraph) . 
Fig. 6.2 shows an example of calculated results: the temperature intheball as a function of 
r, for three different values of o:, at t ime t = 350 sec. I t is found even for rather high values 

of o:, that the heat flow from the cent re ( which is proportional to ~;) is practically zero. 

Hence the processin the centreis practically adiabatic. Since in that case {near the centre) 

dT dp Q 
Cc dt = Q dt' hence T(t) = Cc p + T Oe• 

it follows that: 
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fig. 6.7: Element mesh for the computer simu/ation of the heat generation and conduction 
processin a curing bal/ of acry!ic cement; the modelis axisymmetric. The para
meters on which the processof heat generation and conduction depend are a!so 
shown. 
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fig. 6.2: The temperature in the cement bal/ as a function of the radius rat time t = 350 sec, 
as calcu/ated for three different values of 0'.. 

71 



the temperature in the centre is proportional to the polymerization function, which gives 
the option of evaluating this function by measuring the temperature in a camparabie 
experimental set-up; 
when the maximal temperature in the centre is denoted by T c• then 

Q 
Tc-TOe= C 

c 

thus the value of§- can be evaluated directly from the experiment. 
c 

For the experiment it was reported that Tc= 122°(, hence-§- = 97°C. 
c 

Assuming Q = 1.7xl 08 J/m 3
, it follows that Cc= 1.75xl 06 J/m3 °C, which is somewhat 

lower than estimated in chapter 5, but quite realistic. The difference could easily be ex
plained by experimental inaccuracies, incomplete polymerization or a slightly different 
P/L ratio. 

Temperature ('C) ------ - - --- - - - - -. 

100 

CENTER POINT 

- measured by Ohnsorge 

..... a:15 J/sec'Cm2,h.15J/sec·cm 

--a:15 À:.25 
-·-a:10 À:.17 

fig. 6.3: Temperatures as a function of time in the centre and at the surface of the bal!, as 
measured and as calculated using different values for ~ and À. 

Fig. 6.3 shows the centre and surface temperatures as a function of time as calcu lated for 
different va lues of À and o:, compared to the experimental results. Obviously the value of À 

exerts more influence on the centre temperature, while o: exerts more influence on the 
surface temperature. The curve for À= 0.17 J /msec°C and o: = 1 0 J/m 2 sec°C shows the best 
agreement with the experimental curves. 
The polymerization timer was chosen in such a way that the time at which the surface tem
perature reached its peak in the model coincided with the experimental finding. 
I t is remarkable that in using the polymerization function Pl ( t) both experimental curves 
are approximated reasonably wel I. This gives confidence in the applicability of the general 
shape of this polymerization function. 
In the experiment the surface temperature was slightly higher than in the simulation. 
This is probably caused by monomer evaporation at the surface. 
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6.2. Acrylic cement curing in a Teflon cup 

Meyer et al ( 1 97 3) measured temperatures as a function of time at eight locations in acryl ie 
cement, curing in a Teflon cup. The cup (and the cement slice) we re axisymmetric. I nitial 
temperatures, height of the cement slice and P/L ratio were varied. The cup is shown 
tagether with the element mesh for the simu/ation in fig. 6.4. Only the experiments entailing 
a cement slice height of 1 0 mm were simulated. Measuring points were numbered 1, 3, 5 and 
7 (in the middle of the cement slice) and 2, 4, 6 and 8 (near to the Teflon), all located in an 
axial section. 

I 
·V. r.-;v. .1/: r.-;v. .. 

. 1/': I'. V 
r.-;v. .. r.--:1/. rx· .. 

I~ V 
V I"- VI"-V VI'\. 

~~ ~[\ ~~ V"- I'\. " ['\./ '\V !"--/ '-.,V 
1"-V 1"-1/1"- 1"-1/ 

. 30 
I J J 
h=====~--=-- -. ~Q 

~1~ 
1L 

r 

fig. 6. 4: (a) The Teflon cup with the cement mass as used for experiments by Meyer et al 
(1973}; temperature measuring points are shown, 7 and 8 on the symmetry axis; 
7, 5, 3 and 7 in the middle of the mass; 8, 6, 4 and 2 near the Teflon. (b) Dimen
sions and element mesh for the computer simulation. 

Simplex-p commercial brand 
P/L ratio 
in itial temperature 
ambient temperature 
retardation time 

1.5; 2; 2.5 and 3 gr/cc (vm: 0.42; 0.35; 0. 30 and 0.27; fig, 5.1) 
4; 15; 20; 30 and 37°C 
equal to initia/ temperature 

tr ""' 150 sec 

table 6.11: Data supplied by Meyer et al (1973). 

Table 6.11 shows somevalues for parameters that can be derived from the publications of 
Meyer et al. Parameter values for Teflon were taken in accordance with tab ie 5.11. The poly
merization time was chosen in such a way that the time at which the center point tempera
ture (point 7) reached its peak coincided in simu/ation and experiment (r = 350 sec for 
P/L = 2 gr/cc and Ta= TOe = 25°C); the polymerization curve p1 ( t) was again used. In the 
solution procedure the time step (t>t) was chosen as 10 sec; 100 steps were taken into 
account; a time step of 1 sec with 1 000 steps did not give significantly different results 
(Huiskes, 1977). Values forcement parameters were taken in accordance with those men
tioned in paragraph 5.6., except for Cc. By taking Cc= 1.75x1 06 J/m 3 °C a good agreement 
resulted for the measured and calculated maximal center point temperatures, which is the 
sa me value for Cc as evolved from the previous sim u lation. 
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lt was established that a variation of a in the range from zero to infinite exerted no signifi
cant influence on the maximal cement temperatures. Likewise a variation of the Teflon 
properties within a realistic range, and a variation of Àc within a realistic range exerted little 
influence. 
To be able to obtain a reasanabie approximation of the temperatures in all measured points 
the conductivity at the cement-Teflon interface had tobetaken as~= 50 J/m 2 sec°C. 

Temp. I"CI ------------, 

/3. J /sec"C l 
-1010 . 

•··· ·•500 
·---•50 
X-·-><10 

fig. 6.5: Temperatures as a function of the axial coordinate (z) in the cement and in the 
Teflon, at time t = 520 sec, as calculated for different values of the interface 
conductivity ~. 

Fig. 6.5 shows the influence of~ on the temperature profiles in cement and Teflon a long 
the axis of the structure. The fact that such a rather low value of~ has to be assumed to 
approximate the temperature values measured close to the cement-Teflon interface, is pro
bably caused by steep temperature gradients in reality near the interface, which cannot be 
simulated due to the coarseness of the element mesh. 

temp. 'c --------- -----, 

100 1 
····· 

50 

~----~:~~~: ?~4GlJ._ 
100 ~· 

50 

100 

50 

500 

1 89 97 

qo 

... :.::·::.:::·. 98= 91 
gg 

t lsecl 

fig. 6. 6: Temperatures as a function of time, as measured at 4 points in the cement mass by 
Meyer et al (7973}, and as calculated at different points close to the measuring 
points indicated in the figure. 
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lt should be remarked that, due to the steep temperature gradient, the temperature measure
ments at the interface are somewhat unreliable. Moreover, the exact position of the interface 
thermocouples is not mentioned in the publication. 
Fig. 6.6 shows a comparison of temperatures as a tunetion of time as measured and as 
calculated, where ~ = 50 J/m 2 sec°C, at four of the measuring points. Since the location of 
measuring points 1, 2 and 8 is not exactly known, calculated results for points in the neigh
borhood are shown in the graphs. Resu lts of measuring points 3 and 5 we re practically 
equal to those of point 7 and those of points 4 and 6 were practically equal to those of 
point 8. 
Again the use of the polymerization tunetion Pl (t) results in quite reasanabie approxima
tions of the ex perimental curves, except fora small shift in the polymerization time at the 
'cooler points'. 

max. temp. 'c (center point) --------, 

•w ~:::;•"""' 
80~ 

/ 

/..- -.-calculations 
)( 

LO -K- experiment 

10 20 JO 

fig. 6. 7: Maximal cement temperafure as a function ofthe initia/ temperatures as measured 
by Meyer et al (7973} and as ca!cu!ated in the model. 

Fig. 6. 7 shows the influence of the initia! temperature on the maximal temperature value at 
the center point as calculated and as measured. Evidently a reliable prediction results from 
the modelso long as the range of variation is not too extended. In the experiment an 
increase in the polymerization time results for low va lues of TOe> nottaken into account in 
the model. 

-K-exp. 

LO 

P/L (gr/cc) 

fig. 6.8: The maximal cement temperafure as a function of the P/L ratio as measured by 
Meyer et al (7 973) and as ca!culated in the model. 

Fig. 6.8 shows the influence of the P/L ratio on the maximal temperature value at the center 
point, as calculated and as measured. Again, it is apparently possible, using the model, to 
predict this influence with quite good accuracy. 
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6.3. Conclusions 

By sim u lation of two experiments presenred in the literature it was shown that the process 
of heat generation and conduction in curing acrylic cement can be simulated with acceptable 
accuracy and that the estimates for (cement) parameter values discussed in chapter 5 are 
quite reasonable. The general shape of the measured polymerization functior. is found to be 
realistic. Although the polymerization function is notindependent of the temperature , it is 
found that in reality its influence only results in a relatively small shift of the curves, 
especially in the initia! part of the polymerization process. The value of~ exerts a consi
derable influence on temperature values near the interface of the cement and the adjoining 
materiaL In the bone-prosthesis system this is precisely the location where the temperature 
values are of interest. As has been discussed previously, results of temperature measurements 
in this region are unreliable. But, due tothefact that so little is known about the value of~. 
the same is true for calculated temperature values in this region. By conducting parametrie 
analyses, ho wever, a good impression can be obtained on the possib Ie temperature va lues 
and the influences of the important parameters on these values. In this respect the model 
gives much more information than- experiments possibly cou ld. 
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CHAPTER SEVEN 

PARAMETRIC ANALYSES 
WITH RESPECT TO INTRAMEDULLARY FIXATED IMPLANTS 

7 .1. Descri ption ofthe model 

In this chapter the influences of the relevant parameters on the processof heat generation 
and conduction in a realistic system wi 11 be evaluated by means of parametrie analyses. 
In order to maintain insight into the effect of parametrie changes, the system to be analysed 
should be as simpleas possible. Therefore a both simple and real istic model was chosen. 

~" 
® 

fig. 7. 7: An arbitrary Jong bone fil!ed with acry!ic cement (a), which may a!so contain on 
implont (stem} (b). The axisymmetric model of the diaphys/s region is shown (c}; 
giving the parameters that influence the heat generation and conduction process 
a lso. The di mension of the implont may vary ( d); the cement foyer thickness is 
denoted by s. The element mesh used in the computer simu/ation is a!so shown (e). 

The model consistsof a slice from the diaphysis of an arbitrary long bone (fig. 7.1 ), the 
medullary canal of which is filled with curing acrylic cement (fig. 7.1.a) and mayalso con· 
tain a metalstem (fig. 7.1.b). The cortex of the bone is assumed to be axisymmetric and 
heat flow in the axial direction is assumed to be zero. The modeland the model parameters, 
in theevent that nostem is present, are shown in fig. 7.1.c. When a stem is present, the 
cement layer thickness is denoted by s (mm) (fig. 7 .l.d) . The element mesh for the model 
is shown in fig. 7.1.e; mesh refinement is applied close to the cement-bone interface so as to 
be able to describe a steep temperature gradient in this region adequately. 

The parameters were varied with respect toa reference value. The set of reference values is 
shown in table 7.1. In the reference case no implant is present, as it wiJl no doubt be the 
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parameter unit reference value parameter unit reference value 

Geometry (no implant present) Cement 

ru m 16 x 1 o-3 cc J/m3oc 1.75x106 

r· I m 12 x 10-3 Àc J/msec°C 0.17 
s ( 1) m 12 x 10-3 

Toe oe 20 

Heat-generation Bone ( cortical) 

Q J/m3 1.7x108 eb J/m30c 2.9 x 106 

p(t) P1 (t) Àb J/msec°C 0.4 

tr sec 0 Tob oe 37 
7 sec 350 

Cement-bone interface Bone surface 

l3cb J/m 2 sec°C 1,000 a J/m 2 sec°C 500 

Ta oe 37 

table 7.1: Reference va lues for parameters in the d!aphysis model; (7) In the reference case 
no implont is present, hence: s = ri. 

'worst case' for the bone temperature values. The reference va lues were chosen as more-or
less probable average values, as summarized in table 5.Vl; if there were serious uncertainty 
about a parameter (as, for instanee in the case of 13}, a more-or-less 'worst case' value was 
chosen. In table 5.VI, Q = 1.8x108 J/m 3 and Cc= 1.9x106 Jlm 3°C were given as probable 
va lues. Based on the resu lts of the sim u lations described in the previous chapter, 
Q = 1. 7x 108 J /m3 and Cc= 1. 7 5x 1 06 Jlm 3 °C have been chosen as probable va lues in the 
forthcoming analyses. 
For the calculations where a (metal) implant is assumed to be present, values for the para
meters are taken in accordance with table 5.11 (Cr-Ni-steel; Ci = 3.6x106 J/m 3°C; 
Ài= 14)/msec0

C). 
Parameters wil! be varied in what is expected to be a realistic range, which is determined 
either by uncertainty about the parameter value (see table 5.VI), or by a range in which the 
parameter may vary in reality, due to circumstances or cement composition . Since the solu
tion procedure is numerical, the parametrie analysis is carried out by calculating for each 
parameter separately the temperatures for several values, and interpolating between separate 
results. Insome calculations, values different than those shown in table 7.1 were taken for 
other than the varied parameter; where this is the case, the deviating value wil! be mentioned . 

Fig. 7.2.a shows temperatures as a function of time in the cement and the bone and fig. 
7.2.b temperatures as a function of the radiusrat three different times. The middle of the 
cement mass (point 1) reaches approximately 121 °C (T J, the bone at the bone-cement 
interface approximately 59°C (Tb) . 
In order to judge the possibilities of thermal damage of the bone tissue, the temperature 
values in the bone have tobetaken into account, but also the exposure time. These data 
have to be compared to the threshold levels shown in fig. 3.1. 
To simplify this procedure, the penetration depths of the 50°C and 55°C isotherms into the 
bone as function of time (o(t)) were calculated (fig. 7.3). The maximal penetration depth 
of the 50°C isotherm is denoted as <'>m · 
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fig. 7.2: (a) Temperatures as a function of time at the 7 2 points indicated in fig. 7. 7 .e; 
Tc and Tb are the maximal temperatures in cement and bone respectively. 
(b) Temperatures as a function of the radius r, at three different times (both 
ca!culations of the reference case}. 

8(mm)------------------~ 

t (sec) 
0 

300 400 500 600 

fig. 7. 3: The penetrotion depths of the 50° C and the 55° C isotherms into the bone cortex 
as functions of time; öm is the maximal penetrotion depthof the 50°C isotherm. 

lf this graph is compared to fig. 3.1 it is found that about 0.5 mm of the bone wou ld be 
liable to bone-cell necrosis and about 1 mm to vascular damage. 

To evaluate the influences of parametrie changes, three variables that are representative of 
the temperature distribution will be regarded: the maximal cement temperature (Tc as 
shown in fig. 7.2.a or LH 0 defined as T c -20°C), the maximal bone temperature at the 
interface (Tb (fig. 7.2.a) or ll.Tb, defined as Tb -37°C) and t he maximal penetration depth 
of the 50°C isotherm (öm, fig. 7.3). 
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7.2. Heat transport at the bone surface 

The heat loss at the outside surface of the bone depends on a {J /m2 sec
0 C) and Ta (0 C). 

Theoretically speaking, a may vary between zero (bone surface temperature equal to Ta) 
and infinite (bone completely isolated). Temperatures at the cement and bone points as a 
function of time for both these upper and lower boundary values are shown in fig. 7.4. 
In theevent of complete isolation, the whole system warms up to around 73°C, a value that 
can easily be verified using datafortotal heat-generation and heat-capacity properties. 

500 

fig. 7. 4: Temperatures as a function of time at 8 points in the cement and the bone as 
calculated in theevent of an idealized heat transport (a) and of an idealized isola
tion at the bone surface (b). 
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fig. 7.5: The influence of a on the maximal bone temperature increase /:;Tb and on the 
maximal penetrotion depthof the 50°C isotherm Om (logarithmic scale for ex). 
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As follows from fig. 7.4 the value of a has no significant influence on Tc· The influence of 
a on b.T bis shown in fig. 7.5. lt is found that a has little influence when a> 100. The 
influence of a on Öm, too, is shown in fig. 7.5; fora to have little influence in this case it 
would have to beover 500; fora< 500 the influence is pronounced. 

7.3. Cement-bone interface conductivity 

The influence of (3 ()/m2 sec°C) on b.T band Öm is shown in fig. 7.6; (3 has a marked 
influence for (3 < 1000. A value of 1000, as used in the reference case, or higher, more-or-less 
simulates 'worst case' conditions for the bone. 

20 --r-------i 
-- - -- I 

: I 
10 : I 

' I 
: I 
I I 

fig. 7. 6: The influence of (3 on t. Tb and on ö m (/ogarithmic se ale for (3}. 

7.4. Bone and implant dimensions 

When a metal implant is present in the cement, it functions as a 'heat sink', due to its 
superior heat capacity and conductivity properties. An example of temperature values as 
calculated, assuming an axisymmetric stem of 12 mm thickness in the cement, is shown in 
fig. 7. 7. Va lues taken for the parameters in this case we re equal to those in the reference 
case with the exceptions l3cb = 500 J /m2 sec°C and TOe= T Oi = 25°C; l3ci was taken as 
infinite. As fellows from fig. 7. 7, Tc reaches only approximately 80°C, and Tb reaches 
approximately 54°C. The maximal penetratien depthof the 50°C isotherm Öm:::::: 1. 3 mm 
(fig. 7.7.c). The bone at the cement-bone interface is maintained at a temperature of more 
than 50°C for only 110 sec which, according to the threshold curve in fig. 3.1, is not 
enough to cause vascular damage or bone cel I necrosis. As can be concluded from the tem
perature as a function of time inthestem (fig. 7.7.a), the stem takes up the heat initially 
and later returns it totherest of the system. In a real presthesis stem heat will also flow in 
the axial direction, which wil I reduce the temperatures even further. 
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fig. 7. 7: {a} Temperatures as a function of time in imp/ant, cement and bone, at 7 2 points 
(indicated in fig. 7. 7 .e); (b) temperatures as function of the radius r in the three 
materia/s at three different times; (c} penetrotion depth of the 50° C isotherm into 
the bone cortex as function of time. 

By varying the bone dimensions, the influence of individual differences can be evaluated, 
and the possibilities can be judged of using animal modelsin experimental heat-conduction 
studies in vivo. 
In first-order approximation, the re lation between heat generation and heat conduction in 
a system can be estimated by camparing the heat-producing volume to the heat-transporting 
surface. In the medullary canal, assuming axisymmetry, the ratio between these two para
meters (volume/surface) is proportional to the inner bone radius ri· Hence it shou ld be 
expected that the temperature values measured in bones of smal I animals are not represen
tative of humans, as ri greatly differs in the various animals. Th is follows also from regarding 
the steady state heat-conduction resistance of the cortex and the bone surface (Rç(msec°C/J}} 
which is found from (e.g. Eckert and Drake, 1972} 

ln(r ufri} 
Re = -..,.-----'- + --

Àb aru 
(7.1} 

Fr om (7 .1} it follows that a exerts its greatest influence on the smaller bone. Wh en a-+ oo, 

Re depends on ln(r ufri}/Àb only and if r u/fï and Àb we re constant in different ani mals, 
deviations in the bone temperatures wou ld be due to differences in the heat generation
conduct ion re lation only. When a= 0, the heat resistance is infinite and in this case the end
temperature of the system depends on the total heat generation in the cement and the heat 
capacity of the cement and the bone, he nee on the ratio volume-cement/volume-cement-and
bone; in theevent that r ufri is constant in different animals this ratio, and hence the 
maximal temperature, is equal. 

To investigate the differences further, the model was analyzed for different dime nsions 
(see table 7 .11); in all three cases r ufri = 1. 33 was assumed. 
Fig. 7.8 shows the influence of a on the maximal bone temperature increase f:. Tb for the 
three different dimensions. As was previously predicted, for low a and for high values of a 
it has no influence on the differences in f:.T b• while for low values there is no difference. 
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ri (mml ru (mml simu lated bone 

Reference calcu lation 12 16 human femur 

Variation 1 7.5 10 dog femur 

Variation 2 3.75 5 rabbit femur 

table 7.11: Variations In bone dimension. 

50 t.Tb (Cl 

40 J 

"I 20 

10 

10-1 100 

ru~~~l~@jljl!l-6 T f a 

......-: I ru ...j 
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fig. 7.8: The inttuenee of a on /':,.Tb for three different bone dimensions (!ogarithmic sca/e 
fora). 

For a :::::: 1 00 the d ifference between the dog bone and the hu man bone wi 11 have practi cally 
vanished and fora:::::: 1 0 the difference between the rabbit bone and the human bone. As 
discussed previously, probably a> 500, hence results of animal experimentsin this respect 
cannot simply be translated into human circumstances. 

When animals have to be used as mode Is in this respect, a methad of sealing could be intro
duced. When the differential equation that describes the processof heat-generation and 
conduction (chapter 4) is written in dimensionless form it follows that, if the dimensionless 
numbers 

T~C T~b 
and 

Cc~ Cb(r u-ri)2 
(Fourier number), 

j3(r -r·) 
U I 

~b 
and 

a(r -r.) 
U I ---
~b 

(Biot numberl, 

_Q_ 
C T and r ufri, 

c a 

are equal in the human and the animal model, the results will be equal in both cases. For the 
Fourier numbers this could be accomplished by adapting the polymerization time (r l and 
the heat capacity of the cement (Cel in the animal case; then also Q would have to be 
adapted for the souree number ( Q/Cc Tal . 
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Little can be done to satisfy the requirements for the Biot numbers, so sealing would only 
be possible if a--. oo and {3--. oo. 

20 

10 

0 2 0 .4 0.6 0.8 10 

fig. 7.9: Maximal bone-temperature increase (D.Tb) as a function ofthe relative cement 
/ayer thickness (s/rj), for three different bone dimensions (r ufr; constant). 

Fig. 7.9 shows the maximal temperature increase of the bone (D.Tb) in theevent that an 
implant is present as a function of the ratio between the thickness of the cement layer and 
the inner radius of the bone (s/ri), for the three bone dimensions. In the calculations on 
which these results are based, a was taken as infinite. For s/rj = 1, no implant is present in 
the cement and the medullary canal is completely filled with acrylic cement. As follows 
from these graphs, bes i des the bone di mension the thickness of the cement layer ( the thick
ness of the implant) has a marked influence on the maximal bone temperature. 

As to influences of individual differences in bone dimension, these can also be estimated 
using formu la (7 .1). When the differences are such that r ufri remains constant, the pre
viously discussed influences apply in the same way. 
When the cortex thickness varies, assuming equal ri, only the heat-conduction properties 
change. lt can be calculated from formula (7.1) that, with respect to the (hu man) reference 
case (a= 500 J /m2 sec°C), a variation in cortex thickness from 3 to 5 mm has the same 
influence as a variation in a from about 3250 to 222 J /m2 sec°C, a variation that hardly 
affects ~Tb· but has a significant influence on Öm (fig. 7.5). 

7.5. Heat generation parameters 

The heat generation in the cement depends on Q and on p( t). The influence of Q on~ T c• 
~Tb and Öm is shown in fig. 7.1 0. Q has a marked influence on all temperature va lues. 

Apart from the polymerization function P1 (t) two other curves were applied, P2(t), a 
slower curve and p3( t), a faster curve, respective ly (fig. 7.11). These curves we re different 
especially in their auto-acceleration aspect; the best way to characterize these differences 
is by their maximal polymerization rate (Op= max(dp/dt)) ratherthen by their polymeri
zation time (8 p1 = 11 x 1 o-3 sec-I; e p2 = 4.4x 1 o-3 sec-I; 8p3 = 28x 1 o-3 sec-I) . The resulting 
cement and bone temperatures as a function of timeforthese three curves are shown in 
fig. 7 .11. 
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fig. 7.10: The influence of Q on b.T0 b.Tb and om· 

polymerization p(tl --------------, 

bone temp. Tb (Cl 
75 

L------·-· 
25~------------------

time(secJ 
200 '00 600 soa 

fig. 7.11: From top downwards: the three po!ymerization functions app/ied (p ,(t), P2(t}, 
p :Jt)}, the cement temperafure (center point} and the bone temperature 
(interface} that result from these functions. 
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The results for curve p3(t) are practically equal to those of an idealized 'snap-curing' cement, 
which is as fa st as possible. Application of curve P2( t) gives a reduction of about 4°e in the 
maximal interface bone temperature Tb· as compared to curve PJ ( t), and a reduction of 
about 0.5 mm in Öm· Between the results of curves P1 (t) and p3(t) there is only a slight 
d ifference. 

7.6. Heat capacity and conductivity parameters 

The influence of the heat capacity of the bone is but slight over a wide range. 
For 2x 106 :S eb :S 4x 1 06 J /m 30e, the influence on Tc is insign ificant, Tb varies between 
60°e and 57°e and Öm varies between 1.8 mm and 1.3 mm. 

The conductivity of the bone, Àb, has a greater influence on bath Tb and Öm, especially for 
low values. Fig. 7.12 shows the influence on ~Tb· for 0.2 :S Àb :S 2.0 J /msec

0
e and 

different values fora. lt should be remarked that such a wide range for Àb is nat realistic. 

6Tb (C)----------------. 
<0 

30 

20 

er J/nfsec ·c 
- ·-·-·-·-·-·-·-·-·-·- 0 

' ' "-,., 
~

', ,, ,_ ----·---'-, -------------·---100 ,, 
-- 00 ---------------co 

1.2 u. t & te A Jlm sec·c 

fig. 7. 7 2: The maximal bone-temperature increase (~Tb) as a function of Àb, for different 
va/u es of a. 

The value of Àc has na significant influence on Tc· For 0.14 :S Àc :S 0.20 J/msec0 e, which 
is a rather wide range, Tb varies between 57°e and 60°e, and ö m varies between 1. 3 mm 
and 1.7 mm. 
The heat capacity of the cement, e,, has a marked influence on T c• Tb and ö m in a range 
of 1.5x 1 06 :S ec :S 2.5x 106 J/m 3 oe, as is shown in fig . 7 .13. ec is one of the parameters 
that can be adjusted by adding material of a higher heat capacity to the cement, as will be 
discussed in chapter 9. 

7.7. Initia! and ambient temperatures 

The influence of the cement initia! temperature on T c• Tb and ö m in a range of 
15 :ST Oe :S 25°e is quite insignificant. A greater range is nat realistic, at leastnotin the 
model, because the initia! temperature will probably significantly affect the polymerization 
process, an influence that is not taken into account in the model. 
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fig. 7.13: The inttuenee of Cc on b.Tc, b.Tb and öm· 
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fig. 7.14: The influence of Tob = T0 on b.Tc, b.Tb and Öm· 
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Both Tb and om are greatly influenced by the initia! bone temperature TOb and the ambient 
(periosteal blood) temperature T a• as shown in fig. 7 .14. TOb and Ta are taken as equal, 
because both represent the local temperature of the biologica! system. 

The implant initia! temperature, in theevent that an implant is present, was not varied. As 
fellows from a first-order approximative consideration of the 'heat-sink' capacity of the 
implant, reducing the initia! temperature by 10°( will have about the same influence as 
increasing the stem radius by 1 mm (fora radius of approximately 6 mm). 

7.8_ Conclusions 

The influence of a (J/m2 sec0 C} on the temperature values is slight if a> 500. lf a< 500, 
however, the influence especially on om is quite pronounced; a lower value of a would then 
make a greater part of the cortex liable to necrosis. As discussed in paragraph 5.4. it is quite 
probable that a> 500. 
The influence of the interface conductivity is pronounced if {3 < 1000 J/m 2 sec°C. Th is 
might wel I be so and in that case the temperatures in the bone may be much lower, although 
it should be borne in mind that in single trabeculae surrounded by cement the bone may still 
reach high maximal temperature values, as discussed in paragraph 5.3A. 
The influence of the polymerization curve p( t) on Tc and Tb is not very outspoken in a 
realistic range of polymerization rates. lf the 'Trommsdorf effect' (the auto-acceleration 
phase of the process) were significantly surpressed, as in curve no. 2, some temperature re
duction would be evident, but probably less than sametimes expected (de Wijn, 1974; 
Huiskes et al, 1977). The reduction of the penetratien depth Om, however, is quite pro
nounced fora slow curve. 
Also the presence of a metal stem in the cement (as, for instanee in intramedullary fixated 
implants) has a marked effect on the temperatures. The influence of the stem thickness is 
great, owing toa combined effect of a greater 'heat sink' capacity of the implant and a lesser 
cement layer thickness. 

The influences of the other parameters on T C• Tb and om can be linearized in the neigh
bourhood ( usually over a fairly wide range) of their reference values. 
The linearized influences are summarized in table 7 .lil as percentage increase inT 0 Tb and 
om per percentage increase in the parameter value. 
I t is remarkable that Q, Cc and TOb = Ta exert the greatest influences. These parameters 
belang to the on es that can be influenced by the surgeon or the cement manufacturer, as 
will be discussed in chapter 9. 

lt was shown in the reference calculation that the bone reached a maximal temperature of 
approximately 59°(, while the inner cortex up to 1.6 mm from the interface reached tem
perature of 50°( and over. Where there was a (metal) implant of 12 mm in thickness the 
bone reached a maximal temperature of 54°(, while 1.3 mm of the inner cortex reached a 
temperature of 50°( or over. As these temperatures were maintained for only a short time, 
the cortex tissue in the latter case would not be liable totissue necrosis, applying the 
threshold curve of fig. 3.1. 
Due to uncertainties in the parameter va lues, these quantities should not be regarded in too 
absolute a sense. A valid impression of the influences exerted by the probable and possible 
ranges of parameter va lues on the bone-temperature rise (LlT b) and the penetratien depth (o ml 
is given by the diagram in fig. 7 .15. The ranges for the parameters are shown in table 7 .I V as 

88 



parameter 

Q 

% increase Tc 

% increase par. 

0.74 

-0.02 

-0.02 

-0.06 

-0.55 

0.08 

0.12 

% increase Tb 

"fo increase par. 

0.15 

0.37 

-0.12 

-0.07 

0.06 

-0.21 

0.04 

0.56 

% increase ó m 

% increase par. 

1.43 

-0.37 

-0.45 

0.32 

- 1.20 

0.19 

3.70 

tab/e 7.111: 'Sensitivity' factors of T0 Tb and óm for changes In the parameters. The num
bers give the percentage increase per percentage increase ofthe parameters; 

parameter 

r· I 
a 
{3 

Q 
p(t) 

Àb 

eb 

Àc 

Cc 

Toe 
Ta 

(1) it is assumed that r u changes accordingly relative to ri; in this case the 
influences on Tc and Óm were nat ca/cu/ated. 

unit probable value 
possible range 

or range 

mm 11-13 12 - 14 
j/m 2 sec°C 500- 10,000 100- 00 

J/m2 sec°C 100- 1,000 50- 00 

j/m3 1.7x1 os 1.65- 1.75x1 os 

P1 P2' P3 
J/msec°C 0.3-0.5 0.2 - 0.6 
J/m3oc 2.2- 3.2x1 06 1.8 - 4.1x106 

j /msec°C 0.17 0.16-0.18 
J/m30c 1.75x10s 1.7- 1.8x1 os 
oe 20 18- 25 
oe 32-25 30-37 

table 7.1 V: Estimated ranges of the parameter va lues. 

basedon the literature review ( discussed in chapter 5), the experiment simulations (d iscussed in 
chapter 6) and, insome cases, on im 'educated guess'. The diagram in fig. 7.15 shows the approxi
mative factors by which IJ. Tb and ó m wi 11 deviate from their reference va lues for parameter va lues 
withintheir ranges. I fit is assumed that the influences of all parameters are independent, a first
order approxi mation of the probab Ie ranges in IJ. Tb and ó m can be calcu lated by muI ti pi i cation 
of separate influences (for example : if f1 a_nd f2 are upper or lower boundary factors of 
two parameters in fig. 7.15, the combined influence factor would, in first-order approximation 
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fig. 7.15: The inf/uem::es of the probable and possible ranges of parameter va/u es on !:::. Tb 
and Öm- The inf/uem::es are givcn as maximal negative and positive dev/ation.~ 
from the reference va/ues. 

reference value probable range 
Tb (°C) &m (mm) Tb ("C) lim (mm) 

reference calculation (no implant) 59 1.6 51-62 0-1.9 

implant present (thickness 12 mm) 54 1.3 48-57 0·1.5 
rabbit femur (no implant) 48 0 44-50 0 __ ., __ ·---------- , __ .. " ___ 
table 7. V: Probable ranges of Tb and om in threc cases, as calcu/ated using the combined 

effects ofthe probab/e ranges In the parameter values, as shown In fig. 7.1 S, 
except Tob= T0 (sce a/sa text). 

be { l - ( 1 + f1) ( l + f2)} ). Resu lts of applications fora fcw cases are shown in tab ie 7 .V. 
In this tablc the influence of Tob~ Ta is nottaken into account. In the reference case 
TOb= Ta= 37°C; howevcr, the local bone and blood tempcratures during an operation are 
probably lower(d'Hollandcr et al, 1976). 
U si ng the factors lor the possiblc parameter ranges in t'ig. 7.15, a 'po>Sible' rangeinTband Öm 
could be calcu lated a lso. Ho wever, it is improbab Ie, although possiblc, that an individual para
meter has a value out si de its probable range, but it is qu i te improbable that all parameters cxceed 
their probable up per and lowcr boundaries simultaneously. Moreover, si nee thc combined in· 
fluences we re assumed to be independent in this calculation, it is doubtful whether, for such 
large dcviations of the parameten from their rcfcrence value>, such a calculation still has 
any realistic significancc. 
Basedon the data shown in tab Ie 7.V and the threshold curve in fig. 3.1 the çautions con
dusion can be drawn that, during fixation of intrarnedullary stems, tissue neo;;rosis of thc 
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cortex in a very smal I zone near the interface is just possible. lf the influence of the initial 
bone temperature, probably less than 37°C, is taken into account, necrosis would be im
probable. A lso, it can be concluded that, in the case of the rabbit femur , where the whole 
medullar canal is filled with acrylic cement, tissue necrosis is quite improbable. One should 
be cautious with such conclusions in an analysis of this kind that is in essence meant to 
evaluate influences and tendencies rather than to find absoh.Jte data. Ho wever, it appears 
very unlikely that the bone tissue necrosis found by Feith (1975) in his rabbit experiments 
would be principally caused by the heat of polymerizing, as wil I be further discussed in 
paragraph 7.9. 
At this point it should be remarked that although the thermal damage threshold curves in 
fig. 3.1 were introduced as convenient criteria for judging the possibilities forthermal 
damage, Lundskog (1972) reported osteocyte necrosis forcelIs that were exposed toa 
temperature of 50°C for only 30 seconds. lf this criterion is used it is apparent, looking at 
the data presented in table 7.V, that in the case of intramedullary stem fixation, osteocyte 
necrosis within a region of 0- 1.5 mm of the cortex is a distinct possibility. In the case of 
the rabbit femur necrosis would still be improbable. 
Ho wever uncertain these conclusions are in an absolute sen se, it is clear that bone-prosthesis 
systems are not 'designed' withintheir safety limit where thermal damage is concerned . An 
overall conclusion with respect to intramedullary fixation of implants can be, that the 
temperature in the bone could reach values that might well give rise to bone necrosis. 
More certainty can be had by narrowing the possible ranges of parameter values by means 
of experiment. Theoretica I analyses as presented here provide gu idelines for such experi
ments. From the results of the parametrie analyses it is evident that the following properties 
should then be specially evaluated with greater accuracy: 

the thermal conduCtivity of the cement-bone interface, 
the bone and local blood temperature prior to insertion of the cement, 
the heat transport mechan ism at the bone surf ace, 
the thermal conductivity of cortical bone. 

7.9. A hypothesis on thermal tissue damage by acrylic cements 

An extensive histological study concerning adverse side effects of acryl ie cement was con
ducted by Feith (1975). He treated differentgroupsofrabbits with (1) suction and reaming 
of the femoral intramedullary canal (RS), (2) RS and a pre-polymerized rod of acrylic 
cement (residual monomer and no heat), (3) RS and a commercial cement mixture to poly
merize in situ {residu al monomer and heat), ( 4) RS and a cement mixture without catalyser 
(overdose monomer and no heat) and (5) RS and a mixture of an experimental aqueous 
gel-cement to polymerize in situ (residual monomer and minor heat). He concluded that 
reaming and residual monomer, especially an overdose, cause bone necrosis at the interface, 
but that the principal causative factor is the heat of polymerizing. 
By simulating the case in which a medullar cavity of a rabbit boneis filled with acrylic 
cement it was shown in this chapter that results of such experiments cannot simply be 
applied to human circumstances owing to the different dimensions. These results indicated 
that it is very unlikely that in the rabbits of Feith (1975) the thermal effect was the princi
pal causative factor in bone necrosis. In his different groups he did notisolate the thermal 
effect, but the heat was always present together with residual monomer. The results of his 
different groups, on which he based his conclusions, are schematically summarized in fig. 
7.16, only as regards necrosis of the inner cortex ( Feith studiedother effects as well). 
A lso shown in fig. 7.16 is an extrapolation of the results obtained he re, presented as a 
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fig. 7. 7 6: Schematic summary of resu!ts reported by Feith (1 through 5) and an extrapo/a
tion of resu!ts of the present work {PR), with respect to inner cortical necrosis of 
robbit femurs aft er fil!ing of the medular cavity w/th acry/ic cement. Parameters 
are: reaming and suction (RS), residua/ monomer (M) and heat of polymeriz/ng 
(H). 7: RS on/y; 2: RS + M; 3: RS + M + H; 4: RS + M (overdose}; 5: RS + M + H 
(litt/e heat); PR: RS + H. 

hypothetical sixth group where reaming and suction and heat of polymerizing would be 
applied and in which, as was predicted by the rabbit model calculations, the amount of 
bone necrosis would be the sameasin reaming and suction only. 
Asthere appears to be no reason to doubt the findingsof Feith and because the present 
analysis has shown that the heat of polymerizing alone (a case that he did not investigate) 
would most probably not induce tissue necrosis in the rabbit, the hypothesis can be put 
forward, following directly from fig. 7.16, that the necrotic effect of the residual monomer 
would be more pronounced at higher temperatures, so that the temperature has an indirect 
effect rather than a direct effect. 
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CHAPTER EIGHT 

TEMPERATURE VALUES DURING ACETABULAR CUP FIXATION 

In this chapter a heat generation and conduction analysis of acryl ie cement during acetabular 
cup fixation wil I be presented. A schematic cross-section of the bone-prosthesis system con
cerned is shown in fig. 8.1. In the model used for the analysis the (plastic) cup, the cement 
layer and a part of the (spongeous) acetabu lar bone (as shown in fig. 8.1) are taken into 
account. Heat loss from the bone in the model to the adjoining bone or soft tissues is 
described by the boundary conduction and conveetien coefficient a. The model is axi
symmetric and although this does not give a very accurate geometrical description of the 
real system as far as the boneis concerned, it wil I at least give a more-or-less accurate 
description of the heat-conduction processin the frontal plane. 

-----w spongeaus bone 

[IJ acryl ie cement 

-HOPE 

fig. 8. 7: Schematic frontal section of an acetabular cup fixation system, indicating the part 
of the acetabu/urn that is taken into account in the model. 

The modeland its parameters are shown in fig. 8.2; the parameter va lues used in the analysis 
are summarized in table 8.1. 
Fig. 8.3 shows the element mesh for the model, as generated by computer program (Schoofs 
et al, 1978). Time-dependent temperatures we re calcu lated, as described in chapter 4, for all 
nodal points. The nodal points, the results of which wil I be considered, are shown in fig. 8.4. 
These points are located more-or-less on three 'lines' (1, 2 and 3)_ The points on 'line' 2 are 
numbered as shown. 
Temperatures as a function of time as calculated forthese points are shown in fig. 8.5. The 
temperature in the middle of the cement mass (point 7) reaches a maximal value of approxi
mately 11 0°C, the bone at the cement-bone interface (point 1 0) a value of approximately 
57°C and the HOPE at the cement-implant interface (point 4) approximately 69°C. 
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fig. 8.2: The {axisymmetric) model giving the parameters of the processof heat generation 
and conduction. 

parameter unit value parameter unit 

heat generation cement 

Q J/m3 1. 7xl 08 Cc J!m30c 

p(t) Pl (t) Àc J/msec°C 

tr sec 0 Toe oe 

T sec 350 

interface conditions bone (spongeous) 

f3ci J/m 2 sec°C 500 eb Jlm30c 

f3cb J/m 2 sec°C 500 Àb J/msec°C 

f3ib J/m 2 sec°C 500 Tob oe 

boundary conditions cup (HDPE) 

ai J/m 2 sec°C 10 C· I J/m3oc 

%1 J/m 2 sec°C 10 À· I J/msec°C 

%2 J/m 2 sec°C 500 TOi oe 

Tai oe 25 

Tab oe 37 

table 8.1: Va lues as used for parameters in the acetabular cup model. 
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value 

1.75x106 

0.17 
25 

3.0xl 06 

0.4 
37 

2.2x106 

0.29 
25 
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fig. 8.3: The element mesh used in the computer simulation. 

- .. 
"" .. 

.. ' ~ 

. . ·" -

~-- ,. " 

""·" + ... _ 

... . 

_ .. ' 

fig. 8.4: Points rough!y /ocated on three 'lines ' of which those on 'fine' 2 are numbered; 
the temperatures as ca/culated at these points are discussed in the text. 
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fig. 8.5: Temperature as a function of time at the 74 points indicated in fig. 8.4, as cal
cu!ated in the computer simu/ation (top graph: cement and bone; bottam graph: 
cement and cup; the temperature of point 7 (In the midd!e of the cement mass) 
is drawn in bath graphs). 

The temperatures in the HOPE are higher than those in the bone, due to the superior heat
capacity and conductivity properties of the latter material, but also to the smaller area of 
the cup-cement interface compared to the cement-bone interface. 
For the three 'lines' shown in fig. 8.4, time-dependent penetration depths of the 45, 50, 55 
and 60°( isotherms into the bone (8(t)) have been calculated, as shown in fig. 8.6. 
On 'line' 3 especially, a relatively large part of the bone will be liable totissue necrosis, as 
can be concluded on oomparing these graphs with the time-dependent threshold level in 
fig. 3.1. The high temperature values at 'line' 3 are caused by the circumstance that the bone 
is somewhat surrounded by cement here. The lowest maximal temperature values are 
reached at 'line' 1, due to the relatively t hin cement mantie in this region. 
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fig. 8. 6: Penetrotion depths of the 45, 50, 55 and 60°C isotherms into the bone on '/i nes' 7, 
2 and 3 as functions of time. 
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From the calculated time-dependent temperatures the liability of the bone to vascular 
damage or bone cel I necrosis was estimated using the threshold level curves of fig. 3.1, 
taking temperature values as wel I as the exposure times into account. From this evaluation 
a 'necrosis map' as shown in fig. 8.7 evolves; also shownon this 'map' is the region in the 
cement that reaches over 100°C and would therefore be liable to monomer evaporation. 
Th is 'necrosis map-' gives an indication of the region most probably damaged and should not 
be regarded in too absolute a sense, sincesome parameter values are somewhat uncertain 
and the thermal damage threshold curves of fig. 3.1 also have uncertain aspects. lf the data 
presented by Lundskog (1972) were taken as a threshold criterion (cell necrosis after 
exposure for 30 seconds to 50°C} a much larger part of the bone would be liable to necrosis, 
as indicated in fig. 8. 7 . 

• MMA boiling 

~W. osteocyte 
i.~-· necros1s 

r'")J vascular 
~;;;;;; damage 

fig. 8. 7: A 'necrosis map' as constructed from the calculated results, giving a rough impres
sion of partsof the bone liable to osteocyte neeros is and vascular damage, using 
the time-dependent threshold levels In fig. 3. 7 as criteria; a lso indicated is the part 
of the bone that would be liable to osteocyte necrosis if the data of Lundskog 
(7 972} were used as a criterion (necrosis after 30 sec at 50°C}. 

This model is not so wel I suited for extensive parametrie analyses as the model discussed in 
the previous chapter, owing to its greater geometrical complexity. lt has been shown, 
ho wever, that the va lues of a have little influence on the maximal temperatures of cement 
and bone. The parameters that exert a significant influence on the bone temperatures, and 
whose values are somewhat uncertain, are f3cb• Àb, Cb and TOb· The values of TOb and Ta 
will probably be higher than in the system previously analysed, owing tothefact that the 
system is enclosed by much soft tissue and highly vascularized spongeaus bone. Thanks to 
the many and more dependable results published on the properties of spongeaus bone, 
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compared to cortical bone, greater confidence can be given to the va lues of Àb and Cb than 
in the previous model (see also table S.VI). lnaccuracies in the predicted temperature values 
would thus for the greater part be due to uncertainty in the value of {3. Of course, it should 
not be forgotten that the geometry chosen for the model is a more-or-less general represen
tation of the many possible ones in reality and that individual differences in maximal tem
perature values might thus occur to a greater or lesser extent. 
Due to variations in {3 only, the probable temperature increase in the bone could vary from 
approximately 0.8 to 1.0 times the calculated values. Due to the fact that the cement is 
fixated to spongeous bone, somewhat lower values for {3 may be expected compared to 
those in the previous model. 

In conclusion it can be said that owing to geometrical circumstances, but a lsotoa higher 
initial bone temperature and the inferior thermal properties of H DPE compared to metal, 
there wil! be a greater chance forthermal damage during acetabular cup f ixation than during 
fixation of intramedullary (metal) implants. lf such damage occurs, a zone of about 1 - 2 mm 
will be affected, but in specific regions a larger zone (4- 5 mm) may be liable to damage. 
The chance of thermal necrosis can be reduced in this case, apart from the measures to be 
discussed in the next chapter, by smoothening the (macro) geometry of the bony implant 
bed and by avoiding the application of large cement masses. 
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CHAPTER NINE 

MEASURES FOR DIMINISHING THE CHANCES 
OF THERMALTISSUE DAMAGE 

As was shown in chapter 7, some options are available to reduce the maximal temperatures 
in the system, because the processof heat generation and conduction is quite sensitive to 
some of the parameters that can be influenced, either by the surgeon or by the cement 
manufacturer. Experiments with a number of the possible measures have been published 
in the literature, for instanee the addition of such 'heat sinks' as radiopaque fillers, titanium 
dioxide (Homsy et al, 1972), crystalline monomers (Lee and Turner, 1977} or aqueous gels 
(de Wijn et al, 1978); retardation of the polymerization curve (de Wijn, 1974) and pre
rooiing of the cement ortheimplant (Ohnsorge and Goebel, 1970; Meyer et al, 1973; 
Dipisaetal, 1976}. 
Some of the possible measures will be evaluated as totheir effect on the maximal tempera
ture values in the bone-prosthesis system, on the basis of the parametrie analysis discussed 
in chapter 7. 

9.1. Adding 'heat sinks' to the powder 

When a 'heat sink' is added to the powder, in other words, when a material with superior 
heat-capacity properties is substituted fora part of the polymer powder, both the heat 
capacity and the thermal conductivity of the mixture are affected. 
lf the weight ratio additive/powder is denoted by f.l, the heat capacity Cc of the mixture can 
be calculated using formula (5.6) (paragraph 5.3.). The influences of the changed value of 
Cc on the temperature increases (6 T c• 6 Tb) and the penetration depth of the 50°C isotherm 
(öm) in the model described in paragraph 7.1 can be evaluated using fig. 7.13. For added 
barium sulfate (p = 4.5x1 03 kg/m 3

, C = 1.96x1 06 J/m 3 °C) and zirconium oxide 
(p = 5.6x1 03 kg/m 3

, C = 3.91 x1 06 J/m 3 °C) this evaluation was carried out neglecting the 
influence on the thermal conductivity and assuming a constant value of Vm (0.35). 
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fig. 9.7: Approximative inf!uence ofthe amounts of barium sulfate and zirconium oxide 
added to the powder on the maximal temperafure increase of the cement (6T J, 
of the bone (6T6) and on the penetrotion depthof the 50°isotherm, as percentages 
ofthe reference va!ues (reference case 6Tc = 701°C, 6Tb = 22°C and 
Öm = 7. 6 mm); (1 OO"'o = no additives). 
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For these two additives fig. 9.1 shows the influence of the weight ratio Jl on the cement· 
temperature increase (LH c), the bone(-interface) temperature increase (.6. Tb) and the pene
tration depth U>m), expressedas percentages of their reference va lues, as evaluated in 
chapter 7. Evidently the addition of BaSo4 has only a minor influence; adding Zr0 2 has 
considerably more effect. Ho wever, for Jl = 1, the decrease in .6. Tc and .6. Tb is on ly a bout 
1 0% and the decrease in Dm a bout 20%. 

9.2. Adding an aqueous gel to the mixture 

lf an aqueous gel is added to the cement, in other words, is substituted for a part of the 
cement, aporous cement wil I result when used for implantation (e.g. de Wijn et al, 1978). 
In this case the amount of heat generated per unit volume of mixture, the heat capacity of 
the mixture and the thermal conductivity are affected. lf it is assumed that the volume ratio 
between the polymer and the monomer remains constant, Vm can be calcu lated for a given 
vol u me fraction of gel (va cl by using formu la ( 5. 2) ( paragraph 5.1.) and Cc can be calcu lated 
using formu la (5 . 7) (paragraph 5. 3.) . For the thermal conductivity it is assumed that 
Àc =À(;+ Vac (Àac- À(), where À(; is the conductivity of only the acrylic part of the mixture. 
Assuming that the influence of the changes in the three parameters are exerted independent
ly, the effect of the changes combined can be approximated using the results described in 
chapter 7. This was carried out taking the thermal properties of the gel as those of water. 
Fig. 9.2 shows the influence of the volume fraction of gel in the mixture on the temperature 
increases .6.T c and .6.T band the penetration depth Dm, as percentage changes with rtspect to 
their reference value. Apparently this measure has a marked influence on the temperatures. 
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fig. 9.2: Approximative influence ofthe amount of aqueous gel added to the cement 
mixture on .6.T0 .6.Tb and Dm as percentages ofthe reference values (100% = no 
gel added). 

9. 3. lncreasing the P /L ratio 

.lf the P/L ratio is increased, Vm and hence Q are decreased . The influence of this measure, 
that can be evaluated d irectly from figs. 5.1 and 7.1 0, is shown in fig. 9.3. 
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fig. 9.3: Approximative influence ofthe P/L ratio on /::,.T0 /::,.Tb and Eim as percentages of 
the reference values (700"/o = 2 gr/cc). 

9.4. Retarding the polymerization process 

The polymerization function, especially the auto-acceleration effect, can be retarded with 
chemica! additives (de Wijn, 1974). The auto-acceleration effect is characterized by the 
maximal polymerization rate (Op= max(dp/dt)). The influence of retardation, as evaluated 
by using the polymerization functions P1, P2 and P3 in chapter 7, on /::,. T C• /::,.Tb and Ei m is 
shown in fig. 9.4, where 1/8 p is chosen for the variabie and 1 00"/o is taken for idealized 
'snap-curing' cement. For interpretation of these graphs it is convenient to note that when 
1/8 p = 200 sec the auto-acceleration period wou ld be approxi mately twice as long compared 
to 1/0p = 100 sec. 
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fig. 9.4: Approximative inf!uence of the rate of polymerization (the auto-acce!eration 
effect) on /::,.T0 /::,.Tb and Eim; the variabie on the horizontal axis is the inverse of 
the maximal polymerization rate (100"/o = 'snap-curing'). 

9.5. Pre-cooling the operation region 

As wàs shown in chapter 7, the bone temperature prior to insertion of the cement and the 
ambient (local blood) temperature exert a marked influence on the maximal temperatures in 
the bone. lt would be possible to cool the local eperation region, prior to insertion, with a 

101 



physiological water solution. Fig. 9.5 once more shows the effect of this measure on 
LH 0 t.Tb and Öm· 
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fig. 9.5: Approximative influence of the bone and the loco/ blood temperatures prior to 
the polymerization process on 6T0 t.Tb and Om (7 00% = /ocal bone and blood 
temperatures of 37°C). 

9.6. Conclusions 

Other measures than those discussed in this chapter would be possible, as for instanee pre
cooling of the cement and the implant. Although this would certainly reduce the tempera
ture values, it was shown in chapter 7 that, for instanee pre-cooling of the cement to 15°C 
has only a minor influence on the bone temperature; it was also shown in the literature 
(e.g. Ohnsorge and Goebel, 1970; Dipisa et al, 1976} that more drastic pre-cooling seriously 
prejudices the polymerization process. 
Another possibility would be, at least in theory, toproteet the bone by increasing the heat
flow resistance at the cement-bone interface; in other words, by decreasing {3 . How this could 
be done in reality is not clear at the moment; some thin protective layer with low thermal 
conductivity would be the answer. In this respect it can also be concluded that a thorough 
cleansing of the bony implant bed prior to cement insertion is not advantageous and would, 
at least locally, increase the chancesof thermal bone necrosis. An effective measure that 
co u ld be taken by the surgeon, as has been i llustrated in chapters 7 and 8, is to avoid large 
cement masses and restriet the thickness of the cement layers. Fig. 9.6 once more shows the 
influences of the (metal} implant thickness (hence : the cement mantie thickness) on t.T c' 
t.Tb and Öm in intramedullary stem fixation . 
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Another possibility would be, where large cement masses are required, to use prefabricated 
plastic, for instanee in coated stems. 
lt should be noted that söme of the possible measures affect the quality (strength) of the 
cement (see section I); for instanee 'heat sink' additives to the powder, drastic increase of 
the P/L ratio and the ad dition of aqueous gels. So they should not be applied over the full 
range of their possibilities. 
However, good results can be expected if some of the measures were taken in combination. 
lf 1 0 volume OJo aqueous gel were added to the mixture, the P/L ratio would be increased 
from 2 gr/cc to 2.25 gr/cc, the auto-acceleration effect would be retarded by 100 sec and 
the operation region would be caoled to 30°C, prior to and during the polymerization, the 
maximal rise ofthe bone temperature would decrease by about 50%, thus in most cases 
banishing the chancesof thermal bone necrosis completely. 
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CHAPTER TEN 

DISCUSSION 

In this section the processof heat generation and conduction of acrylic cement in situ has 
been analysed. By making certain assumptions as to the properties of the cement and the 
bone material, and by approx imating the geometry of the bone-prosthesis system by axi
symmetry, the heat generation and conduction process was mathematically described on 
the basis of the conservation-of-energy principle and F ourier's law. The equations have been 
solved using a computer program applying FEM and backward time discretization. Basedon 
a lirerature review, values for parameters used in the models were estimated . Relatively little 
was found to be known about these parameters; hence, in some cases only a range of 
probable values could be established. This range will, no doubt, also reflect the individual 
differences where biologica! material is concerned and random compositional differences 
where acrylic cement is concerned . Due to the uncertainties as regards parameter values, the 
use of more refined mathematica! models would, in this respect, not be justified as yet. 
Unfortunately, the influence of the temperature on the polymerization processitself could 
not be taken into account, owing to lack of knowied ge about this re lation; in the mathe
matica! modeland the salution procedure chosen here this influence can easily be accounted 
for. By si mulation of two experiments published in the literature, the applicability of the 
model and the appropriateness of the chosen parameter values have been evaluated tosome 
extent and it was shown that the methad can in fact be used to predict the time-dependent 
temperature values by approximation. Basedon a lirerature review, threshold levels for 
thermal tissue damage were evaluated. As was to be expected here, too, no exact value for 
this level evolved. Taking the upper and lower boundaries of all dependable published data, 
one co u ld say that for a bone temperature above 60°C bone necrosis is probable and for a 
temperature below 48°( it is improbable. Between 48 and 60°C it depends on the exposure 
time; fora temperature of 50°( the threshold exposure time may be between 30 sec 
{ Lundskog, 1972) and 400 sec ( Moritz and Henriques, 1947) as regards cel I neeros is. 
In analyzing a number of situations in which bone cement is used for fixation of implants, 
it was found that the maximal bone-temperature values to be expected are precisely within 
this range. Because of this, no definite answer can be given to the question whether thermal 
damage occurs or not; the possibilities certainly exist and much wil I depend on the specific 
circumstances. No doubt this is also the reason for the varietyin results of animaland labo
ratory ex periments, pub lished on this problem. 

lt was shown that in surface fixation using plastic implants, for instanee the acetabular cup, 
there is a higher chance of bone necrosis than in intramedullary fixation, using metal 
implants. Nevertheless in the first case, too, the maximal bone temperature will probably 
not be higher than 60°C. The higher temperatures that have been reported in the lirerature 
were probably measured in the cement part of the cement-bone interface. Very high tempe
ratures wil I only occur locally, in the tips of trabeculae surrounded by cement. 
More definite data could be obtained in using the methods described here if certain proper
ties of the bone-prosthesis system were established with better accuracy by experiment. 
Guidelines for such experiments, as foliowed from the analyses, have been discussed in 
chapter 7. Due to individual differences and random influences, however, a considerable 
scatter in the data will always remain. lt is, for instance, frequently mentioned in the litera
ture that the results of Moritz and Henriques ( 1947), Kuhl et al ( 1954) and Lundskog ( 1972) 
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with respect to the thermal threshold levels for cell necrosis are not significantly different 
(e.g. Kuhl et al, 1954; Lundskog, 1972; Feith, 1975). As was shown here, however, the 
differences in their levels more-or-less coincide with the up per and lower boundar ies of the 
probable bone temperature values. Hence, narrowing of this probable range wou ld give no 
better answer. More progress could be expected from applying more detailed theoretica! 
analyses of the cement-bone interface region, using the approximative results presented here 
as boundary conditions and combining the theoretica! studies with experimental histo logical 
data. 

lt was established that results of animal experiments are not representative of humans as 
far as heat generation and conduction aspects are concerned, owing to the differences in 
dimensions. 
By sim u lating the rabbit experimentsof Feith ( 197 5) and combining the theoretica! and 
experimental results, the hypothesis evolved that the temperature has an indirect effect, by 
means of the influences on the monomer reactions, rather than a direct effect on the t issue 
necrosis. Whether this is true or not, it would in any case be better to reduce the tempera
tures as much as possible. This can certainly be accomplished by taking certain precautions. 
In the literature some possible ones have been investigated; the measures proposed were 
mostly partial and drastic, mostoften resulting in a cement of inferior quality. lt could be 
established here that certain quite simp Ie and effective measures can betaken that wi ll not 
prejudice the cement quality and that very good resu lts can be expected if a number of 
slight measures are combined. 
The most remarkable influence is exerted by the local bone and blood temperature prior to 
cement insertion. lt should be quite possible to cool this region to 30°C or even 25°C, 
which will drastically decrease the maximal bone temperatures. Also, the cement layer di
mensions could be restricted as far as possible and the geometry of the implant bed could 
be madesmoothand concave in the macroscopie sense. 
The in situ curing cement is in essence only needed to adapt the smooth implant to the 
irregular bone. Hence the thickness of this cement layer would not necessarily have to be 
more than dictated by the dimensions of the irregularities. Where only fillings are required, 
pre-polymerized materials co u ld be used as wel I. 
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CHAPTER ONE 

INTRODUCTION 

The question as to whether a specific structure wil i fail or not depends on two different sets 
of properties. First, the strengthof the structure, in this case of the implant, the cement 
layer, the bone and the conneetion between these components; second, the toading of the 
structure in alocal sense; in other words, the stress distribution. This last depends solely on: 
the loading of the structure (the joint loading), the geometry of the structure, the consti
tutive properties of the materials (for instaneetheir elasticity) and the conditions at the 
connections of the components (the interfaces). 
The strength characteristics of the componentscan be evaluated by applying laboratory 
materials testing, the stress distribution by applying stress analyses, either experimental or 
theoretica!. Theoretica! analyses may either be analytica!, in which case the stress compo
nents are directly exprcsse·d in formulas that contain the loading, geometrica l and materials 
parameters (closed-form solutions), or numerical, in which case the salution is not available 
in closed form, but obtained by applying numerical (computer) procedures. Regarding expe
rimental stress analyses, different methods are available (Durelli, 1977) of which on ly a few 
are suitable to be used for bone-prosthesis structures (e.g. strain gauges, stress coating, 
photo-elastic techniques). 
lt should be the aim of a stress analysis not only to evaluate the stress distribution in specific 
circumstances, but also to obtain general, fundamental concepts on the re lation between the 
stresses and the loading, geometrical and materials properties or, in other words, to find the 
characteristic parameters of the structure and evaluate their influences on the mechanica i 
behavior. This aim is best fulfilled by using analytica! methods, si nee in that case the charac
teristic parameters and variables are d irectly related in formu las. Ho wever, closed-form solu
tions can usually only be obtained for simple structures, so that often numerical methods 
wil i have to be used. By applying parametrie analyses in this case, the influences of the 
structural parameters on the stresses can be evaluated empirically. 
Experimental methods are empirica! in essence and usually have only few possib ili ties for 
parametrie analyses, they thus offer only limited options for acquiring fundamenta l and 
general data (Huiskes and v. Heugten, 1974). 

To conduct a theoretica! stress analysis, analytica! or numerical, a mathematica! model of 
the structure has to be developed which describes its mechanica! behavior to an adequate 
degree of accuracy. In the case of intramedullary bone-prosthesis structures such a model is 
far from trivia!. In the first place the structure is difficult to describe mathematically, 
owing to: 

the irregular geometry of the bone; 
the nonhomogeneous, anisotropic and viscoelastic properties of the bone tissue; 
the dynamic character of the joint load ing; 
locked-in stresses in the cement mantle, caused by dimensional changes during the poly
merization-process; 
the complicated mechanica! conditions of the cement-stem and cement-bone contact 
regions, the 'interfaces', where loosening-upon-tension and slip may occur. 

Even if a model taking these complicated properties into account can be set up, it will be 
difficult to establish the values of the parameters that have to be used in the calculations. 
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Moreover, the relations between such a refined modeland the real structure will be badly 
defined, because: 

bone geometry, bone material properties and loading characteristics vary considerably 
from patient to patient; 

- the mechanica! characteristics of the bone-prosthesis structure depend on the surgical 
procedure, which may vary toa great extent; 
the bone geometry, the bone-material properties and the interface cond itions may undergo 
gradual postoperative change due to bone remodeling. 

Altogether, a detailed accurate theoretica! analysis of the mechanica! behavior of specific 
bone-prosthesis structures is an unrealistic goal as yet. However, general, fundamental 
conceptsof the influences of the essential characteristics of such a structure can be obtained 
and tendencies can be studied by analyzing simplified models using both analytica! and 
numerical methods, as will be shown in this section. 
A survey of the literature on previous workis given in the following chapter. 
In the third chapter a si mpl ified {genera I) model of intramedu llary fixation systems is intro
duced. Th is model is analyzed using different methods, as described in chapter 5. The ana
lyses provide the essential characteristics of the bone-prosthesis structure and a number of 
simple formulas to approximate the most important stress values in the stem, the cement 
and the bone. A simple and rapid numerical evaluation methad for specific stem designs 
and their expected mechanica! performance in a given bone wil I also be developed. 
Results of an experimental stress analysis, that serve as references for the theoretica! results, 
will be briefly discussed in the fourth chapter. 
The theoretica! model is an abstraction of the real system, of which many complicated 
aspects are neglected. The possible influences of these aspects are discussed in chapter 6. 
Inthelast chapters some guidelines wil I be given for implant designs and implantation 
procedures, as derived from the analyses. Due tothefact that the hip joint is by far the one 
most aften replaced and that most data available concern the proximal femur, the following 
analyses are focussed on hip endoprostheses. lt should be kept in mind, however, that the 
methods and some of the results can be generalized to apply toother intramedullary-fixated 
artificial joints as wel I. 
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CHAPTER TWO 

REVIEW OF LITERATURE 
ON RELEVANT THEORETICAL STRESSANALYSES 

Scientists have Jong been interested in stresses and stra ins in human bones. Thc first sophisti
cated stress analysis of a human bone, the proximal femur , was published by Meyer in 1867. 
This work was repeated and extended by Wolff (1870) and resulted in the we ll known hypo
thesis on the functional stress-related adaption of the bone structure . Koch (1917) confirmcd 
this hypothesis after analyzing a cadaveric femur with beam theory and promored it to 
'Wolff's law'. Beam theory was later used for stress analyses of the hu man femur by Toridis 
( 1969), th is time taking three-dimensiona l loading and geometry into account, by R ybicki 
et al (1972), who compared the results with more sophisticated stress analyses methods 
(Finite Elements}, and by Scholten (1975), who took three-dimensional geometry and non
homogeneaus material properties into account and also applied Finite Element Methods. 
Although frequently used, it has notbeen verified whether the assumptions of linear elastic 
beam theory apply to the mechanica! behavior of the femu r, a problem invest igated in our 
group and which wil/ be discussed briefly in chapter 4. 

As in other areasof solid mechanics, biomechanics research has greatly benifited trom thc 
introduetion of Finite Element Methods (FEM), a computer-oriented method for stress 
analyses, eminently suitable for arbitrarily shaped structures with arbitrary loading and 
materials properties (e.g. Zienkiewicz, 1977) . This method was introduced into the ortho
pedie biomechanics field as an expedient for structural analyses of bone, by Brekelmans et 
al (1972) and Rybicki et al (1972) simultaneously. Both presenred relatively simple plane
stress mode Is of the femur. FEM models developed in later years by other investigators 
became more refined, especially in their geometrical aspects. With few excep tions, all con
cerned the femur. 
Wood et al (1973, 1975) presented a plane-stress model of the prox imal femu r, tak ing non
uniform thickness into account. Olofsson (1975, 1976) analyzed a truly th ree-dimensional 
FEM model of the intact femur. The problems of data manipulation, interpretation and 
representation that are still conneered with such complex mode ls, are reflectcd in his work. 
His calculations took up huge amounts of computer time, Jeaving few possibi lities for para
metrie analyses. 
Quite refined and accurate two-dimensional and three-dimensional FEM mode Is of the 
proximal femur were developed by Scholten ( 197 5). Geometry and elastic properties (non
homogeneous) were exclusively measured forthese calculations. The results were compared 
with beam models, an example of which is shown in fig. 2.1. 
A somewhat less refined three-dimensional model was reported by Valliapan et al (1977). 
They varied the joint loading and compared the results with a two-dimensiona l analysis, a 
beam analysis and an experimental strain analysis. Agreement was good in the relative sense, 
but poor in the absolute sense, especially in the proximal-medial region, which they attri
buted to discrepancies between the modeled and real bone-geometrical and material proper
ties. A three-dimensional anisotropic FEM analysis of the femur was carried out by Vichnin 
and Batterman (1977), who used geometrical data measured by Laaper (1973a). 
Harris et al (1978), too, analyzed a three-dimensional model of the proximal femur and 
compared the resu lts with a two-dimensional and a beam model; agreements appear to be 
reasonable. 
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3-dim. model 

plane model 

beam model 

fig. 2. 7: Comparison of a three-dimensiona! FEM model, a two-dimensiona/ FEM model 
and a beam model of the pro x i mal femur. A x ia! direct stresses in the cortex (a) 
and in the spongeaus bone (b) are shown. The p!ane shownis a p!ane of symmetry 
in the three mode!s. Up to the neck region the agreement is rather good (repro
duced with permission of Schoften, 7 975). 

With the object of verifying certain assumptions in the processof modeling, Rohlmann et al 
( 1977, 1978) analyzed a longitudinal slice of the femur, using FEM and strain ga u ges . They 
a lso analyzed a three-dimensional model with FEM (Rohlmann et al, 1979), the results of 
which they compared with those of strain-gauge experiments on a cadaveric femur. They 
found poor agreement in the absolute sense and concluded that in a FEM model a quite 
refined element mesh shou ld be used, the bou ndaries between spongeaus and cortical bone 
should be accurately evaluated and modeled and the exact ratio of stiffness properties should 
be taken into account. 
Apart from the femur, the tibia has received some attention in structural analysis. Chand et 
al (1976) published a two-dimensional FEM analysis of the knee joint and Ha yes et al ( 1978) 
reported a three-dimensional analysis of an axisymmetric model of the proximal tibia. The 
fu 11 tibia was analyzed by Piziali et al ( 197 6) and by M inns et al ( 1 977) . 

In the meantime theoretica! st ress analyses of bone-prosthesis structures were published, 
again usually on the femoral part of the hip joint. A plane-stress FEM model of the proximal 
femur with three different types of prostheses was reported by McNeice et al (1975) and 
McNeice and Amstutz (1976). Basedon their studies they defined 4 different failure modes 
forcement fracture, which they later used to evaluate results of total hip replacements 
radiographically (McNeice and Gruen, 1976; Gruen and Amstutz, 1977). Their model will 
be discussed further in paragraph 5.5. 
Forte (1975) carried out a FEM beam analysis of a prosthesis stem with the object of opti
mizing its shape; a quite unrealistic model, since the important mechanica i interaction with 
the bone was completely ignored . 
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A simplified axisymmetric model of an intramedullary fixation system using three-dimen
sional FEM and composite beam theory was analyzed by Barteland Ulsoy (1975), Bartel 
and Samehyek ( 1976), Bartel and Desarmeau x ( 1976a, 1976b) _ Thanks to a reduction in 
the number of geometrical parameters, these studies resulted in a more general comprehen
sion of the mechanica! behavior than did other, more complicated studies. 
Andriacchi et al (1975) used a plane-stress FEM analysis to study the proximal femur with 
different kinds of prostheses implanted in neutra!, varus and valgus positions. Since intheir 
model there was no conneetion between the media! and the lateral cortex, they in fact 
analyzed a kind of sandwich construction that can hardly be expected to be a reliable 
representation of the real system, as wilt be discussed in paragraph 5.5. 
The samemethad was applied by Kwak et al (1979), who studied the influences of the 
cement layer thickness in a two-dimensional FEM model of the proximal femur with an 
implanted Charnley prosthesis. 
A better methad was presented by Hampton et al ( 1976) who analyzed a camparabie plane
stress model, but took the full stiffness properties of the femur into account by rnadeling a 
side plate or 'spanning-element' layer between the media! and the lateral cortex. They also 
developed a three-dimensional FEM model of the same structure. 
Svensson et al (1977) presented a two-dimensional FEM model, taking three-dimensional 
geometry into account and also using 'spanning-element' layers to model the mediai-lateral 
bone connection. They found a reasanabie qualitative agreement between the calculated 
stresses at the bone surface andresultsof stress-coating experiments carried out by 
Brockhurst (1975). They simulated different stem designs and elastic layer properties and 
concluded that, by using a thick stem, most of the critica! stresses will be reduced. They 
were the first to investigate the influences of the interface conditions. In one calculation 
they assumed the stem-cement conneetion as allowing slip and no tension and found a com
pletely different stress distribution at the interfaces compared to the results of calculations 
in which the materials were assumed to be rigidly connected. 

fig. 2.2: Element mesh of a three-dimensional FEM model of the proximal femur with 
implanted hip prosthesis. This and camparabie models, analyzed by Röhrle et al 
{1977, 7979) and Scholten et al {1978} are the most detailed ones in the present 
fiterafure with respect to geometrical and material representation (reproduced 
with permission of Röhrle et al, 1979}. 
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Probably the most detailed FEM analyses of the proximal femur with implanted prostheses 
were carried out by Röhrle et al {1977, 1979) and Scholten et al (1978). Their mode Is 
were tru ly three-dimensional, using adequately refined element meshes (fig. 2.2); non
homogeneaus bone properties were taken into account as wel I as three-dimensionalloading. 
Interfaces were modeled as either allowingor not allowing slip and otherwise rigidly con
nected. These models were used in comparative studies to evaluate specific designs and to 
answer specific questions with respect to design features as, for instanee the influences of 
calcar support or the stiffness of the intermediale layer. 
Another three-dimensional FEM analysis of the pmximal femur with an implanted hip 
pmsthesis was reported by Crowninshield et al ( 1979), who had earlier analyzed the 
influences of cross-sectional stem shapes {Crowninshield and Branch, 1978). They carried 
out parametrie analyses, varying Young's moduli of stem and cement, stem thickness and 
stem length. Based on their resu lts they advocate a decrease of cement stiffness and an 
increase of stem length, thickness and stiffness in order todeercase the cement stresses. 
Their calculations were compared to simplestrain-gauge experiments, resulting in qualitative
ly reasanabie agreement for femoral surface stresses. In their model the different matcrials 
were assumed to be rigidly connected at the interfaces. 
A detailed three-dimensional FEM analysis was reported by Tarr et al (1979). In a model 
using a rather coarse element mesh, a cobalt-chromium and a more flexible titanium alloy 
stem were simulated. They found that stresses inthestem and in the distal cement layer 
were lower with the titanium alloy, while stresses in the proximal cement layer were higher. 
Comparison of results with a simpIestrain-gauge experiment on a cadaveric femur gave poor 
absolute, but reasanabie qualitative agreement. 

An interesting venture was undertaken by Roh lmann et al ( 1979), who analyzed a model of 
a hip endoprosthesis cemented into a brass tube, using three-dimensional FEM (a model 
with 1600 degrees of freedom) and a lso strain-gauge experiments. They found rather poor 
continuity of stresses at the interfaces in the calculations and on ly moderate agreement 
between experimental and theoretica! results, bath of which they ascribed to the coarseness 
of the element mesh, indicating that in the three-dimensional FEM models quite a high level 
of mesh refinement is needed. 
Another approach to structural analysis of intramedullary fixation systems was foliowed by 
an ltalian group (Calderale et al, 1977; Barberi et al, 1978; Gola and Gugliotta, 1979), who 
modeled the femur and the pmsthesis stem as cantilever beams, coupled by an elastic 
{cement) layer. The model was analyzed numerically, using minimal potential energy criteria. 
The model can be applied fortransverse loading only. The stiffness of theelastic layer was 
evaluated experimentally. Although the information resulting from analyses of this kind is 
limited, they are quite simple and can conveniently be used fora first-order rapid evaluation 
of stem designs. 

Where intramedullary fixation is concerned, few efforts have been put into sophisticated 
theoretica! analyses of other than hip endoprostheses. Van Campen et al ( 1978, 1979) 
reported two- and three-dimensional FEM analyses of the tibial stem fixation of a hinged 
artificial knee joint, camparing the resu lts with strain-gauge experiments. A three-dimen
sional FEM analysis of a new intramedullary fixation system for artificial finger joints was 
carried out in our group (Huiskes and v. Heek, 1978; Huiskes et al, 1979) . 
Theoretica! stress analyses of cither than intramedu llary fixated prostheses, at least not 
mainly fixated in this manner, have been carried out for tibial componentsof artificial knee 
joints (Chao et al, 1977; Lewis, 1977; Askew et al, 1978, 1979; Ha yes, 1978) and for the 
hip-surface replacement {v. Heek and Huiskes, 1979). 
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Because of the many complicated features of bone-prosthesis structures and the usually 
uncertain numerical values of parameters, one cannot expect to be able to develop a mathe
matica! model that will predict the stress distribution in the real structure in an absolute 
sen se. Th is fact is recognized by most of the authors previously cited and it is often 
remarked that, because of the possibilities for parametrie analyses in the models, they can 
still contribute toa better comprehension of the mechanica! behavior. Although this is 
true in genera!, the overall picture of the work previously discussed is rather confusing. 
This is due tothefact that many of the complex mode Is used are rather specific and little 
is known about the influences of simplifying assumptions; this often places the analysis 
procedures in a frame of 'numerical empiricism' (Oden and Bathe, 1978) andresultsin 
anything but general concepts. Hence, the results of the analyses are sametimes in conflict 
and are usually quite specific. To acquire more general data a model should be relatively 
simp ie, with options for either extensive parametrie analysis or closed-form solutions. 
Therefore, detailed three-dimensional FEM models are nat very suitable to fulfil this aim 
due totheir complexity and also, at least contemporarily, to the excessive computer time 
and data manipulation efforts needed, thus .limiting the possibilities for extensive parameter 
variation. Moreover, it appears to be rather i llogical to u se a model that is quite refined in 
its geometrical aspects, while rough in the other aspects, such as those summarized in 
chapter 1. 

In short, it is evident that although many significant contributions to insight in the meeha
nical behavior of intramedullary bone-prosthesis structures have been presented in the 
literature, there is a need for more generaland fundamental concepts on the relations 
between structural parameters and mechanica! performance. I t was the object of the work 
presented in this section to find the essenrial characteristics of the structure and to provide 
such concepts. 
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CHAPTER THREE 

A SIMPUFlED MODEL OF 
INTRAMEDULLARY FIXATION STRUCTURES 

The model is shown in fig. 3.1. lt consistsof an axisymmetric 'bone' with an axisymmetric 
intramedu llary stem. Both the stem and the bone have constant cross-sectional properties. 

join t 
locding 

I 

~ I ~ ~ 
~ ~ I 
I I 

I I 
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I 

I 
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fig. 3.1: The axisymmetric model (b) of an implanted hip endoprosthesis (1 ); geometrical 
parameters, coordinate systems and loading are shown. 

Between the stem and the bone a layer of acryl ie cement, rigidly connected to both the 
stem and the bone, is assumed. Although the model can be regarded as a general one for 
any intramedu llary fixation structure, the dimensions we re chosen according to the hip 
endoprosthesis, as more-or-less average as reported in the literature ( Kempf et al, 1976; 
Laaper, 1973a; Huiskes and Slooff, 1979b). Although dimensions wil! be varied in the calcu
lations, a set of what wi 11 be referred to as 'reference va lues' is shown in table 3.1. 
The stem, layer and bone materials are assumed as behaving linear elastic, isotropie and 
homogeneous. Values for Young's moduli and Poisson's ratios were chosen as more-or-less 
average values of those presented in the literature (table 3.11; see also section I) . 
A three-dimensional state of loading on the stem is assumed, represented by an axial force 
(Z), a transverse force (X) and a bending moment (M). The stress analyses are carried out 
for each of these loading cases separately. Since the stresses and deformations in the 
structure, because of the linear assumptions, are proportionaf to the load magnitudes, these 
were chosen arbitrarily as 1,000 N, 100 N and 10,000 Nmm, respectively. 
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parameter symbol unit value parameter symbol unit value 

bone length Lb mm 205 stem cross- As mm 2 78.5 

cemented L mm 80 sectional area 

stem length stem second . Is mm 4 490.1 

free stem length Lf mm 25 moment of inertia 

stem radius r s mm 5 bone cross- Ab mm 2 392.7 
sectional area 

inner bone radius rb mm 10 
mm4 bone second lb 31 ,906.8 

outer bone radius ro mm 15 moment of inertia 

tab/e 3./: Reference va/u es for geometrica/ and some mechanica/ parameters in the axi-
symmetrie (constant cross-section) model. 

parameter symbol (1) unit bone ( cortical) ( 2) stem (steel) cement 

Young's modulus E 

Poisson 's ratio V 

2x104 

0.33 

2x1 05 

0.33 

2x1 03 

0.33 

table 3.11: Reference va lues for the materials properties; (7) subscripts b, s and c refer to 
bone, stem and cement, respective/y; (2) e.g. Evans {1973). 

fig. 3.2: The nine componentsof the stress tensor in a cylindrical coordinate system 
(r, I.{J, z). 

The state of stress at a point of the structure is described by the three-dimensional stress 
tensor in a cylindrical coordinate system (r,l{J, z) as shown in fig. 3.2. The stress components 
are described in tab ie 3.111. Due to the action = reaction law, some stress components have 
to be continuousacross the stem-cement and cement-bone interfaces; in this model these 
components are: ar, Trt and Trz· 
Due to compatibility requirements and differences in elastic moduli of the materials, the 
other stress components have to be discontinuous across the interfaces. In order to be able 
to judge the stress state at a point of the structure or simply to reduce the amount of data 
describing the stress state, an equivalent stress based on a certain failure criterion can be 

123 



stress component narnes used stress component 

radial stress, rrt = r1r 
transverse stress 

tangential stress, r rz = r zr 
circu mferent i al stress, 
hoop stress 

axial stress, rzt = rtz 
bending stress 

narnes used 

tangential shear stress, 
circumferential shear stress 

axial shear stress, 
longitudinal shear stress 

transverse shear stress 

tab!e 3.1//: The si x independent stress components of the stress tensor and their 
termino/ogy. 

calculated from the six independent stress components. Here the maximal deformational 
energy criterion is used, according to Maxweii-Hüber-Hencky-Von Mises: 

lt should be remarked here, that his equivalent stress has proven its value as a failu re crite
rion for such matcrials as stainless steel. Although it will probably give an indication of the 
stress state in cement or bone, its value as a fracture criterion forthese matcrials is uncertain. 

The model presented here will be analyzed using different analytica! as wel! as numerical 
methods {FEM), as described in chapter 5. 
lt cannot be expected that with such a simplified model the stress distribution in the real 
structure can be predicted accuratelyin an absolute sense, which is obviously not the object 
of the investigation. I t is expected, on the other hand, that the structure is described by the 
model in a qualitative sense. In order to roughly verify this expectation, the calculated 
results are compared to results of strain-gauge experiments that will be discussed briefly in 
the next chapter. In chapter 6 the influences of system parameters that are neglected in 
this simplified model {thermal stresses, interface loosening, nonconstant cross-sectional 
properties of the structure, the occurrence of torsionalload ing and a few others) wil! be 
evaluated or at least discussed. 
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CHAPTER FOUR 

AN EXPERIMENT AL STRESS ANAL YSIS OF 
A CADAVERIC FEMUR WITH IMPLANTS 

Apart from theoretica! stress analyses, as reviewed in chapter 2, also experimental stress and 
strain analyses of bones, both intact and provided with implants, have been reported. 
Brittle-coating, photo-elastic, optical and strain-gauge techniques have been used. Many 
strain-gauge experiments concerning intramedullary fixation structures have been reported 
recently, devoted, with few exceptions (e.g. v. Campen et al, 1978, 1979) to the proximal 
femur with hip endoprostheses. 
The first experimentsof this kind were carried out in our group (Siooff, 1970, 1971 ; 
Brekelmans en Poort, 197 3; v. Heugten, 197 4; Huiskes et al, 1976; Huiskes, 1978; Huiskes 
and Slooff, 1979b). Strains were measured on the outside surface ofthe loaded femur, 
intact as wel I as provided with implants. Comparable experiments were conducted by Oh 
and Harris ( 1978) who app lied only a few strain gauges, but carried out measurements on 
different bones with different prostheses, by Huggler et al ( 1978) who a lso attached strain 
ga u ges to the prosthesis stem, and by M cBeath et al ( 1979). As discussed in chapter 2, more 
of these experiments have been carried out specifically to verify theoretica! resu lts. 

The experiments conducted by our group concerned the cadaveric femur of a 52 yr-old man. 
To the femur, kept in formaline, 112 rosette strain gauges were attached (fig. 4.1.a). 
Forces on the head in 3 perpendicular directions and couples in 3 planes were applied 
separately in turn (fig. 4.1.b). 
To calculate the measured strain values (three for each strain gauge) to principal stresses, 
linear elasticity, homogeneity and isotropy was assumed; the bone Young's modulus was 
taken as 20,000 N/mm2 and its Poisson 's ratio as 0 .37. 
Equivalent stresses were calculated using the maximal deformational energy criterion of 
Maxweii-Hüber-Hencky-Von Mises. lt should be noted that with such an experimental 
method the complete strain distribution in the structure can not be measured , but only the 
strain state at the outside surface. The stresses, calculated from the experimental data, were 
compared to the corresponding values of stresses as calculated for the model, in this case 
at, oz and T zt = Ttz at the outside surface of the bone. 
lt was found that in loading by pure couples (up to 12,500 Nmm) the bone showed linear 
elastic behavior; loading by axial force (up to 1,000 N) resulted in nonlinear behavior. 
This indicates materiallinearity and geometrical nonlinearity, which means that due to the 
bending of the bone, an additional coup Ie is introduced, that increases with the applied load. 
Some viscoelastic behavior occurred; however, after 3i min. of constant loading the strains 
stabilized to constant values. The reproduceability of the strain measurements was better 
than 5%, even after 2! years. 

The measurements were repeated for the samefemur applied with prostheses: Küntscher
nails of three different diameters, hip endoprostheses, fixated withand without cement, 
with short and long sterns anä osteosynthesis plates, screwed to the bone. For the present 
study only the results referring totheintact femur and the femur applied with a short and 
a long cemented Mueller prosthesis (fig. 4.1 .c) are relevant. An example of these resu lts is 
shown in fig. 4.2. lt is evident that the stress state at the outside surface of the proximal 
femur is influenced by the presence of the stem; the stresses are considerably lower if a 
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fig. 4. 7: Experimenta/stress ana/ysis of a cadaveric femur. Strain gauges we re attached at 
the crossings of the black /i nes (a); farces in 3 directions and momentsin 3 p/anes 
we re app/ied to the head (b ); measurements we re performed on the intact femur as 
welf as on the femur app/ied with hip prostheses (c); (d) shows the Iabaratory 
setting. 

prosthesis stem is present because part of the loading is taken up by the stem. According to 
Saint Venant's princ iple there is no influence on the distal side of the bone, hence the 
strains shou ld be practically equal for the three cases in this region . The graphs in fig. 4.2 
willlater be compared with results of the model calculations. 

The experiments were carried out on the left femur of the cadaver; the right femur was used 
for detailed measurements of the cross-sectional geometry ( Laaper, 1973a) . 
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fig. 4.2: Equivalent stresses at the outside surface of the femur, intact and with two enda
pmstheses of different /engths, /oaded with two bending couples in different 
planes, respectively. Top graph: aeq_ on fine 2 on toading with MY'· bottam graph: 
Oeq on fine 4 on toading with Mx· The stresses were calculated from the measured 
stro ins, assuming homogeneity, isotropy and /inear elasticity (E = 20,000 N jmm2

, 

V= 0.37). 

The data from these measurements were used fora three-dimensional beam-theory analysis 
of the femur (Laaper, 1973b; v. Heugten, 1975; Huiskes and Slooff, 1979b) . A comparison 
of beam-theory results and strain-gauge results, principal stresses at different locations on 
loading with a couple in the frontal plane, is shown in fig. 4.3. 
These results indicate that at least the intact femur behaves approximately in accordance 
with linear beam theory (which was also found by Scholten (1975) on comparing a beam 
analysis with a three-dimensional FEM analysis (fig. 2.1)), apart from the mentioned 
geometrical nonlinearity on loading with forces, especially in the z-direction. 
lt should be remarked here that the Young's modulus is only used to calculate measured 
strains to stresses. The agreement with the beam analysis thus indicates a good choice of 
the value of this parameter. 
lt is remarkable, regarding figs. 4.2 and 4.3, that although the femur is wider on the proxi
mal side, the strain values over the length of the bone are, roughly speaking, more-or-less 
constant. Th is indicates that the flexural stiffness of the bone wou ld be fa irly constant, due 
to the higher flexibility of the bone material (spongeous bone) at the proximal side. 
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fig. 4.3: Principa/ stresses (a7) on the outside of the femur, as calculated from strain-gauge 
measurements (!eft cadaveric femur) and as calculated with beam theory, using 
cross-sectional geometry data. The beam ana!ysis did not extend further proximally 
than location f. The principal stress direction is, with good approximation, in that 
of the femoral axis. For the ca!culation of principa! stresses from principa/ strains 
in the strain-gauge experiments, homogeneity, isotropy and /inear elasticity was 
assumed. Loading with a couple of My = -7 2,500 Nmm resulted instrain va!ues 
apposite in sign but practica!ly equa/ in the absolute sence. 
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CHAPTER FIVE 

THEORETICAL STRESSANALYSES 

In this chapter a three-dimensional FEM analysis of the model presented in chapter 3 will 
be discussed. The resu lts of this analysis serve as references for the development of more 
simplified, analytica( descriptions of the model that are better suited to characterize its 
mechanica( behavior in principle. 
In paragraph 5.4. a FEM beam model of the structure wi 11 be presented. Th is last model and 
the analytica( models, too, are based on beams-on-elastic-foundation-theory, in which it is 
assumed that the stem and the bone separately behave in accordance with linear beam 
theory, while the cement mantie serves as an elastic layer. This in contrad ietion to campo
site beam theory, sametimes applied in the literature, in which it is assumed that the struc
ture as an entity behaves according to beam theory. 
In the last paragraphof this chapter the possibilities and limitations of plane FEM analyses 
will be discussed. 

5.1. Three-dimensional FEM analysis 

For the FEM analysis of the model an axisymmetric ring element is used, that can take 
nonaxisymmetric loading into account by expansion of loads, displacements, strains and 
stresses into Fourier series (Fourier element) . The complete salution can be obtained as a 
superposition of the term-by-term solutions (Wilson, 1965; v. Campen, 1970; Zienkiewicz, 
1977). The structure is divided into approxi mately 750 ring elements ( 1900 nodal points, 
5700 degrees of freedom) as shown in fig. 5.1. Alsoother elements and element meshes 
we re applied, as discussed in Huiskes et al ( 1977). 
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Uz=Ûz.COS(/) 

fig. 5. 7: Elementmeshand ring element used in the three-dimensional FEM calculations. 
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The loads (Z, X and M) are expanded into Fourier series, but only the first term of each 
series is used. Hence, the loads are assumed to be distributed along a nodal ring (fig. 5.2) 
and Z, X and M are the respective resultants of these distributions. Th is greatly economizes 
the salution procedure, while the effects of the assumed loading on the structure are equal 
to those of concentrared loading, thanks to the relatively large free-stem length to which 
Saint Venant's principle applies. 

fig. 5.2: The farces and the moment on the stem are assumed to be distributed a/ong a 
noda/ ring, either as constant ar as Sine ar eosine functions in</): fz = fz, fx = fxCOS<{J 
and f m = f mCOS<P, the resu/tants of which are Z, X and M, respective/y. 

In consequence of this method the stresses, strains and displacements that result from the 
axial loading (Z) are constant in <Pand those that result from the transverse loading (X and 
M) are sine or eosine functions in <P· For the stressesthese functions are summarized in 
table 5.1. 
The quantities Ör, Öt, frt etc. will be referred to as stress 'amplitudes'; it should be borne in 
mind that the term in this case does not refer to dynamic loading. lt is evident that the 
stress amplitude values are equal to the maximum stress values on a nodal ring, for Trt and 
Ttz at <P = rr/2, fo r the other components at <P = 0. 

stress component axial loading (Z) transverse loading (X, M) 

radial stress ar ör(r,z) ör(r,z)cos<{J 

hoop stress at öt(r,z) öt(r,z)cos<P 

axial stress az öz(r,z) öz(r,z)cos<{J 

circumferential shear stress 7 rt 0 f rt( r,z) sin<{J 

longitudinal shear stress 7 rz frz(r,z) f rz(r,z) coS<{J 

transverse shear stress 7 tz 0 7-tz(r,z)sin<{J 

table 5.1: Expressions for the six stresscomponentsin axia/ and in transverse /oading. 

130 



Theetement used is triangular in cross-section and has 6 nodal points. In each element the 
stress amplitudes are linearinrand z. 
The calculations have been carried out using the FEM computer system FEMSYS (Banens, 
1977). The accuracy of the results has been checked using analytica! considerations 
(Huiskes, 1977). 

Results: 

All stress component amplitudes at all nodal points were calculated for the three loading 
cases. From these amplitudes the stresses for any value of cp can be evaluated using the 
expressions shown in table 5.1 and the equivalent stress can be calculated using the formula 
presented in chapter 3. In the present work the stress distribution as a function of cp and r 
(presented in Huiskes, 1977, and Huiskes et al, 1977) wil I nat be discussed. As a rule, stress 
amplitudes as a function of zon four different I i nes wil I be presented: in the stem (line 1) 
and in the cement (line 2) at the stem-cement interface (r = r5) and in the cement (line 3) 
and in the bone (line 4) at the cement-bone interface (r = rb}. 

Fig. 5.3 gives an example of stress (aeq) as a function of zon the four I i nes just mentioned, 
resulting from the transverse force X. A set of all relevant results for loading casesZand X 
is showri in appendix A. 

When the results of the FEM calculations are compared with those of the experimental 
stress analysis of the cadaveric femur with implants, discussed in chapter 4, no detailed 
agreement can be expected owing to the simplified character of the model. 
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fig. 5.3: Equivalent stresses inthestem {atline 7 ), the bone (at fine 4) and the cement (at 
//nes 2 and 3) as functions of z, fora transverse force of 7 00 Non the stem. 
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fig. 5. 4: Equivalent stresses at the outside surface of the bone cylinder, for two different 
stem lengths (80 and 7 30 mm} and the bone without stem, on faoding with a pure 
couple. Ta be compared with experimenta/ resu/ts shown in fig. 4.2. 

A qualitative agreement was clearly established, however, as is illustrated in fig. 5.4, showing 
equivalent stresses on the outside surface of the bone cylinder as calculated for the 'intact' 
case and with implants of two different lengths on loading with a bending moment. 
Comparison of these graphs with fig. 4.2 makes it apparent that the model results and the 
ex perimental resu lts agree in the qualitative sen se. 

As regards the calculated stress distribution in general the following conclusions can be 
reached: 

Relative to the axial stress (az) all other stresscomponentsin the stem have insignificant 
va lues for all loads. Hence, the equivalent stress is practically equal to the axial stress. 
This indicates also that the stem behaves in accordance with beam theory, which is 
hard ly surprising. 

- Th is is also true, although toa lesser extent, for the bone. On the proximal side stress 
components other than the axial one have significant values also. This means that, apart 
from the proximal side, the equivalent stress is almast equal to az, as shown in fig. 5.5. 

bone stress at r=rb (line I.; N/mnfl ·-----, 
-- ICizl 
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2 

2 
I 
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fig. 5.5: Axia/ stress (ûz} and equivalent stress (aeq) in the bone at fine 4 (r = rb} as 
functions of z, for three faoding cases. Only on the proximal side do they differ. 
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The 'natura/' axial stress for the bone without implont is a/sa shown. Especially the 
axial force results in low stress va/uesascompared with the intact bone (stem /ength: 
730mm}. 
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fig. 5. 6: Stresses in the cement at the stem-cement interface on toading with a transverse 
force. Apart from Tzt the components are of camparabie magnitude, indicatlng 
that the stress state in the cement is trufy three..cfimensionaf; àrshows the highest 
va/ue. 

The stress state in the cement is truly three-dimensional, which means that the stress 
components have camparabie magnitudes (fig. 5.6). The highest stresses in the cement 
occur near the stem-cement interface, on the proximal and distal sides, for all stress 
components and for allloading cases. Of the six components, ar shows the highest va lues 
at these locations. 
lf Oeq is used as a criterion for the stress state, then ar gives a good indication of its 
maximum value and T rz gives a good indication of its course as a function of z. 
Although the stress distributions differ for the transverse force and the bending moment, 
the results in principle give the samekind of information; hence, fora principle characte
rization it wou ld be sufficient to consider only one of these loading cases. Here the 
transverse force was chosen as the representative loading case. 
As mentioned in chapter 3, the stress components ar, T rt and T rz have to be continuous 
across the interface due to the action = reaction law. In the calculated resu lts this 
requirement was fulfilled with quite reasonable accuracy (Huiskes, 1977) . 
As is shown, for instanee in fig. 5.6, the cement stress components show high stress con
centrations at both ends. Where Trz is concerned, the stress should, aftera steep rise, 
decrease sharply to zero at the ends. That this is not described by the model is due to an 
inadequately refined element mesh in these regions. 
To describe this end-effect (that also occurs in so-called 'shear-lag' problems, e.g. 
Timoshenko and Goodier, 1970) a very refined mesh would be needed. 
The stress values found for Trz at the ends are assumed to be reasonable representations 
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of the maximalvalues that will in reality occur somewhat away from the ends. In this 
respect shear stress measurements were carried out by Stern (1977) in an axisymmetric 
structure consisting of an aluminium tube and a steel rad with acrylic cement in between , 
under axial loading, using optie stress films. He found the samekind of curves as calcu
lated with the model. 

lt is apparent when looking at the stress distribution in the structure (figs. 5.3 through 5.6 
and appendix A), that the fixation system can be divided into three regions (fig. 5. 7) : a 
midd Ie reg ion, where the structure behaves as a composite beam, wh ich means that the stem 
and the bone each take a part of the total laad depending on the ratio of their flexural and 
compressional stiffness; a proximal region, where the laad is passed from the stem to the 
bone, and a distal region where, looking from the other side, the laad is passed from the 
bone to the stem. As will be shown in paragraph 5 .3, these regionscan be treated separately 
and approx imative farm u las can be derived to describe the most important stress compo
nentsin these regionsas functions of the structural parameters . These approximations are 
basedon beams-on-elastic-foundation theory, that will be discussed in paragraph 5.2. 
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fig . 5. 7: With respect to its mechanica/ behavior, the intramedu/lary fixation system con 
be divided into three regions. The middle region behaves in accordance with com
posite beam theory. Deviations from composite beam theory in the proximal and 
distal regions are shown with respect to axia/ stresses in the bone and the stem, and 
to radial stresses in the cement (stem length: 730 mm}. 
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5. 2. Beams-on-elastic-foundation theory 

As will be shown in this paragraph, the mechanica! behavior of the model can be approxi
mated by applying beams-on-elastic-foundation theory, for transverse as well as for axial 
loading. Both cases will be treated separately. 

5.2.1. Transverse toading 

The theory of beams-on-elastic-foundation has been described in depth by Hetényi (1946). 
The difference in this case from the usual one, is caused by the circumstance that both 
beams (the stem and the bone) make a contribution toeach other's elastic foundation. lt is 
assumed that both the stem and the bone behave in accordance with beam theory. The 
re si stance of the intèrmediate layer ( the cement mant Ie) to shear- and axial loading is 
neglected in this case and its transverse stiffness is taken into account by assuming a con
tinuous set of linear springs (Winkler hypothesis; Hetényi, 1946). 

z.l dz 1 .. 

fig. 5.8: Parameters and variables of the beams-on-elastic-foundation model fortransverse 
/oading. The externa/loods in this model con easily be ca/cu/ated from the pre
viously defined toading system (Mand X), as shown in the figure. 

The parameters of the model are shown in fig. 5.8. The transverse stiffness of thee lastic 
layer Ct (N/mm 2

) is defined by 

(5.1) 

where us(z) and ub(z) are the deflections of the stem and the bone neutral axes, respectively, 
and p(z) (N/mm) is the continuously distributed transverse load that the cement exerts on 
the stem and vice versa and that the cement exerts on the bone and vice versa. 
As follows directly from beam theory 

d 4 u b 
Fb-4-- p = 0 

dz 
(5.2) 
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where F
5 

and Fb denote the flexural stiffness of the stem and the bone, respectively (F =El). 

Equations ( 5.1) and ( 5. 2) can be solved to give: 

F5 À z -À z 
p(z) = C

1
(1 + F) (e t D1 (z) + e t D2(z)) 

b 

where 

D1 = A1 cosÀ1z + A2sinÀtz 

D2 = A3cosÀ1z + A4sinÀtz 

4 ct 1 1 
Àt = v' Lf ( F + F ) } 

s b 

by using the boundary conditions 

(5.3) 

(5.4) 

(5.5) 

the constants A1 through A4 and ao through a3 can be calculated which gives us, ub and p. 
The bending momentsin the stem and bone follow from 

(5.6) 

Forthese calculations a computer program was set up . 

The parameters that determine the mechanica! behavior of the structure described by 
M5(z), Mb(z) and p(z), are C1, Fs, Fb and L. The formulas presented above are valid for 
arbitrary (constant) cross-sectional geometry of the stem and the bone, where c1 can be 
approximated by the formulas given in appendix B. 
As follows from formulas (5.3), (5.4) and (5.5) the mechanica! behavior of the structure is 
principally characterized by the parameter À1. 
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Si nee 

it follows that when Fs ~ Fb, the bone can be assumed to be rigid. 

lf circular geometry is assumed, as in the model described in chapter 3, it follows (see also 
appendix B), that 

where c1, c2 
g(vç) 
p = rs/rb 

constants depending on the interface conditions and 
expression in v0 to be evaluated graphically; 

In this case the continuously distributed transverse load p(z) is the resultant of the stress 
components Or and Trt• as shown in fig. 5.9. 

2n 

p(r,zl::- / [Grcos..p- -cr1sin..plrd..p 
0 

fig. 5.9: Definition of the continuously distributed transverse laad p(r,z) in a circular cross
section; Ps(z) = p(r~,z) and Pb(z) = p(rb,z). In the beams-on-elastic-foundation 
theory p(r,z) = p(z), hence Ps =Pb = p. 

A comparison of results (Ms, Mb and pas functions of z) as calculated with the FEM model 
and with the method presented in this paragraph, is shown in fig. 5.1 0. The agreement in 
Ms and Mb is good, the agreement in p is reasonable . 

The variables Ms(z) and Mb(z) can be calculated directly to axial stem and bone stresses (oz) 
the maximalvalues of which are denoted by Szs(z) and Szb(z), respectively, as 

and (5.7) 

The transverse load p(z) cannot be calculated to stresses, since it depends on bothar and Trt 

(fig. 5. 9) . Representative average stress variables Srs(z) and srb(z) are introduced as 
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fig. 5. 7 0: Comparison of the bending momentsin the stem (MJ and the bone (Mb), and the 
continuous/y distributed transverse laad (p), as calcu/ated with the FEM model 
and with the beams-on-elastic-foundation theory. The curve for p(z) in the case of 
the FEM model is taken as p = (Ps +Pb) I 2; in the analytica/ model Ps =Pb = p. 

and (5.8) 

5.2.2. Axia//oading 

For axial loading the same strategy is foliowed as fortransverse loading. lt is again assumed 
that both the stem and the bone behave in accordance with beam theory. The resistance of 
the cement mantie totransverse loading and axial loading is neglected in this case and its 
axial shearing stiffness is represented by a continuous set of linear springs. 
The parameters of the model are shown in fig. 5.11. 
The shearing stiffness of the cement layer Ca (N/mm 2

) for axialloading is defined as 

q = C (wb- w) a s (5.9) 

where wb(z) and ws(z) are the displacementsin the axial direction of the bone and the stem, 
respectively, and q(z) (N/mm) is the continuously distributed axial shearing load that the 
cement exerts on the stem and the bone and vice-versa. 

As follows directly from beam theory (or bar theory), 
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~~r-~·z l· 't flzl. ~:l q 

NL=-Z; 
No= NL, 

x 

I wb \ .... z .. dz ·-

fig. 5.77: Parameters and variables of the beams-on-elastic-foundation model for transverse 
loading. The axialload N L is directed opposite to the previously defined load Z. 

d2 w 
P 

5 
0 and Sdz2 + q = 

d 2 w b 
Pb- 2-- q = 0 

dz 
(5.10) 

where P 5 and Pb are the compressional stiffness of stem and bone respectively (P = EA) . 

Equations (5.9) and (5.10) can be solved to give 

(5.11) 

(5.12) 

(5.13) 

where 

Using the boundary conditions: 
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the constants A1 through A4 can be calculated, which gives ws, wb and q. 

The axial loads in stem and bone follow from 

(5.14) 

The parameters that determine the mechanica! behavior of the structure described by 
Ns(z), Nb(z) and q(z), are Ca, Ps, Pb and L, and the formulas presented are again valid for 
arbitrary (constant) cross-sectional geometry of the stem and the bone, where Ca can be 
approximated by the formulas given in appendix B. In the axialloading case, too, it follows 
since 

that if Ps ~Pb, the bone can be assumed to be rigid. 

For circular geometry, as in the model described in chapter 3, it follows (see a lso appendix B), 
that 

In this case the continuously distributed axial shearing load q(z) is the resultant of the axial 
shear stress 7rz· In general 

21T 
q(r,z) = f Trz(r,z)rd!p; 

0 
(5.15) 

(5.16) 

where 'Ys and 'Yb (mm) are the outer stem and the inner bone circumferences, respectively. 
Due to the assumptions in the beams-on-elastic-foundation theory, qs =% = q. 

The axial stress in the stem and the bone denoted by szs(z) and szb(z), respectively, follow 
from 

and (5.17) 

Fig. 5.12 shows a comparison of bone, stem and interface shear stresses as calculated with 
the FEM modeland as calculated using the formulas presented in this paragraph. The agree
ment is good. 
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fig. 5. 7 2: Comparison of axial stem stress {szsJ, bone stress {szb), stem-cement interface 
shear stress (tsJ and bone-cement interface shear stress (tb) upon axia/!oading 
(N L = -7 OOON) as calculated with the FEM modeland as ca!culated with the 
beams-on-elastic-foundation model. 

As already d iscussed in paragraph 5.1 the shear stress at the interfaces at both ends, after 
the steep rise, should decrease sharply to zero. In this case, too, the model does not describe 
this phenomenon. The calculated values for t 5 and tb at the ends should beregardedas 
representing maximalvalues that occur a little distance away from theseendsin reality. 

5.3. Approximative formulas 

As we have seen in paragraph 5.1, the fixation system can be divided into three regions 
where its mechanica I behavior is concerned. Th is can easi ly be understood if the structure 
is assumed to be of semi-infinite length (fig. 5.13). 
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fig. 5. 7 3: On assuming the structure to be of semi-infinite length, the proximal and distal 
regions are treated separately. The toading systems for these two cases are shown. 

The solutions of the differential equations for axial and transverse loading, (5.3) through 
(5.5) and ( 5.11) through ( 5.1 3), are again va lid; a lso the boundary conditions for z = 0 
remain unchanged , but the boundary conditions for z = L have to be replaced by require
ments of vanishing initialeffects for z-+ oo; hence D1 = 0 in formulas (5.3) through (5.5) 
and A 1 = 0 in formu las ( 5.11) through ( 5.13). Af ter establish ing the constants, using the 
remaining boundary conditions at z = 0, it follows fortransverse loading at the distal side 
that: 

(5 .18) 

(5 .19) 

p(z) (5.20) 

and for axial loading that 

(5 .21) 

142 



Xls -\z 
q(z) =-- N0e 

Ps+Pb 
(5.22) 

The samekind of formulas can be established for the other (proximal) side, replacing z by 
t Fs by Fb, Ps by Pb, Mo by ML, To by -TL and No by NL. 
On both sides separately the system has a force introduetion region the lengthof which is 

-À z -À z 
determined bye t and e a , hence by Àt and Àa· For higher z the expressions for the 
loading variables reduce to: 

Fs Fb 
Ms(z)=Fs+Fb (Mo-Toz); Mb(z) = Fs+Fb (Mo-Toz); p(z) = 0; (5.23) 

ps Pb 
Ns(z) = P s +Pb No; Nb(z) = P s+Pb No; q(z) = 0 (5.24) 

the well known formulas for composite beam theory, applying to an infinitely long campo
site structure (e.g. Muskhelshvili, 1963; Barteland Desormeaux, 1976a). In this case the 
flexural and compressional stiffness of the cement layer is neglected, allowed since 
Fe~ Fs+Fband Pc~ Ps+Pb. 
Whether or not th.ese formulas apply to the middle region or, in other words, whether or not 
there is a middle region, depends on the stem length and the values of Àa and Àt· For trans
verse loading the traditional criterion for beams-on-elastic-foundation theory can be used 
(Hetenyi, 1946): 

XL<!!_ 
t = 4 short beam; both the stem and the bone can be assumed as rigid to find 

a good approximation of p(z). 

intermediale beam length; both sides of the system influence each other; 
the fu 11 theory has to be used; composite beam theory is not appropriate 
for any section. 

ÀtL 2rr long beam, the behavior of the proximal and distal ends are independent 
by approximation and the structure can be analyzed by analyzing the 
proximal region, the middle region and the distal region separately. 

-À z 
This is illustrated in fig. 5.14, where the expression e t cosÀtz, that principally determines 
the behavior of p(z), is shown graphically fora stem lengthof 80 mm and different values 
of X1. 

When the same criterion is used for axial loading, for Àa, it follows for ÀaL = rr, 
-À L/2 

e a "'=' 0.2; hence 80% of the initia! effect would have vanished at half the stem length, 
so there would still be a significant interaction between both sides. For ÀaL "'=' 4.6, 90% of 
the effect wou ld have vanished and 9 5% for À aL "'=' 6.0. 

Fig. 5.15 shows a comparison of results for p(z) and q(z) as calculated using the beams-on
elastic-foundation theory presented in paragraph 5.2. and using the semi-infinite approxi
mation for both sides (formulas (5.20), (5.22) and their equivalents for the proximal side). 
The semi-infinite approximation is quite good where p(z) is concerned. In the case of axial 
loading both ends apparently still influence each other, which was to be expected since 
ÀaL "'=' 2.9 in this case. However, even for this low value the approximation of q(z) is not bad. 
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fig. 5. 7 4: The function e-f..z cosf..z for different (rea!istic) va lues of À. Wh en ÀL ~~ the 
function is practical!y linear. 
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fig. 5. 7 5: A comparison of results for p(z) (a) and q(z) (b) as ca/cu/ated fora structure of 
finite !ength and as calcu!ated assuming semi-infinite !ength on bath sides, 
respectively. 

Summarizing, it can be said that the application of the approximative semi-infinite beams~on
elastic-foundation theory gives excellent opportunities to characterize the mechanica( 
behavior of the intramedullary bone-prosthesis structure and to develop a fundamental, 
general concept on the relations between stresses and the most important structural para
meters. 
A first characterization follows from the quantities Àt L and Àa L, where 

4 ct 1 1 
À =-J{-(- +- l} 

t 4 F
5 

Fb 

and Ct and Ca can be evaluated using the formulas presentedinappendix B. 
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When Àtl 2: rr and À aL 2: rr the structure can bed ivided into a proximal, a midd Ie and a 
distal region, in which the most important stresscomponentscan be calculated using simple 
formu las, as summarized in table 5.11. From these formu las, the stresses in the stem and the 
bone (szs and Szb) and the normal and shear stresses at the interfaces (srs• srb• ts and tb) can 
be calculated for given geometry. 

proximal region 

stem : 

cement/interfaces: 

middle region 

stem : 

bone: 

distal region 

bone: 

cement/interfaces: 

Transverse loading (ML and TL) Axial loading (NL) 

Fs 
Ms(~) =Fs+Fb(ML+TL~) 

Fb 
Mb(~) =Fs + Fb (ML +TL~) 

=ML +TL 

p(O) 
1 Ct TL 

=- :2 A~ F b ( M L + TL L - ~) 

table 5.11: Approximative farmu/as descrihing the most important toading variables in the 
stem (Ms and NsJ, the bone (Mb and Nb), in the cement layer and at the interfaces 
(pand q) in the proximal, midd/e and distal regions respective/y (see a lso fig. 5. 7 3). 

lt should be remarked here that the axial stress in the cement layer can also be approximated 
in the middle region, using composite beam theory. However, as was found in paragraph 5.1. 
(fig. 5.6) the value of this stress component in the cement in the middle region is quite low 
in comparison to stresses in the proximal and the distal regions. 

5.4. FEM beam analysis 

The model described in paragraph 5.2., where stem and bone separately are assumed to 
behave in accordance with beam theory and where the intermediate layer is assumed to react 
as a continuous set of linear springs, can also be simulated using simple FEM beam analysis. 
The reason for developing such a model is the possibility of taking nonconstant cross
sectional geometriesof the stem and the bone into account and, likewise, of rnadeling 
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variations in theelastic modu I i of the three materia Is in order to investigate influences of 
incomplete cement mantles and bone resorption. Spongeaus bone layers of vary ing thickness, 
too, can betaken into account in such a model. 
In this model the stem and the bone are represented by a number of beam elements and the 
cement mantie by special spring elements that simulate the stiffness of the layer in the axial 
and transverse direct ions {Ca and Ct), as shown in fig. 5.16. In the model, the quantities 
Ms{z), Mb{z), Ns{z), Nb{z), q(z), p(z), Szs(z), Szb{z), Srs(z), srb(z), ts{z) and tb{z) are calculated, 
justas with the model described in paragraph 5.2. On comparison of results from both 
models, the agreement was found to be excellent. 

L 
I' ~Fs(z). Ps!zl 'I 

fj,!zl. F1,!zl 

fig. 5. 7 6: Characterization of the FEM beam model; the elements si and b; are beam 
elements representing the stem and the bone, respectively. The cement mantie is 
represented by 'spring elements' (c;), with certain stiffness characteristics in 
axial and transverse directions. 

Th is model can easily be extended to three-dimensional geometry and a more sophisticated 
{three-dimensional) representation of the cement mantle. The restrietion of th is model is 
the requirement that the bone and the stem separately shou ld behave in accordance with 
beam theory. 

5.5_ Two-dimensional {plane) FEM analysis 

lt is the object of this paragraph to discuss the possibilities and limitations of two-dimensio
nal FEM analyses rather than present results of such a mode l. Although a two-d imensional 
FEM analysis of the simplified model presented in chapter 3 was carried out and will be 
used in chapter 6, it was apparent that the relation between the results of the three-dimensio
nal modeland those of the two-dimensional model was rather confusing. Many two
dimensional models have been presented in the literature, as discussed in chapter 2, and it 
appears to be worth while to evaluate these models, which can be done by using the pre
viously developed concepts. 

Obviously, the modeling has to be carried out in such a way that the essential characteristics 
of the structure are represented in the model. As was shown in the previous paragraphs, the 
essential parameters of the intramedullary bone-prosthesis structure are Àt, Àa, F s' Fb, Pb, P s• 
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Ca, Ct and L. Apart from these, there are other important parameters, for example the 
flexural and compressional stiffness of the cement mantie { F c and P cl and the outer stem 
and the inner bone circumferences hs and 'Yb) which do not influence the mechanica! 
behavior so much in genera i, but do influence the local stress va lues. These parameters, 
too, should be represented adequately in the model. 

3 

I b&1\'1 I I t BS3 I 2. - . '. -
. '•I 

I 

fig. 5. 7 7: Three different methods of representing the hip endoprosthesis fixation system in 
a plane model: 7. as it appears in a !ongitudinal section; 2. using composite 
materia Is theory to take the out-of.p!ane material stiffness into account (see a/so 
fig. 5. 7 8); 3. using side p/ates {a 'spanning-element' foyer) to take the mediai
lateral cortex conneetion /nto account. 

Three different methods of rnadeling in two dimensions have been reported in the literature 
(fig. 5.17). The simplest method is the one in wh i eh a longitudinal-plane mid-section of the 
structure is modeled as it appears, for instanee on an X-ray {fig. 5.17 .1; e.g. Andriacchi et al, 
1975; Kwak et al, 1979). In this case no conneetion exists in the model between the lateral 
and the media! cortex. Hence, apart from the question whether this model can take the 
correct parameter values of the system into account, the model in essence consistsof three 
beams connected by two elastic layers. Since theelastic lines (or neutral axes) of these 
beams do not coincide, a sandwich construction results, in which the stiffness is toa great 
extent determined by shear at the cement-bone interfaces {e.g. Girkman, 1963) which is a 
quite unrealistic representation of the structure. 
A second method is the one in which the theory of composite materialsis used {fig. 5.17.2; 
McNeice et al, 1975, 1976). In this case the system is modeled as in the previous case but 
the stiffness of the 'out-of-plane' material is taken into account by calculating a combination 
of an effective thickness (tel and Young's modulus {Ee) for every plane element, as shown in 
fig. 5.18. 

fig. 5. 7 8: In using the composite materia Is theory, the out-of-p/ane stiffness of the structure 
consisting, in this case, of three materia Is, is represented by a plane element whose 
stiffness characteristics are ca/culated from the three origina/ materials, taking 
into account their thickness and Young's moduli. 
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Apart from the fact that in this case , too, a sandwich construction results, theessenrial 
characteristics of the structure are notmodeled correctly, because those elements that 
represent the stem also incorporate the stiffness of a piece of cement and a piece of bone 
and those elements that represent the cement incorporate part of the bone. What is modeled 
correctly in using th is methad is the overall stiffness of the fu 11 cross-section. McNeice et al 
(1975) showintheir results that the stresses inthestem increase by a factor of three if 
loosening occurs at the stem-cement interface. This is exactly what would happen in a 
sandwich construction, as they in fact analyzed, but not in the real structure, where the 
lateraland media! cortex are connected , as will be shown in the next chapter. 
A third methad of modeling is the one in which the conneetion between the lateraland 
media! cortex of the boneis taken into account by applying a side plate or a 'spanning
element ' layer in the model (fig. 5.17 .3; e.g. Hampton et al, 1976; Svensson et al, 1977). 
Th is methad is the only one that gives the option of mode ling the system as a two-beam 
structure in a plane and hence the only one that is suitable. However, it is questionable 
whether even in using this methad the essential parameters mentioned previously can be 
adequately represented . 

fig. 5. 7 9: A plane representation (b) of a structure with a x isymmetric cross-section (a), 
applying side p/ates. 

As an example, a system with circular cross-sectionis assumed (fig. 5.19.a). Th is structure 
has to be represented in a plane model , takinga 'spanning-element' layer into account 
(fig. 5.19.b) . The 'real' values of the essential parameters and those in the two-dimensional 
representation can then be compared as shown in table 5.111. 
On camparing these quantities it fellows (when Ec, Es, rs and rb are equal in both models), 
that 

Àa (circ. geom.) j 2(1-p) Àt (circ. geom.) 4/l6 
"" ---- and ""v~-"'=' 1.15 

Àa (plane geom .) plnp \ (plane geom.) 3rr 

For p = 0.5, Àa(circ)/Àa(plane) "'=' 1.7 and for p = 0.8, Àa(circ)/Àa(plane) "'=' 1.5. 
Apparently the ratiosof Àa and Àt are independent of d and he nee, si nee on ly d can be freely 
adjusted in the model, the ratios are more or less fixed. 
He nee, for ax ial loading especially, the most crucial parameter of the circular structure is 
badly modeled in the plane representation. As follows from table 5.111 also, d can never be 
chosen in such a way that all other requirements are fulfilled. lf rs = 5 mm and rb = 10 mm, 
then -rr/lnp ""=' 4.5 and 4p/(1-p) = 4, hence, in order to satisfy requirements for equal Ca, 
d should be equal to 22.65 and to satisfy requirements for Ct, d should be equal to 10, 
The requ irements for P s and F s co u ld be satisfied by assuming non-uniform th ickness of the 
stem in the plane model. lf d has been chosen to satisfy requirements for Ca or Ct, nothing 
more can be done to satisfy requirements for F c• P c• 'Ys and 'Yb· 
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parameter 
---

Pb 

Fb 

'Yb 

PS 

Fs 

'Ys 

pc 

Fe 

ca ( 1 l 

ct (a) 

À2 
a (2l 

À4 
t (2) 

circular geometry 

1rEb { r~ - rbl 

-%Eb{r~- rl,l 

21Trb 

1rEsr~ 

I!. E r4 
4 ss 

21Trs 

1rEc{rb- r~) 

~ Ec(ri',- r~) 

1TEc 

(1+vc)lnp 

4pEc(1-vc) 

(1-p) (1+vc) (1-2vc) 

Ec 1 1 
- Ç ( 1 +v cl lnp ~~ 

Ec 4p(1-v cl 

Es (1-p) (1+vcl (1-2vJ 1Tr4 
s 

rectangu lar geometry 

depending on side-plate 
dimensions 

2d 

2d 

2d(rb - r s) 

~d(rb-rs)3 

dEc 

( 1 +V cl ( r b -r sl 

2dEc(1-vcl 
---"--

(rb-rs) (1 +vc) (1-2vc) 

Ec 

~ 2rs(rb-rsl (1+vc) 

3 Ec 1-vc 

4 Es (rb-rsl (1+VJ (1 -2vcl r~ 

tab/e 5.111: Farmu/as describing the characteristic parameters In an axisymmetric structure 
and in a two-dimensional (plane) model (see fig. 5. 79}; (7) rough approximation, 
see appendix 8 ; (2) to make a 'first-order' general comparison possible 
~ ""C

0
/Ps and À; ""=' Crf4Fs are taken. 

In conclusion, it is evident that, unless axial and transverse loading are investigated with two 
different models and a method of sealing is introduced, the relation between the mechanica! 
behavior of an intramedullary bone-prosthesis structure and that of a two-dimensional 
model is not very well defined. This does not imply that two-d imensional FEM models are 
worthless in this case; when side plates are applied and care is taken to choose the dimen
sions in such a way as tomeet the above-mentioned requirements as fully as possible, ten
dencies could certainly be investigated in a relative sense. But these two-dimensional models 
certainly do nothave the accuracy that the visual apparent agreements between the models 
and the real structure suggest. Furthermore, a comparison of results of different two
dimensional modelsis difficult 
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lt is evident, looking at these results, that for detailed investigations truly th ree-dimensional 
models should be used. FEM beam modelsas presented in paragraph 5.4. are more depen
dable, though less refined than two-dimensional models. 

5.6. Conclusions 

A simplified axisymmetric model of intrameduallary bone-prosthesis structures was analyzed, 
using various methods. A three-dimensional FEM model was developed which gives detailed 
information on the stress distribution in the structure. 
By comparison of some resu lts with those of strain-gauge experiments on a cadaveric femur 
with hip endoprostheses, a qualitative agreement was apparent. 
By making some additional simplifying assumptions, an analytica! salution for the most 
important stresscomponentsin the structure could be found by applying beams-on-elastic
foundation theory. The most important parameters that characterize the mechanica! perfor
mance of the structure were thus establ ished. 
lt was found that the structure can be divided into three regions that can be analyzed sepa
rately, using quite simple formulas to calculate the most important stress components. 
The theory, applied here for the analytica! solutions, can be extended towards non-constant 
cross-sectional geometry, for example using minimal potentia l energy principles (Raleigh 
Ritz) to find a solution. Such a solution, however, would not be in closed form , so that 
numerical methods wou ld have to be applied. 
A method of th is kind was used by Calderale et al ( 1977), for transverse load ing. 
In the present study a FEM beam model was chosen for an extension towards a more realistic 
geometrical description, because this method offers excellen t options for model refinement 
and is quite cheap and practical in use. 
By applying the concepts developed in this chapter, two-dimensional FEM models could be 
evaluated and it was found that an intramedullary bone-prosthesis structure is not very well 
suited for such representation and that, moreover, many pitfalls are evident in the modeling 
process. 

lt is feit that the models presented herewiJl give reasanabie 'first-order ' approximations of 
the intramedullary fixation system mechanica! behavior, which implies that the most 
important parameters of the structure are adequately represented in the models. lt wiJl be 
shown in chapters 7 and 8 that the mode is can conveniently be used to deve lop quantitative 
guidelines for implant design and imp lantation procedures. 
In the following chapter the influences of properties of the structure that were neglected in 
the models wiJl be discussed. 
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CHAPTER SIX 

INFLUENCES OF NEGLECTED ASPECTSOF THE STRUCTURE 

In this chapter some properties of the intramedullary bone-prosthesis structure that have 
been neglected in the previously discussed models and that may influence the mechanica! 
behavior of the system will be discussed. These properties are the possible presence of 
locked-in cement stresses, more complicated mechanica! conditions at the interfaces, a 
non-constant cross-sectional geometry of the stem and a few others. 

6.1. Locked-in thermal stresses 

Due to the cooling of the acrylic cement, immediately after the polymerization process, 
the cement layer will shrink around the stem (see also section 1) . 
This will result in locked-in stresses that may influence the mechanica! behavior of the 
structure. On these (initia!) stresses, the stresses resulting from the joint loading will have to 
be superimposed and, moreover, they may influence the mechanica! condition of the stem
cement interface that will behave as rigidly connected so long as compression is present. 
Wh en the temperature d istribution in the cement right after the polymerization process is 
known, the shrinkage stresses in an axisymmetric model consisting of bone cement around 
a (rigid) stem can be calcu lated (Timoshenko and Goodier, 1970). Using data on tempera
ture distributions as discussed insection 11, these calculations were carried out for different 
stem dimensions and cement properties (Huiskes and de Wijn, 1979). Fig. 6.1 shows an 
example of results. 
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fig. 6. 7: Locked-in thermal stresses in a model of a slice of bone cement. The initia/ tempe
rature distribution 6T (according to fig. 7. 7, section 11) and the radial (ar), axial 
(az) and circumferentia/ (ar) stress components are shown. Parameter values: 
Ec = 2,000 N/mm 2 ; vc = 0.33; coefficient of linear expansion ac = 5x 70 5 °C 1 

(according to Ahmed et al, 7977}. In the model the properties are taken as inde
pendent of the temperature; plane stro in state is assumed. 
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The radial (compressional) stress at the stem-cement interface reaches a value of approxi
mately 2.5 N/mm 2 and the hoop stress in the middle of the cement mass 3.5 N/mm 2

. 

Comparab Ie resu lts we re reported by Ahmed et al ( 1977), who have studied the sa me kind 
of model. These values are quite sensitive to the thickness of the stem. Fora stem 15 mm in 
diameter the stress values approximately double if the sameinitia I temperature is assumed. 
However, as was shown insection 11, in a thin cement layer the temperature will be much 
less. The hoop stress and the axial stress are a lso quite sensitive to Poisson's ratio of the 
cement, while all three stress components are proportional to Young's modulus. 
The calculated stress va lues are of the sameorder of magnitude as the values that have been 
found to result from the joint loading (appendix A) and thus would certainly interfere with 
the mechanica! behavior of the structure. 
However, acrylic cement is known to creep, especially under conditions as in the body (see 
also section 1). In a relaxation test of a rod of acrylic cement in water at 37°C, initially 
under a tensile stress of 4 N/mm 2

, it was found that the stress decreased by 75% in approxi
mately 170 hrs (7 days), as is shown in fig. 6.2 (Huiskes and de Wijn, 1979). Extrapolating 
this data, it can be assumcd that after approximately 70 days the stress would have decreased 
by 90% and aftera year would have practically vanished. 
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fig. 6.2: Stress relax at ion in a test-bar of acrylic cement in tension. 

6.2. Mechanica[ conditions at the interfaces 

As mentioned insection I, there is no chemica! bond between the stem and the cement, nor 
between the bone and the cement. Due to mechanica! interlocking of cement and 
(spongeous) bone, the cement-bone interface may be able to transfer tensile stresses tosome 
extent, although even this is doubtful when a soft fibrous tissue Jayer is present. The stem
cement interface will certainly disconneet on tension, while the shear resistance depends 
solely on friction. Friction, at the stem-cement interface as wel i as at the cement-bone 
interface depends on the roughness of the contact surfaces and on the compressional stress, 
hence also on initia! locked-in stresses. 
lt is rather difficult to take the interface conditions into account in a stress analysis, since 
not enough accurate data is available for an adequate description. Moreover, the conditions 
wil I vary considerably and change in the course of time. The object of this paragraph is to 
roughly evaluate how the interface conditions affect the stress distribution in the intra
medullaryfixation system.ln thefirst part it wiJl be shown that loosening upon tension and 
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slip at the stem-cement interface significantly affect the stress distribution in the cement, 
using a two-dimensional FEM model that can take these phenomena into account. In the 
second and third parts the problem will be approached in a more fundamental fashion, 
using the concepts developed in paragraph 5.2. 
The influence of a loose stem will only be evaluated fortransverse loading. For axia l loading, 
the interface conditions would very much depend on friction and on the tapering of the 
stem. When the stem is notheld by the friction forces it will simply subside unt il it again 
finds support. lf the stem is held by the friction forces, the interfacescan be assumed to be 
rigidly connected. From a mechanica! point of view this problem is further complicated 
because the friction forces might be exceeded locally. 

6. 2.1 . Numerical evaluation 

The FEM programs as used hereoffer options to define conditions at contact regions. The 
condition that no tensile stress occurs between two materialscan a lsobetaken into account, 
by applying an iterative procedure (Banens, 1977}. This method was used for the stem
cement interface in a two-dimensional model. The modeland its parameters are described 
in fig. 6.3. A 'spanning-element' layer was used to model the mediai-lateral cortex connec
tion, as discussed in paragraph 5.5. Material properties, loading and dimensions in the x-z 
plane were chosen in accordance with the axisymmetric model described in chapter 3. 
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fig. 6. 3: A two-dimensiona/ FEM model of the simplified intramedullary fixation structure. 
A 'spanning-element' foyer (or side p/ate) is app!ied; dimensions and stress compo
nents are given. An element with triangular geometry and 6 noda/ points was used; 
the displacement field in the element is quadratic. Note that the x-coordinate is 
defined as positive, opposite to the three-dimensional FEM model ( chopter 3). 

Di mensions in the x-y plane we re chosen in such a way that the flexural and compressional 
stiffness of stem and bone (F 5, F b• P s and Pb} were equal to those in the axisymmetric 
model. As discussed in paragraph 5.5., these measures are not sufficient to obtain equivalent 
results. 
Calculations were carried out for two cases: A rigidly connected stem-cement interface and 
slip-and-no-tension at the interface. Fig. 6.4. shows a comparison of stresses at the stem
cement interfaces, as calcu lated for the two cases; apparently the stress distribution in the 
cement is greatly influenced when a loose stem is assumed. 
The stresses in the cement at the cement-bone interface also differ, as is shown fora x in 

153 



0
_
3 
cfement stresses N/mm

2 
J 

0,2 -... ./1 
', .,.," I t .·; ._, .. _. : __ . 

0.1 ... ___ ------------- : xz ~ 

O.L~ ,~ 
0 .2~------~: Gz~ 

-0.2 

-O .L of ,• ·' ------ ~ ./ ; Gx ·.f .. '·. 
:~ ·0 2- D FEM model 
! · --- fixed stem 

x=rs - loose .. J 
~ *: ~ ·-~· -~ -~· ·~··· ~. + 100_:__ 

xr;;l'• _L --==== \J'•, Gx . -0 . ' 
-1.0 I 

~-~P=~=--~ Gz ~ 
-0.2 ...... , I 

-0 .4 '"' 

f 

- ~ 

01 ... ----..;.-------- .... : : 'tx _____.. · 
~0 .. 2 _", ...... \~ 
-0.3 

~--------------------~ 

fig. 6.4: Stress components in the cement at the stem-cement interface on both si des of the 
stem, calculated fora rigidly fixed interface and as ca/cu/ated simu/ating slip and 
loosening-upon-tension. The 'noise' in the courses of T xy for the Jatter case is due 
to inaccuracies in the salution procedure. 
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fig. 6.5: Transverse stresses at the cement-bone interface as calculated fora rigid/y connected 
stem-cement interface and as ca/cu!ated simu!ating slip and /oosening-upon-tension 
at this interface. Apparently the latter phenomenon resu/ts in the effect that at the 
cement-bone interface a/sa, hardlyany tensile stress is present. The sameeffect was 
found for the shear stresses. 
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fig. 6.5. Apparently only very slight tensile stresses occur at this interface in the loose stem 
case. Shear stresses, too, we re found to be very low at this interface. Hence, little d ifference 
would be found for the stress distribution in the cement if the cement-bone interface were 
also assumed as loose in addition to the stem-cement interface . The stem stresses were found 
to be slightly different, as shown in fig. 6 .6. lt should be noted that the stem stresses do not 
increase very much in the Joose-stem case , as would be found fora sandwich construction 
as discussed in paragraph 5 .5., where no side plates are applied in the model. The {axial) 
stresses in the bone do notchange significantly fora Joose stem. 

Geq N/mm2 
-----------

f- 25 
-fixed 
--- loose 

z 

fig. 6.6: A comparison of stem (equivalent) stresses as ca/culated simu!ating a rigid/y con
nected stem-cement interface and simulating slip and /oosening-upon-tension at 
this interface. 

From the stresses normalto the interface (ax) as calculated in the model, the continuously 
distributed transverse Joad p(z), as defined in paragraph 5.2, can be derived simply by super
position ofthe stresses on either side of the stem, multiplied by the stem thickness in 
y-direction {d). lt then follows (fig. 6.7) that the difference between the results for the two 
cases is not very outspoken. lt thus appears that the interface condition has a general effect 
by which, for instanee p(z) is affected and Ms{z) and Mb(z) wiJl also be affected, and a local 
effect, by which the Jocal stress values, as for instanee is apparent in fig. 6.4, are affected. 
Botheffects wiJl be evaluated separately in the remainder of this paragraph . 
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fig. 6. 7: A comparison of the continuous/y distribu ted transverse loods p(z) on the stem as 
ca/culated from the FEM resu!ts concerninga fixed and a /oase stem-cement inter
face. 
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6.2.2. The general effect 

lt was shown in paragraph 5.2. that, upon transverse loading, the mechanica! behavior of 
the structure is principally determined by the parameters Àt, Fs, Fb, Ct and L. Fora loose 
stem only Ct is affected and, through Ct, also Àt · lf we assume circular geometry (axisym
metric model) the value of Ct can be approximated by (appendix B) 

Ct"" 6.2Ec(0.24 + 1 ~p) fora rigidly connected interface and 

Ct "" 2.1 Ec( 0. 24 + 
1 
~p) fora loose interface. 

lt then follows that 

Ct(loose stem)/Ct(fixed stem)"'=' 0.34 

Àt(loose stem)/Àt(fixed stem)"'=' 0.76 

The stem will thus 'feel' a more flexible layer in the loose case and the force-introduetion 
regions at the proximal and the distal sides will be more extended. 
Also, the maximalvalues of p(z) at the proximal and distal sides will be lower in the loose 
case, since both depend on Ct/Àf and Ct/Àf (table 5.11) . 
In fig. 6.8 it is shown, for example how this change in Ct affects Ms(z), Mb(z) and p(z), as 
calculated with the beams-on-elastic-foundation model described in paragraph 5.2. 
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fig. 6.8: Bending momentsin stem and bone (Ms{z) and Mb(z)) and distributed transverse 
laad p(z) calcu!ated using the beams-on-elastic-foundation model, for t wo different 
va/uesofCt, simu/atinga fixed stem (Ct= 1.6x 704 N/mm 2

) and a /oase stem 
(Ct= 0.5xl04 N/mm 2

}. 
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6.2.3. The /oca! effect 

The local effect is caused by the circumstance that in the loose case only approximately half 
of the stem circumference is available to transfer loading. As was shown in paragraph 5.2. 
(fig. 5.9), fora fixed stem Ps(z) is found from 

Because ar= arcos.p, 'rt = frtsin.p and frt is always opposite in sign as compared to àr, it 
follows that 

(6.1) 

For the case of the loose stem (assuming Trt = 0) ar can be approximated by assuming it to 
be distributed a long half of the stem circumference (fig. 6.9) as a eosine function in .p: 
ar = ûrcos.p , -~~ <P ~ ~ ~ so that 

(6.2) 

fig. 6.9: Radial stress distribution at the stem-cement interface, in the case of a /oose stem, 
assumed as a eosine tunetion a!ong ha!fthe circumferenee. 

lt thus follows for Ps(z) with the same local value that ar is at least twice as high in the 
loose case compared to the fixed case. 
The local influence of a loose stem fora given local value of p(z) was evaluated using a 
FEM model of a slice of the (axisymmetric) intramedullary fixation system, assuming the 
previously mentioned expression for ar (Huiskes and Schouten, 1979), an example of 
which calcu lations is given in fig. 6.1 0. I t is evident that for given p(z) the radial stress as 
wellas the hoop stress will be much higher in the loose case. In these calculations it was 
again found that at the cement-bone interface the radial stress was distributed only along 
half the circumference, hence it would make very little difference if this interface were 
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fig. 6. 7 0: Radial, circumferential and shear stress distribut ion on half the circumference of 
the stem-cement interface, as calcu/ated using FEM in a slice of the structure, for 
a /oose stem and a fixed stem (Huiskes and Schouten, 7 979). The stress compo
nents are given as relative to the loco/ value of the transverse lood p(z). The 'noise' 
in the curves of the stresses in the case of a !oose stem is caused by the salution 
procedure (Fourier expansion). 

assumed to be loose in addition, which could be concluded also from the results discussed 
in paragraph 6.2.1 . 

6. 2. 4. Conclusions 

In reality the interface conditions will be more complicated . Friction will most certainly 
occur and locked-in stresses mayalso be present, at least directly postoperatively. Even in 
the ideal ized axisymmetric model discussed here, the interface behavior is nonlinear, 
because in pr inciple the contact area changes with the load . Fora loose stem, no initial 
locked-in stresses, assuming a contact area over half the stem circumference results in a 
reasonable approximation of the stress distribution (Schoofs, 1979). In the case that locked
in stresses are present, the non-linear effect will be more pronounced . In this case, that wil I 
occur during the initial postoperative period, a Ct value in accordance with a fixed stem is 
an upper boundary and one in accordance with a loose stem a lower boundary for the 
apparent cement layer stiffness. 
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lt was shown that the loosening-upon-tension aspect of the stem-cement interface has a 
moderate general effect on the mechanica! behavior of the structure and an outspoken 
la cal effect, ma in ly on the cement and interface stresses. The general effect can be taken 
into account by adjusting the value of C and the local effect by interpreting the con
tinuously distributed transverse laad p(zj as working on half the stem circumference only. 
lf it is the object to evaluate the stress distribution in the cement layer and at the interfaces 
in detailed three-dimensional FEM models, the slip and loosening-upon-tension aspects 
should betaken into account. Once this is done forthestem-cement interface, the condi
tions at the cement-bone interface wi 11 nothave much influence anymore. 

6.3. Nonconstant cross-sectional properties of the stem 

For the analyses discussed in chapter 5, it was assumed that the cross-sectional properties 
of the stem (F s and P sl were constant. The stem may be tapered tosome ex tentand si nee 
Young 's modulus is constant, F s and P s will be functions of z, as wel I as Ct and Ca. lt can 
be anticipated that fora slight taper the formulas derived in chapter 5 wil I still apply by 
approximation; fora more pronounced taper this may nat be so . 
When the dependencies of z in Ca and Cr are neglected in this case (neglecting dCa/dz, 
d2 Ca/dz 2

, dCr/dz and d2 Ct/dz 2 
}, the differential equations as in paragraph 5.2. can be 

formulated in the bending moments (Ms and Mb) and the axial farces (Ns and Nb), respec
tively, so that the coefficients "-tand "-a still have significance; this time, however, as 
fu nctions of z. 
A first-order evaluation of the taper influence can be established by regarding the influences 
on "-t(z} and "-a(z}. Three different stem shapes are assumed {fig. 6.11) in an example (axi
symmetric structure). For "-t and "-a it can be found (taking Ct and Ca according to 
appendix B) that 

and 

where p = rs/rb and A1 and A2 are constants depending on Ec, vc, Eb, the bone dimension s 
and the interface conditions. 

-I~-~-~ _c~ :F" t ::f~~N 

L z 80 l 25 I. 
1 - ·-·-r5(z)=5 (mm),2-- r5(z)=3+0.05z lmm), 
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fig. 6. 7 7: The three different stem shapes investigated with the FEM beam model. 

159 



---shape 1 
-shape2 
--- shape 3 

IZ 

20 40 60 BO 

4 
VA2 (mni11 

/ 11 
2 ' 

____ ............. / 
I , __ 

--·-l 
I 

I 
I z(mml 

20 40 60 BO 

fig. 6. 7 2: The coefficients Àt and Àa as functions of z for the three stem shapes (for the 
constants A 7 and A 2 see text}. 

For the tapers shown in fig. 6.11 the courses of Xtf A1 and À a/ A2 as functions of z we re 
evaluated, as shown in fig. 6.12. lt can be anticipated, looking at these graphs, that in 
transverse loading there wil I be little difference in the mechanica! behavior of the structure 
on the proximal side, but a significant difference on the distal side, especially where the 
pronounced taperis concerned. In axial loading there should be little difference for the 
moderate taper compared to the constant cross-sectional shape on the distal side and some 
difference on the proximal side; there should be a marked difference for the pronounced 
taper compared to the constant shape. 
Nonconstant cross-sectional properties of the structure can betaken into account in the 
FEM beam model, as described in paragraph 5.4. This model was used to calculate p(z), 
q(z), Ms(z), Mb(z), Ns(z) and Nb(z) for the examples shown in fig. 6.11. Results are shown 
in fig. 6.13. lt follows from these graphs, on consideration of the courses of p(z) and q(z), 
that the predictions expressed previously are fu lfilled. Nevertheless the difference in q(z) at 
the distal side for the moderate taper shape compared to the constant shape is somewhat 
more outspoken than anticipated. Since in the case of the straight stem Àtl""' 5.0 and 
Àal""' 2.9, this non-predicted difference is probably caused by a significant influence from 
the proximal side on the distal side in axialloading (as discussed in paragraph 5.3., rr/Àa 
determines the length of the laad-introduetion regions for axial loading). 
lt is also found that the maximalvalues of p(z) and q(z) on the distal side can be predicted 
by approx i mation with the formu las presented in tab Ie 5.11 using the local value of r s 
(respectively rs = 5,3 and 2 mm). Fortransverse loading especially this approximation is 
excellent, as shown in fig. 6.13. At the proximal side such an approximation does not 
succeed, probably owing to a stronger dependency of the stress variables on F s and P s (see 
tab Ie 5.11), and a higher sensitivity of Ct and Ca for the ( varying) ratio p in this reg ion, 
because of the smal I thickness of the cement layer. 

Since the stem thickness varies, Ms(z), Ns(z), p(z) and q(z) are no longer proportional to 
the stem, cement and cement-stem interface stresses. Representative of these stresses are 
the average transverse stress at the interface srs = p/2r s and the maximal axial stem stress 
Szs = MJWs, in transverse loading, and the interface shear stress ts = qf'Ys and the maximal 
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fig. 6. 7 3: Continuous!y distributed shearing laad q (z), stem and bone a x ia! farces Ns(z) and 
Nb(z) on axial!oading (a) and continuous!y distributed transverse /oad p(z), stem 
and bone bending moments Ms{z) and Mb{z) on transverse toading (b), as ca!cu
lated using the FEM beam model for the three stem shapes. Also indicated are the 
va/ues for q(O) and p(O) ( distal side), as calculated with the semi-infinite approxi
mation, using the /ocal stem radius in the formu!as. 
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axial stem stress Szs = Ns/As in axialloading, as defined in paragraph 5.2. These stress 
quantities are shown in fig. 6.14 for the three different stem shapes. The courses of szs(z) 
for the tapered sterns are very much like the stem stresses that were measured by Huggler 
et al ( 1978) instrain-gauge experiments on hip prostheses in cadaveric femurs, and the 
courses of Szs{z} , srs(z) and ts{z) are camparabie to results of three-dimensional FEM 
mode is (e.g. Scholten et al, 1978). lt should be noted that the stresses in the bone (szb{z)) 
and at the cement-bone interface (srb(z) and tb(z)) are d irectly proportional to Mb(z) and 
Nb(z), p(z) and q(z), respectively, since rb remains constant. Regarding figs. 6 .13 and 6.14 
it is evident that the u se of a tapered stem benefits the system performance. In transverse 
loading the pronounced taper shows the best results, in axial loading the moderate taper. 
In chapter 8 the stem shape will be further discussed . 

In the literature, composite beam theory is aften used to evaluate the stresses in the ste.m 
(e.g. Barteland Desormeaux, 1976a; Walker, 1977; Swanson and Freeman, 1977). As we 
have seen in paragraph 5.3., this approximation is valid for the middle region of structures 
with constant cross-section, if ÀtL and ÀaL are sufficiently large. For tapered sterns the 
approximation may be rather poor, as is illustrated in fig . 6 .15 for the moderately tapered 
stem. 

~····~~.;~tE~: 
--- composile 

beam theory 

z(mm) 

fig. 6. 7 5: A comparison of stem stresses on axial and transverse loading, as calculated for 
stem shape no. 2, using the FEM beam modeland composite beam theory; the 
latter methad is in this case nat very accurate. 

6.4. Other aspects 

The cross-sectiona l properties of the bone will vary, too, as functions of z. In the femur the 
outside dimensions increase from the diaphysis region to the proximal side. Likewise, the 
width of the merlullar canal increases, while more trabecu lar boneis present in the meta
physis {with a lower Young's modulus} compared to the diaphysis region. The varieties in 
the geometrical and material stiffness, however, work in opposite directions, as was discussed 
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in chapter 4, so that the varieties in Fb and Pb are probably not very pronounced. Since the 
stem and the bone play analogue but inverse roles with respect to the proximal and distal 
sides, the same kind of reasoning as for the nonconstant stem shape applies. Also in this 
case the influences of arbitrary variations in z can be evaluated by using the FEM beam 
model. 

lt is not known whether, due to the trabecular bone in the epiphyseal regionsof the bones, 
deviations from beam theory might occur. lt is to be expected, because, as was shown 
in paragraph 5.1., in the schematized 'bone' with homogeneaus properties assumed , devia· 
tions from beam theory already occurred (fig. 5.5). 
In, for instanee the proximal tibia, this effect wil! be more pronounced than in the proximal 
femur, since in the latter case cortical boneis present in the calcar region (on the media! 
si de) where the greater part of the (transverse) load is introduced, due to the loosening-upon
tension aspect of the stem-cement interface. 
Due also to the epiphyseal spongeaus bone, which serves as an elastic layer, the peak values 
in p(z) and q(z) could be lower and the load introduetion somewhat smoother (smaller Àt 
and Àa) asindeed is apparent in the results from the three-dimensional modelsof Scholten 
et al ( 1978), where non-homogeneaus bone properties are taken into account. These effects 
can also be investigated by means of the FEM beam model. 
Apart from the inhomogeneous properties of the bone, anisotropy was also neglected in the 
mode is, as wel! astheslight curvatures of the stem and the bone. lt is expected that these 
phenomena wi 11 notaffect the qualitative aspectsof the model results. 

lt has been shown in paragraph 5.2. that the formulas derived for the characterization of 
the mechanica I behavior of the structure are valid for arbitrary cross-sections of the stem 
and the bone, while for circular geometry examples were evaluated. This means that the 
local influences of different stem cross-section geometriescan be studied perfectly by 
modeling local sections, as was done by Crowninshield and Branch ( 1978). For such studies 
the localloading can be derived from more general beams-on-elastic-foundation or FEM 
beam analyses, as d iscussed he re. 

Effects that likewise were nottaken into accounthereare those that may follow from the 
implantation procedure, for instanee incomplete cement mantles, or from bone remodeling, 
for example proximal bone resorption . The influences of these effects could be roughly 
evaluated by applying the FEM beam model. 
Furthermore the effect of a collar on the proximal side of the hip-endoprosthesis stem 
(collar-calcar contact, see se ct ion I) has notbeen taken into account. In all stress analyses 
reported in the literature this collar-calcar contact is considered as beneficia!, which is 
hardly surprising, since the loads (especially the axial load) wil! be introduced more directly 
to the cortex, in a more natura! way. As follows directly from the analysis presented in 
paragraph 5.3. this wil! only influence the stresses in the proximal load introduetion region 
and not in the middle and the distal regions, as was also found by Crowninshield et al (1979) 
intheir three-dimensional FEM model. There appears to be enough evidence that collar· 
calcar contact, although present directly after surgery, disappears u pon load bearing post
operatively, due to (although mostly minor) bone resorption (see section 1). Hence a collar 
has no significanee for the long-term performance of the bone-prosthesis structure. 
When looking at the time factor in this respect, it is evident (see also section I) that several 
effects tend to change the mechanica! characteristics of the intramedullary fixation structure. 
For example: 
early postoperative: 
- collar-calcar contact (if a collar is present); 
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- thermal locked-in stresses (initia! stresses, no loosening upon tension at the cement-stem 
interface); 

later postoperative: 
no collar-calcar contact; 
nothermal locked-in stresses (loosening upon tension, hence a lower ct value for the 
cement mantle, decreased Àt; less friction); 
osteoporosis ( decreasing F b and Pb, he nee increasing Àt and Àa); 

la te postoperative : 
calcar resorption ( increased free stem length, reduced fixation length); 

-- further osteoporosis (decreasing Fb and Pb, increasing Àt and Àa, especially at the 
proximal side); 
cement ageing (reduced Ec, reducing Ca and Ct, Àa and Àr); 
fibrous tissue layer at the cement-bone interface. 

An interesting investigation would be to follow such processes and roughly quantify the 
effects of the changes on the stress distribution in the structure. For such a study the ana
lytica! concepts and the FEM beam model developed here can be used, combined with 
radiographical or (in animal studies} histological data. 

Another aspect that has been negleered here, and indeed has received little attention in 
orthopedie biomechanics literature, is the incidence of torsion on the stem. Torsion will 
occur in the artificial-hip joint, as was shown for instanee by Rydell (1966} (see section 1}, 
and willeven be the most important loading case in the elbow joint. Fora tirst-order 
evaluation of the effect of torsional loading the axisymmetric model can again be used. 
Also in this case the Winkier hypothesis can be applied to the cement layer. lts stiffness is 
then represented by a continuous set of linear torsional springs. The mechanica! behavior 
of the structure in torsion is described by torsionai moments in the stem and the bone and 
by a continuousiy distributed shearing moment at the interfaces (Nmm/mm}, as functions 
of z. Here, too, the stiffness of the cement mantie can be approximated by a stiffness factor 
camparabie to Ca in axiai ioading. if the differentiai equations are formulated in the tangen
tiai displacementsof the outer stem and the inner bone circumferences, they are found to 
be compieteiy analogous with those of the axial loading case, boundary conditions included. 
Hence the solutions are identicai, except for the expressionsof the stiffness factors. 
A comparison of stem, bone and cement stiffness factors is shown in table 6.1. 

axiai ioading torsional loading 

cement mantie (Ca in axiailoading} 
1l'Ec 

(N/mm2
) 

1l'pEcrb 
(1} (N /mm} 

(1 +V cl inp (1-p} (1+vc} 

stem (Ps in axiai loading) 1!'r2 E (N} 
1l'Esr; 

(Nmm} s s 4(1 +vs} 

bone (Pb in axiailoading) 1l'Eb(r~- rb} (N} 
1l'Eb(r~- ri,) 

(Nmm} 
4rb(1+vb} 

table 6.1: Structural stiffness factors of the stem, the bone and the cement mantie (axi
symmetric model) in torsionalloading compared to those for axialloading; (7) 
reasanabie approximation when pis sufficient/y close to 7. 
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Likewise the coefficient Àw in torsion, that determines the lengths of the proximal and 
distal regions has the same form as Àa in axialloading. For p = 0.5 it fellows (assuming the 
reference values as discussed in chapter 3 for the other parameters) that Àa:::::: 0.04 mm-1 

and Àw:::::: 0.06 mm- 1
; for p = 0,8, Àa:::::: 0.05 mm- 1 and Àw:::::: 0.08 mm-1

. 

In conclusion, the proximal and distal regions will beshorter in torsionalloading compared 
to axialloading and, qualitatively speaking, the same tendencies that are found for axial 
loading apply to torsional loading. 
lt should be remarked here that one should be rather careful with these formulas for torsional 
loading, since they have notbeen vcrified in a FEM analysis. 
Furthermore, especially for non-eireular geometries the mechanica! behavior of the structure 
may be quite complicated in torsion. 
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CHAPTER SEVEN 

THE INFLUENCESOFTHE ESSENTIAL PARAMETERS 

7.1. Premises 

.The influences of theessenrial parameters on the mechanica! behavior of the bone-prosthe
sis structure can be evaluated with the formu las derived in paragraph 5. 3. (see table 5.11) and 
by applying parametrie analysis, using the other mode Is discussed in chapter 5. 
For reasans of convenience, the factors in the formulas of table 5.11 are denoted as follows: 

1 ct 1 ct - ;x..lb 
proximal region : a:m = 2 À~ F s ; a:t = 2 À~ F s ; a:n = P s + Pb ; 

distal region 

midd Ie region 

where Àt and Àa can be evaluated from 

and 

Using these two expressions, the factors O:m through En can be rewritten as functions of Ct, 
Ca, Fs, Fb, Ps and Pb only. 
These forms are valid for arbitrary cross-sectional geometry; Ca and Cr can be approximated 
using the formulas presenred in appendix B. 
Using the factors defined above, the stress variables for the proximal, distal and middle 
regions, as defined in paragraph 5. 3., can be expressed as shown in table 7 .I; these stresses 
are once more illustrated in fig. 7.1. By considering these formulas and the expressions for 
the factors O:m through En (taking the expressions for Àt and Àa into account) the influences 
of the structural parameters on the most important stresses can be directly evaluated. 
In table 7.11 these influences are given qualitatively. 

In the following paragraphs the parameter influences are discussed separately, mainly using 
the formu las but a lso as follows from parametrie analyses with the other mode Is. 

7.2. The stem length 

The length of the stem, tagether with the va lues of Àt and Àa, determine whether the 
proximal and distal stresses influence each other and whether there is a middle region that 
behaves approximately in accordance with composite beam theory. 
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stress component proximal region (z = L) distal region (z = 0) 

0 

- - ----- - - --

toble 7.1: Approximative farmu/as descrihing the most important stress variables in the 
stem, the bone, in the cement foyer and at the interfaces in the proximal, middle 
and distal regions respectively (see a lso table 5.11 and fig. 7.1 ). 

z=O transverse toading z=L 

axiat toading 

fig. 7.1: An il/ustration of the stresscomponentsin the stem, the bone, the cement and at 
the interfaces, on transverse and axia/loading, as described by the approximative 
formulas. 

167 



ct Fs Fb ca ps Pb 

proximal: 

am + + 0 0 0 

at + + 0 0 0 

an 0 0 0 + + 

distal: 

~m + + 0 0 0 

~t + + 0 0 0 

~n 0 0 0 + + 

middle: 

€m 0 + 0 0 0 

€n 0 0 0 0 + 

table 7.11: Qua/itative influences of the single characteristic structural parameters on the 
factors a; ~ and €,' for ( +) the factor increases with increasing parameter va/ue, 
for (-) it decreases, for (o) there is no influence. 

lt should be kept in mind that, generally speaking, the stresses at the proximal and distal 
sides are lower when they do not influence each other and that the midd Ie region serves no 
purpose in the prosthesis-bone load transmission. 
For values of approximately Àtl 2' rr and Àal 2'rr there is little influence from the distal 
on the proximal side and vice versa. This means also , that when the stem length is extended 
beyond L ""rr/Àt and L ""rr/Àa, this has very little influence on the stresses in the structure 
resulting from the respective loading cases. However, there is one exception : as shown in 
tables 5.11 and 7.1, L appears in the formulas for the distal stresses (p(O), Srs(O) and srb(O)) 
and the stem stresses in the midd Ie region (szs(z)) as a coefficient of TL· the transverse 
force. Hence, for this loading case it is of importance to keep the length restricted; a more
or-less 'optimal ' value would then beL"" rr/Àt · 

t
5 

( N/mm2 ) ------------------, 

1-0 

0.8 

0-6 

O.I. 

0-2 

• semi-inf inite 
approx imation 

)." L=2-80 

60 
130 

z lmm) 

fig. 7.2: Shear stress at the stem-cement interface on axial/oading as ca/cu/ated using the 
beams-on-elastic-foundation theory, for three different /engths of the stem. A lso 
indicated are the values for q(O) and q(L) as calcu/ated using the semi-infinite 
approximation, which is appropriate when "aL is sufficiently high. 
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Fig. 7.2 gives an example of ts(z) upon axia l loading as calculated for three different stem 
lengths, using the beams-on-elastic-foundation theory described in paragraph 5.2.2.; the 
values that result from the semi-infinite theory,using the formulas of table 7.1, arealso 
shown. lt is evident that for L > 80 mm, extending the length has little effect on the maxi
mal stress values. As follows again from fig. 7.2, the semi-infinite approximation is better for 
the longer sterns. 
Fig. 7.3 shows an example of the courses of Ms(z), Mb(z) and p(z) upontransverse loading 
for three different stem lengths, as calculated with the theory described in paragraph 5.2.1. 
lt should be noted that a dimensionless coordinate (z/L) is used on the horizontal ax is. 
Ex tending the length from 80 to 130 mm has no effect on the proximal stresses and a nega
tive effect on the distal cement stresses and the stem stresses, due to the previously described 
influence ofT L· In this case, too, the semi-infinite approximations of p(O) and p(L) are 
ind icated in the figure. 

3.000 

2DOO 

1.000 

M5 Nmm ,,- , 
/ i .-·.... ~/ .' 

/ ·>·:'...._ / 
_, ·-· 

! "' I 
1 

:..---' 'zil 
0 25 0 .5 015 , 

fi,=6.38·10S,t;=9.82•107 Nmm2 

C1=1.17•1o'-Nimm2 
L. ----30 mm, Àtl=2.30 
-80 .. ; Àt l=6.12 
---·--o130 ,. , À 1 l = 9.95 

0-semi-infinite theory 

t , 

30 

20 

10 

- 20 

fig. 7.3: Bending momentsin the stem and the bone (Ms{z) and Mb(z)) and the continuous
ly distributed transverse /oad p(z) as ca/cu/ated with the beams-on-elastic-foundac 
tion theory for three different stem lengths. Note that, in this case, z /L is put on 
the horizontal axis. The va/ues for p(O) and p(L) as ca/cu/ated with the approxi
mative farmu/as are a/so indicated. For the very short stem these farmu/as no 
Jonger app/y very accurately. 

The influences discussed above are confirmed for other stresscomponentsas we ll , when the 
three-dimensional FEM model is used to analyze the effect of the stem length, as was shown 
in Huiskes et al (1977). As discussed in chapter 5, the stem and bone stresses are qu ite 
accurately described in the beams-on-elastic-foundation mode is, but several stress components 
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in the cement layer are neglected . These components show the same tendencies as the ones 
discussed above, as for example is shown in fig . 7.4 as regards the hoop stress (at), the axial 
stress {az) and the shear stress {rrz) in transverse loading. 

1,5 

10 

0.5 

Ij I 
I ' 11 

-0.5 1/ f 
ï 

-1.0 

1.0 

0.5 

-0.5 

-10 

1rz [N/mm2),cement.r=rb 
0.1 

-0.1 

-0.2 

-03 

-0.4 

I / 

: / 
\ / ." 
~ -

I ' 1.: 

r 

fig. 7.4: Hoop stresses and axia/ stresses in the cement layer at the stem-cement interface 
and shear stresses at the cement-bone Interface as ca!cu/ated with the three-dimen
sional FEM model, on transverse /oading, for four stem lengths. 

7.3. The structural stiffness of the cement mantie 

4 
The factors am and ~m are proportional to yCt, at and ~t to v'Ct and an and ~n to yCa. 
Hence, all important cement and interface stresses will decrease with decreasing Ct and Ca. 
Also, j\,t and Àa are influenced by Ct and Ca, respectively. In general it can be said that the 
laad introduetion at the proximal and distal si des wi 11 besmoother for lower va lues of 
Ct and Ca. 
Fig. 7.5 shows an example ofvalues for Ms(z), Mb{z) and p(z) on transverse loading as 
calculated for three values of Cv using the beams-on-elastic-foundation theory. The decrease 
in the proximal and distal maximalvalues of p{z) on decreasing Ct is apparent. The stresses 
inthestem are only slightly influenced. Owing to the decreasing value of Àt, with decreasing 
Ct the middle region is shortened. The sameeffects are apparent in axial loading. For low Ca, 
the shear stresses will tend to be smoothened towards a constant value over the lengthof the 

170 



structure. There is only a minor influence on the stem and the bone stresses in this case, too. 

10 

20 40 60 

F.: 9.82·107 Nmm2 

~: 6.38x108 Nmm2 ~1 !,. 
C1, -·- 0 .4x1cf N/mm~ 4.7 -10 

- 1.0x1cf ; 59 

--- 1.6x1cf .. ; 6.6 

L-2o 

p N/mm 

~ I 
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'I 'I 
I 

t 
1\ 
i I 
I 
I 
I 
I 
I 
I 
I 

fig. 7.5: Ms{z), Mb(z) and p(z) as calculated with the beams-on-e!astic-foundation theory 
for three different va!ues of Ct, keeping the other parameters (Fs, Fb and L) 
constant. 

Ct and Ca depend on the thickness, the Young's modulus and the Poisson's ratio of the 
cement layer. The layer thickness depends on the dimensions of the stem and the bone, 
which will be discussed later. Ct and Ca are directly proportiona l to Ec- Ct is by approxima
tion proportional to ( 1-v cl /(1 +V cl ( 1-2vc) {appendix B); for 0. 2 ~::Vc :S 0.4, th is factor 
varies from approximately 1 .1 to 2.1. c;l is by approximation proportional to 1 /( 1 +vc), 
which varies from only 0.8 to 0.7 in the above-mentioned range. Hence, overall , a low value 
of vc is advantageous. 

These effects were again confirmed for other stresscomponentsas wel I with the three
dimensional FEM model (Huiskes, 1977; Huiskes and Slooff, 1978). Only in one respect 
did this model give additional information: the value of vc has a marked influence on the 
axial and hoop stresses in the cement mant Ie, as shown in fig. 7 .6. 

7.4. The structural stiffness of the stem 

The structural stiffness of the stem, expressed in F s and P S• depends on its material stiffness 
(Young's modulus) and its geometrical stiffness (cross-sectional area and second moment of 
inertia). Highervalues of F s and Ps will reduce Àt and Àa, so that the proximal and distal 
laad introduetion regions will be extended. 
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fig. 7.6: Axia/ and hoop stresses in the cement at the stem-cement interface, on transverse 
/oading, as calcu/ated with the three-dimensiona/ FEM model for two different 
va/uesofvc· 

The values of am, at and an wiJl also decrease, causing p(L) and q(L) (proximal side) to 
decrease; f3m, f3v f3n, Em and En wiJl increase, as aresult of which p(O) and q(O) (distal side), 
Ms(z) and Ns(z) (middle region) increase. This is illustrated in fig. 7.7 fortransverse Joading, 
where Ms(z), Mb(z) and p(z) are shown as calculated for three va lues of F s• using the beams
on-elastic-foundation model. Apparently p(L) is more sensitive to F5 than p(O) due to the 
fact that f3m , for example is approximately proportional to ..JF 5 and am to 1 /F 5. 
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fig. 7. 7: Ms{z), Mb(z) and p(z) on transverse loading, as calculated with the beams-on-elastic
foundation theory for three different va/ues of Fs, keeping the other parameters 
(Fb, Ct and L) constant. 
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Changing F s and P s without affecting other parameters is on ly possible by changing Es· In 
this case the structure will be influenced purely as described above. Th is was again con
firmed for other stresscomponentsin the cement on application of the three-dimensional 
FEM model {Huiskes, 1977; Huiskes and Slooff, 1978}. 
When the thickness of the stem is changed, apart from the influences on F s and P 5, two 
other effects play a role: the thickness of the cement layer changes, hence Ca and Ct are 
influenced, and the laad-transferring area of the stem-cement interface {represented by r sl 
changes, which has alocal effect on the stresses. At the proximal side the first effect (F s and 
Ps} and the last effect {rs) combine to decrease or increase the stresses, but the second effect 
(Ct and Ca} works in the opposite direction. At the distal side the first effect {Fs and Ps} 
and the second effect (Ct and Ca) combine to decrease or increase the stresses, but the third 
effect {rs) works in the opposite direction. In the middle region Ct and Ca have little 
influence on the stem stresses, the other two effects work in opposite directions. Hence, 
optimal values forthestem thickness in the different regions should be expected to exist. 
For circular geometry these effects are evaluated in the figs. 7.8 through 7.10 as the 
influences of the stem radius on the factors a and [J. lt is evident that on the distal si de the 
stem should, for all stress components, be as thin and flexible as possible. On the proximal 
side the stem material should be as stiff as possible; forthestem thickness, however, there 
is an optimum value that in this case {the chosen bone properties} is rs "'=' 8- 9 mm {layer 
thickness of 1 - 2 mm) on transverse loading, and rs "'=' 6- 8 mm {layer thickness of 2- 4 mm} 
on axial loading. 
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fig. 7.8: The factors <Xm and fJm as functions of rs (circular geometry), for two different 
va!ues of Es. 
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fig. 7. 7 0: The factors cxn and 13n as functions of rs (circular geometry ), for two different 
va!ues of Es. 

The va lues of r 5 for which the minima in cxm, cxt and CXn occur are independent of Ec, vc and 
the interface cond itions. As follows from figs. 7.8 through 7.1 0, they are not very sensitive 
for the stem Young's modulus, too. Since the factors -1 /lnp and pf( 1-p) (on which Ca and Ct 
depend) are rather strong fo r p close to 1, the locations of the min ima will thus be determined 
by rb-rs (the layer thickness) , rather than by the stem thickness itself. Hence, tlie optima) 
va lues for the layer thickness mentioned above can probably be regarded as generally appli
cable. lt should be remarked, however, that in this case the presence of a soft bone layer 
(spongeous bone) wasnottaken into account. 

In the middle region the stem stresses decrease fora thicker stem on axialloading. On 
transverse load ing the stem stresses wi 11 be lower for a th in stem as wel i as for a very th i ck 
stem; for circular geometry, a maximum occurs for rs = \/(16Fb/37TEsl- For both the 
transverse and axial loading cases the stem stresses decrease on decreasing Young's modulus 
of the stem material. On transverse loading the stem stresses are almast proportional to the 
modulus, on axial loading the influence is somewhat less pronounced. 

The thickness of the stem also affects the coefficients Àa and Àt - Here, too, the effects of 
the changes in the stem stiffness and the cement mantie stiffness work in opposite directions, 
hence minimalvalues for Àa and Àt exist. 
For circular geometry the influences of the stem thickness (r sl on the va lues of Àa and Àt 
are shown in fig . 7 .11 . 

In a cross-section of the structure the totalbending moment and the total axial force follow 
from 

In using these formu las the influence of the structural stiffness of the stem on the bone 
stresses can directly be evaluated if the effect on the stem stresses is known . 
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fig. 7. 7 7: The coefficients Àt and 'Aa as functions of rs (circular geometry) for different 
va!ues of E5• 

7.5. The structural stiffness of the bone 

As regards the mechanica! behavior of the structure, the roles of F band Pb are equ ivalent 
to those of F s and PS> but inversedat the proximal and distal sides. When Eb and r 0 change, 
only Fb and Pb are affected.Higher values of Fb and Pb wilt reduce Àt and Àa, respectively, 
so that the proximal and distal load-introduction regions wilt be extended. The va lues of 
am, at and an wilt increase, causing p(L} and q(L) (proximal region) to increase; f3m, f3t, 
f3n, Em and En wilt decrease, as aresult of which p(O) and q(O) ( distal region) and Ms(z) and 
Ns(z) ( midd Ie reg ion} decrease. 
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fig. 7. 7 2: The coefficient Àt and the factoram as functions of r5 (circu!ar geometry) for 
three different va!ues of Fb· 
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For circular geometry the influences of Fb on Àt(rs) and G:m(rs) are shown in fig . 7.12, 
assuming a constant inner bone radius (rb) and constant stem and cement materia ls proper
ties. Apparently the value of rs for which the minimum in G:m occurs is not very sensitive 
for F h a lso. 
lf rb changes then the cement layer thickness also changes. In this case it can be expected, 
as discussed in paragraph 7.4., that a layer thickness of around 2 mm will still be an opti
mum where the stresses at the proximal side are concerned. 

These tendencies were again confirmed by the results of the three-dimensional FEM model 
( Huiskes, 1 977). Fig. 7.1 3 shows an example of stem, cement and bone equ i va I ent stresses 
on transverse and axial loading for two different Young's moduli of the bone 
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fig. 7. 7 3: Equivalent stresses in stem, bone and cement (at the stem-cement interface) on 
axialloading and transverse loading as calculated with the three-dimensional 
FEM model, for two different values of Eb· 
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CHAPTER EIGHT 

GUlDEUN ES FORSTEM DESIGNS AND 
IMPLANTATION PROCEDURES 

In the previous chapter the influences of the characteristi c parameters of the structure on 
its mechanica) behavior were studied. lt was shown that the analytica) models, described 
in chapter 5, could conveniently be used forthese parametrie analyses and that, by using 
the approximative formulas, practically all influences could be evaluated. The results of 
the three-dimensional FEM model , that are more detailed especially where the cement layer 
is concerned, confirmed the tendencies found. On ly with respect to the influence of v c 
on axial and hoop stresses did the FEM model give information that could not be provided 
by the analytica) models. 
From the concepts developed in the previous chapters some guidelines forstem designs and 
implantation procedurescan be derived, as will be discussed in this chapter. 

lt was shown, that all cement and interface stresses are reduced by using an intermediate 
layer of low Young's modulus and Poisson's ratio. lt should be borne in mind, however, that 
a material with a low modulus usually also has low strength properties. Silastics, for instance, 
have a low modulus but are not very strong and almost incompressible {high Poisson's ratio), 
which makesthem rather unsuitable for use as intermediate material. Obviously, in the case 
of acryl ie cement, its quality should be optimal. From a mechanica) point of view the use of 
an intramedullary plug, cleansing before cement insertion and inserting under pressure (see 
section I) would therefore be advantageous. 

In order to reduce the cement and interface stresses at the di stal side, the stem length shou ld 
be kept restricted. An adequate length is the one for which the prox imal and distal sides are 
approximately independent in their mechanica) behavior, a length that is determined by 
the coefficients Àa and Àt. These depend on the structural stiffness of the stem, the bone and 
the cement layer, that is, on the materialand geometrical characteristics of the stem, the 
bone and the intermediate layer. This implies for instanee that a titanium alloy stem will 
require a different length compared toa cabalt-chromium steel-alloy stem; but also , that 
patients with tiny or osteoporotic bones require sterns of different length compared to 
patients with heavy or dense bones. No doubt an indication of the bone quality can be 
obtained from pre-operative roentgenograms. I f sterns of different si zes we re available, the 
best-fitting stemfora specific patient could be chosen pre-operatively by using the concepts 
presented here. 

On the proximal side the stem should be thick and the material stiff in order to reduce the 
cement and interface stresses in this region. A cement layer of about 2 mm shou ld be 
retained, however, and this again implies a more 'custom-fit' approach, measuring the bone 
dimensions pre-operatively and choosing an implant from different sizes available. 
On the distal side the stem should be thin and flexible. The requirements for the proximal 
and distal sides can only be met by using a tapered stem. The geometry of the taper can be 
studied by using the FEM beam model, as wiJl be shown in the following example. In this 
example the choice of materials for the stem, entailing conflicting influences on the proxi
maf region and the distaf and middle regions wiJl also be discussed. In order to reduce the 
stem stresses in the middle region, the stem should be thick and its material flexible. 
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However, the middle region serves no specific purpose in the load transm ission process from 
implant to bone and shou ld be kept restricted as much as possib Ie. The effect of the taper 
shape on the stem stresses wil I a lso be discussed in the following example. 

A specific bone of given properties is assumed (axisymmetric; rb = 10 mm; r 0 = 15 mm; 
Eb= 2x1 04 N/mm 2

). For this bone an adequate stem design will be developed , as an 
example, using the concepts and methods presenred previously. 
In the proximal region the stem should be as thick as possible, leaving a layer thickness of 
2 mm, so that rs = 8 mm at the proximal side. In the first instanee the stem material is taken 
as Co-Cr steel (Es= 2x1 05 N/mm 2

) . The Young's modulus of the cement is taken as 
Ec = 2x1 03 N/mm 2

, its Poisson's ratio as vc = 0.33. 
In accordance with the results presented in paragraph 6.2, the stem is assumed to loosen 
u pon tension from the cement layer. The resu lting va lues for the mechanica I characteristics 
of the proximal side are shown in table 8.1. 

parameter unit value parameter unit value 

Fs Nmm2 6.43x1 08 
PS N 4.02x 107 

Fb Nmm 2 6.38x108 
Pb N 7.85x106 

ct N/mm 2 1.79x104 
ca N/mm2 2.12x1 04 

\ mm- 1 6.11 xl 0' 2 
~a mm-1 5.68x10-2 

tab/e 8.1: Va/ues for the characteristic parameters at the proximal side. 

The lengthof the proximal side (Lprl is chosen in such a way that the initialload introdue
tion effects are damped out in this region, using the criterion ~tlpr 2 rr/ 2 or ~alpr 2 rr/2 
asdiscussed in paragraph 5.3. From this it follows L r227 .7 mm; wetook Lpr = 30 mm. 
As shown in the previous chapter, the distal end of t~e stem should be thin and flexible; 
for the extreme distal stem radius we taken r s = 1 mm . Between the distal tip and the end 
of the proximal region a certain tapered shape has to be designed . Todetermine the length 
of this part of the stem (Lt), ~a is used in the first instance, because ~a< ~t · As shown in 
fig. 7.11, ~a varies approximately between 0.060 and 0.035 mm-1

, for 1 S r s :;S 4 mm, and 
between 0.035 and 0.057 mm- 1 for 4 Sr s S 8 mm. Taking an approximate average value, 
it fo llows ( with the criterion ~aLt 2 rr/ 2) that Lt 2 35 mm ; we take Lt = 40 mm to start 
with. Th is taper shape, and two longer ones (60 and 80 mm) areanalysedas tothe ir 
mechanica! performance in the given bone, using the FEM beam model. 
Fig. 8.1 shows an example of results: stem-cement interface stresses srs(z) and stem stresses 
szs(z) on transverse loading, stem-cement interface shear stresses ts(z) and stem stresses 
Szs(z) on axial load ing. Apparently the taper length of 40 mm has been a good choice where 
the lengthof the distal introduetion region is concerned, but on transverse loading this stem 
tip is still toa stiff. For Lt = 60 mm the stem stresses are somewhat higher, but the distal 
cement stresses are considerably lower. By extending the taper length to 80 mm nothing is 
gained. Taking Lt = 60 mm, two other stem shapes are investigated , as shown in fig. 8.2. 
lt is remarkable, considering Srs(z) in fig. 8.2, that such a seemingly slight d ifference as 
between shapes 1 and 2 has so much effect in transverse loading. lt should be noted , too, 
that the stresses on the proximal side do nat differ significantly {as is also evident in fig. 8.1 ), 
because the length of the proximal region was chosen in such a way that both endsof the 
stem will not influence each other. 
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fig. 8. 7: Stem stresses and stem-cement interface stresses in axial and transverse loading, as 
calculated with the FEM beam model for three different stem taper lengths. 

fig. 8.2: 

I 
I 
I 

I 
I 
I 

----; 

20 40 
-+-
60 go z lmm) 

- ·-stem shape1 , - shape 2, --- shape 3 , 

transverse force 
Szs IN/mm1 ) 

JO 60 

axial force 
JO 60 90 z JO 60 

-5 

-10 

SzsiN/mm2) 

z 
90 

90 z 

Stem stresses and stem-cement interface stresses in axial and transverse loading, as 
calculated with the FEM beam model for three different stem shapes (1, 2 and 3). 
Same of the curves (especially szsJ are not smooth, due to the abrupt changes in 
the stem taper. 

179 



Shape 3 is chosen asthebest one in this case although there is little difference between 1 
and 3. Of course, in reality the abrupt transitionsin the taper would have to be somewhat 
rounded off. 
Using this shape, the materials choice is further investigated . The Young's mo dulus of the 
stem is taken as 3x1 os N/mm 2 (simulat ing ceramics), 2x1 os N/mm 2 (simulating Co-Cr 
steel) and 1x1 os N/mm 2 (simulating titanium), respectively. Some results are shown in 
fig. 8. 3. The importantaspectsof these results can of course be predicted using the approxi
mative formu las. As is evident when regarding fig. 8. 3, the u se of ceramics wou ld be 
advantageous for the proximal cement and interface stressesonly, while the use of titanium 
would be advantageous for all but these stresses (in this case the axial bone stresses are 
somewhat more natural in addition). Co-Cr steel appears to be a reasanabie compromise. 
However, if the thickness of the proximal titanium stem could be increased by approxima
tely 20%, while retaining a layer thickness of 2 mm, the proximal cement and interface 
stresses wou ld be approximately equal to or lower than those for the Co-Cr steel stem in the 
example, as follows from the formu las for F s and P s· 

-1 

2 
ts(N/mm 2) 

transverse force 
s,)N/mm2) 

... --...... 
/ ' I \ 

10 ,' \ 
I \ , __ _ 

JO 

axial force 

60 

...-· ,_,. 

60 

~· 

I 
I z 

9 0 

- ·- E,= 1x105
, - E, = 2 x105

, --- E,= 3x105 
N/mm

2 

fig. 8. 3: Stem stresses and stem-cement interface stresses in axial and transverse loading, as 
calculated with the FEM beam modelforstem shape no. 3 and three different 
va lues of Young's modulus of the stem, simulating Co-Cr steel, titanium and 
ceramics. 
(For ceramics Es = 3x 1 as N/mm 2 was taken, in reality this value wil! even be 
about 30% higher). 

lt is thus evident that a stem design should (and can) be adapted to the materials applied. 
For instanee in the literature ' iso-elastic' prostheses are being considered ( Morseher et al, 
1976). The 'apparent' elasticity of this (porous) material is approximately equal to that of 
bone (Es ~ 0. 2x 1 os). The u se of this material wi 11 reduce all important stresses, except in 
the proximal cement. The cement and interface stresses in this region would be increased 
by more than 200% in comparison to Co-Cr alloys, which is unacceptable. A solution can be 
found in the application of a proximal stiffener, a steel tube around the proximal stem, 
whose length can be established by using the formulas for Àa and Àt. 
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The analyses performed in this example show what can be done to develop an adequate 
stem design, and to evaluate an existing stem design as regards its mechanica ! performance 
in a specific bone. 
Other proposals that are more qualitative can be derived from the studies presented. As 
follows from the stress analyses, the highest stresses in the cement occur close tothestem 
interface with peak values at the proximal and distal sides. Since the strengthof t he cement 
as implanted in the boneis many times less than prefabricated (industrial) PMMA, conside
ration could be given totheuse of plastic-coated sterns, thus placing strong material in 
highly stressed locations. As was shown by Ypma et al (1979) a coated stem reduces t he 
chancesof cement fracture. For the same reasons the proximal cement layer cou ld bere
placed by a (weil-fitting) plastic ring to resist the peak stresses here. A schematic representa
tion of these conceptsis shown in fig. 8.4. In this example the cement layer is only very 
thin over the entire fixation length, giving, in addition, less chance of bone necrosis due to 
thermal damage (see section 11). Since the stresses close to the cement-bone interface are 
not so high, the use of porous (acrylic) cement could be considered, which would even 
further reduce the temperatures during the polymerization process (hence also the thermal 
shrinkage stresses) and wou ld possibly ensure better interlocking with the bone, thanks to 
bone ingrowth. The stem shape in fig. 8.4 has been chosen in accordance with the previously 
discussed example. The proximal fixation region might be shortened in the course of time 
due to calcar resorption. Toprepare for this effect, this region could be designed somewhat 
longer. 

metal stem 

fig. 8. 4: A schematic concept for an 'idealized' intramedullary fixation sy stem using plastic 
coating and a plastic ring in highly stressed regions. 

In the examples treated here, only the flexural and compressional stiffness aspectsof the 
stem were discussed. In an actual design these stiffness values have to be translated into 
cross-sectional geometry. Since the stem on the proximal side should be as stiff as possible, 
it shou ld be such as to 'fill up' the medu llary canal as thoroughly as possible, retaining a 
cement layer of at least 2 mm at the media! side. On the distal side a flexible stem is needed, 
but a large laad-transferring area is also advantageous. Hence, a cross-section that is small in 
the lateral-medial direction and somewhat more extended in the anterior-posterior d irection 
would be possible. 
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CHAPTER NINE 

DISCUSSION 

The mode is app lied he re we re intended to describe the intramedu llary bone-prosthesis 
· structure in a qualitative sense, to find its characteristic parameters and to evatuate the 

relations between these parameters and the mechanica! behavior. 
As has been demonstrated , simplified (especially analytica!) mode is have better options for 
the development of such genera!, fundamental concepts than detailed, geometrically refined 
three-dimensiona I FEM mode is. Of course, these refined mode is are in principle better suited 
to calculate actual stress values in an absolute sense. Ho wever, bone-prosthesis structures 
have many complicated properties which can as yet hardly bedescribed mathematically and 
which do nat so much affect their mechanica! behavior in generat but very much affect 
the local stress distribution, as was shown in chapter 6. 
On the other hand, however, simplified rnadeiscan usually only be developed for such 
complicated structures when more sophisticated numerical analyses (and experiments) can 
serve as references. In the analyses presented he re, analytica! mode Is we re developed on the 
basis that the stem and the bone separately behave by approximation in accordance with 
beam theory. For other than intramedullary bone-prosthesis structures a suitable (relatively 
simple) theory might nat be so easily found. In that case numerical analyses are all that 
remain. However, for instanee as regards the tibial plateau of the artificial knee joint, toa, 
approximative analytica! theoriescan be applied, as was shown by Haemmerle et al (1977). 

Owing to the qualitative character of the analyses, no comparison was made between calcu
tated stress values and strength data of the materials and the interfaces. lt is difficult, toa, 
to find reliable strength criteriaforcement and bone, since so much depends on surgical 
variables and individual differences. lt would be realistic to assume that where the boneis 
concerned, the stress pattern should be as 'natura!' as possible. In this respect the radial 
transverse stresses and the shear stresses at the cement-bone interface are quite unnaturat for 
the bone and should be kept restricted as much as possible . 
The order of magnitude of the maximal stress values found in the cement is such, that 
cement faiture cannot be excluded. This is also true forthermal stresses caused by shrinkage 
immediately following the polymerization process, as shown in paragraph 6.1. These stresses 
are maximal in the middle of the cement mass and cracks might thus develop there and not 
be detected during surgery. Thanks to stress relaxation these 'locked-in' stresses will have no 
inftuence on the long-term mechanica! behavior of the structure (unless, of course, the 
damage was already done directly postoperatively). 

Using the fundamental concepts developed here, analyses presented in the literature can be 
evaluated tosome extent. As was shown in paragraph 5.5., the intramedultary fixation 
structure is nat very well suited for analyses using two-dimensionat models. lf no side plates 
are applied in the model, a sandwich construction is in fact anatysed in which unrealistically 
high shear stresses will occur (McNeice et al, 1975, 1976; Andriacchi et al, 1975; Kwak et al, 
1979). Furthermore, slip at the stem-cement {ar cement-bone) interface wilt cause the 
overall flexural stiffness of such a model to be reduced drastically, resulting in unrealisticalty 
high stem and bone stresses. 
A two-dimensional FEM model using side plates was presented by Svensson et al (1977). 
They concluded from their analysis that the u se of a heavier prosthesis stem may be 
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beneficia!; as we have seen, this is only true for the proximal side, provided a cement layer 
of adequate thickness is retained. Their remark that stem and cement material properties do 
not influence the critica! stress values can not be correct. 
The detailed three-d imensional F EM mode Is of Röhrle et al ( 1977, 1979) and Scholten et al 
(1978) we re ma in ly used for comparative studies on different prostheses designs. They varied 
the stiffness of the stem materialand reached the same conclusions as to the proximal side 
as were found here. 
A more extensive parametrie analysis was carried out by Crowninshield et al (1979), with 
their three-dimensional model of an implanted hip endoprosthesis. They varied the Young's 
moduli of the stem and the cement, the stem lengthand the stem thickness. Generally 
speaking, the tendencies of their resu lts agree perfectly with the resu lts presented he re. 
Although theirs is a profound and sophisticated study, the results are rather specific, owing 
to the empirica! character of such numerical analyses. They conclude that measures to be 
taken in order to minimize the stresses in cement or stem are in conflict. As was shown 
here, this is not true in genera!, as can be established if the proximal and distal regions are 
treated separately. Where it is true, optima! dimensions can usually be calculated . They 
advise reducing Young's modulus of the cement (which is indeed advantageous for all stress 
componentsin the cement and will hardly affect the stem stresses) to increase the Young's 
modulus of the stem (only on the proximal side, which follows clearly from their results, 
too), increasing the stem thickness (which is again only advisable for the proximal side and 
should not be done in genera!, since an adequate cement layer (at least 2 mm) should be 
retained on the medial side) and increasing the stem length (which again shou ld not be done 
in genera!; as shown here the 'optima! ' length depends also on other parameters of the 
structure and the length shou ld not be increased beyond this 'op ti mal' value). 

Since by using approximative formulas as derived here (together with such simple methods 
as the F EM beam mode I) , the mechan i cal behavior of the stru ct ure can be adequate I y 
described in the general sense, more detailed studies could be conducted by analysing more 
local phenomena, especially in the cement-bene interface region, using the approximative 
general results as boundary conditions and also using radiographical and histologica l data. 
As discussed in paragraph 6.4., especially taking bone remode ling phenomena into account 
would be of interest. 
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APPENDIX A 

RESUL TS OF THE THREE-DIMENSIONAL FEM CALCULATIONS 

The following graphs show the values of the stress 'amplitudes', Ör, Öt, Öz, frt• frz• itz and 
the equivalent stress Oeq ( maximal value) as funct ions of z, for r = rs and r = rb (lines 1 and 
2, 3 and 4 respectively) , calculated with the three-dimensional FEM model, for two load ing 
cases (fig. A.1 ). Forthestem only öz has been drawn, since the other stress components 
have insignificant values in comparison. lt should be borne in mind that irt and itz are zero 
for the axial loading case and therefore have notbeen drawn also. 

80mm 2Smm 

~ 

Eb= 2x104 N/mm2 vb=0.33 F 1om1sr 
Ec= 2x1 03 N/mm2 vc=0 .33 

1000 z E5 = 2x105 N/mm2 v5 =0.33 
N 

line1 
~ 

line3 - line2 
J100 I -r-

line4 ~ 

fig. A. 7: Characterization of the structure for which the stress 'amplitudes' are given in the 
following grophs. 

Three stress components are continuousacross the interface (ör, irt and TrzL thus equal 
in both materials. These components are referred to as 'interface stresses' and the values 
shownare those for the cement (in the calculations the continuity is not always exactly 
fulfilled; Huiskes, 1977). 
The following line codes are used: 

Axial Force (Z) 

+-+-+ Transverse Force {X) 

The dots refer to the nodal point values. 
Results for the loading case M havenotbeen drawn, since they, in a general sense, give the 
same kind of information as those for loading case X. 

Fig. A.2: stem stresses, line 1 (r = rs); figs. A.3 through A.5: stem-cement interface stresses, 
line 2 (r = rs); figs. A.6 through A.9 : cement stresses,line 2 (r = r5); figs. A.10 through A.13: 
cement stresses, line 3 (r = rb); figs. A.14 through A.16: cement-bone interface stresses, 
line 3 (r = rb); figs. A.17 through A.20: bone stresses, line 4 (r = rb) . 
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APPENDIX B 

THE STRUCTURAL STIFFNESS OF A SLICE OF BONE CEMENT 

In the beams-on-elastic-foundation models, the Winkier hypothesis is applied to the acrylic 
cement layer, which means that the layer is assumed to consist of an infinite number of 
linear elastic springs, with spring constants Ca (N/mm2

) for axial loading and Ct (N/mm2
) 

fortransverse load ing. Approximative formulas for Ca and Ct can be derived using analytica! 
and FEM mode Is. These analyses have been described in Huiskes and Schouten ( 1979); in 
this appendix only a summary of the results is given. 

Stiffness against axia/ shear 

q(z)dz 

fig. 8 . 7: A slice of the structure in a x ia/ /oading. 

A slice dz of the structure is shown in fig. B.l. The bone and the stem are assumed as rigid. 
The Winkier hypothesis in this case implies that only shear stress in the axial direction is 
present in the cement layer. For circular geometry it follows (fig. B.2.a) that 

for rectangular geometry (plane model) (fig. B.2.b) we have 

dEc c :::::----
a {rb-r) (l+v) s c 

and for arbitrary geometry (fig. B.2. c) 

1 'YsEc 
(:::::- ----':...._:-

a 2 oa(l+vc) 
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Q 

fig. 8.2: Different cross-sectionol geometriesof a cement slice; (a) axisymmetric, 
(b) reetangu/ar and (c) arbitrary. 

where 'Y s is the circumference of the stem 8a the average layer th ickness. 
For p = 0.5 (rb-rs = 5 mm), formulas (8.1) and (8.2) gave good agreements with FEM cal
culations. For higher p the accuracy wil! be even better; forsmaller p the accuracy wil I 
decrease. 
Formula (8.3) is an extrapolation of (8.1) and (8.2) and should only be expected to give 
reasonable results if the layer is thin and the variation in thickness restricted. When formula 
(B.3) is used to approximate Ca for circUiar geometry, for p = 0.5 an under estimation of 
about 30% results compared to (8.1); for p = 0.7_, agreèm(;!nt i_s . g~ite reasonable. 

Stiffness against transverse toading 

A slice dz of the structure is shown in fig. 8.3. The bone and the stem are assumed to be 
rigid. Plane strain state is assumed in the cement layer (for plane stress state, see Huiskes 
and Schouten, 1979). The resu lts for different cases are sumrnarjzed in table B.l. 

fig. 8 .3: A slice of the structure in transverse loading. 

r s 

d 

g Q 

fig. 8.4: Different cross-sectionol geometriesof a cement slice: (a) axisymmetric, 
(b) reetangu/ar and (c) arbitrary. 
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fig. 8,5: Three functions of vc, used in the expressions for Ct. 

stem-cement interface stem-cement interface 
rigidly connected loose and no friction 

circular geometry (1) 
(fig. 8.4.al 

5.3Ecgf(vc) (0.24 + 
1 
~pl (8.4l 1.9Ecg

1
(vcl (0.24 + 1 ~) (8.5l 

rough approximation 
4Ec( 1-v elP 

(8.6l 
2Ec( 1-v elP 

(8.7l ( 1-p l ( 1 + v c)( 1-2v cl (1-pl(1 +v cl(1-2v cl 

rectangu lar geometry 2dEc(1-vcl dEc(1-vcl 
(fig. 8.4.b), uni-axial 

( r b -r s)( 1 + v cl ( 1 - 2v cl 
(8.8l 

(r b -r s)( 1 +V c)(1-2v cl 
(8.9l 

strain assumed 

'arbitrary' cross- 2.5dEc(1-vcl 1.25dEc(l-vcl 
(8.11 l se ct ion (fig. 8.4.cl ót(1+vc)(1-2vcl (

8
.
1 

Ol 8
1

( l+v cl( 1-2v cl 

table 8./: Approximative formulas for Ct in different circumstances; (7} for grond g
1

see 
fig. 8.5. 

Formulas (8.8l and (8.9l were derived analytically and apply exactly for the assumption of 
uniaxial strain. Formulas (8.4l, (8.5l, (8.6l and (8.7l were derived from analytica! considera
tions combined with FEM calculations. Formulas (8.1 Ol and (8.11 l were extrapolated from 

198 



(8.8) and (8.9) and will presumably give reasonable results if the stem geometry is not too 
irregular. lf formula (B.l O) is used to approximate Ct in circular geometry, the agreement 
with the FEM results is even better than when formula (8.4) is used; formula (B.l 0) is, 
ho wever, somewhat inconvenient, si nee for ei reu largeometry 
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SECTION FOUR 

CONCLUSIONS AND CLOSING REMARKS 
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The analyses, discussed in the previous sections, provide fundamental data from which 
guidelines for prosthesis designs, implantation procedures and acryl ie cement composition 
can be derived. Obviously, the aspects treated hereare not the only ones that provide 
guidelines; others, too, affect the system performance and the designs and procedures ulti
mately chosen wil i usually be basedon campromises between criteria of biologica!, mecha
nica!, chemica! and surgical origin . In this respect the recommendations result ing from the 
analyses presented hereare partial in character and should therefore certa inly not be 
regardedas prescriptions, but merely as guidelines: lt is evident, however, that any com
promise wil i have morechancesof succes when its various (possibly conflicting) cr iteria are 
in themselves firmly based on fundamental data. 
Conclusions have been stated at different stages in sections 11 and lil; in the following pages 
some of them, that may be of interest to orthopedie surgeons, wil i be discussed in more 
general terms. 

Heat generation and conduction analyses 

The heat generation and conduction processin polymerizing acrylic cement and the mate
rials adjacent to it can bedescribed mathematically with quite reasanabie accuracy by 
applying theoriesof heat conduction. In this way the temperatures as a funct ion of time in 
a given bone-prosthesis structure during and after polymerization can be pred icted by 
approximation. The parameters that describe the thermal properties of the relevant materia Is, 
that have to be used in the calculations, can be estimated on the basis of literature data. 
Insome cases, especially as regards the bone tissue, only a range of probable values can be 
found. 

The cement-bone interface is a region rather than a smooth, well defined area of contact, 
which has a certain heat-flow resistance. Consequently, a steep tcmperature drop wil I occur 
over a relatively smal i distance and hence the 'cement-bone-interface temperature' is an 
undefined quantity, a fact to which the scatter in ex perimental data as reported in the 
literature can, at least partly, be ascribed. The thermal conductivity of the interface greatly 
influences the maximal bone-temperature values and the penetration depthof the heat into 
the bone. Anything that can be done to reduce the interface conductivity also reduces the 
chancesof bone neeros is, and from this point of view cleansing of the implant bed prior to 
cement insertion would not be advantageous (contrarily, however, to criteria of mechanica! 
interface strength). 

During acetabular-cup fixation, the temperatures occurring in the bone adjacent to the 
cement are higher than those in the case of intramedullary (metal) stem fixation. The 
maximalvalues greatly depend on the amounts of cement used and on the· (macro) geometry 
of the bony implant bed, which shou ld besmoothand concave. When acrylic cement is 
pressed against trabecular bone, the tips of trabeculae surrounded by cement may reach 
temperatures up to 70°C, at which instant thermal necrosis is a certainty, in view of the 
literature data on thermal necrosis threshold levels. 
Apart from these trabecular tips, the bone adjacent to the cement may, in genera!, reach 
maximal temperatures of, roughly speaking, 50 to 60°C while a bone layer of 1 to 4 mm 
may be heated to 50°C or beyond, depending on the specific circumstances. In this range, 
the occurrence of thermal necrosis greatly depends on the time of exposure. For an exposure 
time of 30 sec., thermal threshold levels for cell necrosis between 50 and 55°C have been 
reported in the literature. 

202 



In view of the probable ranges in the parameter values on the one hand and the ranges in 
thermal necrosis threshold levels on the other, it can be concluded from the analyses that 
thermal necrosis in the cortex of the bone during fixatien of intramedullary sterns is impro
bable, that the incidence of thermal necrosis in general cannot be excluded and that in 
specific (predictable} circumstances it will certainly occur. 

The heat conduction process and the temperature values are significantly influenced by the 
dimensions of the bone. Hence, when heat conduction phenomena, ortheir consequences 
as regards thermal necrosis (for instanee in histological analyses}, are studied in smaller 
animal models, the results cannot simply be translated to hu man circumstances. In this 
respect it is found to be rather unlikely that the cortical bone necrosis reported by Feith 
(1975, see sectien 11) in his rabbit experiments was mainly caused by thermal necrosis. By 
combining his experimental results with these of the analyses presented here, the hypothesis 
evolves that the heat of polymerizing has an indirect effect, by influencing the cell-toxic 
actionsof the monomer, rather than a direct necrotic effect on the bone tissue. 

In order to reduce the temperatures, several precautions can be taken . Adding 'heat-sinks' as 
radiopaque fillers (BaS04 or Zr02 ) to the powder has but little effect. Pre-cooling of the 
implant and the cement, for instanee by 1 0°C, is also of little effect, while more drastic 
cooling will probably prejudice the polymerization process. More influence is exerted by the 
actdition of an aqueous gel to the cement mixture (porous cement) and by increasing the 
powder-to-liquid ratio, although these measures can only be applied in a limited sense, si nee 
in this case, too, the cement properties,.especially its strength, may suffer. Decreasing the 
polymerization rate has a moderate influence, but when the auto-acceleration effect is 
drastically surpressed, the maximal temperatures will be significantly reduced. A quite 
effective and useful measure is the cooling of the eperation region before cement insertion 
and during the polymerization process. The effectiveness of these measures can easi ly be 
evaluated by using the graphs presented in chapter 9 of section 11. 
The surgeon, furthermore, can effectively reduce the temperatures by limiting the amounts 
of cement used. In this respect it should be noted that acrylic cement in fact fulfills two 
different functions: adapting the smooth implant to the irregular implant bed and filling 
spaces. The latter function could be provided by pre-polymerized materialsas well, by 
applying plastic fillers of different dimensions and shape and plastic-coated implants. In that 
case only little self-cur ing acryl ie cement would have to be used, thus reducing the bone 
temperatures and the chancesof thermal tissue damage. 

Stress analyses 

By applying beams-on-elastic-foundation theory toa simplified, general model of intra
medullary fixatien structures (using results of experimental and three-dimensiona l Finite 
Element Method analyses as references} , the characteristic mechanica! parameters of the 
structure can be determined and the relations between these parameters and its mechanica! 
performance evaluated. lt can be shown that the structure can be divided into a proximal, 
a distal and a middle region which can be analysed separately. Simple, approximative fermu
lascan be derived for the most important stress values in these regions (in the stem, the bone, 
the intermediate layer (usually acrylic cement) and at the interfaces). 

By applying fundamental, general concepts thus obtained it can be shown that two-dimen
sional (plane) Finite Element Methods, as reported in the literature, are not very suitable for 
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detailed and accurate stress analyses of intramedullary fixation structures. Although useful 
in studying tendencies in a relative sense, provided certa in precautions have been taken in 
the processof modeling, the visual apparent agreement between such a model and, for 
instanee an X-ray of the structure, is aften mislead ing. 
The mechanica/ conditions at the stem-cement contact area, that may slip and cannot 
transfer tensile stresses, have only a moderate influence on the mechanica I performance of 
the structure in genera/, but a pronounced effect on the local stress distribution in the 
intermedia te layer ( the cement) and at the interfaces. He nee, in detailed stress analyses these 
phenomena should certainly betaken into account. 
Composite beam theory, as aften used in the literature, is appropriate for the middle region 
only, to calculate stresses in the axial direction. Where the cement layer is concerned, 
however, the stresses in this region are quite insignificant compared to those in the proximal 
and distal regions. 
Basedon the sameconceptsas the beams-on-elastic-foundation model (essentially assuming 
that bath the bone and the stem behave in accordance with linear beam theory and the 
cement mantie as an elastic layer), a Finite-Eiement-Methods (FEM) beam model can be 
developed. This model can take nonhomogeneous properties of the structure into account 
and may serve as a rapid, inexpensive evaluation methad for the mechanica/ performance 
of specific stem designs in given bones under different circumstances. 

The maximal stem stresses occur, roughly speaking, in the middle region; the maximal 
cement- and interface stresses at the proximal and distal sides, in bath cases at the stem
cement interface (radial and shear stresses). The axial stresses in the bone are lower com
pared to the 'natura/' case; at the proximal side (the calcar region in the case of hip endo
prostheses) quite unphysiological radial and shear stresses occur at the cement-bone inter
face as well as hoop stresses in the bone. 
lmmediately following the polymerization process, the cooling acrylic cement wil I shrink 
around the stem, leaving locked-in stresses in the mantle. These stresses will gradually relax, 
as can be concluded from relaxation tests, decreasing by about 7 5% in 7 days. Ho wever, 
during the operation the generated hoop stresses may cause the cement mantie to fracture, 
as can be concluded from approximative calcu lations, using data on temperature distributions 
as evaluated insection 11. These stresses are maximal in the middle of the cement mantle, so 
that tiny cracks may remain undetected. 

In using the fundamental concepts provided by the beams-on-elastic-foundation analysis 
and applying the FEM beam model, guidelines for stem designs and implantation procedures 
can be developed. These guidelines are derived on the assumption that, although the causes 
of bone remodeling phenomena are uncertain as yet, a joint rep/acement will have less 
chancesof failure if the stresses inthestem and the cement, as wellas the unphysiological 
stress components in and on the bone are reduced, or at least smoothened, as much as 
possible. 
From the approximative formulas it follows that on the prox imal side the flexura l and com
pressional stiffness of the stem should be as high as possible, which implies a th ick stem, 
but retaining a cement layer of adequate thickness. In the case of the hip endoprosthesis the 
layer thickness should be around 2 mm. On the distal side the stem should be as flexible as 
possible, the intermediate layer as thick as possible. Together these requirements pointtoa 
tapered stem. The shape of the taper should nat be an arbitrary one, since it has a marked 
influence on the cement and stem stresses. Using the FEM beam model, th is shape can be 
more-or-less optimized. 
The length of the stem, toa, has an optima/ value that depends on the specific stem material 
properties, its shape, the cement properties and the properties of the bone. An adequate 

204 



length can be evaluated also by applying the methods presenred here. 
A more-or-less optimal mechanica! performance of the bone-prosthesis structure depends 
on an adequate set of structural parameter values. Th is means that when some of these 
parameters are given quantities, the others shou ld be adapted to guarantee an adequate 
stress distribution. On the one hand this implies that, for instanee prostheses made of 
titanium alloys, with lower material stiffness, require different stem designs than those 
fabricated with cabalt-chromium alloys or ceramics, on the other hand it is evident that 
patients with smallbones require different prostheses than those having heavy bones. lt 
would thus be recommendable if several sizes of a certain prosthesis were availab le and a 
cho ice was made pre-operatively, on the basis of roentgen measurements, taking into account 
the concepts developed here (simple and rapid evaluation methods as the FEM beam model, 
too, could be useful in this procedure). 
As mentioned previously, the highest cement stress values occur on the proximal and distal 
sides, close tothestem-cement interface. Since acrylic cement, as present in the bone, is 
many times weaker than industrial PMMA, it would be advantageous to use pre-polymerized 
plastic in these regions, for instanee by app lying plastic-coated sterns and plastic rings at the 
proximal side. 

lf a specific hip endoprosthesis is placed in valgus then, apart from a possible influence on 
the joint loading, the cement mantie thickness at the medial, proximal side is increased, so 
that the unphysiological radial and shear stresses on the cement-bone interface as we l I as the 
hoop stresses in the bone at the calcar region are reduced . lt is remarkable that Bocco et al 
(1978) (see section I) found a significant reduction in the incidence of calcar resorption 
after placing the prostheses in valgus position. Especially these remodeling and resorption 
phenomena, including cement-bone interface remodeling, in relation with stress patterns, 
present important and challenging researchobjectsin the field of orthopedie biomechanics, 
calling for detailed local stress analyses, taking radiographically and histologically established 
tissue changes into account. Since it is practically impossible to develop a model adequately 
refined to this end in alocal sense which at the sametime incorporates the whole structure, 
the concepts and methods developed here provide a good basis for carrying out such analyses 
in two steps, using the rough overall stress distribution as boundary conditions fora refined 
model of a detail of the structure. 
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SUMMARY 

lt was the object of the studies described in this work to provide general, fundamental 
concepts onsome aspectsof hu man joint replacement and the performance of artificial 
joints in the body. 
The work is divided into four sections of wh ich the first discusses joint replacement and 
bone-prosthesis structures in general. Insection 11 analyses of the processof heat generation 
and conduction in self-curing acryl ie cement, as used for implant fixation, are presented with 
the object of establishing the chancesof thermal bone-tissue necrosis and evaluating pre
cautions that can be taken to prevent it. Section lil is devoted to stress analyses of intra
medullary fixation structures under loading, with the object of determining the characteristic 
mechanica! parameters of such structures, evaluating their influences on the mechan i cal 
performance and providing guidelines for prosthesis designs and implantation pro cedures. 
Insection IV some conclusions and recommendations, as reached on the basis of the 
analyses, are once more briefly d iscussed in general ter ms. 

Section I 

Chapter 1 outlines some general aspectsof artificial joint replacement. The surgical procedure, 
general requirements for implant designs and the features of commercially availab le types are 
briefly discussed. Furthermore, the physiological joint loading, the properties of acrylic 
bone-cement and bone remodcling phenomena are briefly described. As in the greater part 
of this work, the data are mainly focussed on the artificial hip-joint. 
Chapter 2 gives an overview of a selection from the literature on postoperalive complications, 
especially artificial joint-loosening and fracture . 
The objects and methods of the analyses, fully treated in sections 11 and lil, are discussed in 
chapter 3. 
Besides providing data to be used in sections 11 and 111, and outlining the framework for the 
studies presented, this section may serve as an introduetion for those unacquainted with 
human joint replacement procedures. 

Section 11 

Aftera short introduetion in chapter 1, a review of the lirerature on previous workas regards 
temperatures in self-curing acrylic cement and its adjacent materialsin bone-prosthesis 
structures is given in chapter 2. In chapter 3, too, a literature review is presented, th is time 
as regards available data on thermal threshold levels of bone-tissue necrosis. 
To evaluate the time-dependent temperatures in the acryl ie cement, the implant and the 
bone during implant fixation, theoretica! models are applied, the principlesof which are 
presented in chapter 4. Parameter values that describe the ther mal materials properties to 
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be used in the analyses are estimated on the basisofan extensive literature review, as 
discussed in chapter 5. 
The suitability of the method of analysis and the estimated parameter values are verified by 
simulating laboratory experiments, published in the literature, and by comparing calculated 
with measured temperatures, as shown in chapter 6. 
In chapter 7 a general model of an intramedullary fixation system is analysed. Time-depen
dent temperatures in the cement mant Ie, the prosthesis stem and the cortex of the bone are 
calcu lated. In an extensive parametrie analysis, the influences of the relevant geometrical , 
thermal and compositional properties of the system on the temperature values are evaluated. 
The effects of cement quantities used, implant d imensions and vascular cooling are discussed. 
Furthermore, the relevancy of using an imal mode Is to study thermal damage phenomena in 
this respect for hu man circumstances is investigated. By comparing predicted bene-tempera
ture values with thermal damage threshold levels, the chancesof bone-tissue necrosis are 
estimated. On combining results with those of relevant histological studies published in the 
literature, a hypothesis on the principal causes of the adverse side effects of acryl ie cement 
evolves. 
Chapter 8 discusses an analysis of the processof heat generation and conduction during 
acetabular-cup fixation. Here, too, the occurrence of thermal damage to the bone at different 
locations is estimated. 
In chapter 9 the effectiveness of precautions that can be taken to re duce the temperatures 
are investigated. Specific recommendations are made and simple graphs are presented fora 
rapid first-order evaluation of the effect of several temperature reducing measures. 

Section 111 

Aftera short introduetion in chapter 1, a review of the literature on stress analyses of bone
prosthesis structures is presented in chapter 2. lt is established that the availab le data on the 
mechanica! performance of intramedul lary fixation structures lack a genera!, fundamental 
basis. To provide for this a simplified, general model is ana lysed using different numerical 
and analytica! methods. This model is introduced in chapter 3. Results of strain-gauge expe
riments on a cadaver ie femur, discussed briefly in chapter 4, serve as references for the 
analyses. Different methods of analyses are applied and compared in chapter 5. S imple for
mulas are derived that approximate the most important stresses in the materia Is of the struc
ture and at the contact regionsas a function of the essential structural parameters. A simple 
computer model is developed that can be used for inexpensive and rapid first-order evalua
tion of the mechanica) performance of specific prosthesis stem designs in given bones. The 
mode Is used are based on assumptions and simplifications as regards the real structure, and 
the possible influences of neglected aspects are discussed in chapter 6. Attention is given to 
the occurrence of thermal locked-in stresses in the cement mantie caused by shri nkage 
following the polymerization process, the mechanica! conditions of the stem-cementand the 
cement-bone contact regions (interfaces}, more arbitrarily shaped sterns and bones, the . 
influences of torsional loading on the prosthesis and a few others. 
Chapter 7 discusses the influences of the characteristic parameters of the stem, the bone and 
the intermediate layer on the structural performance on the basis of parametrie analyses, 
using the fundamental concepts derived in chapter 5 combined with the different computer 
mode Is. 

In chapter 8, guidelines for prosthesis designs and implantation procedures, as follow from 
the analyses, are given. Several recommendations are made and in an example it is shown 
how, fora specific given bone, an adequate stem design can be developed using the approxi
mative formulas and the rapid-evaluation computer model. 
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STELLINGEN 

behorende bij het proefschrift: 
"Some fundamental aspects of human joint replacement" 

1. Door te veronderstellen, dat een bot en een daarin met acrylcement gefixeerde prothese
steel zich onder belasting beide overeenkomstig de lineaire balkentheorie gedragen en 
door op het gehele systeem de balken-op-elastische-ondersteuningstheorie toe te passen, 
kunnen voor de belangrijkste spanningscomponenten in de steel, het bot en de tussenlaag 
eenvoudige benaderingsformules worden afgeleid. 

2. Het verdient aanbeveling om bij gewrichtsvervanging, meer dan tot heden het geval was, 
rekening te houden met de specifieke eigenschappen van het bot waarin de prothese ge
plaatst moet worden. Dit betekent dat prothesen met verschillende afmetingen, eventueel 
uitgevoerd in verschillende materialen, beschikbaar moeten zijn en dat pre-operatief voor 
elke patient een keuze gemaakt dient te worden op basis van röntgenopnamen. 

3. De door McNeice c.s. berekende hoge schuifspanningen in de cementmantel van een 
aantal kunstmatige heupgewrichten in situ, evenals de door hen gerapporteerde verdrie
voudiging van de buigspanningen in de steel bij het optreden van afschuiving op het 
contactoppervlak tussen steel en cement zijn niet realistisch, en te wijten aan het niet in 
rekening brengen van de mediaal-laterale cortex verbinding van het bot. 

G.M. McNeice, P. Eng and H.C. Amstutz (1975); Finite element studies in hip 
reconstruc,tion; Vth. Int. Conf. of Biomechanics, Jyväskylä, Finland. 

4. Het histologisch onderzoek van Nunamaker geeft, gecombineerd met resultaten van 
spanningsberekeningen, steun aan de veronderstelling dat in het aan implan taat grenzende 
bot een fibreuze bindweefsellaag ontstaat op die plaatsen waar hoge mechanische contact
spanningen optreden en dat botaangroei plaatsvindt daar, waar lage spanningen voor
komen. 

D. Nu namaker (1979); Persoonlijke mededelingen; Pennsylvania State University, 
Philadelphia. 

R. Huiskes, ]. v. Heek, P.S. Walker and D.j. Green (1979); A three-dimensional 
stress analysis of a new intramedu llary fixation system; 25th Annual Meeting 
Orthopedie Research Society, San Francisco, California. 



5. De ongunstige bijwerking van in bot geïmplanteerd acrylcement wordt voornamelijk 
veroorzaakt door het celgiftige monomeer; de werkzaamheid van dit monomeer wordt 
nog versterkt door temperatuurverhogingen. 

6. Een effectieve en bruikbare methode voor het beperken van temperatuurverhogingen in 
bot, veroorzaakt door de polymerisatiewarmte van zelfhardend acrylcement t ijdens het 
fixeren van kunstmatige gewrichten, is het koelen van het operatiegebied, geruime tijd 
voor het implanteren en tijdens de polymerisatie. 

7. Bij de fixatie van intramedullaire prothesen zijn de door afkoeling veroorzaakte krimp
spanningen in de acrylcementmantel het grootst in het midden. Zij kunnen, gezien de 
ordegrootten, onmiddellijk scheurvorming tot gevolg hebben. 

8. Een predisponerende factor voor het ontstaan van decubitus in het proximale, poste
rieure gebied van de linker onderarm van dextromane promovendi, is het schrijven van 
de academische dissertatie. 

9. De berekening van de enkel- en achillespees-belasting, uitgaande van de gemeten voet
belasting en gebruikmakend van het momenten-evenwicht ten opzichte van de bewegings
as van de enkel, zoals die door een aantal auteurs werd beschreven, leidt tot een onder
schatting van de gewrichtsbelasting door het verwaarlozen van de pre- en post-tibiale 
spiergroepen. De berekening kan op tamelijk eenvoudige wijze worden verfijnd door de 
subtalaire bewegingsas in de evenwichtsvoorwaarden te betrekken. 

R. Huiskes ( 1979); Biomechanische aspecten van het enkelgewricht; Geneeskunde 
en Sport; 12e jaargang, nr. 1, pp. 15-20. 

10. Voor een kwantitatieve bepaling van het kinematisch gedrag van gewrichten, in vivo en 
in vitro, levert het gebruik van röntgenstereofotogrammetrie, zoals bijvoorbeeld uitge
werkt tot een meetsysteem door Selvik, de meest nauwkeurige resultaten. 

G. Selvik (1974); A roentgen stereophotogrammetric methad for the study of the 
kinematics of the skeletal system; thesis, AV-centralen, Univ. of Lund, Sweden. 

R. v. Dijk, R. Huiskes and G. Selvik (1979); Roentgen stereophotogrammetric 
methods for the evaluation of the three-dimensional kinematic behaviour and 
cruciate ligament length pattern of the human knee joint; accepted for publ ica
tion, J. B iomechanics. 



11. De menisci vervullen een wezenlijke mechanische functie in het kniegewricht van de 
mens door hun bijdrage aan de grootte van het belastingdragend oppervlak en aan de 
functionele stabiliteit van het gewricht. Het is echter onwaarschijnlijk dat elastische 
deformatie in omtreksrichting bij stootbelastingen van groot belang is voor de dissipatie 
van energie, zoals dat bijvoorbeeld bij het varken wel het geval is. 

P. J aspers, A. de Lange, R. Huiskes and Th.j .G. van Rens (1978); The mechanica! 
function of the meniscus; experiments on cadaver ic pig knee joints; 1 st Meeting 
European Society of Biomechanics, Brussels, Belgium. 

12. Bij de operatieve behandeling van enkelbandletsels dient met de wezenlijke kinematische 
koppeling van het enkelgewricht en de subtalaire gewrichten rekening te worden gehou
den. 

13. De zogenaamde "wet van Wolff", als zodanig ingevoerd door Koch, die uitspreekt dat 
de structuur van het botweefsel zich op voorspelbare wijze aanpast aan de functionele 
belasting van het bot, is een hypothese. 

J.C. Koch (1917) ; The laws of bone architecture; Amer. j . Anat., 21, pp. 177-298. 

14. Voor de orthopaedie is fundamenteel inzicht in mechanische aspecten van het spier
skeletstelsel van groot belang. Het is juist in het ontwikkelen van dit inzicht dat de bio
mechanica ingenieur zijn belangrijkste bijdrage kan leveren. Hiertoe dient hi j enerzijds 
de onderzoeksresultaten te vertalen naar voor de orthopaedisch chirurg hanteerbare 
criteria, maar anderzijds ook intensief contact te onderhouden met de fundamentele 
mechanica. 

15. In bepaalde landen, met name Duitsland, wil het gebruik dat de echtgenote van een 
(mannelijke) gepromoveerde met "mevrouw Doctor" wordt aangesproken. Volgens 
Nederlandse maatstaven is dit "overdreven". Wie echter gehuwd is en in deze toestand 
een proefschrift bewerkte, weet dat, als er dan toch betiteld moet worden, er wel dege
lijk redenen zijn om de eer op deze wijze te delen. 

2 oktober 1979 R. Huiskes 


