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STRESS ANALYSIS AND FIXATION PROBLEMS IN JOINT REPLACEMENT

R. Huiskes

Biomechanics Section, Lab. Exp. Orthopaedics, University of
Nijmegen, 6500 HB Nijmegen, The Netherlands

1. INTRODUCTION

Artificial joint replacement 1is a procedure performed
relatively often in modern orthopaedic surgery. An estimated total
of 65,000 patients annually in the U.S.A. (1), for example, and
probably about an equal number in the rest of the world, receive
total hip replacement (THR) for relief of pain and restoration of
function. Most of these patients are over 60 years of age, and
have severe osteoarthritis of the hip. Smaller groups suffer from
post-traumatic conditions, rheumatoid arthritis or other disorders.
Very few are younger than 50. THR represents major surgery, which
is very successful as a treatment of severe disorders of the hip,
both from the point of view of immediate post-operative pain relief
and restoration of function, as well as its long-term results (1).

Less impressive in numbers, but following as a good second and
increasing, is the amount of knee-joint replacements performed on a
regular basis. Finger joints, too, are replaced quite frequently,
for rheumatoid arthritis patients in particular. Other joints
replaced less often are the shoulder, elbow and ankle. Whereas the
clinical and engineering design problems in replacements of the
various joints differ considerably, the most severe difficulties,
those related to fixation of the implants to the bone, have a
common denominator. Although this chapter will mainly focus on hip
joint replacement, it must be kept in mind that the objectives and
methods discussed here are applicable to joint replacement in

general.

The success of joint replacement has followed major advances
in surgical techniques and biomedical engineering during the last

y
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20 years., Charnley.(2), in 1960, introduced the use of acrylic
cement as a space-filling fixation material and the concept of
"low-friction" THR, replacing the acetabular component of the joint
with a plastic cup and the femoral component with a metal endopros-
thesis (Fig. l.a). These concepts proved to be viable, and still
today form the fundamentals on which many joint replacement
procedures rest. Further improvements followed gradually, based on
clinical and experimental research. In particular, the metals and
plastics used for the prosthetic components became stronger, and
the cementing technique matured through the application of cement
syringes and pressurization.

. Although joint replacement is successful, it is not without
problems, Probably, the most severe long-term complication is
aseptic loosening. Although the average life-span of the replace-
ment system appears to be adequate in view of the age limitations
usually applied to patients, it is certain that its integrity
cannot be guaranteed forever. This is indicated by the increasing
percentage of protheses that loosen in the course of post—operative
time. Aseptic loosening is usually accompanied by failure of the
cement mantle and the presence of a soft fibrous tissue layer
between the cement mantle and the bone. Sometimes component
fracture will occur in addition. Quite often massive bone resorp-
tion is seen at the proximal side of the femur after THR. These
late complications are a particular threat to patients operated at
young ages. However, the fibrous tissue liners at the cement-bone

interface are also found to increase progressively in a relatively . .

large number of patients with 5 to 10 years follow-up on post-
operative X-rays (e.g. 3). Such liners are usually interpreted as
a sign for forthcoming loosening.

The causes and mechanisms of -late aseptic loosening are not
well understood as yet. Obviously, (fatigue) fracture of pros-
thetic components is directly related to high stresses, as is
fracture of the cement mantle. Massive bone resorption of the
proximal femur is often thought to be related to reduction of
stresses, when compared to those in the intact bone. Interface
bone resorption and remodeling, which precedes the occurrence of
fibrous tissue membranes, have been attributed to several causes.
There is little dispute that in the initial stage, directly
following implantation, a small layer of bone is necrotized and
resorbed at the interface. This dead bone is a result of
mechanical (vascular) damage during the bone preparation, leakage
of cell-toxic monomer (monomethylmethacrylate) out of the acrylic
cement mixture, and/or thermal damage due to heat generated within

the curing cement (4, 5).

In a subsequent process of bone resorption and formation at
the interface, stresses and strains probably play an important role
to determine the eventual fixation strength. = Whereas bone
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Fig. 1 (a) Schematic illustration of a (Charnley type) total hip
replacement (THR); the metal and plastic components are fixated in
the bone with a filling material, acrylic bone cement, a self-
curing polymethylmethacrylate (PMMA); (b) the stress distribution
within the materials and at their connections depends on four
structural aspects, as indicated in the figure.

resorption and the formation of a soft fibrous tissue membrane
between the implant and the bone can probably not be avoided
altogether (2, 4-7), subsequent bone formation in that layer no
doubt depends on local stresses and micromotions, and thus on joint
loading (8). :

It is obvious from the previous discussion that local stresses
and strains play an important role im the chances for long-term
survival of bone-prosthesis structures, in view of both structural
strength and biological interface reactions. These stresses and
strains are generated in the process of load transmission from the
prosthesis to the bone, which is the most important function of the
fixation structure (9).
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The distribution of these stresses (Fig. l.b), their magni-
tudes and orientations throughout the structure, depends on
structural properties, i.e. loading characteristics, geometry,
material properties and physical conditions at the interfaces.
Hence, the stresses occurring within the materials of the structure
and at their interfaces depend not only on the joint load, but also
on the prosthetic. design specifications and the way in which the
components are placed into the bone. Optimal stress distributions,
in other words, can only be obtained with optimal designs and
fixation techniques. To evaluate stresses and study their depen-
dency on structural properties, stress analyses must be carried
out. A relatively large number of such analyses have been reported
in the recent orthopaedic biomechanics literature, many of which
aimed at shedding light on the mechanical behavior of bone-
prosthesis structures, particularly in THR. Many interesting
questions were addressed in these analyses, as for instance the
effects on the stress distributions of acrylic cement layer
thickness, implant material properties and design, joint loading,
and fixation techniques. The aims and scopes of these stress
analyses, and the three most commonly applied methods, i.e. experi-
mental strain-gage techniques, analytical ("closed-form") solu-
tions, and finite element methods, are briefly discussed in the

following sections.

2, EXPERIMENTAL STRAIN-GAGE ANALYSIS

To understand the principles of experimental stress analysis,
it must be appreciated that stresses cannot be determined directly,
but only indirectly, by measuring their effects. The effects are
deformations, represented by displacements between points, or
strains. Of all strain measuring methods feasible (e.g. 10),
strain-gage techniques have been applied most frequently in bio-

mechanics (11).

Electrical strain-gages are based on the principle that the
resistance of a material changes when stretched. The gage consists
of a small electrical resistance which is glued to the surface of
the structure, in a certain orientation. The change in voltage
over the resistance is directly proportional to the relative change
in its length. Thus, the strain registered is an average value
over the length of the gage along its specific orientation. Strain
gages are generally suitable to measure straims at free surfaces,
where the strain state can be characterized by three variables, two
principal strain magnitudes and the principal strain direction.
These variables can be obtained by using strain rosettes with three
elements, each registering strain in its specific direction. The
stresses can subsequently be calculated from the measured strains,
using Hooke's law of linear elasticity and the material properties

(e.g. 11, 12).
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Fig. 2 Experimental strain gage analysis of a femur. Strain gages
were attached at the intersections of the black lines (a); forces
in 3 directions and moments in 3 planes were applied to the head
(b); measurements were performed on the intact femur and after
insertion of wvarious hip prostheses (c¢); and (d) shows the
laboratory setting (reproduced from Ref. 19).

4 - P, R

Strain gages have frequently been used in stress analyses of
bones, both in vivo (e.g. 13), and in vitro (e.g. 14). An example
of a laboratory setting of a human femur is shown in Fig. 2. 1In
this particular case, the strains on the femoral surface were
evaluated not only to study the mechanical behavior of the intact
bone under loading, but also to evaluate the influences of hip
replacement by intramedullary prostheses (14), Other studies of
this kind were also carried out by other investigators, all
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comparing stresses on the surface of the femur with and without
implants (e.g. 15-18). Probably, the most significant finding in
these studies was "stress-shielding” of the bone by the implant
(Fig. 3). Because the prosthetic stem takes part of the load which
would otherwise be carried fully by the bone, the longitudinal bone
stresses are less than normal., This may induce a biological
process of so-called disuse-osteoporosis, a reduction of bone mass.
The stress-shielding effect is more pronounced with stiffer stems.
It was also found that implant-bone interface stresses, by which
the prosthetic load is transferred to the bone, is mostly con-
centrated at the proximal and distal ends of the stem (16).

While strain-gage analyses are well-suited for exploring
experimental investigations and for verification purposes of theo-
retical models, their limitation to free surfaces usually prohibits
a more extensive evaluation of strains inside the structure. For
this purpose theoretical prediction methods, as "“eclosed-form"
theories or numerical finite element methods, must be used.
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Fig. 3 Equivalent stresses at the outside surface of the femur,
intact and with two bending couples in different planes,
respectively. On the proximal side of the stem, the "stress-
shielding” effect of the stems with respect to the bone is easily
recognized, and again emphasized in a simplified, general model of
the intramedullary fixation structure (reproduced from Ref, 19).
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3. ANALYTICAL ("CLOSED-FORM") ANALYSIS

In experimental stress analysis a physical model is used,
which for example can be a prototype. In theoretical analysis the
model is mathematical, i.e. a set of equations. Theoretical
methods can be divided into analytical and numerical ones. The
former is used if the four structural aspects, discussed earlier,
can be made to fit into a mechanics theory, for which “closed-form”
solutions exist. In this case, the mathematical equations are
solved directly, yielding formulas in which the stress magnitudes
are directly related to the parameters describing the structural
aspects. Numerical methods, including finite element methods, are
based on the use of computers., The complex mathematical problem is
reduced to a numerical procedure and the relationship between the
resultant stress values and structural parameters is usually not
obvious. Examples of closed form theories which are frequently
applied in biomechanics are linear-elastic bar theory, beam theory
and torsion shaft theory. All three are valid for slender, pris-
matic bodies whose length is much larger than the thickness, made
out of linear elastic, isotropic and homogeneous materials, loaded
in axial tension or compression, transverse forces or bending, and
torsion, respectively. These theories are available for 2~D and
3-D structures, uniform and variable cross-sections, straight and
curved bodies. Although, particularly in biomechanics, structures
seldom behave exactly in accordance with these theories, approxi-
mative models can sometimes be developed. Prosthetic stems, bone
pins and rods are.good examples of structures that yield to these
theories. Other examples include bone plates, although the holes
present a complication, and diaphyses of long bones, by a rough
approximation (14). Other simple closed-form theories used in hard
tissue biomechanics are compound-beam theory (applied to bone-
fixation plate and bone-prosthetic stem composites), beam-on—
elastic-foundation theory (prosthetic stem and tibial plateau
fixation), and plate and shell theories (skull).

Closed-form solutions are attractive for obtaining approxi-
mative solutions for certain problems. They often give a direct
insight into relations between essential structural parameters and
stress behavior, Their application is cheap, leads to results
rapidly and they are therefore often used to obtain first-order
reference solutions for more advanced experimental and numerical

analyses.

As an example of an analytical analysis, which is relevant for
the hip joint prosthesis-bone structure, consider a generalized
intramedullary cemented stem structure with a uniform axisymmetric
cross-section (Fig. 4). We limit ourselves to axial loading (N,)),
other loading cases have been discussed elsewhere (9, 19). The
question is how this load is transferred from the stem to the bone
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through the cement layer, and in what way is the load-transferring
mechanism influenced by the structural parameters.

To fit this problem to a closed-form theory, it is assumed
that the stem and the bone, separately, behave according to bar
theory, i.e. that their cross-sections remain plane in deformed
state (e.g. 20). This implies that the axial stresses,(0;), in
a cross-section are distributed homogeneously (Fig. 4), We then
define the internal stem force, N _(z), and the internal bone force,
Nb(z), according to s

Ns = stAs and Nb = 0szb (1)»

where the subscripts s and b denote stem and bone respectively, and
A is the cross-sectional area. We further define the axial

rigidities

Ps =vésEs and . Pb = AbEb (2)

.where E is therYoung's modulus of the material concerned.

P>

lrn

Fig. 4 (a) A general, axisymmetric model of an intramedullary
fixation structure; (b) when loaded by an axial force, the primary
_ bone and stem stresses are in the axial direction (0z) and can be
lumped into internal axial forces Np(z) and N (z); the primary
stresses in the cement layer and at the interfaces are axial shear
stresses (Tyz), which can be lumped into the internal axial shear-

ing load q(z).
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We assume that the axial stresses in the cement layer are
negligible when compared to those in the bone and the stem. The
axial shear stress, T,;, in the cement layer and at the interfaces
depends on the radius r (Fig. 4). However, from local equilibrium
consideration it follows that rt,, is constant in a cross-—section.
The internal, distributed shearing load q(z) .in the cement layer
and at the interfaces is the local resultant of these shear
stresses in a cross—section and is defined as

q(z) = 2ﬂrT 2 - (3)

The stiffness of the cement layer against shear, Cy, can be
defined as :

q=C_(w -w) | (4)

where w,(z) and w_(z) are the axial deflections of the bone and the

stem, respectively. C can be approximated by

Cn ~ - ﬂEc/(l + \E)ln(rs/rb) ‘ (5)
where E, and V. are Young's modulus and Poisson's ratio of the

cement, respectively (19).

Applying the differential equations for bar theory gives
dzw dzw

P zs +q=0 and Pb 2b -q=0 (6)
S 4z dz

which, together with Eqn. 4 and the appropriate boundary conditions
gives solutions for N (z), N (z) and q(z) (19, 20).

In these solutions, two important lumped parameters appear,

the relative stem rigidity: €, = Ps/(PS + Pb) (7)
the fixation exponent: A ='VC (l;-+-l—0 : (8)
n n PS Pb

An example of results for specific parameter values is shown
in Fig. 5, for the case that stem collar-bone contact is present,
and for the case that the collar is not mechanically effective.
These results clearly illustrate the load-transferring mechanism:
at the proximal side the load, N, , is fully carried by the stem.
‘In the proximal load-transferring region, a part of this load is
transferred tc the bone, through the cement, which generates high

cement and interface locading, q(z).
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Fig. 5 Cement/Interface shearing load, q(z), stem axial internal
force, N (z), and bone axial internal force, N(z), as calculated
with the closed-form theory (see text). If the stem is suffi-
ciently long, the proximal and distal shear load concentrations in
the cement, the loading ratio between the stem and the bone, and
the lengths of the load transmission regions follow from simple
formulas, shown in the graphs, and depend on the fixation exponent
An, the relative stem rigidity e, , and the external force N,
(9, 19).

In the middle region the load is shared by the stem and the bone
depending on their stiffness ratios, indicating a "stress-shielding
effect; and at the distal side the final portion of the stem load
is transferred to the bone, again through high cement and interface
loading, q(z). The load-transferring mechanism occurs in this way
only if the stem is sufficiently long, i.e. if L > 7/, (19). Im
this case, the most significant stress values can be directly
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approximated in the structural parameters, as indicated in Fig. 5.
For instance, using Eqn. 3 and ‘the expressions in Fig. 5, the
maximal cement stresses are,

H T = A - £
on the proximal side sp (1 )N0/2”rs (9)_
; . T .= A€ T
on the distal side: sd No/2 ry (10)

In the process of developing this model, many simplifications
were made. However, comparing the results of the formulas with
those of more sophisticated finite element analysis of the same
model, shown in Fig. 8, gives excellent agreement (19).

It is obvious that the model used in this case is a very
simple one compared to the reality of hip prostheses fixated in
bone. However, the results can be used in a qualitative way. For
example, it can be seen from Egqns. 9 and 10 that reduction
of Ap without changing €, reduces the cement and interface stresses
on both the proximal and distal sides. Referring to Eqn. 8, this
implies reduction of C by reducing, for example, the cement
Young's modulus E .. Another significant finding relates to the
length of the stem: lengthening the stem beyond L= 7 /A, only
shifts the distal load-transfer region, and does not result in a
stress reduction. Finally, it follows directly from Eqns. 9 and 10
that when €5 = 0.5, the distal and proximal cement/interface
stresses are equal, Reducing the stem stiffness, by reducing its
modulus or thickness, reduces €, , hence increases the proximal
stresses and reduces the distal ones. Increasing the stem stiff-
ness has the opposite effect.

These and comparable qualitative effects can conveniently be
assessed with simple analytical analyses of this kind (9, 19). 1In
some cases a structure is such that predictions from these simple
models can also have quantitative value, for example in intra-
medullary custom-fit prosthesis for tumor-resection patients (21).
In most cases, however, more precise quantitative evaluations of
internal stresses in bone-prosthesis structures will have to rely
on numerical finite element methods.

4. FINITE ELEMENT ANALYSIS

: 1 ITEMY csme dmtendinms - A Ambla
The Finite Element Method {(FEM) was introduced in the ortho-

paedic literature in 1972 (22), about 15 years after it initiated a
revolution in stress analysis of structures in engineering
mechanics (23). The early applications concerned stress analysis
of entire bones. Then, for the first time, the irregular struc-
tural features of human bones, both in geometry and in material
properties, could be realistically included in the stress analysis.
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The subsequent exponential growth of FEM applications in
orthopaedic research, however, was not purely due to the interest
in bone function, but mainly due to a need for realistic stress
data on artificial joints and their mechanical interaction with the

host bones.

The principles of the FEM are treated in depth by Zienkiewicz
(23) and others, whereas a general description of its possibilities
and limitations specifically in orthopaedic biomechanics were
published elsewhere (11, 24). The following brief description,
however, may help those who are not familiar with the FEM.

In using the method, a model of the structure to be analysed
is defined first. This step entails the definition of external
loads, geometry, material properties and material connections in a
form which can be described in quantifiable terms, mathematically
or numerically. This implies that certain assumptions and simpli-
fications must be introduced. The nature of these simplifications
determines whether the model, and hence the result, are realistic
in a quantitative, or only in a qualitative sense. This model is
then mathematically divided into a number of elements, connected at
specific locations, called nodal points or nodes (Fig. 6). The
connections and external loads are then defined numerically in
boundary nodes. Every element is assigned one or more parameters,
such as moduli of elasticity, which define its elastic behavior.
The computer program calculates the stiffness characteristics of

d

Fig. 6 A number of different element types, (a) 20-node isopara-
metric hexahedron for 3-D models, (b) 6-node axisymmetric ring
element, (c) 6-node and (d) 3-node triangles, and (e) 4-node
quadrilateral element for 2-D analysis (reproduced from Ref. 24).
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each element and assembles the element mesh through mutual forces
and displacements in each node. In fact, the FEM program solves a
large number of equations that govern force equilibrium at element
nodes. The computer time needed, and thus the cost of analysis,
increase with the number of elements and nodes.

The solution obtained with this method is approximate in the
sense that it converges to the exact solution for the model when
the mesh density approximates infinity. Thus, the accuracy of a
FEM model can be checked by refining the mesh and comparing the
results obtained with the refined mesh to the original ome. This
is called the convergency test. In interpreting the FEM results we
must differentiate between the validity of the model, i.e. the
precision by which the entity of mathematical descriptions of
structural properties mimic the real structure, and the accuracy of
the model, which is the precision by which the FEM mesh can
approximate the exact solution for that model. Only the accuracy
can be checked with a convergency test, the validity must be
assessed by experimental verification or other means.

A variety of element types are usually available for three-
dimensional (3-D) and two-dimensional (2-D) structures in .a FEM
computer package (Fig. 6). The computer time required for 3-D
element is many times more than that for 2-D elements. Because of
its cost efficiency, mesh accuracy is easier to obtain in a 2-D
model; however, 3-D models are often more realistic.

FEM programs are wusually applied in combination with
pre—processors and post-processors, which are computer programs
that handle the element division, i.e. mesh creation, and graphical
representation of the results, respectively.

The use of the FEM has been reported during the last decade in
an increasing number of orthopaedic biomechanics publications, and
include studies of stress related bone architecture and bone
remodeling processes, design and optimization of artificial joints
and fracture fixation devices, and mechanical analyses of tissues
such as articular cartilage and intervertebral discs (24). The
greater part of the FEM analyses was focused on joint replacement,
in particular the total hip prosthesis. Early models of this
structure were all 2~D ones (e.g. 25-27). A problem in 2-D models
of the intramedullary hip joint fixation is to account for the 3-D
structural integrity of the bone, which surrounds the implant. A
solution can be found in attaching side plates to the 2-D model,
thus using two superimposed element layers, an example of which is
shown in Fig. 7. Another solution for simplified modeling is
assuming the geometry to be axisymmetric, as illustrated in Fig. 8
(e.g. 19, 21). A more general description of the intramedullary
fixation structure can be obtained in this way, which is suitable
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Fig. 7 A 2-D FEM model of a femoral THR structure, using a
sideplate to account for the 3-D integrity of the bone. |

for extensive parametric analysis and used to establish the
principal concepts of the load transmission mechanism.

“Anatomic” 3-D FEM models (e.g. 28-31), of course, are more
precise in their geometrical descriptions, but more tedious to
handle. Also, numerical accuracy is often difficult to obtain due
to computer time requirements and memory space limitations. In
addition, these models are very costly, hence are more suited to
compare specific designs in a relative sense, than for parametric
analysis and design optimization.

All these FEM analyses concerned prostheses fixated with
acrylic cement. Several questions regarding design and fixation of
these implants were addressed, and the results published certainly
led to a better understanding of their mechanical behavior, and the
development of more rational designs. However, many important
questions remain unanswered, mainly because the short- and long-
term effects of stresses and strains on biological bome behavior at
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the implant interfaces are essentially unknown. In most models,
linear elasticity, isotropy and homogeneity of bone were assumed.

A specific problem in analyses of bone-prosthesis structures
is the description of the implant-bone connection. Although these
materials are usually not rigidly connected in reality, this is
assumed to be the case in almost all models. It was shown that
this assumption leads to results which are not totally realistic,
particularly for the stress distribution near these connections
(19, 27, 32).
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Fig. 8 (a) Axisymmetric FEM model of a “custom-fit" prosthesis
fixation system (reproduced from Ref. 21); (b) some results
obtained with this model for axial loading (assuming ideal collar-
bone contact), stem-cement interface shear stresses (7,.,), stem and
bone axial direct stresses (0,), compared with analytical (closed-
form) solutions (see Section 3, and Fig. 5). With the FEM model,
contrary to the analytical model, other stress components can be
evaluated as well (19, 21).
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FEM analyses of the acetabular component of total hip replace-
ment have become popular only recently (e.g. 33, 34), probably due
to the fact that complications of this part have become manifest in
patient populations relatively late post-operatively. In additionm,
the pelvis and the acetabulum are difficult to model, due to their
geometrical and material complexities.

Another hip replacement procedure that aFtracted interest from
FEM analysts is the relatively new resurfacing prosthesis, which
was studied with 2-D (35) and axisymmetric 3-D (36) models.

Other joints that received some attention include the knee and
the finger joints. Artificial knee hinges were investigated using
axisymmetric 3-D (37) and full 3-D (38) FEM models. The tibial
plateau fixation of unconstrained knee prostheses were studied with
2-D models (39), axisymmetric models (40), and 3-D models (41, 42).
A new finger joint prosthesis was evaluated with axisymmetric FEM
models (43). - '

temperature

boundary at 37 T

iy

Fig. 9 FEM analysis of the transient heat generation and conduc-
tion process in and around acrylic bone cement in the curing phase.
This particular model (left) is used to simulate an animal experi-
ment in which cement is injected into rabbit femurs, and bone
necrosis is studied histologically. The transient temperatures at
several locations in the cement mass and in the bone cortex, calcu-
lated in the FEM analysis, are shown on the right; the peak temper-
ature is reached in about 350 seconds (reproduced from Ref. 5).
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Finally, a different type of biomechanics implant problem was
also addressed with the FEM, using this method as a universal
numerical tool to solve problems of heat dnd mass transfer in
geometrically complex regions. An example of such a problem is the
nonsteady heat generation and conduction that occurs in and around
acrylic cement during its curing phase whle fixing an implant. The
bone close to the cement rises in temperature and may undergo
thermal necrosis. To investigate this process and evaluate the
transient temperature distributions, the FEM was applied to
simulate implant fixation in the femur and in the acetabulum (5, -
44). An example of such a study is illustrated in Fig. 9.

5. DISCUSSION

Although the FEM has enhanced developments in orthopaedic
biomechanics in general and artificial joint design in particular,
its application in this area is still in an early stage. Several
problems still hamper the use of stress analysis, the FEM in
particular, to its full potential. Two aspects of bone-prosthesis

structures specifically need attention in biomechanics research.

The first aspect is related to the complexity of the
structures to be modeled and their individual variability, on the
one hand, and limitations in computer capacities on the other.
Even if the individual structural parameters, in terms of geometry
and material properties, and loading histories of individual
patient cases could be assessed with adequate precision, the costs
of FEM would still prohibit individual case analysis, other than in
exceptional circumstances. Hence, the objectives of investigations
of this kind must be to provide general information on a relative
basis. Even with this aim, the vagaries of the bone-prosthesis
structure in general present numerous problems that have yet to be

solved.

If we put the kind of information that can be obtained from
stress analyses on a scale, ranging from general (qualitative,
global) to specific (quantitative, local), it is evident that such
a scale can be related to a scale of model sophistication, ranging
from coarse to refined. Taking the THR structure as an example, we
would find the strain-gage analysis and analytical ("closed-form")
methods discussed previously on the coarse side, and 3-D, "ana-
tomic” FEM models on the refined. Nevertheless, the information on
" the full scale must be compatible. Unfortunately, this is not
always the case in the present state of the art, and further
analyses of an experimental and theoretical nature, combined with
clinical evaluations must be performed in order to fill the gaps in

our knowledge.
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Secondly, it is on the refined side of the scale in particular
that we meet limitations of modeling feasibilities. These are not
only related to limitations in computer capacities, which are
progressively approached when 3-D mesh density is increased, but
also to requirements of more precise descriptions of material
properties and material connections, which are simply not available
as yet. Hence, highly sophisticated experimental work is needed
for the required data to supply the increasingly refined models,
before progress in that direction can be made. '

The second aspect concerns the reactions of bone to implants,
and their presumed relations to stresses and strains. Any model,
whether experimental, analytical or numerical, represents a
particular bone-prosthesis structure at a particular point in time,
e.g. immediately post-operative. Stresses and strains, determined
for such a configuration have a significance for design gurposes
when they can be compared to stress—criteria, as the strength of
bone,-acrylic-cement; and the implant materials. However, no such
criteria exist for stresses or strains that would cause interface
bone resorption or bone osteoporosis. In addition, these biolog-
ical reactions would result in geometrical and/or material changes
which, in turn affect the stresses and strains again. This biolog-
jcal feed-back loop in the structural behavior is illustrated in
Fig. 10.a. It would be possible in principle to describe this loop
mathematically (45), and incorporate it into FEM analysis to
predict the eventual stress distribution. This, of course, would
require experimental data on stress (strain) - bone remodeling
relations which are not yet available.

‘ The stresses in Fig. 10.a are called "global stresses”. 1t is
evident that the stresses predicted in a global FEM model of an
entire bone—-prosthesis configuration can only be considered as
rough lumped internal loading variables for a small piece of bone
material. However, it is probably based on the local stress state
that bone reacts biologically. Hence, it is likely that stresses
must be determined in detailed models which take local geometry and
properties into account before a feed-back loop can be incorporated
(Fig. 10.b). ' Although it is not realistic to assume that a FEM
model can be realistic both on a global and a local level, a
multiple model approach can be adopted to overcome this problem.

Despite the potential feasibilities of numerical methods,
these techniques cannot be applied for objective stress and
remodeling predictions until consistent quantitative experimental
data on relations between stresses (strains) and bone remodeling
are available. Nevertheless, analyses of this kind could certainly
enhance developments in experimental work, in particular if the two
approaches were combined in efforts of a truly multidisciplinary

nature.
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detailed:
geometry GLOBAL GLOBAL LOCAL
LOAD =—» —- — geometpy —
mat. prop. STRESSES ' STRESSES STRESSES
[ mat. prop.
gross remodeling local remodeling
A L3

Fig. 10 Schemes for advanced stress analyses of bone-prosthesis
structures, taking into account the biological feed-back loop.
Because bone cells probably react to the local stress (strain)
environment and FEM models cannot be realistic and detailed on all
levels, a multiple model approach can be adopted (a and b).
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