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1. Introduction Table 1. Classification of implant materials according to the material influ- 
enced reactions in the surrounding bony tissue. 

During the last three decades the success rates of hard 
tissue replacements have increased considerably and have, 
thus, become a standard way of treatment. Based on early 
experiences, and taking advantage of the progress in material 
technology,['. '7 31 most of the directly material related rea- 
sons for reoperations could be either excluded completely or 
confined to extreme situations, like, for example, accidents in 
which the natural bone concerned would also have suffered 
severely. The causes for the remaining necessity for reinter- 
vention are essentially implant loosening or, in other words, 
failure of the implant fixing method. 

This demonstrates that the kind of implant anchorage 
used is the key issue for any further improvement of the 
success rates of permanent orthopedic and dental implants. 
Many different ways of implant anchorage have been, and 
still are discussed, tested in-vitro and in animal experiments, 
and studied clinically. Some of them have successfully con- 
tributed to the improvements mentioned above and to the 
understanding of the remodeling reactions and the processes 
controlling them. A systematic survey of the modes of im- 
plant fixation[4] can facilitate the understanding of some of 
the different success rates and may even help to prevent some 
waste of effort and failure. 

2. The Material Aspect of Implant Fixation 

Like in all other fields, there are many viewpoints from 
which the materials used for a particular purpose can be 
surveyed and categorized. For implant materials a grouping 
according to the tissue reaction they stimulate in their envi- 
ronment can be regarded as adequate, as shown in Table 1. 

The three terms characterizing the tissue reactions indicate 
some of possibilities of implant fixation in a bony environ- 
ment. The list of influences on the sequence of reaction of the 
adjacent tissue, however, is not yet complete. Besides the 
essentially biochemical reactions mentioned in Table 1, there 
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Class of Kind of Tissue Typical materials 
material influence reaction in this class 

biotolerant ions and/or distance osteo- 
monomers go genesis' 
into solution. 
biochemical 
effects on dif- 
ferentiation 
and prolifera- 
tion 

bioinert no matter in- contact osteo- 
fluencing the genesis' 
adjacent tissue 
goes into solu- 
tion 

tion by not yet genesis" 
completely un- 
derstood pro- 
cesses 

bioactive bond forma- bonding osteo- 

stainless steels, poly- 
methylmethacrylate 
(PMMA bone cement) 
Co based alloys, 
polyethylene 

Al,O,-ceramic. carbon. 
titanium 

Ca-phosphate based 
ceramics and Ca-phos- 
phate containing glass- 
es and glass-ceramics 

a) These termes and definitions have been coined by Osborn [ 5 ]  

are nonmaterial-controlled influences on the remodeling of 
the bony tissue around implants. In addition to general as- 
pects like age, health, and previous operations, the mechan- 
ical situation along the implant to bone interface plays an 
important role.[6* '. There is some similarity to fracture 
healing: a complete and stable union along a fracture site can 
be achieved only if the two surfaces can be brought together 
and maintained sufficiently motionlessness relative to each 
other during the healing period. The lack of rest along the 
interface will inevitably result in the formation of a soft 
tissue layer essentially consisting of bundles of collagen 
fibers mostly oriented parallel to the surfaces and containing 
only a few cells. Such creation of an artificial joint results in 
an additional mobility which, of course, is highly undesirable 
in this kind of treatment. 
In fracture healing, the required motionlessness can be 

achieved by the application of a cast around the fractured 
bone, and if possible the two adjacent joints. Because of the 
remaining relative mobility of the two surfaces, the essential 
steps of fracture healing d o  not procede until a callus has 
been formed around the fracture site which provides the 
required additional stability. Another possibility is that the 
fragments are stabilized by pins (or so called nails) intro- 
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duced into the medullary canal or by plates screwed onto the 
bone parts, if possible in a way in which the fracture site is 
under compression (pressure osteosynthesis). 

Because the trauma caused by the insertion of an implant 
into a bony environment can be expected to be similar to that 
a t  a fracture site. the sequence of reactions along an implant 
to bone interface following this trauma cannot be expected 
to be more favorable than in fracture healing. However, 
there are additional handicaps for implants as nearly all their 
mechanical properties are different from those of bone. 
Thus. even after the most favorable healing processes, the 
differences of the mechanical compliances will result in a 
lasting discontinuity along all bone to implant interfaces. 

Besides biochemical and mechanical compliance, two fur- 
ther material dependent aspects must be considered which 
influence the reliability of implant anchorage: the enzyme 
controlled immune response of the host tissue, and long term 
systemic effects. This latter point of view has been dealt with 
in the previous contribution (Biomaterials Highlights TI r91). 

3. Mechanical Aspects of Implant Fixation 

The forces acting along the bone to implant interfaces 
must be considered in two stages: first, for the healing period 
until a reliable equilibrium between the bone forming and 
the bone resorbing processes has been achieved around the 
implant and, second, for the rest of the lifetime of the im- 
plant which, hopefully, will be identical with the lifetime of 
the patient. 

During the first stage, optimum conditions for fracture 
healing must be provided for all those interfaces along which 
a close bone to implant contact is vital for the correct func- 
tioning of the implant. The easiest way to realize this require- 
ment is to keep the implant unloaded during this period. 
Howcver. this is possible only in exceptional cases. The main 
problems of the second stage are the different rne- 
chanical compliances of the bony tissue, or tissues, and the 
implant. The possibilities and limitations for the design of 
implants resulting from these mechanical considerations 
have been dealt with in detail elsewhere[6. and have re- 
cently been summarized."'' 

The essential statement is: if all other influences are, or can 
be, excluded it is the stress and strain field created in the bony 
tissue around an implant that controls the interface remodel- 
ing. If, thus, the implant can be designed allowing for mo- 
tionlessness along all those interfaces which are necessary for 
a stable anchorage, usually all load bearing interfaces, the 
conditions for fracture healing as well as for long term stabil- 
ity can be met. 

4. The Modes of Implant Fixation 

Table 2 summarizes the modes of implant fixation either 
realized. attempted, or aimed at in bone and joint surgery, 
and dental implantology. 
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Table 2. Modes of fixation for bone and joint replacements and dental im- 
plants. 

Mode Kind of Kind of load Comments 
interface transmission 

Soft tissue identical with 
encapsulation non-union of 

a frac!ure site 
Mechanical in- 
terlocking 
a )  macroscopic partially soft. 

porous partially direct 
coatings bony tissue 

contact 
b) microscopic direct bone 

surface contact 
porosity 
(flame 
sprayed 
powders) 

c) controlled direct bone 
surface un- contact 
dulations 

Isoelasticity soft tissue en- 
capsulation 

Bond forma- direct bone 
tion via bioac- contact 
tivity 

via soft tissue 
deformation 

mixed, via di- 
rect bone con- 
tact partially 
only 

via direct bone 
contact 

via direct bone 
conlact 

via a soft 
tissue layer 
via direct bone 
contact 

not reliable. but success- 
ful in exceptional cases 
for up to 20 yrs 

not reliable. some severe 
difficulties in implant re- 
mOVdl 

reliable and stable an- 
chorage 

reliable and stable an- 
chorage 

not reliable 

fatigue of bioactive mate- 
l i d s  

4.1. The soft tissue mode 

The reasons for soft tissue encapsulation are twofold: ei- 
ther the implant material is only partially biotolerant and the 
differentiation and proliferation of the bone forming cells is 
prevented or disturbed, or the shape of the implant does not 
provide sufficiently large surfaces along which relative 
movements can be prevented. The correlation between a soft 
tissue interlayer and implant failure has been clearly estab- 
lished for dental impIants.["l The stability of a soft tissue 
layer around total joint replacements anchored via the poly- 
methylmethacrylate bone cement (PMMA) suffers severely 
from interactions with polyethylene wear particles resulting 
from the articulation between the polyethylene sockets and 
metal balls. The use of ceramic ballsr2] can reduce the pro- 
duction of such wear debris considerably and, thus, extend 
the life expectancy of these implants. 

4.2. Mechanical fixation modes 

A mechanical interlocking between the bony tissue and the 
implant surfaces can be achieved in different ways with very 
different results: 

4.2. I .  Macroscopic porous coatings 

Porous coatings mostly consisting of one or more layers of 
metal spheres sintered or otherwise attached to the surface of 
CoCrMo-alloys allow for the on- and ingrowth of load bear- 
ing bony structures as deeply as the stress and strain field 
reaches and, of course, only at  interfaces along which a suf- 
ficient motionlessness can be provided during the healing 

1462 Angew. Chem. Ads. Mufer.  101 (1989) N r .  10 



Research News ADVANCED 
MATERIALS 

period. This mode of implant fixation has reached relatively 
wide application in the US. It has been stated recently that 
the success rates of such knee replacements are no better 
than with cemented devices.['21 Some initially very successful 
femoral components of hip prostheses had to be abandoned 
because of the severe destruction necessary for their re- 
movaI.['31 

4.2.2. Coatings of sprayed powders 

Coatings consisting of microscopic titanium powder parti- 
cles flame or plasma sprayed onto the surfaces of the an- 
choring portions of several dental implants have achieved 
very high success rates in more than ten years of application. 
These implants are kept completely unloaded during the 
healing period by initially placing them underneath the 
gingiva and supplying them with a superstructure only after 
about three months. Figure 1 shows an example. 

Fig. 2. BMO- (biomechanically optimized-) Stepped Stem of the femoral 
component of the FRIALIT total hip replacement system made of the vanadi- 
um free TiAlFe alloy. Note the macroscopic steps and additional fine surface 
undulations providing for an interlocking along otherwise tangentially loaded 
interfaces. 

Fig. 1 .  Titanium denydl implant (IMZ-implant) with Ti-powder particles flame 
sprayed onto the cylindrical surface. Note the openings for bony ingrowth and 
additional stabilization. 

4.2.3. Controlled surface undulations 

Controlled surface undulations can be regarded as a com- 
bination of shape elements of an implant which allow the 
control of the stress and strain field in the adjacent bone in 
order to minimize the effect of the differences in stiffness, 
and an optimization of the concept of porous coatings by 
providing the biomechanically favorable shape of the surface 
undulations (Fig. 2). This can result in an interlocking by 
which a close bone contact can be achieved['] and main- 
tained even along tangentially loaded interfaces.". 14] 

4.2.4. The interfacial bonding mode 

The anchorage of imptants via an interfacial bond made 
possible by bioactive materials would very much facilitate 
implant design, the operation procedure, and, if it enhances 
bone formation. the post-operative treatment. Unfortunate- 
ly, none of the bioactive materials have been found stable 
enough to withstand many years of shear loading. The same 
reactivity that allows for the bond formation obviously also 
accounts for the high mechanical fatigue. Presently, many 
attempts are underway to overcome these handicaps by coat- 
ing the bioactive glasses, glass-ceramics, and ceramics onto 
mechanically strong substrate materials. Whether the aging 
and dissolution phenomena of such coatings can be over- 
come remains to  be seen. 

5. The Concept of Isoelasticity 

The concept of the so-called isoelastic prosthesis is another 
attempt to avoid the problems resulting from the large 
differences of the mechanical performance of all metals and 
ceramics as compared to bony tissue. At a first glance, it 
might appear a reasonable approach to make the implant as 
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Fig. 3. a)  The “nut  and bolt” of identical materials results in a severe stress 
concentration on the first threa4. AIs = elongation. AIN = compression. If the 
cross scctions iire equal 1AIS1 = I -AINl, I F s  = I F N .  The cylinder underneath 
the circular punch (b) represents the situation of complete isoelasticity and of 
an ideal bonding to its environment within this half space. The dotted curve 
shows the stresses along the dashed interface between this cylinder and the 
environmcnt and the extreme stress concentration towards the surface. It is this 
strcss concentration that allows for all punching processes! a stresses along d, 
d distance along dotted line. 

stiff as the surrounding bone. As such an implant can be 
realized only with fiber reinforced plastics, this idea has 
found much attention in chemically oriented research 
groups. This concept, however, violates very basic and old 
rules of mechanical engineering. This has already been 
shown previously for two special cases[15‘1bl and is ex- 
plained on general terms in Figure 3. 

6. Final Remark 

The application of bone forming stimulants along implant 
to bone interfaces might be beneficial during part of the 
healing phase. As the stability of implant fixation essentially 
depends on the load pattern in the adjacent bony tissue and 
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The fifth international symposium on graphite intercala- 
tion compounds sponsored by the Freie Universitat Berlin, 
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on the biochemical influences of the implant materials, hard- 
ly any contribution of such extracts can be expected for long 
term implant reliability. 

The recent observation[”1 of a particularly favorable ad- 
hesion of fibroblasts onto controlled surface undulations 
with dimensions in the one to two microns range can be 
regarded as a means to understand the bond formation on 
the Ti-powder coated surfaces. It appears that further results 
from this ongoing study will provide deeper insights into 
such surface mediated responses of cells and, thus, allow for 
further improvements of implant anchorage. 
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was held in Berlin (West), on May 22.-25., 1989. It was 
attended by 137 scientists from 17 countries, with West Ger- 
many, France, Japan and the United States contributing 
about 85 % of the participants. Fourteen invited talks were 
presented, as well as 41 other papers and 73 posters. Follow- 
ing a well-established custom of these symposia, seventeen 
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