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7 HUMAN SCALED TUBE-CONE MODEL

7.1 Experimental methods

7.1.1 General considerations

The human tube-cone model was developed from the ovine tube-stem model. It also involved
graft impaction into a tube, implant fixation and subsequent endurance testing to failure. For
the human model, testing of impaction grafting procedures and graft materials was transferred
from the ovine to the human dimensions. As described in the discussion section of the die-
plunger compression tests (chapter 4.3), the shear-box tests (chapter 5.3) and the ovine tube-
cone model (chapter 6.3), the mechanical performance of particulate aggregates is influenced
by the relative ratio of particle size to cavity measurements because load transfer mechanisms
and the relevance of edge effects depend on it. In the same way as with the ovine tube-stem
model, the human sized tube-stem model is designed to identify correlations between the
quantitative characteristics derived from the standardised tests like the die-plunger
compression and the shear-box test and stability results from a more realistic, complex and

clinically relevant experimental set-up like the ovine or human sized models.

Being derived from the ovine tube-stem model, the design and experimental procedure of the
human tube-cone model was also derived from the graft preparation steps, the femur-stem
geometry, loading regime and failure modes in clinical impaction grafting. At the sametimeit
provided a sufficiently high abstraction level of the test geometry, sample preparation,
impaction procedure, loading regime and test criteria to control or keep constant process
variables in favour of reproducibility and thus isolate the desired parameters as the major
variables of the test. In the case of the human tube-cone model the parameter focus was
expanded from the graft mixing ratios of the ovine model to a much wider range of bone
grafts, synthetic extenders and bone/ceramic mixing ratios. An overlap of identical graft
configurations between the ovine and human sized model was included in the experimental
plan to allow a comparison between both models. Besides awider range of graft materials the
human model was expanded by a new design and procedure named the “Impactometer” to
replicate and control impaction levels, a factor considered as highly critical for clinical

success but relying on subjective manual feedback not controlled in surgical practice.
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The human tube-cone model incorporated some additional design simplifications or process
abstractions over the ovine model in order to further reduce the influence of methodological
variables which are difficult to control or to make the experiments more efficient with regards
to time, cost and safety. These measures were waiving cementation, using a rotationally
symmetric cone instead of a double-tapered polished stem and limiting the cyclic loading to

the vertical axisymmetric direction only.

Cementation was omitted for the human tube-cone model because a proportion of the clinical
impaction grafting procedures are performed cementless and cementation seemed of limited
relevance when the investigation focused on graft materials and impaction levels as the major
process variables to be isolated. From the results of the ovine mode it was seen that critical
subsidence was caused within the graft and not the cement and that the cement-graft interface
was relatively weak with low cement penetration into the graft. Therefore the exclusion of
cementation seemed a scientifically valid measure to improve experimental reproducibility
and isolation of the critical factors to be investigated. At the same time leaving out

cementation made the procedure more time efficient, less user dependent, cheaper and safer.

The use of a polished double-tapered hip stem in the ovine model was mainly the
consequence of using cement for stem fixation where surface finish and taper are essential for
secure long term fixation. In addition, as the ovine model was also developed for ethical
approval of an animal study in sheep, close similarity between clinical and experimental
impaction grafting seemed necessary. Without both conditions, cement and animal study
preparation, the use of a double-tapered polished stem for the human model experiments
seemed less binding and a non-polished metal cone more justified. The cement mantle also
changes the geometry and dimensions in contact with the impacted bone graft by rounding off
the edges created by the double-taper and by increasing the circumference. With the cement,
the surface in contact with the graft is also not polished but it is the rougher exterior of the
cement mantle. Considering this, the stem plus cement forms a cone-like object supported by
impacted graft so that the use of a non-polished metal cone seemed valid. The metal cone
should guarantee a comparable load transfer into the graft and analogous load pattern in the
graft mantle as the cemented stem. Furthermore, as the human model was loaded in vertical
axisymmetric compression only, the stability against torsion or bending that might be
provided by a non-rotationally symmetric cross-section of a double-tapered stem did not

meatter. The sharper profile, smoother surface and slightly smaller dimensions of the metal
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cone versus the stem-plus-cement combination is expected to, if anything, increase loading of
the graft and accel erate subsidence.

The limitation to vertical loading axisymmetric with the metal cone is a valid abstraction
considering that massive vertical subsidence is the major failure mode during the post-
operative phase where initial stability is crucial. Torsional stability in impaction grafting is
expected to be dominated by the stem cross-section and profile and much less influenced by
the graft material or impaction levels, the two factors to be investigated in this study. By using
a cone with a circular cross-section as a model for the stem, the experiment deliberately

excluded stem shape as an influential factor.

7.1.2 Design tube-cone model

The geometry of the human tube-cone model was designed to reproducibly expose the graft to
a stress pattern comparable to that experienced in-vivo. An experienced surgeon performed an
impaction grafting procedure using a cemented hip stem in a Sawbone glass fibre femur which
was sectioned post-operatively in equidistant ssgments of 10mm height (figure 7.1).

Figure7.1:

] Proximal cross-section of a Sawbone
~ T | femur showing a cemented impaction
: e | grafting.

bone graft

The morphology of the medullary canal was found distally to resemble a cylindrical tube
which widened conically towards the proximal end. The cross-sections were planimetrically

analysed to derive a mean surface equivalent femoral diameter for the tube and to correlate
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the cross-sectional surface area of the double-tapered stem to the proximal diameter and taper
angle of a cone. This way a diameter ratio between tube and cone was ensured which was
comparable to that between the medullary canal and the cemented stem of a clinically
impaction grafted hip. The cone length was equal to the typical stem length used in impaction
grafting and the length of the tube was chosen so that the inserted cone resembled a depth of
graft commonly found clinically between the most distal part of the stem and the distal plug.
Figure 7.2 is taken from the Howmedica surgical instruction manual and shows a surgical
stem alignment template superimposed onto an x-ray image of atypical hip to be revised by
impaction grafting. The shapes, positions and dimensions of femur, distal plug, stem and
cement to be modelled by the human tube-cone set-up are clearly visible and compare well to
the dimensions chosen in the experimental model shown in figure 7.3. This way bone graft

can reproducibly be exposed to a stress pattern comparable to that in-vivo.

Figure7.2:

Surgical stem alignment template superimposed
onto an x-ray image of a typical hip to be revised
by impaction grafting .
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Figure 7.3: Comparison between a sketch of the human size tube-cone model (left) and a drawing
from the surgical instruction manual showing the trial reduction (right) 1.

From the analysis of the Sawbone cross-sections and the surgical instructions a steel tube with
a diameter of 25mm and a length of 150mm was derived. As with the ovine model, the
dightly conical proximal cross-section was not modelled to improve experimental
reproducibility by reducing variables of the impaction process. A cylindrical canal made it
possible to limit the distal impactor sizes to one allowing the ssimple control of graft charges
and impaction energy and forces delivered into the graft. A wall thickness of 4mm made the
steel tube so stiff, that effects from the variable elasticity or strength of the femoral bone in-
vivo were excluded for improved reproducibility and parameter isolation. The superior
stiffness of a solid tube over a femoral bone could result in graft stresses higher in-vitro than
in-vivo, potentially accelerating failure. This was considered a tolerable or favourable effect
because the model was designed for a relative stability comparison between graft materials or
impaction energies and it was accepted that absolute numbers from any in-vitro impaction
grafting test cannot be compared to the in-vivo reference unscal ed.
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The cone mimicked the stem geometry with a total length of 120mm comprising a conical
section of 110mm length with the diameter increasing from 5mm distally to 16mm proximally
as shown in figure 7.3. At the proximal end the cone extended with a cylindrical section of
10mm length. During impaction the cone was inserted into the compacted graft up to
separating line between the conical and cylindrical section (figure 7.3). This way it was
ensured that a subsiding cone did not wedge deeper into the graft than at the zero position.
The cone had a central bore hole of 3.6mm diameter to be aligned with and allow low friction
movement along a guide wire. The guide wire was taken from the surgical Howmedica tool
kit and had a diameter of 3.5mm. The surface finish of both the tube and the cone was smooth
from machining and sanding but not polished. Intense washing and frequent sanding with fine
paper ensured that the surface finish remained constantly smooth throughout the test period.
Figure 7.4 shows a photo of the tube and cone of the human model.

| Figure 7.4
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Aol ap® an | a "SR B T_E.T__Ef =] Tube and cone of the human

..................... TR s

|| size impaction grafting model.

At the distal end of the tube aring was welded on as an adapter to bolt the tube onto a circular
plate as seen in figure 7.3. The end plate acted like a distal plug closing the tube distally and
offering a central thread to hold the guide wire. The plate could be removed for easy cleaning
and acted as an adapter for mounting the human model first into the impaction device and
finaly into the test machine. Cone length, the depth of the distally closed tube and cone
insertion to the separating line between the conical and cylindrical section ensured that the
distance between the distal ends of cone and tube measured 35mm, a value lying in the

clinically recommended range.
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7.1.3 Design impactometer

When graft impaction is performed manually as in surgery or in the ovine tube-stem model
the impaction energies and forces cannot be monitored or controlled athough impaction
quality is seen as a major factor crucial for clinical success. In clinical impaction grafting the
surgeon has to balance the requirement of intense impaction with the risk of femoral fracture
and must rely on his strength and experience. During manual impaction as a part of the ovine
model procedure, impaction was as vigorous and intense as possible because arisk of fracture
did not exist. However, this method did not alow controllable impaction.

In order to standardise, monitor and control impaction energy and forces in the model the
impactometer was designed. As shown in adesign sketch (figure 7.5), the Impactometer was a
simple device consisting of a constant mass which could be dropped from various heights
along the guide wire to alow hammer blows of controllable energy and momentum. With a
hammer mass of m= 6129 and a drop height variable from h= 0-600mm, the energy and
momentum per individual hammer blow could be adjusted from zero to 3.6J or 2.1Ns
respectively. The drop height could be held constant between blows either by an adjustable
cable between mass and cone or by a height adjustable clamp on the guide wire including a
pointer for aruler attached to the tower. The solid tower allowed support and tensioning of the
thin guide wire as well as the easy removal of the weight, tube-cone model and wire when the
impaction process was finished. Figure 7.6 shows a photo of the assembled impactometer.

The cone was connected to a LVDT position transducer which recorded the set per hammer
blow, the distance the cone or the distal impactor travelled per individual hammer blow or in
accumulation. The distal impactor was formed by aremovable flat metal disk clipped onto the
distal end of the cone. This way a two stage impaction could be replicated from the clinical
situation where a distal impactor compresses the graft vertically and a proximal impactor with
the shape of an oversized prosthesis also compresses the graft radially. The transducer
allowed a resolution of 0.01mm and thus was more sensitive to impactor displacement as a
form of feedback from the impaction process than during manual impaction grafting.
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Figure 7.5: Design sketch (left) and photo of the impactometer used for the controlled delivery of
impaction energy and momentum.

7.1.4 Design test procedure

The test procedure consisted of two parts, firstly the controlled graft impaction using the
impactometer and secondly the cyclic block loading of the human tube-cone model until
failure. The impaction procedure was modelled on the clinical practice where initially the
medullary canal is filled with individual charges of graft which are then compacted axially
with flat distal impactors by a individual sets of hammer blows. Thereafter the proximal
impactors resembling the shape of the hip stem are used to compact the graft further both
vertically and radially thus creating a cavity for stem insertion. Also with the tube-cone model
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mounted into the impactometer a distal impactor was used to axially compact individual
charges of measured graft volumes first with defined impaction energies delivered by specific
numbers of hammer blows constant for a chosen impaction level. After this pre-compaction,
the cone was impacted into the filled graft tube with hammer blows from the same consi stent
drop height as during pre-compaction. This way the graft was compressed further both axially
and radially as during clinical impaction grafting.

Depending on the impaction level chosen and thus the total graft quantity required to fill the
tube, specific graft volumes ranging from 30cm® to 50cm® were measured using small cup-
like containers like shown in figure 7.6 and charged into the tube using a funnel to ensure
homogenous distribution of the graft phases. During the preparation of the graft volumes and
during charging them into the tube it was important to avoid segregation of graft phases and
particle sizes by proper mixing and container tapping. Volume mixing and charging as
described was preferred to potentially more accurate weight charging as it was expected to
become the preferred clinical method when bone graft plus extender mixes must be produced
in the operating theatre and ease of handling and sterilisation matters.

Figure 7.6:

Preparation of constant graft volumes for
controlled charging and impaction with the
human tube-cone model by using cup-like
containers. The container shown holds a 30cm®
volume of a 2:1 bone/ceramic graft mix.

T

Depending on the impaction level chosen for an individual test, a specific number of hammer
blows from a constant drop height was exerted onto the distal impactor and compressed a
graft charge before the next one was added and the process repeated until the tube was filled
with graft compacted up to a line 5mm below the proximal end of the tube. The position of
the impactor between graft charges and the set per hammer blow were documented.



7 Human scaled tube-cone model 150

The standard drop height was set at 260mm to deliver the same momentum on impact as
calculated from intra-operative measurements where the hammer weight, siding distance and
hammer frequency resulted in an average hammer momentum of ca. 1.4Ns, a value close to
the 1.2Ns momentum claimed from a non-disclosed method of intra-operative measurement
in the literaturd®*J. The energy delivered per hammer blow from the 260mm standard drop
height equated to 1.55J. The total impaction intensity delivered during pre-compaction was
given as the accumulated energy from all pre-compaction hammer blows. The pre-compaction
energies tested with the human tube-cone model ranged from 3.1J to 23.3J with 6.2J as the
standard pre-compaction energy. The pre-compaction energy correlated with the total
impaction energy and was used to identify the impaction levels tested. Hammer drop height
was varied from 130mm to 520mm to investigate how hammer momentum and thus peak
force affect stability when the total compaction energy is kept constant.

After graft charging and distal compaction was completed the flat disk was removed from the
distal end of the cone so that it could be impacted into the graft filled tube by repeated
hammer blows from the same drop height as during the pre-compaction phase. The set per
hammer blow was measured and cone impaction was stopped when 6mm of the cylindrical
proximal end of the cone protruded from top of the tube. This constant position ensured that
the conical section of the cone was always fully impacted into the bone graft.

With a tube volume of 73.6cm® resulting in a 71.2cm® graft column by limiting charging and
compaction to a line 5mm below the proximal end of the tube and with an inserted cone
volume of 41.6cm®, the condensed graft volume measured 29.6cm®. Depending on the pre-
compaction energy delivered, the original graft volume charged into the tube varied between
ca. 90cm® and 120cm® and thus resulted in a total graft compaction ratio of ca 3.0 to 4.1 or
equivalent average compression strains of ca. 0.67 to 0.76. A rough estimation of peak forces
required to achieve such compression ratios can be based on the stress-strain relationships
established under quasi-static compression as performed during die-plunger testing. This
comparison indicates hammer peak forces exceeding several 1000N.

When pre-compaction and cone impaction were completed, the guide wire was removed and
the graft filled tube with the inserted cone was disconnected from the impactometer. Then the
tube-cone model was mounted into an Instron 8511 servo-hydraulic testing machine for cyclic
block loading as shown in figure 7.7. The loading regime was similar to the ovine tube-stem
tests but the vertical compression load was applied only co-axially with the cone and the peak
loads of the successive blocks were increased from the initial 0.2kN in 200N steps until
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failure at a total accumulated subsidence of 6mm. This level of subsidence was the
geometrical maximum of the model design and correlates with clinical failure scenarios where
such displacement can result in misalignment and malfunction of the joint and thus cause pain
requiring revision. Consistent with the ovine model each load block consisted of 5000
haversine cycles run at a frequency of 2Hz. The haversine wave form was chosen because
with its non-continuous signal curve it more closely imitates the steep loading gradients of
human gait than a smooth sine signal. The cycling frequency was chosen to lie in the
bandwidth of human walking speeds so that the graft response is affected by the same
viscoelastic properties experienced in-vivo. Vertical subsidence as the mgjor failure mode in
clinical impaction grafting was recorded permanently by applying an averaging algorithm on
the position signal acquired from the position transducer of the actuator using Hewlett-
Packard DT-Vee software. After test completion at 6mm total subsidence the cone was
removed from the grafted tube by applying atorque, for which the peak value was recorded.

Figure7.7:

Human tube-cone model after graft impaction
and cone insertion mounted into Instron 8511
servo-hydraulic testing machine for cyclic block
loading..

As with the ovine model, it was accepted that the experimental design with its abstracted
geometry, simplified procedure and loading regime does not allow direct quantitative
comparison of numerical data with subsidence measured in-vivo. However only with this
compromise did it became possible to constantly reproduce and control test conditions and to
isolate the desired parameters graft material and impaction quality as the only variables. The
impaction quality was varied by altering impaction energies with a constant hammer
momentum and by altering the hammer momentum or force while keeping the total impaction
energy constant. The impaction energy was varied by altering the pre-compaction energies
from 3.1J (low), 6.2J (standard), 9.3J (high) to 23.3J (very high). The hammer momentum
was varied from the standard 1.4Ns (drop height h=260mm) to 1.0Ns (h=130mm) and 2.0Ns
(h=520mm). A summary of the experimental design, procedures and variablesis given below:
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Design tube-cone model

tube: length ltube= 150mm
diameter dipe= 25mm

cone: conical section cylindrical section
distal diameter d;=5mm diameter ds= 16mm
proximal diameter d,=16mm
length lcone=110mm length [;=11mm

Design impactometer

guide wire: diameter dy,=3.6mm
length l,=1000mm

hammer: mass m= 6129

transducer: resolution 0.01mm

Block loading regime

wave form: haversine
frequency: f=2Hz
peak load: Frex=0.2kN to 2.6kN in 0.2kN load steps

block duration: 5000 cycles
failure criterion: 6mm subsidence

Test Procedure
1. Mounting tube-cone model in impactometer
2.Mixing of graft phases
3.Graft charging in constant volumes V= 30cm? to 50cm®
4. Graft pre-compaction with distal impactors
Multi-stage graft charging and pre-compaction with sets of hammer blows
standard drop height h= 260mm equivalent to 1.4Ns momentum and 1.55J energy
5.Cone impaction with successive hammer blows until inserted to cylindrical section
6. Removal of guide wire and dismounting tube-cone model from impactometer
7.Mounting tube-cone model in Instron 8511 servo-hydraulic test machine
8.Block loading to failure (6mm subsidence)
9. Torque release of the cone

Test variables

graft materials see section 7.2

impaction energy pre-compaction energy 3.1J, 6.2J (standard), 9.3J, 23.3J
(constant hammer momentum  p= 1.4Ns)

impaction momentum hammer momentum 0.7Ns, 1.0Ns 1.4Ns (standard), 2.0Ns
(constant pre-compaction energy 6.2J)

7.2 Materials

The graft materials tested for stability with the human tube-cone model were human bone
graft as the gold standard in impaction grafting, formalin fixed ovine bone graft as an in-vitro
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experimental graft material and various graft mixes comprising ovine bone and granules of a
synthetic ceramic bone graft extender in various mixing ratios and ceramic configurations.
Bone plus ceramic volumetric mixing ratios were varied from 2:1 bone/ceramic to 1:1 and 1:2
bone/ceramic. The ceramic configuration was varied with regards to particle size, sintering
temperatures, porosity level and chemical composition.

When such material or impaction parameters were varied in the tests, only one variable was
changed at a time while the other conditions or parameters remained constant. Therefore the
experimental variables formed a multi-dimensional co-ordinate system with a standard
configuration for graft material and impaction level as the origin and co-ordinate axes along
which parameters were varied. This standard configuration was a 1:1 volume mix of ovine
bone with a ceramic graft extender comprising granules of 2-4mm particle size sintered at
Tsn=1150°C from an 80:20 HA/TCP composite with 25% porosity level. This specific
standard configuration was chosen because an equally weighted bone/extender mix with a
ceramic composition dominated by bone mineral like HA was expected to become the
bone/extender composition most likely to be used clinically. As mentioned before in chapter
7.1.4, the standard impaction level chosen was the 6.2J pre-compaction energy delivered by
hammer blows from a 260mm drop height resulting in a momentum of 1.4Ns.

In correlation with the ceramic variables analysed during the die-plunger tests, the granule
size of the ceramic was varied between small (1-2mm), medium (2-4mm, standard) and large
(4-6.3mm). The porosity levels investigated were no porosity (0%), medium porosity (25%,
standard) and high porosity (50%) and the sintering temperatures changed between 1050°C
(low), 1150°C (standard medium) and 1200°C (high). A reverse chemical composition of the
ceramic (20:80 HA/TCP) was tested as well as one additional completely different ceramic
extender from another manufacturer (pure HA, 68% porosity, 2-5mm particle size).

As during the previously described tests the preparation of bone grafts and the mixing with
the ceramic extender was undertaken with large volumes at a time in order to level out
variability and to ensure homogenous mixing. A minimum of three tests per parameter
configuration were performed to derive an average stability performance. For pure ovine bone
and for the standard 1:1 bone/ceramic mix six tests were conducted. Figure 7.8 shows photos
of ovine bone and the HA/TCP ceramic in pure form prior to mixing and compares them to
images of the three tested mixing ratios. A summary of the material configurations tested with
the human tube-cone model is given below:
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Graft materials

pure human bone irradiated at 2.5MRad, Norwich bone mill

pure ovine bone formalin fixed, Norwich bone mill

graft mixes bone plus ceramic extender volumeratios: 2:1, 1:1, 1.2
pure ceramic standard configuration:

80:20 HA/TCP, 25% porosity, 2-4mm particle size, Tg= 1150°C

Ceramic parametersvaried in 1:1 bone/ceramic mix

porosity: 0%, 25%, 50%

sintering temperature:  1050°C, 1150°C, 1200°C

particle size: 1-2mm, 2-4mm, 4-6.3mm

chemical composition: 80:20 HA/TCP, 20:80HA/TCP

extra material: pure HA, 68% porosity, 2-5mm particle size

Figure 7.8. Pure ovine bone and the standard ceramic prior to mixing (1), 2:1 bone/ceramic mix (2),
the standard 1.1 mix (3) and the 1:2 bone/ceramic mix (4).

7.3 Results
7.3.1 Endurancetesting

Cones as stem models were impacted into pre-compacted graft and then cyclically block
loaded in vertical compresson while vertical subsidence was recorded. The qualitative
relationship between number of cycles or load blocks and the subsidence was fundamentally
the same for all samples, for all bone graft materials and for all load blocks tested and thus
similar to the qualitative subsidence behaviour observed using the ovine model (chapter 6).
As can be seenin figure 7.9 for awide range of materials and impaction energy levels, cyclic
loading initially caused steep subsidence during the first cycles before the subsidence rate
declined and finally entered a state of permanent subsidence with alogarithmically decreasing
gradient. This behaviour is qualitatively identical with observations made in a study on
implant stability in impaction grafted human cadaveric femurs?*. The gradient of the
logarithmic function varied between load blocks and different materials. During the recovery
time between individual load blocks a small fraction of the subsidence was recovered by
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elastic recail. A characteristic pattern of all materials and samples was that the subsidence per
load block increased with the rising peak load of the load block.

Accumulated subsidence during block loading

human bone - 6.2
e ovine bone - 6.2]
1:1 b/c mix pure HA - 6.2
« 1:1 b/c mix 80:20 HA/TCP- 6.2J
e 1:1 b/c mix_80:20 HA/TCP- 23.3J
|

Subsidence [mm]

1.8 2.0 2.2 2.4

3

20000 30000 40000 50000 60000
No. of cycles / Peak load [kN]

Figure 7.9: Accumulated subsidence during cyclic block loading of a large range of typical samples
of different graft materials and impaction energy levels.

Figure 7.9 shows that different graft materials and different impaction levels had an enormous
effect on initial stability. Only a block load experiment was able to resolve such a wide range
of results. The least stable sample, a cone impacted into pure human bone graft pre-
compacted with the standard 6.2J energy, failed during the 0.8kN load block after just slightly
more than 15,000 cycles while a sample with a 1:1 bone/ceramic graft mix of identical
impaction quality survived until the completion of more than 40,000 cycles during the 1.8kN
load block. When such a graft mix was highly pre-compacted using 23.3J as the highest pre-
compaction energy tested, failure only occurred when the peak load reached 2.4kN and more
than 56,000 cycles were completed. Despite these huge stability differences, the qualitative
relationship between number of cycles and subsidence remained identical for all samples.
During the first load blocks, all materials appeared highly stable with small amounts of
subsidence accumulating. However, depending on graft material and pre-compaction energy,
significant subsidence started to accumulate when a certain peak load was exceeded. The
subsidence rates soon approached a logarithmic relationship between number of cycles and
subsidence. Differences between materials, levels of impaction energy and even load blocks
are expressed just by skewing and shifting this functional relationship towards different
subsidence rates and the number of cyclesit takes to approximate this relationship.
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Accumulated subsidence during block loading Figure 7.10:

Accumulated stem subsidence
during block loading of a
large range of typical samples
of different graft materials
and impaction energy levels
(magnified chart section).
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Figure 7.10 represents a magnified section of figure 7.9 with the subsidence axis limited to a
total displacement of only -0.5mm. It shows that even during the high stability phases
observed for the initial load blocks small amounts of subsidence measuring less than 100um
accumulated. However, even those allowed the differentiation of finally distinctive stability
levels at very early stages of the block loading regime. Figure 7.11 also shows a magnified
section of a subsidence chart with the subsidence curves of individual load blocks starting at O
each and with an even higher zoom factor. The material tested was a very stable 1:1
bone/extender mix with a non-porous ceramic (0% porosity) and it can be seen that apart from
avery small amount of initial subsidence during the first ca. 200 cycles measuring ca. 1-3um
no further subsidence occurred during the first three load blocks. Only the fourth 0.8kN load
block exposed a clear logarithmic subsidence behaviour again. The scattered profile of the
subsidence curves is the result of the resolution of the displacement transducer and the
tolerance inherent in the position averaging algorithm employed. As can be seen in figures
7.10 and 7.11, the error tolerance of the signal had an approximate maximum of + Sum.

Accumulated subsidence: Human model 1:1 b/ mix, 0% porosity Figure7.11:
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The subsidence behaviour during load blocks of higher peak force hence, greater cone
displacements, is highlighted in figure 7.12 for a 1:1 bone/ceramic graft mix, pre-compacted
with 23.3J, the highest pre-compaction energy level tested. Against a logarithmic axis for
number of cycles all subsidence curves asymptotically approached linear trendlines. Therefore
the functional relationship between subsidence and number of cycles approximated to a
logarithmic correlation with a constant subsidence rate a according to eguation 7.1. Such
behaviour was observed for all graft materials, impaction energies, stability levels and all
peak loads where subsidence was high enough to exceeded ca. 0.1mm. The higher the
subsidence rate o at a specific load the earlier failure was reached at 6mm displacement and
the less mechanically stable a sample was. When the peak force was increased the subsidence
rate also increased and in the sample of figure 7.12 it grew from 12um/InN during the 1.2kN
load block to 659um/InN during the penultimate load block with 2.2kN peak force.

As can be seen in figure 7.12, the equilibrium of a constant subsidence rate a was reached
after different numbers of cycles altering between ca. 10 to 1000. Then the correlation
coefficient R? between subsidence curve and logarithmic trendline was greater than 0.99 and
only dropped lower when signal tolerance and subsidence were of similar magnitude. Then,
approximation accuracy was affected as can be seen for subsidence during the 1.2kN load
block. The number of cycles required for the subsidence curve to approximate the logarithmic
trendline was lower for low peak forces and higher for higher peak forces. However, as can be
seen in figure 7.12 for one of the longest lasting samples, even at extreme stability levels and
thus very high peak forces logarithmic subsidence with a constant subsidence rate a was
finaly reached. Different graft materials impaction levels and peak forces of a load blocks
only tilted (subsidence rate a), shifted ( vertical position constant c) or skewed ( constant b)
the functional eguation as expressed by the parameters of equation 7.2.

S=-a DIn(N)—c (equ. 7.1)

s=-a On(N +b)-c"” (equ. 7.2)

s= accumulated subsidence [s]= mm a = subsidencerate, [a]= zmVINN
N= number of cyclesinto load block c= vertical start position [c]= mm
b= skewing constant c*= vertical position constant [c*]= mm
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Accumulated subsidence: 1:1 b/c mix / 23.3J pre-compaction
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Figure7.12: Accumulated subsidence during cyclic block loading for exemplary samples of pure
ovine bone and to bone/ceramic mixes with volume ratios of 1:1 and 1:9 bone/ceramic.

Most qualitative characteristics of cone subsidence in the human tube-cone model are the
same as observed for the ovine tube-stem model. The significant differences are highlighted
in figure 7.13 where subsidence curves from the ovine and the human model are compared to
each other for two samples of pure fixed ovine bone as an identical graft material. In the ovine
model subsidence during each load block showed very steep initial subsidence but then the
gradient rapidly decreased to follow a logarithmically constant subsidence rate. In the human
model subsidence during each load block initially was less steep but the gradient took longer
to decrease and follow a logarithmic relationship with the number of cycles. In the ovine
model significant elastic recovery was measured after the completion of aload cycle whereas
when the human model was used, elastic recovery was much smaller so that the resolution of
the chart hardly can represent it. In both models the subsidence per load block and the
subsidence rate increased from one load block to the next. Tests with the human model
showed relatively high stability with low subsidence and small subsidence rates during the
first load blocks and very high subsidence with great subsidence rates during the final load
blocks leading to failure at 6mm vertical displacement. However with the ovine model,
significant subsidence was observed already during the first low force load blocks but the
increase in subsidence accumulation and rate was less steep than with the human model. Asin
the case represented in figure 7.13 and in several other samples tested with the ovine model,
the subsidence rate during the final load block decreased again when vertical displacement
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approached the failure criterion and the geometrical limit of the set-up. This behaviour was
not observed when the human model was used. Finally, with both model s the samples charged
with identical bone grafts impacted either vigorously by hand or in a controlled manner using
the impactometer failed during the same load block and after a comparable number of cycles.

Accumulated subsidence: human versus ovine model Figure 7.13:
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The calculation of subsidence rates for all samples and load blocks is a very time consuming
procedure producing enormous quantities of data which cannot be analysed efficiently. The
large bandwidth of graft materials and impaction conditions resulted in such a wide range of
failure points that subsidence rates for specific load blocks could not be compared. Testing with
the ovine model and the described validation with the human mode above established a direct
correlation between graft stability on the one hand and both subsidence rates or number of
cyclesto failure on the other, so that the number of cyclesto failure can be used equivalently to
identify and comparatively quantify graft stability. Also established was the fact that for all
samples independent of graft materials, impaction levels and load blocks, subsidence occurred
logarithmically and that eastic recoil was minimal. Therefore the subsidence versus cycles
curves between start and end point of each load block did not reveal additional information but
confused the readability of a chart as represented in figure 7.14 (left). Thus in the following
figures cone subsidence is only documented by linearly connected data points giving the cone
positions at the start and end of each load block as shown in figure 7.14 (right). It can be seen
that such a smplified data representation improved readability without losing information.
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Accumulated subsidence: b/c mixes, 3.1J pre-compaction energy Accumulated subsidence: b/c mixes, 3.1 pre-impaction energy
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Figure 7.14: Comparison of two equivalent chart styles showing the accumulated stem subsidence as
continuous curves (left or a connection of load block end positions (right).

The first stability comparison was performed between human bone graft as the gold standard
in clinical impaction grafting and ovine bone graft as the preferred in-vitro experimental graft
used in this study. Figure 7.15 shows that all three human bone graft samples were highly
stable without significant subsidence during the first two load blocks but then subsided
massively during the 0.6kN load block to finaly fail after a few further cycles under 0.8kN
peak force. Also ovine bone graft samples were initially very stable without much subsidence
but then sudden massive subsidence occurred leading to failure within two further load
blocks. Despite this qualitatively similar subsidence behaviour, all but one of the six ovine
bone samples tested were more stable than the human bone samples. Cones impacted into
ovine bone graft exceeded the failure criterion during the 0.8kN, 1.0kN or 1.2kN load block
surviving between 15,425 and 25,405 cycles. This relatively large range indicates the high
variability in the stability performance of ovine bone graft especially when the relatively large
discrete jumps in peak force from between load blocks are considered. Human bone samples
only survived between 15,100 and 15,470 cycles. Variability seems lower but the step sizein
peak force between load blocksisrelatively larger.

Accumulated subsidence: human vs ovine bone graft Figure 7.15:
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At the highest pre-compaction level delivering 23.3J of hammer energy into the graft prior to
cone impaction, human bone graft showed high absolute stability as represented in figure
7.16. The most stable human graft sample survived for 30,231 cycles before exceeding 6mm
subsidence during the 1.4kN load block. With nearly twice the number of cyclesto failure and
nearly double the peak load, increasing graft compaction energy caused a very substantial
stability improvement for human bone grafts. Such improved graft compaction also
significantly increased the stability of ovine bone graft so that it remained more stable than its
human source derivative. With 45,590 to 60,059 cycles to failure at either 2.0kN or even
2.6kN pesk force, stability values nearly doubled but variability remained. The ovine graft
sample exceeding 60,000 cyclesto failure was the most stable sample tested and indi cates that
dense impaction leads to high stability with bone grafts. The characteristic of bone grafts to
maintain stability without significant subsidence until a certain peak force and to then
suddenly subside massively was maintained at the high impaction level.

Accumulated subsidence: human vs ovine bone graft Figure 7.16:
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The stability performance of a graft mix containing equal volumes of morsellised ovine bone
and a granular ceramic extender of the standard configuration, a 80:20 HA/TCP composite
sintered at 1150°C with 25% porosity and a 2-4mm particle size, is represented in figure 7.17.
Adding the synthetic extender into a 1:1 b/c mix hugely increased stability over pure bone
grafts. Even the weakest sample survived 35,294 cycles up to a1.6kN peak force, a minimum
increase of nearly 10,000 cycles and two load blocks (0.4kN) between the most stable ovine
graft sample and the least stable b/c graft mix. The variability in stability was also much
reduced for the graft mixes. The most stable 1:1 b/c mix only survived 5,298 cycles and one
load block more than the weakest sample, a relatively minor difference when the relatively
small step size at such high peak load is considered. Most samples recorded even closer
stability performances. Subsidence for the b/c graft mixes also was much less sudden or steep
and thus more predictable than for the pure bone grafts. After the initial subsidence had
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exceeded ca. 0.2mm during the 0.8kN load block, the bone/ceramic mix samples subsided at
relatively low and slowly increasing rates towards late failure while the pure bone grafts in
this situation collapsed almost totally within one load block.

Accumulated subsidence: bone grafts vs 1:1 b/c graft mix Figure 7.17:
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The characteristic differences between the qualitative and quantitative stability performance
of different grafts can be understood when the subsidence curves of a 1:1 b/c mix are
compared to those of pure bone and the standard ceramic as their two constituents (figure
7.18). When a cone is impacted into pure granular ceramic, the 6mm failure subsidence was
reached even later then for the 1:1 mix. Subsidence rates were even less steep, increased more
dowly and relative variability was lower. Failure for the least and most stable pure ceramic
sample occurred in a small range of 45,794 (2.0kN) and 51,382 (2.2kN) cycles only.
However, the ceramic subsidence curves intersect those of the 1:1 b/c graft mix and those of
pure ovine bone because initial subsidence of ceramic samples during low force load blocks

was higher.
Accumulated subsidence: bone grafts vs ceramic vs graft mix Figure 7.18:
0 — ‘ ‘ : : Comparison of accumulated
\ \% N\ T rumen Bone stem subsidence during block
gt —+Pure ceramic ] loading for pure bone grafts,
% 2 ——1:1 bonefceramic mix | _| the pure standard ceramic
E \ and a 1:1 bone/ceramic graft
Z -3 mix.
Qo
>
w N\
2 4
s \\ \\
]
E 5
3
o
<. |
0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8 2.0 2.2 24 2.6
7
0 10000 20000 30000 40000 50000 60000
No. of cycles /load [kN]




7 Human scaled tube-cone model 163

Figure 7.19 proves that not all ceramic graft configurations increase the mechanical stability
of a bone/ceramic mix versus a pure bone graft. When a pure HA ceramic with 68% porosity
and a 2-5mm particle size produced by an alternative manufacturer was added to ovine bone
graft in a 1:1 volume ratio, the average stability of the composite was lower than for pure
bone graft. Five from the seven ovine bone samples survived a higher number of cyclesand a
load block with a higher peak force than the most stable 1:1 b/c mix with pure HA. Graft
mixes with the pure HA granules also exhibited the typically sudden and massive subsidence
observed for pure bone.

Accumulated subsidence: bone vs mixes with different ceramics Figur e7.19:
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When the pre-compaction energy was raised from the standard 6.2J to the highest level of 23.3J
and with it the total impaction energy, the mechanical stability of pure bone grafts and
bone/ceramic mixes is shown in figure 7.20. In comparison to figure 7.17 (6.2J pre-compaction)
the subsidence curves of human bone, ovine bone and the 1:1 b/c mix were al shifted
sgnificantly towards higher stability. In particular the stability of the both bone grafts was
strongly increased with human graft samples exceeding a minimum of 29,360 cycles at 1.2kN
againg a previous maximum of 15,470 cycles at 0.8kN. Ovine bone exceeded a minimum of
45,590 cycles at 2.0kN against a previous maximum of 25,405 at 1.2kN. The average stability
of the 1:1 b/c mix aso improved sgnificantly when impaction energy was raised to the
maximum but the effect was less strong. The weakest sample of the high impaction energy
group withstood block loading to 45,240 cycles at 2.0kN peak force and thus was only dightly
more stable than the strongest sample of the standard impaction energy group (40,592 cycles,
1.8kN). As aresult of the different stability increases with intensified impaction, the stability
difference between pure ovine bone and a 1:1 bone/ceramic graft mix was much less
pronounced but the b/c mixes remained mechanically superior. The qualitative differences
between pure bone and the graft mixes also remained after high energy impaction. Bone grafts
remained stable with low levels of accumulated subsidence until relatively high peak loads but
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at some point subsided suddenly and steeply towards ultimate failure within a few load blocks
and number of cycles. Contrarily, bone/ceramic mixes registered clearly noticeable subsidence
of at least 0.6mm subsidence even after the 1.4kN load block when most pure ovine grafts had
only subsided by at most 0.12mm. Further subsidence however continued at much lower and
more slowly growing rates than those of pure bone. Ultimately, three out of four mix samples
failed later than two out of three ovine bone samples.

Accumulated subsidence: bone grafts vs 1:1 b/c graft mix Figure 7.20:
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Accumulated subsidence: bone grafts vs 1:1 b/c graft mix Figure 7.21:
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Figure 7.21 confirms that differences in mechanical stability against vertical cone subsidence
measured for grafts at lower levels of impaction energy are maintained at high impaction
intensities. The 1:1 bone/extender mix containing the highly porous HA showed inferior
stability to pure ovine bone at the standard impaction energy level and despite a stability
increase recorded after high energy impaction, the 1:1 b/c mix remained less stable than the
pure ovine graft. Cycles to failure were nearly identical to pure human bone, but the ovine
bone plus HA mixture exhibited qualitative characteristic typical for the subsidence of all b/c
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mixes. Some noticeable early subsidence at low peak |oads was followed by subsidence rates
lower and more slowly increasing than those of pure bone.

Accumulated subsidence: Varied impaction energy - human bone Figure7.22:
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Figure 7.22, 7.23 and 7.24 isolate the influence of various levels of pre-compaction energy on
human bone (7.22), ovine bone (7.23) and the standard 1:1 bone/ceramic mix (7.24). All graft
materials responded sensitively to increased impaction energy with significantly improved
stability. Even small step sizes in energy as tested with the ovine bone graft (figure 7.23)
raised stability in such a strong way that, despite high stability variability for bone in general,
no overlapping subsidence curves were registered except for one sample of the 3.1J energy
group. Also the 1:1 bone/ceramic mixes reacted to increased graft compaction with increased
stability in such a way that even between the close 3.1J and the 6.2J energy groups no
overlapping subsidence curves were recorded (figure 7.24). The characteristic qualitative
subsidence behaviour of pure bone and graft mixes was maintained for all impaction levels.
The course of subsidence from shallow to steep for pure bone and the slow continuous rate
increase for bone/ceramic mixes was maintained as well as the clearly higher variability in
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stability for pure bone versus the bone/ceramic mixes. Relative stability differences between
graft materials recorded at any one impaction level also remained identical a any other
impaction level. The ovine bone grafts were more stable than human bone graft at any tested
impaction level but less stable than the 1:1 bone/extender mixes with the standard ceramic at
any tested impaction level. Comparing figure 7.23 with 7.24 it can also be seen that adding
the ceramic extender to pure ovine bone increased stability most when lower impaction
energies are compared. The stabilising effect of the ceramic admixture became less when the
extreme pre-compaction energy of 23.3J was applied.

Accumulated subsidence: Varied impaction energy - 1:1 b/c mix Figure 71.24:
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Impaction energy was identified as a crucia influence on graft stability. The effect of
different impaction forces delivered by different hammer momentums was analysed in figure
7.25. Graft samples of the standard 1:1 b/c mix were prepared with identical pre-compaction
energy levels of 6.2J but those were delivered by hammer blows from different drop heights
and thus different hammer momenta of 0.7, 1.0, 1.4 and 2.0Ns. As figure 7.25 shows, a low
hammer momentum of either 0.7Ns or 1.0Ns resulted in lower graft stability than when high
impaction forces were employed by a hammer momentum of either 1.4Ns or 2.0Ns. However
the differences were secondary when compared to the effects impaction energy had on
stability. A very high impaction force equivalent to a hammer momentum of 2.0Ns did not
deliver higher graft stability than the 1.4Ns hammer momentum but was even slightly less
stable. Obviously the relationship between hammer force and stability was not linear and
relatively weak. A medium impaction force was identified to deliver maximum stability.
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Accumulated subsidence: Different impaction forces - 1:1 b/c mix Figure 71.25:
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The question of how different mixing ratios between bone and the standard ceramic graft
extender influence the stability of bone/ceramic mixes was investigated for low pre-
compaction levels (3.1J, figure 7.26) and the standard pre-compaction energy (6.2J, figure 7.27
and 7.28). For both impaction levels, adding the standard ceramic granules to bone graft to
produce 2:1 bone/extender mix resulted in significantly increased stability against subsidence.
At the low impaction level three out of four 2:1 b/c mix samples survived longer than the most
stable sample of the highly variable pure bone graft group. At the standard impaction level all
three 2:1 mix samples were at least as stable as the longest surviving pure bone graft sample
which marked the stability peak of alarge range of results recorded for bone.

Adding the synthetic extender into a graft mix of a relatively low ceramic content reduced
variability significantly at both impaction levels. At low impaction energies the range of
cycles to failure varied from 10,085 at 0.6kN to 20,013 at 1.0kN for pure bone, while the
stability of 2:1 b/c mix samples only ranged between 17,600 cycles at 0.8kN to 23,880 at
1.0kN. At the standard impaction level stability values of pure bone varied between 15,425
cycles (0.8kN) and 25,405 (1.2kN) while the 1:2 b/c mix samples showed more consistent
mechanical performance with cycles to failure ranging from 25,240 (1.2kN) to 31,296
(1.4kN). In both cases, the bone/ceramic mixes were less variable in absolute and in relative
terms especially when the non-linear scale of a block loading experiment with its discrete
steps in peak load is considered. Adding only a small amount of ceramic granules into the
bone graft was found to increase stability and reduce variability.

The trend towards higher stability and even less variability continued when the ceramic
content was raised to a 1:1 b/c mix as shown for both impaction levels. However, raising the
extender ratio further to a 1:2 b/c ratio did not show further significant improvement of both
stability and variability as seen in figure 7.26. Nevertheless, such a 1:2 b/c graft mix was the
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longest surviving sample and even the weakest sample of the high ceramic mix lay well in-
between the 1:1 b/c mixes. Thus increasing the ceramic content of a graft mix did at least

maintain the stability level of the mixtures with alower ceramic fraction.
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Figure 7.28 shows how qualitative and quantitative properties of the congtituents in a
bone/ceramic mix combined depending on the mixing ratios. Subsidence curves of pure ovine
bone and pure granular ceramic plus the 2:1 and 1:1 bone/ceramic mixes composed of these
components are superimposed and it can be seen how the high stability of ceramic granules
and the relative low stability of pure bone combined to form mixes with intermediate stability
levels correlating with the mixing ratio. The same blending effect of properties was observed
for variability and the characteristic subsidence patterns of bone and ceramic. The initially
sow subsidence followed by a sudden and steep drop for pure bone grafts and the slowly
increasing subsidence rates of pure ceramics blended into each other to form subsidence
curves with those qualitative features combined as a function of mixing ratio.
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Accumulated subsidence: Graft materials - 6.2J pre-compaction Figure 7.28:
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When ovine bone graft was mixed with a highly porous HA graft extender from an alternative
manufacturer, the relationship between ceramic fraction and stability reversed in comparison
to the standard HA/TCP ceramic (figure 7.29). Compression tests (chapter 4) identified the
HA granules as less tiff than bone and the higher their volume ratio in the graft mix the
earlier maximum subsidence was reached. While all 1:2 b/c mixes failed during the initial
cycles of the 0.8kN load block, all samples with a reversed mixing ratio of 2:1 b/c survived
loading up to the 1.0kN load block. The graft mix containing equal volumes of ovine bone
and the highly porous pure HA produced subsidence curves which lay exactly in-between.

Accumulated subsidence: Graft mixes with pure HA ceramic Figure 7.29:
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The following four charts in figures 7.30 to 7.33 analyse the effects different ceramic
configurations such as porosity, sintering temperature, particle size or chemical composition
had on the stability of 1:1 bone/ceramic mixes. Porosity had a strong effect on the stability
performance of graft mixes when it was raised to biologically desired high levels as shown in
figure 7.30. Graft mixes prepared with ceramic granules containing 50% porosity were much
less stable than the samples with both low (25%) or no porosity. The two least stable mixes
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with the high porosity ceramic survived only 25,181 or 25,490 cycles during the 1.2kN load
block and thus only delivered stability levels similar to the most stable pure bone sample
which failed after 25,405 cycles at 1.2kN. At the same time, the longest surviving sample of
the highly porous ceramic failed one load sequence earlier than weakest sample of the graft
mixes with less or non-porous ceramics. Nevertheless, the average stability of the bone plus
highly porous ceramic mix was still significantly superior to pure bone graft.

Accumulated subsidence: 1:1 b/c mix - varied ceramic porosity Figure 7.30:
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No significant stability difference could be identified when the non-porous or the medium
porous (25%) ceramics were blended into a 1:1 b/c mix. As expected, a sample mixed with
the non-porous ceramic was the most stable but at the same time the other two samples of the
group were just slightly more stable than the weakest graft samples containing 25% porosity
ceramic granules. As a consegquence the stability of graft mixes with the hard non-porous
ceramic showed higher variability than the mixes containing the less porous granules.

Accumulated subsidence: 1:1 b/c mix - varied ceramic Tg;y Figur e7.31:
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The effect of ceramic sintering temperature on the stability of 1:1 b/c graft mixes was similar
to the observations made for varied porosity as can be seen when figure 7.31 and 7.30 are
compared. A very low sintering temperature of only 1050°C resulted in a highly variable and
on average low graft stability, lower even than for the highly porous ceramics. The two least
stable samples of the low-Tg mix group only survived into the 0.8kN load block and failed
after 20,395 and 21,586 cycles respectively. As aresult they were less stable than the longest
surviving pure bone graft sample (25,405 cycles, 1.0kN). However, the average stability of
even this particularly weak and highly variable graft mix was higher than for pure bone graft.
Increasing the sintering temperature to 1150°C massively increased stability and reduced
variability so that such graft mixes survived between 35,294 (1.6kN) and 40,592 (1.8kN)
cycles compared to the 20,395 (1.0kN) to 33,006 (1.4kN) cycles for the mixes containing
low-Tg ceramics. Raising the sintering temperature further to 1200°C increased stability
further so that two out of three samples were more stable than the longest surviving sample
from the standard mix group. The stability increase however was relatively small and the
variability of high-Tgy ceramic mixes was comparatively high. A similar observation was
described when ceramic porosity in the graft mix was reduced from 25% to 0%.

Accumulated subsidence: 1:1 b/c mix - varied ceramic size Figure 7.32:
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When the particle size of the ceramic granules was varied in a 1:1 bone/ceramic mix the
effects on stability were less intense than when porosity or sintering temperature were altered.
As can be seen in figure 7.32, the stability ranges produced by the mixes containing small 1-
2mm particles, medium 2-4mm particles and the large 4-6.3mm granules were overlapping so
that differentiation of graft stability levels was less obvious. Nevertheless a certain trend
could be identified when the discrete gains in peak force between load blocks were
considered. Two of the four samples mixed with fine ceramic particles were clearly the least
stable grafts failing after 26,665 cycles during the 1.2kN load block and after 31,194 cycles at
1.4kN. At the same time four of the six graft mixes prepared with the medium sized particles
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failed later during the 1.8kN load block and thus were clearly the most stable samples of the
tested lot. Although increasing the ceramic particle size from fine to medium improved graft
stability, raising it further did not lead to even higher stability but it decreased again. Two of
the three samples containing large ceramic granules failed during the 1.4kN load block at a
lower peak force and a lower number of cycles than the least stable sample from the medium
size group. Even the most stable mix containing large ceramic granules was just as stable as
the weakest graft mix containing medium sized granules (35,531 against 35,294 cycles). In
comparison to the graft mixes prepared with fine granules, the large granule mixes remained
dightly more resistant to subsidence. Thus the stability ranking with reference to particle size
was close and identified medium sized granules as mechanically superior to coarse particles
which offered slightly more stability than fine granules.

Accumulated subsidence: 1:1 b/c mix - ceramic composition Figure 7.33:
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The effect chemical composition of the ceramic phase in a 1:1 bone/ceramic mix had on
stability is shown in figure 7.33. Reversing the chemical composition from a HA dominated
80:20 HA/TCP composition to a TCP dominated 20:80 HA/TCP ceramic reduced stability
dightly but significantly. However, the effect was much less pronounced than when porosity
or sintering temperature were varied. The most stable graft mix containing granules rich in
TCP faled after 35,164 cycles at 1.6kN and was just as stable as the weakest sample of the
HA dominated ceramic mixes (35,294 cycles). A summary of the main results is given in
table 7.1
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» Different graft materials and impaction process parameters resulted in a large bandwidth of
stability levels measured.

« Cone subsidence showed qualitative characteristics identical for all graft materials and impaction
process parameters tested:

o Within each load block subsidence increased exponentially with the number of cycles.
0 Subsidence settled into a constant logarithmic rate causing permanent subsidence.
0 The subsidence rate was a function of peak load, graft material and impaction parameters.

0 Subsidence rates and thus subsidence per load block increased steadily between load blocks
when the peak force was raised.

o During low force load blocks permanent subsidence was minimal or non-existent.

* Qualitative subsidence was very similar for the human and ovine scaled models.
Significant differences were:

o0 Within load blocks: The constant logarithmic subsidence rate was reached after less cycles
during tests with the ovine than with the human model.

0 Between load blocks: With the ovine model significant subsidence occurred already at low peak
loads but increased slowly towards higher peak forces. With the human model subsidence at low
forces was smaller or non-existent but rates increased more rapidly towards higher forces.

o Elastic recoil was higher with the ovine than with the human model.

 Stability (cycles to failure) was nearly identical for the ovine and human model.

» Ovine bone graft was more stable than human bone at low and high impaction levels.
 Stability of bone grafts was highly variable.

» Graft mixes with the standard HA/TCP ceramic increased stability and reduced variability.

e In comparison to bone, pure HA/TCP ceramic grafts showed higher subsidence at low forces but
rates increased slower towards higher peak loads. Total stability was higher.

* Not all ceramics increased the stability of graft mixes: Adding the highly porous HA ceramic graft
decreased stability. The higher its volume fraction the lower its stability.

» Impaction energy is the most influential single factor for graft stability.
» At very high impaction energy levels, pure bone grafts became very stable.

e The stabilising effect of adding HA/TCP ceramic graft extenders was particularly strong at low
impaction energy levels.

» Raising the hammer momentum (impaction force) increased stability to a maximum before it
dropped again when a very high force was used.

» The higher the content of HA/TCP granules in a graft mix the higher the stability.
» Already small HA/TCP fractions in a graft mix increased stability significantly.

» The qualitative and quantitative properties of bone and ceramic extender combine in a graft mix
according to the mixing ratio.

* Increasing porosity of the ceramic granules decreased the stability of a bone/ceramic mix
significantly when a certain porosity level was exceeded.

* Lowering the sintering temperature of the ceramic granules decreased the stability of a
bone/ceramic mix significantly when temperature fell below a certain level.

» The sensitivity of graft stability to ceramic granule size was lower than for porosity and sintering
temperature. A medium particle size led to the most stable graft mix.

» The sensitivity of graft stability to ceramic chemical composition was the lowest of all material
configurations tested. Reversing the HA/TCP ratio affected stability only slightly.

Table 7.1: Summary of results from endurance testing with the human scales model.
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7.3.2 Torsonal stability

Impaction energy, impaction force, bone/ceramic mixing ratio and the configurations of the
ceramic phase in a graft mix influenced the stability of an impaction grafted cone against
vertical subsidence as described above. The resisance againg torson and rotational
displacement co-axial with the cone were determined by measuring the maximum torque
required for cone release after test completion. Figure 7.34 displays the peak torque against
sability (cycles to failure) as measured for the entire variety of graft materials and impaction
variables tested. The stability axis displays the number of cycles to failure and the peak force of
the load block. Against this scale all torque data points except those for pure ceramic granules
lay on a straight line. This indicated a proportional relationship between vertical and rotational
sability independent of impaction level and graft material. When a linear trendline was added
using the least-square method, the correlation coefficient of this relationship was calculated at
RP=0.869 (figure 7.35). The correlation coefficient might be even higher if the horizontal axis
for vertical stability was not distorted by a discrete, non-linear scale of aload block experiment.

Cone release torque as a function of cycles to failure Figure 7.34:
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When in figure 7.36 trendlines were calculated for pure bone grafts (blue) and the
bone/ceramic mixes (green) separately, two linear relationships of different slopes were
identified. Their correlation coefficients was significantly increased (R=0.984 for pure bone
grafts and RP=0.941 for bone/ceramic mixes). The linear function between torsional and
vertical stability was slightly steeper for bone/ceramic mixes than for pure bone grafts. The
few data points of pure ceramic granules (red) lay outside both functions. This indicates that
thefunctional gradient of torsional versus vertical stability islower for pure ceramic grafts.

7.3.3 Impaction properties

The impactometer device as described in section 7.1.3 allowed the controlled pre-compaction
of graft materials and the controlled impaction of the cone into the pre-compacted graft while
permanently monitoring the position of the distal or proximal impactors. This kind of data
acquisition allowed the set per hammer blow and the accumulated set to be documented and
analysed as a function of graft material or pre-compaction energy level. Figure 7.37 shows
how the set of the cone accumulated with the number of hammer blows for three typical
samples representing different graft materials and the entire stability range. For all samples
tested, like for the human graft and the 1:1 b/c mix samples represented here, the curves of
accumulated set versus number of hammer blows followed a logarithmic relationship
regardless of pre-compaction energy, graft material or number of hammer blows required for
full cone insertion. When the data was displayed against a logarithmic axis for the number of
hammer blows, the curves of set versus hammer blows could be approximated as straight
lines as shown in the righthand chart of figure 7.37 and in the lefthand chart of figure 7.38.
The mathematical relationship followed equation 7.3.
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x=-A On(n)-c (equ. 7.3)
x= accumulated set, [X]= mm Ai= impaction rate, [4]= mmVInN
n= number of hammer blows c= start position constant [X]= mm
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Figure 7.37: Accumulated set during cone impaction for three samples with very different stability
performance under cyclic loading. linear axis (left) and a log.- axis (right).

Depending on the graft material and on the pre-compaction energy level the logarithmic set
versus hammer blows curves were more or less steep atering the impaction rate A;. For the three
pure human bone graft samples pre-compacted with the standard 6.2J energy and shown in
figure 7.37, the cone impaction rate A varied between 30.59mm/In(n) and 31.88mnVIn(n) with
an average of 31.39 mm/In(n). For human bone graft pre-compacted with the maximum energy
of 23.35J, the average impaction rate was 28.02mmv/In(n) and for the 1:1 b/c mix prepared with
the standard ceramic and pre-compacted with 23.3J energy the average impaction rate was only
26.14 mnvIn(n). For samples of such hugely different properties the bandwidth of impaction
rates A, seemed relatively small. Nevertheless, as figure 7.38 shows with a comparison between
impaction rates and stability levels measured during block loading, a clear correlation between
impaction rate and stability could be established for those highly different samples. The lower A;
during cone impaction the longer samples survived during block loading. For less different
sample configurations this relationship could not always be identified in the way tabulated and
shown for b/c mixes with highly porous HA granulesin table 7.2 and figure 7.39 respectively.
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Figure 7.38: Accumulated set during cone impaction (left) in comparison with stability during block
loading (right, cyclesto failure) measured for three typical sample configurations.
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Bone/ceramic mix, 1:2b/c-6.2 | 1:1 b/lc -6.2] | 2:1b/c-6.2] | 1:1b/c -23.3]
Avg impaction rate A [mm/In(n)] 34.58 31.60 31.07 27.95
Avg subsidence 0.6kN [mm] 4.53 1.87 0.57 0.04
Avg No cycles to failure 15,141 18,703 20,430 30,500

Table7.2: Correlation between cone impaction rate 4 and stability measured as average sub-
sidence after the 0.6kN load block or as the average number of cyclesto failure.
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Figure 7.39: Accumulated set during cone impaction (left) in comparison with stability during block
loading (right) measured for different b/c mixing ratios.

Figure 7.40 displays the set of the fina hammer blow (hammer momentum= 1.4Ns) against
stability measured as the number of cycles and load block to failure for al pure bone graft
samples (Ieft) and all b/c mixes or pure ceramics (right). For both material groups an obvious
correlation between set per fina hammer blow and mechanical stability became visible.
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Figure 7.40: Set per final hammer blow versus stability measured as number of cycles to failure for
bone grafts (left) and various ceramic extenders plus b/c mixes (right).

When the data points of pure bone grafts, pure ceramics, all bone/ceramic mixes and all
impaction energy levels were combined into one chart as shown in figure 7.41, it can be seen
that the set-stability correlation is entirely independent of graft material and impaction energy
level. Despite the non-linear nature of the number-of-cycles axis of a block loading
experiment it was possible to approximate the functional relationship between set cycles to
failure by an exponential trendline with a high correlation coefficient of R*=0.997. Set-




7 Human scaled tube-cone model 178

stability data points for the samples impacted with different hammer momenta of 1.0Ns
(brown) or 2.0Ns (yellow) lay significantly outside the exponential relationship calculated for
the medium hammer momentum of 1.4Ns. For identical stability levels, cones impacted with
the high hammer momentum scored higher sets per final hammer blow than the samples
impacted with the medium hammer momentum and vice versa for the low hammer
momentum. It can be expected that the exponential set-stability function only needs to be
shifted and skewed appropriately to correlate the set of the final hammer blow and the number
of cyclesto failurefor any particular hammer momentum.
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7.3.4 Sampleretrievals

Sample retrieval revealed some qualitative information relevant to the interpretation of load
transfer during graft compaction and cyclic loading. After a sample had been cycled beyond the
failure point of 6mm accumulated subsidence, it was removed from the test machine and, in the
magority of cases, the stem was removed by applying a controlled torque as described above.
Then the proximal end plate was removed and attempts were made to remove the graft column
within the tube by initially light and later hard tapping of the tube now open at both ends.

With al samples light tapping resulted in a mgority of mainly undamaged graft particles
falling out the distal end of the tube. A few particles also |eft the tube at the proximal end. The
volume fraction of less densely compacted, mainly undamaged graft removable by such light
tapping and the portion of densely compacted graft remaining solidly inside the proximal
third of the tube depended on graft material and impaction level applied. Frequent vigorous
tapping was required to remove the residual proximal graft mantle. When graft coherence was
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broken down this way, the proximal sections did not fall out towards the bottom of the tube
but exited against gravity towards the top.

When the cone had not been removed before graft retrieval, light tapping and falling out the
tube distally revealed up to 70mm of distal cone section depending on graft material and
impaction level applied. When the cone of such a semi-retrieved sample was loaded again in
the test machine it seemed that stability against further subsidence had hardly suffered by the
removal of such large graft quantities. Stability was mainly provided by the proximal third of
the graft mantle. In many cases, further tapping did not remove the residual proximal graft
which then had to be scraped away with atool.

The graft which formed the highly coherent and stable graft mantle in the proximal third of
the tube appeared very densely compacted. The mgority of particles, in particular the ceramic
granules, were fractured into a size range significantly smaller than the original. Highly
friable ceramics such as the low sintering temperature HA/TCP or the highly porous HA were
entirely destructed to dust-like dimensions. Contrary to expectations, the distribution of bone
graft and ceramic extender seemed relatively homogenous throughout the tube. No large
concentrations of asingle graft phase which might have affected stability could be identified.

7.4 Discussion

Testing graft stability against vertical subsidence under cyclic block loading for a wide range
of graft materials and process parameters of the impaction grafting procedure led to a wide
range of stability levels measured (Fig. 7.9). Such large differences in quantitative stability
performance could only be resolved using a block loading test regime. If a constant peak load
had been chosen instead, less stable samples such as pure human bone grafts or less densely
pre-compacted samples would have failled immediately after a few cycles. More stable
samples such as highly pre-compacted ovine grafts or graft/ceramic mixes might not have
recorded any significant subsidence at all. In both cases relative differences in graft stability
performance would not have been identifiable. Block loading with a small step size allowed
the identification of characteristic subsidence patterns within individual load blocks and their
development towards higher forces (chapter 7.4.1). Such information would have been lost if
cyclic loading at a constant peak force had been employed.
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7.4.1 Qualitative subsidence behaviour

Two qualitative characteristics of subsidence behaviour were identified independent of graft
materials and impaction process parameters. Subsidence decreased exponentially with constant
logarithmic rates within each load block and subsidence rates increased steadily between load
blocks when the peak force was raised. Both the constant subsidence rate within each load
block and the slope with which this rate increased towards load blocks of higher peak force
could be used as quantitative differentiators between samples of different graft materials and
Impaction properties. The same observations were made with the ovine mode and subsidence
with constant logarithmic rates was reported in an implant stability study on human cadaveric
femurs as well®®”), This indicates that the subsidence and failure mechanisms at work are the
same clinically and for both models despite the altered geometries and dimensions between
cone and stem, comparing cemented with uncemented impaction grafting and different loading
geometries. The design and process abstractions and simplifications made for the human over
the ovine model did not sacrifice any transferability of relative stability comparisons to the
more complex in-vivo geometry, process and loading regime.

One difference identified between tests conducted using both models was that the constant
logarithmic subsidence rates within each load block were reached after fewer cycles with the
ovine model (ca. 10) compared to the human model (ca. 10-1000 cycles). Another difference
between the models was how the subsidence rates developed towards load blocks of higher
peak forces. With the ovine model, noticeable relatively high rates were identified from low
peak forces onwards which increased steadily but slowly towards higher peak forces. With the
human model however, some stable samples recorded no significant subsidence rates at low
force load blocks but rates suddenly increased more rapidly when the peak force was raised
beyond a certain level. The point between slow subsidence rates and a sudden increase in
subsidence became a characteristic feature during testing with the human model and was more
pronounced for pure bone than pure ceramic and b/c mix samples. Additionally, elastic recoil
measured with the human model was significantly lower than with the ovine model.

Explanations for these differences must be found in the different geometries and dimensional
ratios of stem, cone and tubes and the role of the cement mantle in the ovine model. Stem
retrieval after failure of the ovine model samples showed a cement mantle which was strongly
attached to the stem. Cement penetration into the compacted bone graft was minimal so that
only few graft particles remained attached to the outer cement mantle. Strong stem adhesion,
low cement penetration depth indicate that with regard to graft loading, stem and cement
mantle do function as one single unit. The cement mantle extends and roundens geometry and
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dimensions of the double-tapered stem to form a conically shaped entity with a stiff core and
an elastic mantle. The elastic mantle, not present in the human model, should be responsible
for the higher elastic recoil measured with the ovine mode.

The human model cone and the ovine model stem plus cement mantle differ in taper angles,
dimensional ratios between cone and tube diameters, graft mantle thickness, morphology of the
distal ends and surface roughness. The extension of the ovine stem by the cement mantle leaves
a smaller gap width between the composite cone and the inner tubular surface representing the
endosteal wall. With less particles responsible for the load transfer between cone and tube, this
geometrical set-up intensfies the loading of the few individua graft particles. Therefore
subsidence under vertical loading will initially be steep and rapid as particles become fractured,
reorganized and compacted further until a new stability level, e.g. constant subsidence rate is
established. With few particles constrained to a relatively small volume and a cement sedl
suppressing volumetric expanson proximaly, graft strains have to be very high for a given
stem displacement so that the constant subsidence rates are expected to be relatively low. With
the human model, the ratio of tube to cone diameter and thus the graft mantle thickness are
comparatively high so that more graft particles are engaged in load transfer. Initial subsidence
due to particle fracture, reorganisation and further compaction is slower and it requires more
load cycles for an equilibrium subsidence rate to be established. However, once this state is
reached in the human model, subsidence rates can be higher than with the ovine model as
further graft deformation giving way to stem displacement requires lower graft strains.

Load distribution over a large number of particles also explains why at very low loads the
stability of some compacted grafts can be sufficient to almost completely suppress subsidence.
This assumption is validated when subsidence rates of pure bone and pure ceramic in the
human model are compared (Fig. 7.28). Despite higher ultimate stability of the ceramic, initial
subsidence was relatively high at lower peak forces because the brittle nature of the sintered
HA/TCP caused particle fractures, reorganisation and further compaction earlier than the more
ductile bone grafts. However, the constant subsidence rates established after this process of
initial subsidence were lower for the ceramics than for bone as the stability of the reorganised
ceramics was then superior to bone.

Size and morphology of the distal ends of the human and ovine model cones could be another
reason why the constant subsidence rates in the human model are relatively higher than with
the ovine model. The human cone has a sharp and small distal end while the ovine
stem/cement-cone forms a smooth and wide tip wedging itself into the graft and cavity left
behind by the guide wire with less ease. However this effect should only play a secondary role
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because stability is primarily provided by the proximal graft region where the wedge effect of
the cone causes intense radial graft compression and stable locking.

As the critical proximal wedge effect is dominated by the taper geometry, the different taper
angles formed by both models are aso expected to influence stability performance. The
human cone has a small taper angel resembling a dim needle-like taper while the ovine stem-
cement-cone has a higher taper angle making the cone broader similar to the tip of an arrow.
It seems that smaller taper angles such as with the human model maximise radial compression
and thus the stabilising wedge effect under cone impaction. The result is high stability with
low subsidence rates at lower load blocks. However at higher peak forces, when particles start
to fracture, a low angle taper can cause subsidence rates to accelerate faster than tapers with
larger angles as seen with the stem/cement-cone of the ovine model. Here cone impaction
causes more distal compaction and less radial compaction so that noticeable subsidence
occurs already at low loads. At higher loads however, subsidence rates accelerate slower than
with low taper angles because vertical subsidence causes a higher degree of vertical
compression and thus uses more graft for load transfer than the proximally wedged material
alone. Subsidence of a cone with a large taper angle must also deform higher graft volumes
per subsidence unit than an acute-angled cone. As both taper angles compared here are still
too similar to mark the extremes of a possible spectrum and because two taper angles alone do
not allow meaningful interpolation, more tests have to be conducted to understand the crucial
matter of taper angles in impaction grafting.

7.4.2 Human and ovine graft

In correlation with the higher stiffness values measured for ovine versus human bone in die-
plunger compression tests, fixed ovine bone as the magjor experimental graft used in this study
provided higher stability against subsidence than human bone, the gold standard in impaction
grafting. The difference was not only measured at the standard pre-compaction level (Fig.
7.15) but aso at the highest pre-compaction energy level (Fig. 7.16) when stability of both
bone grafts was significantly shifted towards much higher levels.

Three major reasons can be identified for the different stability. While human bone graft is
sourced from mainly elder donors with an often diseased or weak trabecular bone structure,
ovine bone graft is produced from young healthy sheep with consistently strong trabecular
bone stock. Secondly, diameters of the ovine humeral heads are smaller than the human
femoral heads and thus the relative ratio of cortical to trabecular bone is higher for ovine
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bone. Cortical boneis stronger than trabecular bone and thus a higher fraction of cortical bone
in the morsellised graft could raise stability. Cortical bone is a clinicaly undesirable
component in the morsellised graft asit lacks the porosity required for osteogenetic processes.
Thus, during surgery, cortical bone sections are manually picked out. This was done during
In-vitro experimentation as well, but as many bone fragments consist of trabecular sections
attached to cortical bone, in practice some quantity of cortical boneis always present.

Thirdly, human bone graft contains much higher levels of blood and other fluid phases than
ovine bone and during the compaction of wet graft significant amounts of impaction energy
are used for squeezing out fluids instead of compacting the graft for increased stability. The
blood and other fluids act like a viscous damper under the impact-like loading of surgical
hammer blows and dissipate energy otherwise used for compaction of a dry graft. The effect
was aso visible during die-plunger compression testing when wet graft samples were
compressed with a non-porous disc or at high strain rates and excessive stiffness values were
measured (Fig. 4.7). Ovine bone grafts contain less blood or other fluids than human graft
because firstly sheep are drained of blood by the butcher before meat preparation and
secondly because the fixation process includes washing and drying of the graft. Such washing
and drying does not only reduce the fluid content obstructive to efficient compaction but also
removes some of the soft tissue which does not contribute much to the graft’s stability. The
washing of human graft has been reported in the literature to improve clinical results?®* and
this might not so much be the result of the removal of unwanted tissue but more the result of a
drier graft alowing more efficient compaction.

7.4.3 Bonegraft, ceramic graftsand bone/ceramic mixes

Mixing pure bone graft with the standard HA/TCP extender improved stability and reduced
variability (Fig. 7.17). Subsidence of bone/ceramic mixes occurred less suddenly with
subsidence rates increasing at much lower rates than with pure bone grafts. Ultimate failure
was not so much the result of sudden collapse as with pure bone but it became a steady, more
predictable process. However, small subsidence below 0.5mm started earlier for some b/c mix
samples than for the pure bone samples. Combined with the slower increase of subsidence
rates, the subsidence curves of the mix samples intersected with the steeply dropping bone
graft curves. Increased stability, reduced variability, a sSlow rise in subsidence rates and small
but noticeable subsidence identified for bone/ceramic graft mixes were even more pronounced
for the pure ceramic samples (Fig 7.18). Mixing pure bone with the ceramic extender
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combined properties of both phases (Fig. 7.28) in good correlation to the observations made
during die-plunger compression testing (e.g. Fig. 4.46).

During compression testing, the pure HA/TCP ceramics were much stiffer, showed less
relaxation but also were much more brittle than bone grafts. As aresult ultimate stability of the
pure ceramic and the b/c mixes was expected to be higher than for pure bone graft. The ceramic
granules contain porosity but to a lower degree than trabecular bone so that ceramic particle
fracture gives way to some subsidence but reorganisation and void filling by the fragmented but
srong ceramic granules immediately crestes a new stable set-up. As a result some early
subsidence during the initial cycles caused by brittle fractures is followed by a low subsidence
rate which grows dowly towards higher peak loads. The porosity of trabecular bone is higher
than that of the ceramic extenders so that collapse of the trabecular bone structures creates
larger spaces for significant stem subsidence very suddenly and without alowing stable
fragments to reorganise. As a consequence, subsidence is very low at small loads while the
compacted non-brittle bone graft is stable but then rapidly accel erates towards sudden failure.

It was postulated that stem migration into b/c mixtures resulted mainly from ceramic fracture
and particle reorganisation. Contrary to the visco-elastoplastic, more ductile pure bone graft
composite with its high trabecular void volumes, the hardness and brittleness of ceramics do
not allow significant plastic deformation. Concluding from this hypothesis, only highly
porous ceramics which offer a high void volume for fragmented granules to fracture and fill
should behave differently, faling at lower loads and subsiding more suddenly with rapidly
increasing subsidence rates similar to bone. This behaviour was in fact observed for a highly
porous derivative of the standard HA/TCP ceramic (Fig. 7.30) and more clearly with an
extremely porous HA ceramic from an aternative manufacturer (Fig. 7.17 and 7.29). In this
case b/c mixes were even weaker than pure bone. At the same time mixes with the highly
porous HA ceramic retained the characteristic of noticeable low force subsidence as a result
of friability as observed for all ceramic mixes (Fig. 7.21).

The reduced variability in stability for ceramic grafts and b/c mixes relative to pure bone is
due to the higher degree of control inherent in the production of ceramic granules in
comparison to the sourcing, storing, sterilisation and morsellising of bone grafts. As the bone
graft used in most endurance tests came from similarly aged sheep of comparable health, and
as graft was prepared by mixing large numbers of humeral heads, variability of bone from two
or three human donors as used clinically would be expected to be much greater.
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Mixing a ceramic extender into a bone graft adds another phase which complicates
homogenous mixing and makes graft preparation and charging prone to a new source of
variability. However, despite this risk, the variability of the b/c composite was low and
analysis of retrieved samples showed no magjor concentrations of individual graft phases
which would have indicated inhomogeneous mixing.

7.4.4 Influence of impaction energy

Impaction intensity, quantified here by the pre-compaction energy, was the single most
important factor influencing the graft stability of all materials. Ovine bone reacted most
sengitively to increased impaction intensities (Fig. 7.23) while human bone graft showed less
improvements in stability (Fig. 7.22). As discussed above, with human bone the additional
impaction energy is less efficiently used for graft compaction and thus stability but hammer
blows sgueeze out blood and other fluids abundantly present in human bone graft dissipating
the impaction energy in asimilar manner to the compression of aviscous damper.

Equa volume mixes of bone and HA/TCP aso responded with significantly increased
stability when the impaction energy was raised. Standing out is the high stability
improvement measured for b/c mixes even at the lowest pre-compaction energy level (Fig.
7.24). The ceramic granules add a stiff and non-ductile phase to bone which cannot be
significantly compacted and which does not need high compaction to provide high stability.
Thus the strengthening effect of adding HA/TCP particles into a bone/ceramic mix is most
pronounced at low impaction levels when pure bone responds with far inferior stability.

When the highest impaction energies were employed the stability gain of the ovine bone graft
was relatively larger than for the b/c mixes. At the maximum pre-compaction energy, the
average stability of the ovine bone was smilar to the stability of the 1:1 b/c mixes with the
gandard HA/TCP. This indicates that pure bone grafts, if wel impacted, can provide high
sability sufficient for clinical impaction grafting, although variability remains high. The
stability increase caused by increases impaction energies for all graft materials indicates that in
a loading environment geometrically constrained by a tube and cone in-vitro or a stem and a
proximally sealed femoral cana in-vivo, stability can be achieved for virtualy any graft
material as long as compaction is intense enough. In theory all materials compression loaded
under inhibited transverse strain will after sufficient linear strain eventually become extremely
giff. In impaction grafting the stiffness or stability of the compacted graft must however be
aufficient at impaction intensity levels which can be delivered clinically without femora
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fracture and which ill result in a packing density of sufficiently high porosity for
osteoconductive processes.

Not only impaction energy but also impaction forces influenced stability. When equal amounts
of impaction energy were ddlivered by hammer blows of different momenta and thus peak
forces, stability was affected (Fig. 7.25). The momentum-stability correlation was not linear but
a medium value was identified to deliver the highest stability. A higher hammer momentum
resulted in dightly less stability while the stability lost with lower hammer momenta was
sgnificantly higher. It seems that optimum compaction requires an optimum impaction force
which will not damage crucia load bearing particles whilst allowing adequate packing through
particle deformation and rearrangement. It must be mentioned that peak hammer forces on
impact do not correlate linearly with increased hammer momenta because the peak force also
depends on the stiffness and damping properties of the system being impacted.

Peak impaction forces can be estimated by the pile driving formula used in civil engineering

to estimate the load bearing capacity of a pile driven into soil as given bel ow!?®.

mliglh=nlFI[s (equ. 7.4)
m: mass hammer F: supported maximum force
h: drop height hammer S: set per hammer blow
g: gravity n: efficiency factor

The equation calculates the impaction force of the dropping hammer by equating hammer
energy and work required for the measured pile displacement. In civil engineering the
impaction force gives the upper limit of the static force which can be supported after a
hammer blow of a certain measured set. Here the equation is used to estimate the peak force
delivered by a hammer blow. Using the static stability consideration derived from the pile
driving formula, maximum peak forces delivered by the impaction hammer must at least
exceed the peak forces during block loading as those forces were not only supported statically
but even for a significant number of load cycles. With load blocks peaking at 2600N, the
maximum hammer forces are expected to be a multiple of this figure at around 5-10kN.
Applying the pile driving formula with values for impaction set ranging between ca. 0.1 and
1Imm and assuming an efficiency factor of n=2, maximum peak forces on impact are
estimated between 780N and 7.8kN with an average of 3.9kN. Whether such high forces are
also achieved during clinical impaction depends on the stiffness and damping properties of the
didocated leg acting as the support against hammer blows during surgery.
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7.4.5 Bone/ceramic mixing ratios

Mixing ratios of bone and ceramic graft extender affected stability in correlation with the
properties of the individual phases combined. The higher the content of the standard HA/TCP
granules in a bone/ceramic mix, the higher stability and the lower variability. Raising the
ceramic content from pure bone, via 2:1, 1:1 and 1:2 bone/ceramic mixes to pure ceramic, the
largest step in relative stability increase was noticed when pure bone and the low ceramic
content 1:2 mix were compared (Fig. 7.26 and 7.27). Stability increased further when the
ceramic content was raised but the relative increase tailed off. This observation corresponds
well with stiffness measurements during die-plunger compression testing (Fig. 4.46). The
stability of compacted graft relies on two maor features, good compactability such as
provided by the ductile phases in bone graft plus stiff and strong particles for load transfer as
provided by the trabecular bone fragments or the ceramic granules. Bone graft inits pureform
contains insufficient quantities of strong and stiff particles but too much soft tissue which, as
described, requires very high impaction energies to achieve stability. Adding small amounts
of hard ceramic granules quickly shifts the ratio between both collaborating phases towards a
favourable composition thus increasing stability. Due to the significantly higher stiffness and
stability of the HA/TCP phase, raising the ceramic content further increased stability but as
compactability is sacrificed at the sametime, the relative increase tails off as observed.

The described stabilising effect of a synthetic graft extender only works when the ceramic phase
provides particles of strength and stiffness far superior to bone. The highly porous pure HA
ceramic graft showed giffness values in the die-plunger test which were at most equal to bone
(Fig. 4.27 and 4.28). Thus adding and raising the content of the highly porous HA in a b/c mix
reduced stability (Fig. 7.29). Instead of increasing the fraction of strong and stiff granules, the
friability and porogity of the material promoted graft collapse and steep subsidence.

7.4.6 Ceramic propertiesin bone/ceramic mix

» Varying porosity of the ceramic phase

Sensitivity of stability to ceramic porosity was also identified when the pore volume was
increased for the standard HA/TCP graft extender (Fig. 7.30). The non-porous ceramic
provided the highest stability in a 1:1 bone/ceramic mix. At a medium 25% porosity level,
stability was hardly affected but the higher 50% porosity ceramics caused mix samples to fail
a digtinctively lower peak forces. Porosity increases the friability of granules due to stress
raising voids and it enlarges the volume available for graft collapse and subsequent
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subsidence so that from a certain porosity level onwards stability is significantly sacrificed.
From sample retrievals, handling and from observations made during die-plunger
compression testing (Fig. 4.40) it was seen that higher porosity not only increases particle
fractures but those fractures also produce much higher volumes of small dust-like fragments.
The size of these fragmented particlesis in the range of original pore size so that the porosity
originally engineered into the material for osteoconductive potential disappears under
impaction and loading. Granules of lower porosity levels do not produce as much dust but
tend to break up into afew smaller units which still exhibit the original porosity. The low dust
production of non-porous particlesis more the result of inter-particle friction.

* Varying sintering temperature of the ceramic phase

Lowering the sintering temperature had a the same effect on stability as increasing porosity.
The highest sintering temperatures caused highest stability. Slightly reduced temperatures
almost retained this stability level. However, once sintering temperature dropped below a
certain value samples failed early at significantly lower peak loads. At low temperatures
sintering is not complete and the cohesion of the original powder weak. This results in high
friability very similar to that of a highly porous ceramic. Thus the production of dust-like
fragments under impaction and loading is at similarly high levels so that massive subsidence
occurs early. Indeed, particle size analysis after die-plunger compression testing showed even
higher dust volume fractions for the HA/TCP ceramic sintered at 1050°C than for the variant
with 50% porosity.

e Varying chemical composition of the ceramic phase

Porosity and sintering temperature are parameters used to optimise the osteoconductive
properties of a ceramic graft but both can massively reduce stability. Chemical composition is
another ceramic variable with which ceramic resorption and bone remodelling rates can be
varied and when the chemical composition of the original 80:20 HA/TCP ceramic was
reversed to a 20:80 HA/TCP composition, stability was only slightly reduced (Fig. 7.33).
Despite the large difference in compressive strength of pure bulk, non-porous HA and B-TCP
(table 3.2 and 3.3), the stability provided by the composite material dropped only slightly
when the TCP fraction was raised. When a HA/TCP composite ceramic is sintered from ether
a 80:20 or 20:80 HA/TCP mixing ratio, multiple phase changes affect the composition and
crystallinity of the sintered product. These phase changes could produce a composite material
where the compressive strength of the ceramic sintered from powder rich in weak TCP is only
dightly lower than the ceramic produced from a powder rich in strong HA. And indeed, the
compresson moduli measured during die-plunger testing were so close that the 20:80
HA/TCP ceramic was only 10% less stiff than the 80:20HA/TCP standard composition.
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* Varying particle size of the ceramic phase

With regard to ceramic particle size in a 1:1 bone/ceramic mix, a medium 2-4mm granular
diameter was identified to deliver the highest stability (Fig. 7.32). Both large and small
particles lead to slightly reduced stability so that the effect of particle size on stability was
much lower than impaction intensity, ceramic porosity or sintering temperature. A medium
ceramic particle size seems to balance the two mechanisms leading to subsidence, particle
fracture and particle migration, in an optimum way for maximum stability. The packing
geometry of large particles in a constrained volume such as formed by the stem and femoral
canal creates a higher total void volume and larger individual void spaces than smaller
particles. Also, contact points between individual particles are less so that load transfer causes
much higher contact stresses. As a result, large particles break up and the fragments collapse
into the large void spaces; subsidence occurs. Stability of b/c mixes containing large ceramic
particles with a size similar to the dimensions of the stem-canal gap might also suffer from
unwanted phase concentrations as homogenous charging is impossible under these
circumstances. Small particles pack more densely into the narrow gaps between stem and
canal so that total void volume and size of the individual voids is comparatively small.
However, small particles are more mobile so that they can migrate within the particulate
aggregate and rearrange their packing density more easily. Subsidence becomes facilitated.
An extreme version of this situation can be described as being analogous to quick sand.
Medium sized particles should keep these effects in equilibrium and it might even be possible
that balanced fracture and migration under impaction stabilises the graft as packing density is
optimised. For the same reason, a mixture of particle sizes appears beneficial.

In comparison to porosity and sintering temperature, the ceramic particle size had small effect
on the stability of graft mixes. Intense compaction breaks down many particles to a similar
size distributions independent of the original sizes prior to fatigue loading. This effect was
observed from sample retrievals and was particularly strong in the main load bearing proximal
third of the tube. Here radia compression from the wedging effect of the cone has led to the
highest compaction ratios and thus ceramic fractures prior to cyclic loading.

7.4.7 Torsional stability

For all samples a good correlation between stability against vertical subsidence and rotational
stability againgt torsional loading was established. Relating cone release torque to a linear
scale of the number of cycles to failure revealed a linear relationship when the pure ceramic
samples were excluded (Fig 7.34). The correlation coefficient R* was increased when separate
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relationships for pure bone grafts and bone/ceramic mixes were calculated (Fig 7.35). The fact
that vertical and torsional stability are proportionally correlated indicates that the maor
mechanisms affecting vertical and torsional stability are fundamentally the same. Stability
againgt axisymmetric torsional loading should be the result of the normal force onto the
cone/graft interface and the friction coefficient between the surfaces of the stem and graft
mantle. The friction coefficient theoretically only depends on the graft material while the
normal force is affected by the impaction intensity and viscoelastic and fracture properties of
the graft. If, for instance, graft deformation is dominated by particle fracture or plastic
deformation instead of eastic deformation the normal force would be lower as would be the
stability against vertical subsidence. This was for instance the case for weakly compacted
bone grafts or graft mixtures with highly porous ceramic grafts. The friction coefficient
between cone metal and graft material indeed seemed to affect the linear correlation between
vertical and torsional stability as different slopes for pure bone, pure ceramic and b/c mixes
indicate. For equal stability levels against vertical subsidence, b/c mixes recorded higher
stability against torsion than the pure bone samples hinting at higher interface friction when
ceramic is added to the bone. Pure ceramics however showed relatively less torsional stability
when compared to equally stable samples prepared with pure bone or graft mixes. This
observation seems to contradict the finding that ceramic granules in a bone graft mix increase
the friction coefficient but pure ceramics lack the elastic component provided by the bone
phase so that despite a high friction coefficient the normal force appears to be insufficient to
provide high torsional stability. This indicates that graft stability in impaction grafting is the
result of complex phase interaction and that optimum stability is provided by a mix.

7.4.8 Impaction properties

After filling and pre-compacting the graft into the tube with a flat disc modelling distal
impaction, cone impaction simulating proximal impaction revealed an exponential
relationship between number of hammer blows and accumulated set (Fig. 7.37). The slope of
this relationship correlated with the stability against vertical subsidence but only for samples
with very large stability differences (Fig. 7.38 and 7.39). Lower stability differences could not
be resolved as expected because it would otherwise indicate that impaction energy but not
graft materials would be the only variable influencing graft stability.

The set per fina hammer blow was identified to correlate well with stability against
subsidence independent of the graft material or impaction energy used (Fig. 7.41). The
relationship was exponential and the curve was shifted for lower or higher hammer
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momentum towards lower or higher stability respectively (Fig. 7.42). Pre-compaction energy
and graft material must affect stability against subsidence and fina hammer set in the same
way. A more densely compacted graft or an inherently more stable graft material responds
with less final set to the force of a hammer blow in the same way as it does subside less per
load cycle under a lower peak force. A similar correlation between hammer set and stability
(static) has been established in soil mechanics (pile driving formula).

7.5 Conclusons

From the discussed results important conclusions can be drawn which have relevance either for
the in-vitro testing or for the clinical application of the impaction grafting technique. Thus two
separate sections are used to discuss conclusions from the experimental analysis. First
conclusions are drawn which can justify the experimental methodology employed here and
which should be considered in the design of future experimental studies. Secondly conclusions
are drawn with implications for the clinical application of the impaction grafting technique and
with implicationsfor the optimal configuration of a synthetic bone graft extender.

7.5.1 Mode/Experimental conclusions

» Block loading

Endurance testing of impaction grafting stability for a wide range of bone grafts, synthetic
graft extenders and process parameters revealed a large bandwidth of results, an observation
in correspondence with the large stability differences reported for clinica results. Only a
block loading experiment is able to resolve large differences in stability and qualitative
subsidence characteristics under such circumstances. Unless differences can be expected to be
small, as for instance when only slightly varied ceramic properties or mixing ratios are
compared, a block loading test regime should be chosen to allow complete analysis.

* Modd abstractions

Impaction grafting stability was tested using an ovine and a human model which differed in
design and loading geometry, dimensions, a manual versus a controlled impaction procedure
and a cemented versus an uncemented stem fixation. The ovine model ssimulates more closely
the in-vivo situation and the human model is abstracted to a higher degree for focussed
parameter isolation and improved reproducibility. Nevertheless, comparing results from the
both models showed subsidence to be qualitatively identical in principle and quantitatively
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similar for both models. Graft loading and failure mechanisms are fundamentally the same for
the ovine and human model. It can be concluded that an equally relevant analysis of
impaction grafting stability is possible with the simplifications chosen for the human model,
an axi-symmetric cone versus a double-tapered stem, renunciation of cementation and axi-
symmetric loading versus off-set loading. However, clinical relevance should only be claimed
for qualitative and relative comparisons between different graft configurations or impaction
variables. A direct transfer of numerical values derived from the human model into the
clinical situation is not feasible and was not intended.

Subsidence was the result of collapsing graft giving way to the cone or stem-cement unit of the
ovine model. Slight differences in qualitative subsidence between both models identified the
different taper angles of the metal cone and the entity formed by stem and cement of the ovine
model as the cause, as well as the different dimensional ratios between graft mantle thickness
and cone diameter of both models. With cone taper angle and graft mantle thickness relative to
stem and granule size recognised as factors influencing impaction grafting stability, different
stem shapes and taper angles should be tested for maximising stability. In the case of cemented
impaction grafting, the effect of cement mantle thickness must be re-evaluated because of its
different function to primary hip arthroplasty. The concept of uncemented impaction grafting
seems promising but in this case, a sem design completely different to the size, tapers and
surface finishes used for the cemented procedure should be investigated.

» Vertical and torsional stability

A good correlation between stability against vertical subsidence and stability against torsional
displacement axi-symmetric with the cone was established for different graft materials and
impaction intensity levels. With this proven functional relationship and the identification of
vertical subsidence as the dominant failure mode even under off-set loading with the ovine
model, limiting experimental loading and displacement monitoring to vertical subsidence only
seems reasonable. A more sophisticated design allowing torsional loading and displacement
measurements does not promise to deliver additional information sufficiently valuable to
justify the added complexity and cost. Increasing torsional stability independent of vertical
stability should only be possible by altering stem shape and taper angles.

* Human bone and ovine bone

Ovine bone graft morsellised with the Norwich mill proved to be more stable than human
bone graft because of alower fluid content improving compaction efficiency, a healthier bone
stock of more consistent quality and a higher cortical bone content. Nevertheless, ovine bone
graft is highly suited as an experimental graft for in-vitro mechanical tests of impaction
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grafting stability. Stability differences were relatively small and during compression tests it
was seen that human graft provides equal stiffness and thus equal stability potential to ovine
bone when it was milled with the Howex mill. Furthermore, compression tests identified
bovine bone, another experimental graft alternative considered amongst researchers, to be
much dtiffer and thus of highly different stability potential to human bone. Stability
differences between ovine and human graft could be much smaller till, if human graft as the
reference was washed and dried or deliberately included more cortical fragments. Washing
and drying is one common clinical procedure while the removal of all cortical bone is not
explicitly advised in many surgical protocols. Even with a stability difference remaining,
ovine bone is a suitable experimental graft because, if stability improvements can be
measured for certain synthetic extenders or impaction techniques using ovine bone, those
improvements will be at least equally as strong with the less stable human bone. Relative
stability performance measured with ovine graft will remain valid for human graft.

* Soil mechanicstheory

The ratio between bone or ceramic granule size and the graft mantle thickness constrained in-
vivo by the femoral canal and cement coated stem and in-vitro by tube and stem is very low.
Load transfer models in soil mechanics theory are based on the idealised assumption that the
extension of the particulate aggregate is infinitely large against the granule size. Therefore
experimental designs investigating properties of such particulate matter demand the ratio
between maximum particle size and constraint dimensions to exceed a minimum of ten. In
clinical impaction grafting and the experimental models employed here graft granule sizes
measured up to 10mm so that this ratio could be as low as one and hardly reaches the
minimum requirement of ten. Under these circumstances load transfer depends also on the
mechanical properties or contact angles of individual particles and not only on bulk properties
which can be attributed to a particul ate aggregate by using the soil mechanics theories such as
cohesion, shear angle or pore pressure. Thus it must be concluded that the mechanical
description of stability mechanisms at work in impaction grafting must go beyond soil
mechanics theory. In particular Finite-Element-Models which are usually based on such bulk
properties must be approached with great care. It must also be accepted that standard
experimental techniques of soil mechanics such as the shear box used in this study can reveal
only one aspect with limited applicability.
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7.5.2 Clinically related conclusions

* Sendtivetechnique

As summarised above, endurance testing of impaction grafting stability revealed a large
bandwidth of results when bone grafts, synthetic graft extenders or process parameter were
varied only dlightly. This result corresponds well with the large stability variations reported
from clinical studies and confirms that impaction grafting is a sensitive complex surgical
procedure which requires careful optimisation of process parameters and grafts used to be
clinically successful. Initial mechanical stability investigated in this study was in particular
highly responsive to impaction intensity, bone graft quality and the porosity engineered into a
potential ceramic bone graft extender. Clinicians should pay particular attention to these
factors.

* Exponential subsidence

After an initial settling-in period, during each load block, stem or cone subsidence followed
an exponential curve with a logarithmically constant subsidence rate. Only for small peak
forces and for highly stable grafts, subsidence during some load blocks was so small that such
a logarithmic subsidence rate could not be identified against signal tolerance or noise.
However, even in these cases small permanent subsidence was recorded. Consequently, initial
mechanical stability is always accompanied by some subsidence which always increases at an
exponentially decreasing rate. Thus long term stability only seems possible when graft
incorporation and bone remodelling are completed. However, the logarithmically constant
subsidence rates cause subsidence to slow down quickly so that, for the number of gait cycles
to be expected during the life-time of a patient, a quasi-infinitely stable state can be attained.
Therefore some early initial subsidence can be tolerated post-operatively without sacrificing
initial mechanical stability completely. Such initial subsidence could be interpreted as
additional graft compaction and or conical wedging as tolerated with cemented polished
primary implants, both effects stabilising the set-up.

The amount of initial subsidence and the logarithmically constant subsidence rate established
thereafter were influenced by geometrical set-up, namely cone shape, taper angles and the
dimensional ratio of cone diameter to graft mantle thickness. Alternative stem shapes and sizes
altering these factors should be investigated and clinically considered for optimising impaction
grafting stability. This holds particularly true for uncemented impaction grafting techniques
where the surface properties are also expected to have an influence. From the good correlation
between vertical and torsional stability it must be concluded that efforts to improve resistance
againgt torsional displacement should also focus on stem shapes variations.
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» Variability of bone grafts

Stability of morsellised pure bone grafts was not only very sensitive to procedural variables but
even under supposedly constant conditions highly variable results were measured. The
variability inherent in the bone graft itself could be already a major reason for the variable
success rates reported for clinical impaction grafting. The high variability lies in the natura
source and the complex manual graft production process. Against the rdatively constant
experimental conditions, in clinical application the problem is increased by variable donor
health sex and age as well as different bone storage and sterilisation methods or diverse bone
mill and blade types or inconsistent post-milling procedures. The impaction grafting technique
using pure bone graft will remain susceptible to a variable success rate unless the
incons stencies are reduced by standardising the variable graft parameters.

From this study the following recommendations can be made. Prior to bone milling soft tissue,
the large quantities of cartilage should be thoroughly removed by a scalpd. Soft tissue does not
contribute to stability and even after superficial remova enough soft tissue remains available
for maintaining the visco-elastoplastic properties of the morsellised graft desirable for good
compaction properties. Bone graft should be morsellised with a fiff and sharp bone mill like the
Howex because only such a design ensures congstent particle distribution and high operator
independence. Bone graft should be washed and dried as blood, fat and other fluid phases are
removed so that the delivery of impaction energy becomes more efficient by reducing the
damping effect of squeezed fluids. Washing and drying can aso further remove soft tissue with
its low contribution to graft stability. With less soft tissue available for sealing off the porosity,
cement penetration into the compacted bone graft might be enhanced and could raise stability.

Despite the low availability and high cost of human donor femoral heads surgeons should
establish selection criteria based on the visual appearance and predicted mechanical quality of
the heads. With one freeze and thaw cycle not significantly affecting the mechanical
properties of morsellised bone graft, variability could be reduced by morsellising and mixing
large quantities of femoral heads together and storing them for later use. This method would
not only level out donor and preparation variability but also offers the potential to expand
bone supplies by making clinical graft delivery more efficient than the preparation of discrete
numbers of femoral heads. As described later, extending a morsellised allograft with a
suitable ceramic also reduces variability.

» Stability provided proximally
Theoretical considerations about the wedging effect and experimental observations from
retrieved samples after fatigue failure identified the proximal graft region to be the most load
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bearing and stability providing section in the model and human femur. Thus a surgeon must
pay specia attention to this region during preparation of the femoral canal, graft charging and
graft compaction. During post-operative loading of the implant but especially during vigorous
graft impaction, the wedging effect transfers high radial stresses through the graft causing high
hoop stresses in the proximal femoral wall. Bone loss, commonly associated with revision hip
surgery, has often affected the quality of the proximal bone so that the risk of femoral fracture
under impaction is high. Therefore, surgica measures such as wire support or even mesh
reconstruction of the proximal femur are important and must be advised for impaction grafting
more than for other revision techniques. Specia attention should also be paid to homogenous
graft mixing and charging in the proximal region to ensure homogenous load transfer and to
avoid ingtabilities due to anisotropies. For the same reasons and for maximising stability,
specia attention should be given to proximal impaction quality which has to be carried out
partialy with handheld impactors, a process prone to inconsistencies.

* Impaction intensity is most important

Impaction intensity was clearly identified to be the most important single factor influencing
the stability in impaction grafting and must be of prime concern for the surgeon. In particular
proximal impaction with the phantom prosthesisis crucial as the wedging effect leverages the
impaction effort and also introduces strong radial graft compaction. Assessment of impaction
quality for maximum stability was more associated with impaction energy than impaction
peak force. Increasing impaction energy improved stability more than raising the impaction
forces. Too high impaction forces reduced the stability levels measured. Thus a surgeon
should prioritise the delivery of high numbers of hammer blows over maximising the force of
individual blows for both, distal graft pre-compaction and proximal impaction of the
oversized prosthesis. Additionally, in this way the risk of femoral fracture during impaction
could be reduced without sacrificing stability.

Graft stability was more sensitive to impaction energy than impaction force. This suggests
that a vibratory impacting device which would operate by delivering a high number of low
force blows at high frequency could produce impaction qualities and stability levelsin a more
consistent, user independent way. Such a tool seems a promising concept but it would be
essential to ensure that peak forces of the individual hammer blows remain sufficiently high.
As experimentally verified, too low impaction forces also reduce stability. Additionally, from
theoretical considerations and the application of the pile driving formula one can conclude
that impaction peak forces must at least exceed the peak forces occurring during the normal
human gait. Otherwise, each post-operative step would act like a further impaction blow and
cause corresponding levels of set per blow soon resulting in massive subsidence.
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As previously mentioned, impaction quality can also be improved by washing and drying the
bone graft so that impaction energy is converted into dense graft compaction and not
dissipated in squeezing fluids. If impactors had a porous or grid-like surface and allowed fluid
drainage which could be supported by an attached or built-in suction device, the effective
delivery of impaction energy could be further enhanced. Another spring and damper effect
which reduces and varies impaction energy conversion is introduced by the patient’'s
disocated leg which acts as the support against the hammer blows thus defining the reaction
force signal and energy dissipation. Depending on leg size, weight and fixation equal
impaction blows cause different peak forces and transfers efficiencies of compaction energy.
If aleg moves too much during impaction, a surgeon might apply a high physical impaction
effort but actually achieve less impaction than expected. Thus, stable and secure leg fixation
Isimportant and the design of positioning jig could be advantageous.

Anticipating in this context a discussion point highlighted later, adding tiff and stable
ceramic granules as a bone graft extender into a bone/ceramic mix reduced the sensitivity of
graft stability to impaction energies. Especially at low energy levels a high stability
improvement was registered, e.g. higher stability could be achieved with less impaction effort.
In aclinical context this might either reduce the risks of femoral fracture as a result of too
vigorous impaction or might level out stability differences as a result of different impaction
efforts by various surgeons.

Intense impaction and dense graft compaction have been advocated as the two most important
factors for achieving maximum initial mechanical stability in impaction grafting. However,
too intense impaction and dense graft compaction might reduce porosity and interconnectivity
of void spaces or might damage trabecular bone fragments or highly porous ceramic extender
granules so that revascularisation is impeded, osteoconductivity becomes reduced or cement
penetration is prevented. Despite the high initial mechanical stability achieved, long term
stability as a result of bone remodelling might suffer. Raising stability with less impaction
energy and thus a less densely compacted graft was shown to be possible by extending bone
allograft with stiff and strong ceramic bone extender granules.

e Impaction set as stability feedback

The complex influence of both impaction energy and impaction forces on graft stability make
the intra-operative assessment or prediction of stability impossible. Impaction set depends on
impaction force and accumulated impaction energy and was indeed identified as a rdiable
measure for predicting stability. Independent of graft materials tested, the set of the final
hammer blow could be corrdated with a stability level via an exponential function which was
shifted for different hammer momenta. On this basis, a surgical feedback instrument could be
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designed by fitting the impaction tools with a displacement transducer, which measures set per
hammer blow intra-operatively. The calibration of impaction set guaranteeing stability in
clinical application could be carried out by conducting impaction and stability tests with
Sawbones based on the experimental procedures described in this study. As the manually
ddivered hammer blows cause impaction forces to vary during surgery, an average value from
afew blows could be calculated as an equivaent final impaction set. Ultimately hammer forces
should be controlled as well, either by intra-operative measurement or by constant delivery by
avibratory impactor as described earlier.

During testing, the exponential relationship between number of hammer blows and
accumulated set was disturbed when the transducer connection came loose producing a clear
shift or spike in the graph. In clinical application such monitoring could give clear and early
warning of problems such asfemoral cracking or displacement of the distal plug.

e Bone plusceramic graft mixes

Using ceramic bone extenders in a bone/ceramic graft mix improved stability and reduced
variability for most ceramic configurations and all mixing ratios tested. In abone/ceramic mix
strong ceramic granules of low friability provide additional load bearing particles of
consistent properties and reduce the wetness of the graft for improved impaction efficiency.
Therefore, the use of ceramic bone graft extenders can be safely recommended for clinical
application to increase initial mechanical stability and produce more consistent results.
Higher, more reliable initial stability would reduce cases of massive early subsidence which
have been reported as an early failure mode in impaction grafting. It also encourages earlier
load bearing producing the mechanical stimulus required for any osteoconductive process
securing long term stability. Adding ceramic granules to bone/ceramic mix also caused the
linear relationship between vertical and torsional stability to rise more steeply than with pure
bone suggesting that ceramic granules increase friction between stem and graft mantle. This
effect could in particular improve the stability of uncemented impaction grafting where an
interlocking cement mantle is absent.

The graft stabilising effect was strongly noticed even for mixing ratios with relatively small
quantities of ceramic granules. When the ceramic fraction was raised, stability improved
further. The effect reduced towards high ceramic fractions but did not reverse even for the
highest ceramic contents. For a surgeon this means that mixing ratios can be varied without
risking any stability loss over the pure bone graft reference whether such variations are the
result of mixing errors, inhomogeneous charging or deliberately adapted mixing ratios. The
graft stabilising effect of ceramic bone graft extenders at any mixing ratio allows supplies of
human donor allograft to be stretched and cost savings to be secured without risking negative
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consequences for initial mechanical stability. In the context of ceramic graft benefits it should
be reminded that the stability of b/c graft mixesis less sensitive to impaction energy levels so
that bone/ceramic mixes provide stability superior to pure alograft at lower impaction energy
levels. Therefore, extending morsellised allograft with ceramic granules clinically promises to
reduce the effects of different surgical impaction efforts on stability. Equal stability at lower
impaction energies for b/c mixes might also help to reduce the risk of femoral fracture during
impaction or to maintain a sructurally intact graft with interconnected porosity.

Despite the superior overall stability of bone/ceramic mixes over pure allograft, the b/c mixes
showed some initially higher subsidence and at lower loads than the densely compacted
alografts. The superior overall stability of the mixes was the result of significantly less
steeply increasing subsidence rates than those of pure allograft which more resembled a
massive collapse once a certain peak force was exceeded. The clinical advantage of using
bone/ceramic mixes is that even if some initial subsidence occurs post-operatively, the graft
mixes promise to stabilise on a new plateau while initial subsidence with pure allografts can
be the precursor of a near graft collapse. There is hope that early subsidence with
bone/ceramic mixes stabilises below displacement levels requiring re-revision while with pure
allografts under these circumstances re-revision seems more likely.

Configurations of ceramic graft extender

Varying the configurations of the ceramic phase in the bone/ceramic graft mixes singled out
porosity as the most critical parameter. Increasing porosity levels, pore size, and pore
interconnectivity is biologicaly desirable for optimal osteoconductive properties of the
synthetic extender. However, too high porosity combined with the inherent brittleness of a
ceramic can result in dramatically reduced mechanical stability and high friability. During
testing low porosity levels hardly affected the performance over a non-porous reference, but at
the maximum porosity level the bone/ceramic mix was mechanically weaker than even a pure
alograft. Such highly porous ceramics must not be recommended for clinical application. The
biological advantages promised by such a highly porous ceramic will be virtualy destroyed
during impaction which can deliver higher peak forces into the graft than the fatigue loading
process. Defining an optimum porosity level for a ceramic bone graft extender demands a
conservative compromise between mechanical and biological requirements be found.

Sintering of the ceramic granules must be completed at sufficiently high temperatures and
times to secure highest stability. Lowering the sintering temperature, possibly in order to
manipulate graft resorption rates or osteoconductivity, can result in dramatically increased
friability and reduced stability when sintering was incomplete. If resorption rates are supposed
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to be manipulated than it should be done by the chemical composition ratio between HA and
TCP. Here the influence on the mechanical stability of abone/ceramic mix seemed negligible.

With regard to the particle size of the ceramic phase in the bone/ceramic graft mixes, a
medium 2-4mm particle size was found to deliver superior stability over small and large
particles. The medium particle size balances the graft subsidence mechanisms of fracture and
re-arrangement for maximum stability and leads to optimal mixing and charging with bone
graft. Clearly, the optimum particle size depends on the size of the cavity impacted into and
therefore large particles are recommended on the acetabular side where the void space is
significantly larger than on the femoral side. Graft mixing, charging and packing could
theoretically be improved further with a ceramic size mix. However, the small cavity gaps
between stem and endosteal wall make it impossible for a graft mix with increased phase
complexity to ensure homogenous mixing and charging.

Graft stability in impaction grafting is the result of complex phase interactions between strong
load bearing phases such as trabecular bone chips or ceramic granules and less strong,
viscoelastic soft tissue required for compaction and graft cohesion plus the fluid phases such as
blood influencing impaction effectiveness. It can be concluded that only such a phase mix can
provide optimum stability in impaction grafting which can be increased by raising the content
of reproducibly strong ceramic extenders. If it is the goal to replace bone graft in impaction
grafting entirely by some synthetic material such a material must also offer a combination of
strong, load bearing properties and viscoelastic, compactable properties. Thus it must be a mix
aswell or acomposite materia such as a ceramic reinforced resorbable polymer.

Facing the conflict between maximum initial mechanical stability and long term stability as
the result of graft revascularisation, graft incorporation, bone deposition, graft resorption and
remodelling, initial mechanical stability should be given the priority. Preventing subsidence
and providing gtiffness to limit micromation, initial stability is the prerequisite for any
secondary osteoconductive effects. The time-dependent functions of degrading initial
mechanical stability and increasing long-term stability as a result of graft resorption and bone
remodelling are unknown. No predictions can be made as to whether total stability remains
constant or even drops temporarily during these processes or if resorption and remodelling
rates can be manipulated to maintain high total stability. When a synthetic material is to be
selected for clinical use as abone graft extender it should be selected on the basis of providing
high initial mechanical stability as opposed to rapid osteoconductive activity. A slowly or
even partially non-resorbed graft which provides high initial mechanica stability has the
potential to provide long term stability aswell.



