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Background: Mechanically-assisted crevice corrosion of modular tapers continues to be a concern in total
joint replacements. Surgical factors that may affect taper seating mechanics include seating load magni-
tude and load orientation. Seating mechanics is defined as the seating load versus displacement behavior.
In this study, mixed-alloy (CoCrMo/Ti-6Al-4V) modular head-neck 5°40’ taper junctions were seated over
a range of axially-oriented loads and off-axis orientations, capturing load-displacement during seating.
The goals of the study were to assess the effects of seating load magnitude and load orientation on seating
mechanics and correlate those findings with the taper pull-off load.
Methods: A testing fixture measured head-neck seating displacement as the load was quasistatically
applied. Motion was captured using two non-contact differential variable reluctance transducers which
were mounted to the neck targeting the head. Seating experiments ranged from 1000 N to 8000 N.
Load orientation ranged from 0° to 20° at 4000 N.
Results: Seating load-displacement behavior at different seating loads showed a consistent characteristic
behavior. Testing demonstrated increased seating displacement with seating load. Pull-off loads
increased with seating load and were approximately 44% of the seating load across the range of seating
loads investigated. Seating load orientation up to 20° had no significant effect on seating displacement
and taper pull-off load.
Conclusion: Increased seating load magnitude increased seating displacement, work of seating and pull-
off loads in mixed-alloy 5°40’ head-neck tapers. Altering load orientation up to 20° off-axis had no sig-
nificant effect. Direct measurements of seating mechanics provides insights into the locking of taper
junctions.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

However, modular tapers have shown instances of mechani-
cally assisted crevice corrosion (MACC) (Gilbert, 2006). MACC is

Modular tapers in total joint replacements became widely avail-
able in the mid-to-late 1980s. Modularity allows for different
material combinations, component size variations and ease of revi-
sion surgery compared to previous monoblock components
(McCarthy et al., 1997). Ideally, modularity optimizes implant per-
formance and allows for intraoperative flexibility. The benefits of
modularity have extended beyond patients and hospitals. Manu-
facturers were able to reduce inventory and cost of storage per
implant which decreased the financial burden on the healthcare
system (Barrack, 1994; Cameron, 1996; Hozack and Mesa, 1996).
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the result of mechanical loading and cyclic motion at the taper
interface producing fretting corrosion debris (ions and oxide parti-
cles) which can be distributed locally and systemically (Gilbert
et al., 1993; Gilbert, 2006; Gilbert, 2011; Gilbert and Jacobs,
1997; Goldberg et al., 1997; Jacobs et al., 1995). Significant levels
of corrosion have been seen in a variety of taper junctions and
implant designs, and recent clinical studies have reported an
increase in corrosion-associated adverse local tissue reactions,
which may lead to implant failure and the need for revision
(Langton, 2010; Cooper et al., 2012; Cooper et al., 2013; Cooper,
2014).

The influence of seating load magnitude on taper mechanics has
been studied. These studies have suggested that an increase in
assembly load between the femoral components increased taper
stability and reduced motion between the interface during loading
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(Jauch et al., 2011; Rehmer et al., 2012). Few of these studies, how-
ever, have incorporated a controlled seating methodology able to
measure the seating mechanics (load-displacement behavior) dur-
ing assembly (Ouellette et al., 2017). In addition, there are few if
any studies known to the authors that have directly assessed the
variability in surgical practice (particularly load orientation) and
correlated the effect on taper locking and pull-off strength.

Hence, in this study, mixed-alloy modular 5°40’ taper junctions
were assembled over a range of seating loads and loading orienta-
tions. Throughout loading, the seating load-displacement behavior
was captured. The goals of this study were to assess the effects of
load magnitude and orientation on seating load-displacement
mechanics and to correlate these to the pull-off load. It is hypoth-
esized that an increase in seating load magnitude and decrease in
the load-neck orientation angle will improve seating displacement
and taper pull-off loads.

2. Materials and Methods
2.1. Specimen design

Test samples consisted of Ti-6Al-4V trunnions and CoCrMo
heads with nominal taper angles of 5°40’ (provided by Stryker,
see line drawing in Fig. 1a). Trunnion samples were machined to
a cylindrical geometry with the neck and taper region on one
end. The trunnion taper dimensions were a nominal engagement
length of 11 mm, an apical diameter (most proximal taper region)
of 12 mm. The trunnion taper surface was a ground finish as they
would for commercial use, with no spiral thread or other topogra-
phy. The heads were commercially manufactured CoCrMo alloy
with a 36 mm diameter and a + 5 mm head offset. The female taper
surface topography was as-ground. The nominal taper angles for
both head and neck were nominally 5° 40” (5.667°), with a mea-
sured angle ranging between 5.627 and 5.646°for the trunnion
and 5.694 to 5.712°for the head tapers. The head and trunnion
tapers were matched to provide a consistent angular mismatch
of 0.066 to 0.68° (with the head slightly larger in angle than the
trunnion for all cases).

For seating load magnitude testing, samples were axially seated
at four load levels (n = 5): 1000, 2000, 4000 and 8000 N. For seating

a)

load orientation testing, three load orientation groups (n =5) were
seated to 4000 N at 0°, 10° and 20° orientation between the neck
axis and the loading axis. A coordinate measurement machine
(Wenzel LH87, Wenzel America) was used to measure the taper
angles of the femoral head and trunnion prior to testing. The angle
measurements were then used to pair the head and trunnion sam-
ples to minimize mismatch variation between sample pairs. Trun-
nion tapers were also characterized for surface roughness using
White Light Interferometer (Zygo NewView 6000, Zygo) to confirm
the surface finish. Both head and trunnion surfaces were as ground
as for commercial use with no imparted ridges or spiral threads.
The surface roughnesses obtained were in the range of 0.18 pm
(SD =0.012 pum, n = 20) for the Ra value.

2.2. Specimen mounting and displacement measurement system

Samples were positioned directly under the load applicator. Off-
axis samples were mounted in an angled fixture and held fixed
with an aluminum screw which allowed the load to be applied at
the predetermined angles of 10° and 20° (Fig. 1b). Seating displace-
ments were captured using two non-contact eddy current sensors
with a range of 1 mm (2 um resolution) mounted to the superior
and inferior portions of the stem (Micro-Epsilon™, Raleigh, NC).
Sensors targeted aluminum plates fixed to the head. Displacement
and load were captured by a custom made data acquisition and
instrument control program (LabView™) at a rate of 100 points/s.

2.3. Test protocol

Before testing, male and female taper junctions were cleaned
with ethanol to remove contaminants from the surfaces. The heads
of each sample were placed manually on the neck and axially pre-
loaded to 50 N. Samples were then tested to the predetermined
seating load magnitude and orientation specifications. Loads were
applied with a servohydraulic test frame at a rate of 200 N/s and
held at the peak load for 5 s before unloading (Instron). Post seat-
ing, tensile on-axis pull-off loads were applied using a test fixture
with a fork-like opening that supported the head just outside of the
taper junction and the trunnion sample was mounted to a chain
using the bolt hole in the base of the trunnion to apply an axial ten-
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Fig. 1. (a) Line drawing of Ti-6Al-4V trunnions and CoCrMo heads with nominal taper angles of 5°40'. (b) Aluminum fixture which securely holds couponed trunnion with
DVRTs fixed to the superior and inferior portions of the stem targeting the head under the load applicator.
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sile load to the junction with a displacement rate of 5 mm/min
(MTS858, MTS Systems Corporation, Minnesota) until the taper
interlock was overcome.

2.4. Data analysis

Acquired displacement data was used to determine the seating
displacement by taking the position at 50 N preload to maximum
loading and then unloading in order to effectively compare sample
groups. A one-way ANOVA test with post-hoc Tukey analysis was
used to determine differences, with a significance level of 0.05.

The seating displacement was determined as the difference
between the rigid final displacement, (i.e., the displacement
recorded after complete unloading), and the rigid initial displace-
ment, (i.e., the displacement recorded at 50 N of initial seating
load). Final displacements were taken at unload to remove the
elastic deformation of the system from the measurement, while
the 50 N initial load was used to assure an initial seating location
was consistently defined.

For the off-axis orientation of seating, significant elastic bend-
ing displacements were superimposed on the rigid body seating
motion. The greater the off-axis alignment, the more bending dis-
placements were present. To accommodate these elastic-based
bending displacements, a method was used to correct the seating
plots for the elastic displacements. This was accomplished by tak-
ing the instantaneous load and dividing it by the slope of the
unloading portion of the seating tests at each point in time. This
results in a measure of the elastic-based displacements which
are then subtracted from the total measured displacements to
obtain the corrected rigid-body motion. This correction was
applied prior to determining the work of seating and the seating
displacements, however, the results obtained from both are not
affected by these elastic motions as they are fully recovered after
unloading (Mali and Gilbert, 2016; Pierre and Gilbert, 2016;
Pierre and Gilbert, 2014).

The work of seating was calculated using the Trapezoidal Rule
to determine the area under the curve for seating load-
displacement graphs:

" (Fi,1 +Fi
W= ; <%) * (Diy1 — Dy)
=

F is the load applied, i is the indicial point (which is summed
over n points covering the complete load-unload cycle) and D is
displacement. The work of seating represents the energy required
to create the taper locking.
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3. Results
3.1. Load magnitude analysis: Seating displacement

Fig. 2a illustrates an example of the load and displacement ver-
sus time relationship during a seating test. The displacement
increased with the load overtime until the peak load was reached
(4000 N in this case) and held for 5 s before unloading. The maxi-
mum displacement was achieved at maximum load and upon
unloading the sample experienced an elastic rebound before set-
tling at its final displacement.

Seating load-displacement behavior at the various seating loads
showed a consistent characteristic behavior. During seating
(Fig. 2a), displacements rose non-linearly until reaching the peak
load. The unloading behavior, from maximum load to zero load
reflects the recovery of the elastic energy of the system.

The corresponding load-displacement plots from several differ-
ent seating experiments to different maximum loads are shown in
Fig. 2b. The loading portion of these plots rises parabolically with
displacement to the maximum load and then unloads in a linear
load-displacement fashion indicating elastic unloading behavior.
The area inside the curves is the total work of seating and is com-
prised of both elastic and frictional interactions which is, in part,
why the loading portion is parabolic.

It is interesting to note that the shape of the seating curves
overlay one another from 1000 to 8000 N indicating a consistent
and reproducible seating behavior for these tapers. In each loading
scenario, the unloading portion of the plots appear to be parallel
indicating that the elastic rebound during unloading is consistent
between samples as well. The y-intercept of the unloading curves
reflects the final seating displacement (Fig. 2b).

3.2. Load magnitude results

3.2.1. Seating displacement

The average final seating displacement for the superior and
inferior sensors show a power-law increase which is close to a
square-root dependence (see regression lines, Fig. 3) in seating dis-
placement with an increase in seating load magnitude, which is
consistent with the parabolic dependence in Fig. 2b. Each group
was statistically significantly different (Fig. 3) (p < 0.05).

3.2.2. Work of seating
The average work of seating values also demonstrated a statis-
tically significant parabolic increase with an increase in seating

b) Seating Load-Displacement
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Fig. 2. (a) An example of one seating test result with superimposed seating load vs. time and displacement vs. time plots loaded to 4000 N. This illustrates the taper motion
during loading and unloading. (b) Superimposed seating load-displacement plots for the different load magnitude groups. The graph highlights the characteristic behavior of
the taper during seating and unloading. The plots for different maximum load levels are superimposed with similar unloading slopes.
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Fig. 3. Average seating displacement vs. load demonstrates a power-law increase. Each load magnitude group was statistically significantly different (p < 0.05).
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Fig. 4. Average work of seating vs. load shows parabolic increase in work of seating with increase in load magnitude. Each load magnitude group was statistically significantly

different from one another (p < 0.05).

load magnitude for both sensors (Fig. 4, p < 0.05). The average work
of seating was approximately 0.2 to 0.25 ] at 4000 N seating load.

3.2.3. Pull-off load

Pull-off loads for similar tapers typically reflect the seating load
magnitude, requiring about 48% of the seating load magnitude to
be distracted (Mali and Gilbert, 2016; Ouellette et al., 2017;
Pierre et al., 2018). The results of testing showed the pull-off loads
increased linearly with an increase in seating load; all groups were
significantly different (Fig. 5, p < 0.05).

3.3. Load orientation results:

3.3.1. Seating displacement

Seating displacement of off-axis samples was comprised of both
rigid motion as well as elastic motion (associated with the com-
pression and bending of the component in conjunction with such
load orientations).

With an increased angle in the seating load orientation, the
bending of the neck and elastic motion also increased. Fig. 6 illus-
trates the trend in elastic bending in the seating load-displacement
data. As the seating load orientation increased from 0° to 10° to
20°, an increase in the bending-based displacements is observed
with the superior sensor seeing tensile-based displacement (oppo-
site of the seating motion), while the inferior sensor senses
compression-based displacement (additive to the seating motion).
As the off-axis orientation increased, more bending deformation
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Fig. 5. Average pull-off load for range of loads. Each group was statistically
significantly different (p < 0.05). The pull-off load was approximately 48% of the
seating load.

was present in the displacement measurements. The superior sen-
sor reported elastic-bending displacements that were opposite of
the seating direction, while the elastic bending displacements infe-
riorly were in the same direction as the seating displacements. The
unloading portions of these curves represent elastic unloading of
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Fig. 6. Load vs. displacement graphs for three different load orientation groups. (a) Superior sensor load-displacement behavior and (b) inferior sensor behavior. These data
show the elastic bending nature of off-axis load samples compared to axially loaded samples. Increasing the orientation angle increased the elastic displacement captured by

the sensors.
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Fig. 7. Average a) seating displacement and b) work of seating per group as a function of seating orientation (0 to 20°at 4000 N). No statistically significant differences were
observed between the groups. Average seating displacement was approximately 150 to 200 um. Average work of seating was approximately 0.2 to 0.3 ] for a 4000 N seating

load.

the sample only and depend on the sample geometry, material, and
the location of the sensor and target.

The results of seating displacement testing showed, despite the
increase in load orientation, there was no statistical difference in
average seating displacement between orientation groups, with
an average displacement of 150-190 um (Fig. 7a).

3.3.2. Work of seating
There was no statistically significant difference in work of seat-
ing (Fig. 7b) for the different orientations at 4000 N in this test.

3.3.3. Pull-off load

The pull-off loads for the different orientation groups (Fig. 8)
showed no statistically significant differences. The average pull-
off load was approximately 2000 N, 50% of the seating load magni-
tude for these tests.

4. Discussion

Seating load magnitude and load orientation effects on seating
mechanics and taper locking stability were quantitatively studied
in an effort to simulate possible variations in orientation that
may arise during surgical assembly. Under the conditions in this
study, seating load magnitude had a direct effect on seating dis-
placement, work of seating and taper pull-off. However, increasing
the seating load orientation up to 20° had no significant effect on
seating mechanics or taper pull-off.

Average Pull-off Load
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Fig. 8. Average pull-off load of 0°, 10° and 20° orientation groups. Groups were not
statistically different with an average pull-off load of 2000 N.

4.1. Seating load-displacement plot analysis

The characteristic load-displacement behavior for both loading
and unloading of the 5°40’ CoCrMo/Ti6Al4V tapers (Fig. 2b) has a
number of important parameters and concepts associated with it
that deserve further consideration.
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These include the loading behavior, the unloading behavior and
the work of seating. To understand each of these elements, the
4000 N load-displacement plot from Fig. 2b is reproduced in
Fig. 9 along with addition plots based on the discussion below.

The loading behavior for axially loaded tapers, as noted experi-
mentally, was parabolic in nature. That is, it can be represented by

F = k&? (for loading) 1)

where § is the seating displacement, F is the seating load and k is
the seating stiffness parameter which can be found from inputting
F and § at a specific load. For these specific tapers, k = 1x10° N/mm?
and the plot of this function is overlaid on Fig. 9 for clarity and
shows complete overlap with the measured results.

This behavior consists of both the elastic compression strain
energy developed with continued pushing of the trunnion into
the taper and the frictional work dissipated across the surfaces.
The seating stiffness parameter, k, is also dependent on a number
of design and material factors that include the taper macroscopic
geometry (diameter, engagement length), microscopic geometry
(roughness), material moduli, interfacial coefficient of friction
and taper half-angle (Gilbert et al., 2015) and the sensor configura-
tion. This latter parameter (sensor configuration) affects the total
distance between the sensor mounting point and the aluminum
target mounting point. The larger this distance, the larger the elas-
tic displacements measured. When bending is involved, then the
distance of the sensor from the neutral axis of bending is important
as well.

For unloading, the taper is locked and no rigid body motion
occurs between the two surfaces (assuming the coefficient of fric-
tion is high enough to stick the interfaces) and the load-
displacement plots during unloading are linear with an unloading
slope (k). This parameter depends on the sensor configuration,
sample geometry, moduli and loading orientation. For axial load-
ing, k, reflects an elastic compressive unloading, while the off-
axis unloading reflects both compressive and bending derived elas-
tic displacements. It should be noted (see Fig. 6), that the elastic
displacements sensed by the sensor during the off axis seating
experiments show clear signs of elastic bending based displace-
ments. The greater the off-axis loading the larger were the elastic
bending based displacements noted. These displacements reached
up to 200 mm in the 20° seating experiments and are well above
any potential rigid-body based micromotion that may be present
at the taper during the unloading. Even in the axially loaded sam-

Seating Load-Displacement

k,, Unload
el K, Seating Stiffness
- Stiffness
£ 4000
§ —Theory
| 2000
L a ,/"“I// L L L )
-50 0 50 100 150 200 250

Displacement (um)

Fig. 9. A single seating load displacement plot for a taper seated to 4000 N. Also
shown is the fitted curve (Eq. (1)), and the fitting parameters for loading (k) and
unloading (k;). Note the excellent fit of the parabolic function to the seating curve.
The area inside the loading and unloading curves represents the frictional energy
dissipated in seating, while the area under the elastic unloading portion represents
the recoverable elastic energy. The area under the loading curve is comprised of
both friction and elastic energy.

ples, the unloading elastic displacements observed were linear and
about 30 to 50 mm which is larger than the typical micromotion
reported and therefore is likely related to the compressive elastic
displacements of the trunnion. The average inferior displacements
(see Fig. 7a) were always slightly larger than the superior displace-
ments indicating a tilting like motion of the head on the trunnion
as seating progress, however, the differences in seating between
sensors was not statistically significant.

4.1.1. Work of seating

The work of seating is the work done during loading minus the
work done during unloading. These work terms are the area under
the seating load-displacement plots (Fig. 9). The area under the
loading curve can be analyzed from the following. Using a free
body diagram of the seating force (see Fig. 10) it can be seen that
there are interfacial pressures, P and frictional stresses, t, devel-
oped at the interface according to:

F = (Psino. + T cosa)A = PA(sin o + [ cosa) (2)

where F is the seating force, P is the nominal contact pressure, A is
the nominal contact area and p is the coefficient of friction (where
the frictional stress, T = UP), and a is the taper half angle.

The work of seating (during loading) is simply:

»Omax »Omax 53
W:/ F-d&:/ ks - do — k Omax 3)
0 0 3

While the work of elastic unloading (i.e., the elastic energy
released on unloading) is

dmax Jmax
Welasﬁc = / F- db = / kz (b — 5f) . dé
o 5

O — OF

f
=k, <m+) _ 5f (5max _ 5f) (4)

The net work of seating is the difference between these two
energies

Wseating =W- Welastic

2 2
(53 max 5f
=k ’;ax —ky 7< 5 ) - 6f((3max - d) (5)

Alternatively, the seating work can be analyzed using Eq. (2)
and (3) as:

Omax Smax
W= / F-ds = / PA(sina + pcoso) - do (6)
0 0
/ P
RNy
1\ —

Fig. 10. Free body diagram for a taper under external force F. Reactive pressure, P
and frictional shear stress, T, act to balance the instantaneous applied force, F. Taper
half-angle, o, affects the components of pressure.
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where the two terms reflect the elastic pressure (sine term) and
friction (cosine term) contributions to the work. Eq. (6) can be com-
bined with Eq. (1) and (2) to result in:

~Omax 1
W:/ k52< _ S, HCosx > -ds (7)
0 simo + U COSA

sino + [ cosa
The two terms in Eq. (7) represent the fraction of the energy
associated with the elastic-based pressure (first term) and the fric-
tional energy (second term).
W= Welastic + Wfriction
_k 0 x sino
sino + [1coso

Jcoso. > (8)

3 sinot + pcoso

If one uses the appropriate values for o and p (i.e., 2.83°, and
0.25 (Gilbert et al., 2015), respectively) about 16.5% of the work
is elastic and 83.5% of the work is frictional or dissipated in seating.

For the plot in Fig. 9, based on numerical integrals of experi-
mental data, the total work was 0.267 ], the elastic work was
0.044 ] and the frictional work (or total net work in one seating
load-unload cycle) was 0.223]. From Fig. 9, the constant, k, is
100,000 N/mm?, k, is 182,000 N/mm, 8y =200um, and & is
178 pm. Using these values for the parameters shows essentially
identical calculations for the total work, elastic work and frictional
work as determined numerically (i.e., using Eqgs. (3)-(5), respec-
tively). In addition, the elastic and frictional work portions can
be calculated using each term in Eq. (8) and again, the results are
identical to that calculated directly from the experimental results.
This shows the partitioning of elastic and frictional work depends
on the taper angle and frictional interaction of the taper.

4.1.2. Pull-off load

Pull-off load testing, a standard taper stability assessment
method, also showed a linear increase with seating load with a
y-intercept which goes through 0 (Fig. 5). Gilbert et al. describes
a mathematical relationship between the initial seating load and
the corresponding pull-off load where pull-off loads are approxi-
mately half the initial seating load depending on taper characteris-
tics including taper angle and coefficient of friction (Mali and
Gilbert, 2016).

The rate of seating displacement is greater in the early (low
load) stages of seating and diminish with increasing load as can
be seen by the increasing slope of the load-displacement curves
with increasing seating load. The relationship between seating load
magnitude and the corresponding displacement were previously
discussed in studies by Pennock and Jauch et al. however in these
studies the femoral head was seated manually or impacted and the
seating load-displacement behavior was not captured (Pennock,
2002; Jauch et al., 2013).

Seating load orientation up to 20° had no significant effect on
seating displacement, work of seating or pull-off load. While not
tested in this work, the average pull-off loads with increased
mis-orientation beyond 20° may show a greater decrease in pull-
off load.

There were limitations to the study. Most importantly, the
loads applied in this study were quasistatic, not dynamic. Impac-
tion of heads may create vibrations (elastic rocking, twisting, etc.)
that may affect the motion of the head on the neck. It is unlikely,
however, that inertial effects are present. The distance traveled
(ca. 100 um), even over the time of impaction would not result
in sufficient kinetic energy to induce inertial effects of seating.
Thus, while quasistatic loading is not clinically relevant, the
details of the seating interaction obtained from these tests and
their link to design, materials and loading conditions offers
insights into taper locking and the effects of material and design
on taper engagement mechanics. In addition, a recent study com-

paring quasistatic to impaction loading effects on the pull off
force showed no significant difference in pull off strength
(Scholl et al., 2018) for axial impaction. In another recent study
using a 1D kinetic model of head-neck impaction, the time to seat
a head onto a trunnion during impulses that spanned a range of
values was within about 1 ms. It was observed in this model that
the seating motion during impaction is completed prior to any
significant vibrational motion that may subsequently arise
(Gilbert et al., 2018).

Another limitation of the study is that the motion recorded dur-
ing testing was only from two sensors diametrically opposed to
one another. This configuration was able to capture rocking and
pistoning but foregoes twisting and off-axis rocking during loading
due to sensor placement. However, the symmetry of the seating
orientation made any twisting motion to be unlikely and therefore
pistoning and toggling motions (which can be captured with this
configuration) are the principal motions present and the sensor
orientation was able to capture this.

5. Conclusion

In conclusion, the seating load-displacement behavior of 5°40’
CoCrMo|Ti-6Al-4V head-neck tapers was directly measured using
non-contact displacement sensors and quasistatic loading. The
seating load magnitude had a direct correlation to seating displace-
ment and pull-off load. The greater the seating load magnitude the
greater the seating displacement, work of seating and pull-off load.
Seating load-displacement data revealed a parabolic trend in seat-
ing as the load magnitude was increased, this information can be
used to create an algorithm predicting seating displacement for
an applied load when taper characteristics are known. The work
of seating was shown to be comprised of friction work dissipated
and elastic work which are a function of the taper angle and coef-
ficient of friction.

The study also showed there was no significant effect of seating
load orientation on seating displacement, work of seating and pull-
off load when the seating load orientation was increased from 0° to
20°.

Seating load-displacement behavior is an important tool cap-
able of assessing the materials, design and surgical factors that
affect taper seating behavior.
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