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Abstract

Taper degradation in Total Hip Replacements (THR) has been identified as a clinical concern, and the
degradation occurring at these interfaces has received increased interest in recent years. Wear and
corrosion products produced at the taper junction are associated with adverse local tissue
responses, leading to early failure and revision surgery. Retrieval and in-vitro studies have found that
variations in taper design affect degradation. However, there is a lack of consistent understanding
within the literature of what makes a good taper interface. Previous studies assessed different
design variations using their global parameters assuming a perfect cone such as: taper length, cone
angle and diameters. This study assessed geometrical variations of as-manufactured head and stem
tapers and any local deviations from their geometry. The purpose of this study was to provide a
greater insight into possible engagement, a key performance influencing parameter predicted by
Morse taper connection theory. This was achieved by taking measurements of twelve different
commercially available male tapers and six female tapers using a coordinate measurement machine
(CMM). The results suggested that engagement is specific to a particular head-stem couple. This is
subject to both their micro-scale deviations, superimposed on their macro-scale differences.
Differences in cone angles between female and male tapers from the same manufacturer was found
to create a predominately proximal contact. However, distally mismatched couples are present in
some metal-on-metal head-stem couples. On a local scale, different deviation patterns were
observed from the geometry which appeared to be linked to the manufacturing process. Future
work will look at using this measurement methodology to fully characterise an optimal modular

taper junction for a THR prosthesis.
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1. Introduction
Modularity of the femoral component in Total Hip Replacements (THR) is achieved by incorporating
a Morse-type taper at the head-stem connection . It allows alternative head materials with varying

t 23, Modularity

sizes and offsets to be used to balance soft tissues in order restore the natural gai
also offers the ability to retain well fixed femoral stems while replacing the femoral head reducing
the risk of morbidity, bone loss and soft tissue damage during revision surgery *. Exchanging the
femoral head while retaining the stem during revision surgery has been recorded to occur in around
45 % of primary revision surgeries in Sweden, according to the Swedish Joint Registry °. The 15th
annual joint registry for England, Wales, Northern Ireland and Isle of Man (NJR) © indicates that at
least 630,000 THR implanted between 2003 and 2017 included head-stem modularity. However,
moving from a mono-block to a modular design has meant fluid ingress and micro-motion at the
interface, leading to a complex degradation mechanism between fretting and corrosion (i.e. fretting-
corrosion) 7. Gilbert et al.2 investigated degradation due to head-stem modularity coining the term
Mechanically Assisted Crevice Corrosion (MACC) to describe the mechanical and chemical
degradation mechanisms and any interdependence they may have. Wear and corrosion products at
the taper junction are associated with adverse local tissue reactions commonly presented in patients

10-13_ Fretting-corrosion at the head-stem junction can also present

as pain followed by instability
systemic implications, and in some cases go on to cause catastrophic implant failure such as neck
fracture or head dislocation due to excessive material loss #*'%*>, The NJR © found that of all primary
hip replacements, 2.8 % required revision and of that, 17 % were due to adverse soft tissue reaction
to particle debris; where the head-stem taper junction is a possible generation source. Taper
degradation is a clinical concern and has been received increasing interest in recent years 115717,
This was highlighted by a recent retrieval study conducted by Ridon et al. *® that compared matched
cohorts of metal-on-metal (MoM) THR with resurfacing (no modular femoral stem). They found that
almost 30 % of the THR cohort underwent revision due to adverse reactions to metal debris
compared to 0 % for the resurfacing cohort, highlighting that the head-stem interface would appear
to be a prominent interface for metal ion release. Whilst there has been a dramatic decrease in the
use of MoM THR, which now make up only around 4 % of implanted, taper degradation is still a

clinical concern with evidence of degradation occurring in all bearing combinations &1%16:17.19.20,

Morse tapers were originally designed to allow machine parts such as drill bits and cutting tools in
milling machines to be changed quickly without compromising torque transmission 2. This is
achieved by an interference fit between male and female conical surfaces allowing torque
transmission under a simple compressive force along the taper length. The original Morse taper

achieved a sufficient interference fit by designing the two interfaces to be highly conforming,
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smooth, hard (usually case-hardened steel), long and with a slight taper angle 273, These design
features provide a sufficient compressive fit over the whole mating taper surface to resist shear
stress from applied torque. Hardening is undertaken for a number of reasons including: to increase
cylindrical accuracy, stiffness and to reduce damage due to handling and fretting from mismatched
mating surfaces. Absolute conformity is hard to achieve and so tapers have commonly been
designed to relieve the contact at the centre, for a good fit without shaking due to contact at either
end 2. It was also originally advised not to impact tapers, but to use a press to ensure alignment and

equal strain or distortion for use in lathes 2.

Head-stem tapers used in THR on the other hand are much shorter with a higher taper rate (i.e.
shorter with a greater taper angle), often presenting a threaded finish and a level of angular
mismatch (i.e. the difference in cone angle between the female and male taper, see Figure 1) in
order to create specific contact regions »?*, Additionally, the biomechanical loading profile of the
head-stem taper in-vivo is complex with a cyclic nature, very different from that experienced in
Morse tapers 2°. Morse tapers were designed to transmit high torques under a dominant
compressive axial load (i.e. two axes) *. The sort of mechanical loads experienced at the taper
junction are complex and include loading is six axes 2?7, These are dynamic loads and can exceed
body weight by almost a factor of four 2. The complex biomechanical loading facilitates micro-
motions and fluid ingress with abundant electrochemically active species for fretting-corrosion .
Degradation of the taper junction in THR has been found to vary with different designs parameters
including: surface roughness, diameters, angular mismatch, length and flexural rigidity %235,
However, links to clinical performance are often limited to high level descriptions such as short and

rough or long and smooth 33,

Engagement of the two conical surfaces has been historically determined by differences in the
geometrical form of the male and female taper assuming an ideal cone and deviations from that
geometry. This is usually parametrised by angular mismatch, taper length and surface roughness
(see Figure 1) 3133-353738 However, just looking at the geometry assuming an ideal cone and surface
topography provides limited insight into possible engagement for further performance assessment.
Witt et al. ¥, investigated the engagement of unique head-stem couples by using a gold coating on
the male taper, quantifying the removal of this film upon engagement. It was found that
engagement of the two surfaces was inconsistently distributed. This raises questions about the
conformity of the interface and/or about the impactions process being self-aligning even under

quasi-static loading.
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This study assessed geometrical variations of as-manufactured head and stem tapers and any local
deviations from their geometry, giving a greater insight into possible engagement. Outputs from this
study will be used in future work to allow a more descriptive link between taper design and clinical
performance. This was achieved by taking precise geometric measurements of clinically available
male and female tapers using a coordinate measurement machine (CMM) with development of

bespoke analysis algorithms.

2. Materials and Methods
Measurements were taken using a coordinate measurement machine (CMM, Legex 322,Mitutoyo,
Japan) accurate to 0.28 um. The study included twelve different commercially available male tapers
and six female tapers (see Table 1). Two of the ten male tapers (MT4 and MT5) were manufactured
from simplified spigots coupons, while all the others were full femoral stem. This meant that MT4
and MT5 where clinical ‘12/14’ tapers manufactured from 14 mm diameter bar stock. Manufacturer

and product information was kept anonymous for commercial reasons.

Table 1 Details of samples measured using CMM, where ‘n’ corresponds to the number of different samples. NB ‘Spigot’
indicates a spigot coupon as opposed to a full stem and rough indicates a visibly ‘threaded’ type finish.

Male Taper Manufacturer Type Rough Collared Material n
(MT)/Female (Yes/No) (Yes/No)

Taper (FT)

MT 1 A 12/14 Yes Yes CoCrMo 2
MT 2 A 12/14 Yes No CoCrMo 3
MT 3 A 12/14 Yes No Ti6AI7Nb 1
MT 4 B 12/14 Spigot Yes No CoCrMo 3
MT 5 B 12/14 Spigot Yes No Titanium Alloy 6
MT 6 B 12/14 Yes No CoCrMo 1
MT 7 C 12/14 Yes No Stainless Steel 8
MT 8 C 10/12 No No CoCrMo 8
MT 9 D 12/14 No No CoCrMo 1
MT 10 E Type 1 No Yes CoCrMo 1
MT 11 C 12/14 Yes No Titanium Alloy 3
MT 12 C 12/14 Yes Yes Titanium Alloy 3
FT1 A 12/14 - - CoCrMo 1
FT 2 A 12/14 - - CoCrMo 1
FT3 B 12/14 - - CoCrMo 2

Zirconia Toughened

FT4 B 12/14 i i Aluminium Oxide 1
FT5 C 12/14 - - CoCrMo 4
FT6 C 12/14 - - CoCrMo 2

The taper surface was scanned using a 1.5 mm diameter ruby with stylus that was 30 mm long. The
same measurement strategy was used for both male and female tapers. The flat proximal end of the
tapers was used to create the x-y plane in which the origin lay at the centre, as shown in Figure 1a
and b. The traces consisted of 32 equally spaced vertical traces along the length of the longitudinal
axis of the taper (z-axis) and circumferential traces at 0.5 mm spacing, as shown in Figure 1 c and d.

Although each trace was taken as a continuous contour, a pitch of 0.1 mm was used. The
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circumferential spacing was selected based on being half the recommended spacing between traces
when measuring wear of total hip prostheses according to 1SO 14242-2 *°, Thirty-two equally spaced
vertical traces was selected as this demonstrated convergence of the calculated taper angle with

that calculated using the horizontal traces.
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Figure 1 Schematic of the CMM cartesian (black) and cylindrical polar (grey) coordinate systems with respect to the (a)
male taper stem geometry and (b) female taper head geometry. Vertical and circumferential scans on a (c) male taper
and (d) female taper. Annotations indicate the data removed for analysis and the quarter cone analysis using the vertical

scans (i.e. ‘1%, 2%, 3r4* and ‘4th’) and full length of the taper (i.e. ‘full’).

The raw data was exported in 3D cartesian coordinates to allow bespoke analysis using MatLab

(R2017a, MathWorks, USA). Stems were aligned with the coordinate systems as shown in Figure 1a

by using the symmetry of the stems in a vice and engineering parallels to minimise the amount of

rotation about the z-axis between stem measurements.

Prior to any analysis, the chamfer of the male taper and the proximal clearance area of the female

taper was removed from all the data sets. This was achieved by excluding data from the first 1.5 mm

of the male tapers (i.e. from z=0to z = -1.5 mm) and the first 2 mm of the female taper (i.e.z=0

mm to z =2 mm, Figure 1 c and d). Taper angle (or cone angle) was then calculated independent of

any rotation about the x and y axes by using two directly adjacent vertical traces and applying the



132
133
134
135
136
137
138

139
140
141
142
143
144
145
146

147

148
149

cosine rule. This was done using both the full length of the taper and by segmenting it into quarters
as shown in Figure 1 c and d. The first step was to apply a linear regression to each segment to find
the relationship between the x, y and z coordinates. These were then used to determine the vector
equation of each segment before applying the cosine rule to the directly opposite corresponding
segment vector (see Figure 1 c and d). This was repeated and averaged over the sixteen different
planes about the taper axis i.e. using two vertical scans located on direct opposite sides of the taper

for a single plane.

Circumferential traces were used to determine deviation from the ideal cone. Tilt about the x and y
axes was removed prior to analysis. This was achieved by first finding the relationship between x, y
and z coordinates of the centres of each circumferential traces (Figure 2a). Two angles were then
calculated from this linear relationship: 1) between the y-z plane and the component of the linear
relationship in the x-z plane (a4, Figure 2b) and 2) between the x-z plane and the component of the
linear relationship in the y-z plane (a,, Figure 2c). These angles were then used to create two

rotation matrices for rotation about the y-axis (Tyo¢ y(«,), Equation 1) and x-axis (Tyot x(a,), Equation

2).
cos (a;) 0 sin(oy)] Equation 1
Troty(ocl) = [ 0 1 0
—sin(oy) 0 cos (ay).
1 0 0 Equation 2
Trot x(ay) = [0 cos (ap) —sin (ay)
0 sin(ay) cos(ay) |

After rotating all the points from the circumferential traces it was then translated to centre all the

data about the origin (Figure 2d).
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(c) (d)
Figure 2 (a) Centres of each circumferential trace and 3D linear regression (b) rotation about the y-axis i.e. in the x-z
plane (c) rotation about the x-axis i.e. in the y-z plane and (d) translation about the origin.

Ideal taper angle was calculated by converting to a cylindrical polar coordinate system (Figure 1a and
b). Cone angle was determined by taking tangent of the gradient coefficient of the linear relationship
between radii (r) and the z-axis. The full taper length was used as the cone generator (i.e. equation
of the line of best fit that relates radius to the z position along the taper) for determining deviation
from the ideal cone. Still within cylindrical polar coordinates, the ideal cone radii at any given z-value
was calculated from the cone generator and taken from the radial position (r) of each point.
Deviation was then plotted as a surface plot against position around the taper (6) and the z-axis of

the taper.

Taper angles and deviation from the cone was also verified with a predeveloped cone analysis
software (Sphere Profiler, Redlux, UK). There was less than a 0.0001 ° discrepancy in cone angle
between the bespoke MatLab analysis and the predeveloped geometry analysis software with

matching deviation patterns (Figure 3).
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Figure 3 Example of a taper analysed using the (a) bespoke MatLab programme and (b) predeveloped Redlux analysis
which shows similar taper angles and deviation patterns.

2.1. Statistics
Data is presented as a mean + 95 % confidence intervals unless stated otherwise. Taper angles were
compared using 1-way analysis of variance followed by the students t-test. Level of significance was
set at p-value of 0.05 for all statistical tests. The statistical analyses were performed using Excel

(Microsoft, USA).

3. Results

3.1.Taper Angle
Figure 4 shows the calculated male taper angles. These varied between male tapers, even those of
the apparent same type i.e. the ‘12/14’ male tapers (P-value <0.05). Statistical difference was seen
between the majority of the male tapers, including those of the same type and manufacturer e.g.
MT7 and MT11 with MT12. The ‘12/14’ male tapers demonstrated an average taper angle of 5.659 +
0.0131 ° and range of 0.08 °, shown in Figure 4a. MT8 (‘10/12’ taper) and MT10 (Type 1 taper)
demonstrated a significantly reduced average angle of 3.070 ° and 3.773 ° respectively (Figure 4b
and c). Figure 4 displays the cone angles and confidence intervals from repeats on separate samples
of the same type and the 16 different planes about the z-axis providing an indication of “roundness”.

The smallest confidence intervals belong to spigots (MT4 and MT5) and, MT7.
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Figure 4 Taper angles of (a) ‘12/14’ male tapers and (b) ‘10/12’ (MT8) and (c) Type 1 (MT10). Letters above each bar
indicates the manufacturer (see Table 1). Error bars correspond to the 95 % confidence intervals from the taper angles
calculated using the sixteen equally spaced different cones about the z-axis. NB although the scales are very different the
range are a consistent 0.1° for comparison.

The female taper angles, all of which are ‘12/14’, were different (p-value <0.05) except FT2 and FT4
(Figure 5). The female tapers demonstrated an average larger cone angle of 5.712 + 0.043 ° and
range of 0.13 ° compared to the ‘12/14’ male tapers, providing a predominantly proximal contact
between ideal cones. However, FT5 and FT6 from manufacturer C presented a much smaller taper
angle. The female tapers presented a similar taper angle variation between tapers of the same type
as the male tapers reflected by the confidence intervals in Figure 4 and Figure 5.
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Figure 5 Taper angles of all female tapers. Letters above each bar indicates the manufacturer (see Table 1). Error bars

correspond to the 95% confidence intervals from the taper angles calculated using the sixteen equally spaced different
cones about the z-axis.

Variation in cone angle also occurred along the length of the taper providing an indication

as to ‘straightness’. Figure 6 shows cone angle calculated from the male tapers

segmented into quarters. There appeared to be no consistent variation pattern between the tapers
but there was statistical difference between the quarters in most of the male taper apart from MT3

and MT7. MT10 demonstrated the largest variation in cone angle down the taper with a maximum



189  difference of 0.169 ° between the quarters. The smallest variation was seen by the MT7 with a

190 difference of 0.003 °.
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quarter corresponds to the most distal. (a) ‘12/14’ male tapers and (b) the ‘10/12’ (MT8) and (c) Type 1 taper (MT10).
NB although the scales are very different the range are a consistent 0.3 ° for comparison.

191  Taper angle variation along the length was also seen in the female tapers, as shown in Figure 7.
192  Similar variation in cone angle was seen in the different quarters between the male and female
193  tapers. Variation between the quarters were all significantly different.
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Figure 7 Female taper angles segmented into quarters where the 1t quarter corresponds to the most proximal and the
4th quarter corresponds to the most distal.

194 3.2.Deviation from the Ideal Cone

195 3.2.1. Male Tapers

196  The variation in taper angle around and along the z-axis of the taper (i.e. ‘roundness’ and

197  ‘straightness’) are due to deviations from the ideal cone. Figure 8 shows surface deviation patterns
198  for the male tapers. In cases where there was more than one sample per taper for measurement,
199 the same deviation pattern was observed. Clear ‘threaded’ patterns were seen in: MT3, the spigots
200 (MT4 and MT5), MT6, MT7 and MT12 (Figure 8a, b, ¢, d and e respectively). The largest pitch of

201 0.286 mm was measured on MT7, using simple circle geometry a pitch of 0.286 mm would allow a

10



202 1.5 mm diameter ruby a circle sagitta of 0.0136 mm. corresponding with great precision to the CMM
203  deviation range of the ideal cone of 0.0136 mm. Out of “roundness” in the form of ovality

204  demonstrated by a two sine waves equally distributed around the taper was seen in MT8 and MT10
205 (Figure 8f and g respectively). MT1, MT2 and MT11 demonstrated a deviation pattern characteristic
206  of a ‘threaded’ taper with ovality (Figure 8h, i and j respectively). MT9 presented the smallest

207  deviation range of 0.0035 mm (less than 40 % of the average deviation range of all the male tapers)
208  with a pattern that indicated that there might have been ideal cone fitting mismatch (Figure 8k). The
209  location of the major and minor axes of ovality were distributed at the same location relative to the
210  stem geometry for the MT8, MT2 and MT11 tapers. The major axis occurred at approximately 6 =0 °
211  and 6=+ 180 ° (in cylindrical polar coordinates) corresponding the plane of them stem that would
212  allow provide the smallest second moment of area as shown in Figure 1a. The collared MT1 and

213 MT10 presented an oval pattern that was out of phase with MT2 and MT8 (both of which are non-

214  collared) by around 60 °.
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215 3.2.2. Female Tapers

216  The female and male tapers presented a similar range of deviation (10 pum vs 9 um for male and

217  female tapers respectively) but very different deviation patterns. In cases where there was more
218  than one sample of the same taper for measurement, the same deviation pattern was observed.
219 Figure 9 shows the deviation maps from the ideal cone for all the female tapers. Three different

220  patterns were observed in the female tapers. FT1 and the ceramic FT4 tapers presented no

221  repeating patterns around the taper z-axis or along it (Figure 9a and b). No repeating patterns were
222 presented in FT1 and FT4 indicate eccentricity that could be a function of ideal cone fitting

223 mismatch. The ceramic taper (FT4) demonstrated the smallest deviation range, around 40 % smaller
224  than other female tapers. The four remaining female tapers presented a third order harmonic

225 around the z-axis of the taper including: FT2, FT3, FT 5 and FT 6 (Figure 9c, d, e and f). It was noted
226  that the four female tapers that presented this triple harmonic belonged to all the solid metal heads
227  in this study. FT2 was the only other CoCrMo head in this study did not present this pattern and was

228  of a separate bearing surface and taper insert (i.e. hollow).
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Figure 9 Surface maps of the deviation from the ideal cone in cylindrical polar coordinates for female tapers. (a) FT1, (b)
FT4, (c) FT2, (d) FT3, (e) FT5 and (f) FT6.

4. Discussion
The aim of this study was to assess variations in commercially available male and female THR head
and stem tapers providing a greater insight into possible engagement. The largest limitation in
assessing variation across the market came from the number of repeat samples for each taper.
Although an aim of a minimum of three samples per taper measured, this was not always possible.
The limited number of samples should be taken into account when drawing conclusions form this
study, especially where only one was available for measurement. Another limitation of this study
was the use of a contacting CMM with a 1.5 mm diameter ruby tipped stylus. This introduced a
degree of mechanical filtering of the surfaces which meant that finer surface topographical

characteristics such as machining mark were not accurately captured.

One of the first observations of this study was that tapers of the apparent same type (i.e. ‘12/14’)
presented different ideal geometries. Variation in the ‘12/14’ male taper cone angles varied by a
range of 0.08 ° (Figure 4a). While the ‘12/14’ female taper cone angle varied by a range of 0.13 °

(Figure 5). Both male and female cone angle variation ranges agreed with Mueller et al. 3’ that
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reported a variation of about 0.1 ° between manufacturers. Likewise, MT10 presented a smaller
cone angle than the ‘12/14’ tapers and within the range given by Nassif et al. 4*. The ‘10/12’ taper
(MT8) presented the smallest cone angle, closer to that intended by Morse to resist shear stresses 1.
Smaller taper angles would decrease the taper locking stiffness allowing a greater displacement
under the same impaction loads, increasing seating energy as explained by Ouellette et al. *2,
However, it is unclear how taper angle might affect performance of the junction under biological

loading condition and if Morse’s original design criteria of only a slight taper is beneficial.

Taper angle was affected by ‘roundness’ and ‘straightness’. Variation in the cone angle within the
different planes about the z-axis of the taper provided a good indication of out of ‘roundness’. While
differences between the cone angles once split into quarters gave an indication as to the
‘straightness’ of the conical tapers. This effect of ‘straightness’ was seen directly in The Type 1 taper
(MT10) that demonstrated the largest maximum and minimum cone angles calculated from splitting
the taper into quarters. This was predominantly due to variation seen in the 2" quarter (Figure 6c),
corresponding to the large step seen in the deviation from the cone maps at around z=-11 mm

(Figure 8g).

Assuming an ideal geometry, deviations in ‘straightness’ and ‘roundness’ present uniquely different
patterns between female and male tapers. Therefore, this study suggests that engagement of a

taper junction in modular head-stem THR is not as simple as that predicted by angular mismatch of
the ideal geometries. Rather, engagement or contact area is specific to a particular head-stem
couple subject to differences in geometrical form with a waviness and roughness that will result in a
stochastic contact. In regions of sufficient compressive stress these contacting asperities will
experience deformation altering the as-manufactured surfaces °. Further changes to the surface will
also arise from fretting-corrosion, constantly wearing and corroding the contacting asperities leading
to a transient interface changing with time in situ *3. Studies have identified that wear and corrosion
at the interface is enhanced with a decrease in conformity in terms of a ‘rough’ male taper, shorter
engagement lengths and other features that reduce conformity such as the ‘scalloped’ regions
present in SROM stems 23236 The patterns observed in this study will have an implication on
conformity at this interface and actual contact area, as was reported by Jones et al.*? that found
different contact area distributions that support the ‘roundness’ and ‘straightness’ patterns
observed in this study. Future work is aimed at mapping out a link between taper design and
performance in terms of this highly transient interface. This will help understand if these variations
seen in this paper are significant to performance over time and ultimately to their clinical

performance.
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This study found that both male and female taper angles presented differences, not only between
manufacturers, but between products with the same taper type and of the same manufacturer.
Taper angle is arguably the most important manufacturing tolerance to ensure a tight uniform fit
between male and female tapered surfaces. The most applicable standards for tolerances are
detailed by ISO 1947 ** which describes twelve different taper angle tolerance grades from AT1 to
AT12. For cones of between 10-16 mm length the tightest tolerance grade (AT1) prescribes a
maximum variance of 10” (0.003 °) in cone angle (AT,, see Figure 10) and 0.4-0.6 um between the
largest and smallest diameter (ATp) at the end of the cone (L). At the same taper length the loosest
tolerance grade (AT12) prescribes maximum variances of 21’38” (0.36 °) in cone angle and 63-100

um difference in diameter at L.

AT,
2

»
>
»
»

in Taper Max Taper
Angle Angle

Smallest Diameter at L
Largest Diameter at L

<
-

AT
2

a

Figure 10 Schematic of the relevant taper tolerances described in ISO 1947 *4,

Most modern CNC machines have tapered interfaces that are made to AT3 or tighter for radial
accuracy. For a taper of 10-16 mm length AT3 prescribes a maximum variances of 21" (0.006 °) cone
angle and 1.0-1.6 um difference in diameter at L. This tolerance is especially important for interfaces
which undergo higher rotational speeds and greater cutting forces %°. The tighter fit reduces

vibration which has been shown to initiate fretting and affect the quality of the workpiece #>®.

The manufacturing tolerances of taper angles in THR are not public knowledge although we can
measure the range of samples used in this study. Using these and other published measurements of
THR tapers we noted a maximum difference of around 0.05 ° in cone angle and 20 um in diameter
for a given taper design from the same manufacturer ¥. The diameter may also have been
underestimated due to a level of mechanical filtering from the 1.5 mm ruby tipped stylus. This would

place clinical tapers closer to the tolerance grade of AT8 (AT, =0.057°, L = 10-16 um), if not beyond.

No manufacturing process will ever be able to produce ‘perfect’ surfaces, especially not on complex
geometrical shapes such as is present in THR. However, this study does suggest that more can be

done in the way of increasing conformity at the interface in THR if tapered interfaces in CNC
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machines can be routinely manufactured to AT3 tolerance grades or tighter. Future work that
involves mapping out the link between taper design and performance is aimed at providing evidence
for guidelines as to what tolerance grades are required, and a common understanding of what a

‘good’ taper interface in THR might look like.

4.1. Taper Angle Mismatch
The angular mismatch between the cones of female and male tapers (i.e. the difference in cone
angle between the female and male taper) affects engagement and the contact mechanics of the
taper junction 3°. Assuming there was no mixing of female and male tapers between manufacturers,
the majority of possible head-stem couples presented a proximal angular mismatch (i.e. contact is
predicted to be concentrated towards the inner most point of the taper junction, away from the
taper opening) with an average value of 0.0231 £ 0.008 ° (Figure 11a). Proximal contacts are a design
feature for ceramic head couples to ensure most of the stress is experienced by the portion of the
head with the most material . However, 69 % of manufacturer C head-stem couples presented a
distal mismatch of -0.0125 + 0.002 ° (i.e. contact is predicted to be concentrated towards the
opening of the taper junction). In this case, male taper angles were consistent with other ‘12/14’
male tapers (MT7, Figure 4a) and female taper angles were smaller compared to other ‘12/14’
female tapers (FT5 and FT6 in Figure 5), suggesting this mismatch was governed by a smaller female
taper angle. The remaining 31 % presented an average mismatch of 0.008 + 0.002 °, possibly an
attempt to achieve a matched contact for metal-on-polymer bearing couples. There was significant

difference between all manufacturer mismatch angles with a p-value < 0.05 between groups.

Despite mixing head and stems from different manufacturers being discouraged and classed as ‘off-
label’, one study by Tucker et al*’ reported that this does happen and resulted in a higher failure
rate. Figure 11b shows the distribution of angular mismatch for matched manufacturer couples
verses mixed manufacturer couples. On average the angular mismatch between the matched and
mixed manufacturer couples is similar. The mixed manufacturer couples demonstrated on average a
slightly larger proximal mismatch, greater distribution and range of possible angular mismatches
than the matched manufacturer couples. Depending on which two manufacturers are involved in the
mixed head-stem couple, angular mismatch will likely be increased but in very few cases this can be

decreased.
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Figure 11 (a) Angular mismatch between cone angles of all matched manufacturer couples, separated by manufacturer.
(b) Box plots that demonstrated the spread of angular mismatches for matched manufacturer couples vs mixed
manufacturer couples (NB excluding MT8 and MT10), where the mean value has also been indicated by the block square
point within each data set.

Some in-silico studies suggest that increasing conformity would reduce micro-motion at head-stem
tapers and in-vitro studies at neck-stem adapters 3% , Where micro-motion could increase by 3 um
for every 0.1 ° of angular mismatch. In comparison, this study found a maximum proximal angular
mismatch of 0.131 ° and distal mismatch of -0.024 °, suggesting an increase in micro-motion by 4 um
and 0.7 um respectively, possibly increasing the amount degradation via fretting-corrosion. Other
studies suggest that the level of angular mismatch present in the head-stem junction has an
insignificant effect compared to other variables *>*°, Therefore, small manipulations of angular
mismatch at the micro scale, like increasing the distal taper junction contact could create a seal to
prevent fluid ingress, reducing fretting-corrosion as suggested by Witt el al. 3. However, it is
unknown how the effect of other design parameters such as offset interact with mismatch and if this

can be optimised with proximal and distal mismatches.

4.2. ‘Roundness’ and ‘Straightness’

4.2.1. Male Tapers
Deviation from the idealised male taper geometry appeared to be linked to the flexural rigidity of
the taper and lower stem geometry. For example the narrowest ‘10/12’ taper (MT 8) presented the
greatest out of ‘roundness’ demonstrated in Figure 8f. The pattern demonstrated noticeable ovality
correlating with differences in the second moment of area of the lower stem geometry shown
schematically in Figure 12 . The major axis of the oval occurred at roughly 6 =0° and 6 = +180°,
which corresponds to the smaller second moment of area of the lower stem geometry. The smaller
second moment of area allowing the male taper (workpiece) to flex away from the cutting tool
allowing for material to lie above the ideal cone. Figure 8f also demonstrated an increase in

deviation from the ideal cone towards the proximal end of the taper, consistent with simple
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engineering beam bending theory principles. Conversely, the spigots (MT4 and MT5) did not
presented a difference in second moment of area and presented one of the smallest confidence
intervals in ideal taper angle (Figure 4) and a small variation in the quarter cone angles (Figure 6),
indicating good dimensional control during manufacture. MT7 presented the smallest variation in
taper angle and good dimensional control as shown by the surface deviation maps (Figure 8d). MT7

also presented the shortest ideal engagement length for better control during manufacture.

Major Axis
of Ovality

0 Minar Axis
of Ovality

Larger Second Smaller Second
Moment of Area Moment of Area

Figure 12 Schematic of how ovality relates to differences in second moments of area of the lower neck geometry.

Ovality was also seen in MT1, MT2, MT10 and MT11 (see Figure 8g, h, i and j). Where the non-
collared MT2 and MT11 presented ovality where the major axes occurred at 6 = 0° and 6 = +180°
corresponding to the smaller second moments of area, as was with MT 8. However, the collared
MT1 and MT 10 presented an oval pattern that was out of phase with the non-collared MT2, MT8
and MT11 by around 60 °. One possible explanation for this is the collar altering the second

moments of area from what they would be if they were non-collared.

The elastic strain experienced during manufacturer is also controlled by the material properties of
the stem. One working hypothesis was that stems made with a relatively low elastic modulus such as
a titanium alloy would present greater variations in the form of out of ‘roundness’ and ‘straightness’
compared to those made of a metal with a higher elastic modulus such as CoCrMo. However, results
did not consistently support this hypothesis and more measurements comparing stems with a
similar geometry made of different metals with a range of elastic moduli would be needed to

investigate this further.

Ovality could have significant implications on fretting-corrosion of the taper junction as it would
allow for stagnation of fluid and therefore increased crevice corrosion and possibly increase micro-
motion due to complex biomechanical loading ¥. The effect of ovality was investigated using finite
elements models by Bitter et al °! that demonstrated increased micro-motion, contact pressures,
and wear compared to a ‘perfect’ fit. Other implications this study presented are those of volume
loss calculations post in-vitro assessment or from retrievals studies. Calculating the volume of

theoretical fluid that fills the space between the surface generated using the CMM surface maps and
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maximum ideal cone (see Figure 13) presented a range of 0.5-5 mm? for male tapers and 2.5-11
mm? for female tapers. Material loss calculations of retrieved male tapers were within the range
0-0.8 mm3 and 0.41-25.89 mm?3 for female tapers >2. Material loss in the Racasan et al. > study took
into account a threaded surface and any “barrelling” or “hogging” form. However, differences in
volume loss from other studies and theoretical mismatch in this study are of comparable scale.

Additionally, ovality in the male tapers and the triple peak pattern within the female tapes would

not be detected or taken into account on retrieval or damaged tapers.
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Figure 13 Schematic of theoretical volume of fluid that could fill the space between the actual taper surface and the

maximum ideal cone.

4.2.2. Female Tapers

384

385  The female head tapers presented a similar level of out of roundness to the male stem tapers (see
386 Figure 5). Although much focus has been on the topography of the male taper and whether rough or
387  smooth male tapers have an implication on performance of the taper junction; local deviations from
388  theideal cone of the female taper will have just as much implications in conformity between the two

389 components.
The four different types of female tapers that presented a third order harmonic (FT2, FT3, FT5 and

390
391 FT6) were all solid metal heads while the two remaining female tapers were either a hollow metal
392 head (i.e. assembled from a separate bearing surface and taper insert) (FT1) or ceramic (FT4). The
393  smallest cone angle deviation range was presented by the ceramic head (FT4) corresponding to the
394  smallest deviation range from the ideal cone possibly due to the sintering and grinding processes
395 involved in the manufacturer of ceramic heads. Although it is not quite clear where there third order
396 harmonic deviation pattern has come due to the spherical nature of the head, this is usually
397 attributed to distortion of the work piece by clamping or forces experienced during manufacture 3,

20



398
399
400
401
402
403
404
405
406
407

408
409
410
411
412
413
414
415

416
417

418
419
420

421
422
423
424
425

426

427
428
429

5. Conclusions
Conformity and engagement between the conical surfaces in a taper junction, a key design
parameter intended by Morse and is intuitively a performance determining factor. This study
suggested that engagement predicted by angular mismatch of the idealised geometries may be
insufficient. Rather, engagement is specific to a particular head and stem couple subject to both
their micro-scale variations superimposed on their macro-scale differences across the difference
length scale. Findings from this study raise the question of what a good taper junction looks like and
if these junctions can be optimised for specific head-stem couples in combination with any other
interacting design parameters such as offset i.e. does offset effect the performance of a distal

contact the same as a distal contact? The key findings from this study include:

e Tapers of the apparent same type (i.e. ‘12/14’) presented different geometries

e Mixing of heads and stems from different manufacturers increased the variability in angular
mismatch

e Angular mismatches can be either proximal, distal or matched which could influence
fretting-corrosion of different head and stem designs in different ways i.e. material couples
and offsets

e Assuming an ideal geometry, deviation patterns were uniquely different between female

and male tapers, and appear to be linked to the manufacturing process

e Engagement is specific to a particular head and stem couple subject to both their micro-

scale variations superimposed on their macro-scale differences
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