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Variability in stem taper surface 
topography affects the degree 
of corrosion and fretting in total hip 
arthroplasty
Kilian Elia Stockhausen1,6, Christoph Riedel1,6, Alex Victoria Belinski1,2, Dorothea Rothe3, 
Thorsten Gehrke3, Felix Klebig3, Matthias Gebauer3, Michael Amling1, Mustafa Citak3 & 
Björn Busse1,4,5*

Degradation at the modular head-neck interface in total hip arthroplasty (THA) is predominately 
expressed in the form of corrosion and fretting, potentially causing peri-prosthetic failure by adverse 
reactions to metal debris. This retrieval study aimed to quantify variations in stem taper surface 
topographies and to assess the influence on the formation of corrosion and/or fretting in titanium 
alloy stem tapers combined with metal and ceramic heads. Four hip stem designs (Alloclassic, CLS, 
Bicontact and SL-Plus) were characterized using high-resolution 3D microscopy, and corrosion 
and fretting were rated using the Goldberg scoring scheme. Quantification of the taper surface 
topographies revealed a high variability in surface characteristics between threaded stem tapers: 
Alloclassic and CLS tapers feature deeply threaded trapezoid-shaped profiles with thread heights 
over 65 µm. The sawtooth-shaped Bicontact and triangular SL-Plus taper are characterized by low 
thread heights below 14 µm. Significantly lower corrosion and fretting scores were observed in 
lightly threaded compared to deeply threaded tapers in ceramic head combinations. No significant 
differences in corrosion or fretting scores with thread height were found in pairings with metal 
heads. Understanding the relationship between stem taper surface topography and the formation 
of corrosion and fretting could help to improve the performance of modern THAs and lead to longer-
lasting clinical results.

The advancements in modern total hip arthroplasty (THA) towards modularity are highly valued by surgeons. 
The surgeons are provided with the tools to better fit the anatomy of specific patients while maintaining intra-
operative flexibility. Modular hip implants allow the surgeon to match the specific hip biomechanics and adjust 
for patient-specific factors like leg length or offset. Despite the apparent benefits of modular THA, the need for 
revision procedures remains a considerable problem and the number of hip revision procedures is projected to 
double by the year  20261. As revision THA patients are associated with longer hospital stays, higher complications 
rates, and higher in-hospital mortality rates, understanding the causes of THA failure is paramount to improve 
the functional outcome and longevity of the  prostheses2. The reasons for THA failure are multi-factorial and 
include both patient- and implant-related factors as well as failures related to inadequate surgical  technique3,4. In 
recent years degradation of the femoral head-neck interface by fretting and corrosion  damage5,6 has emerged as 
another impact factor contributing to THA failure and is estimated to account for up to 3% of all THA revision 
 procedures7. It is associated with the release of metal ions into the peri-prosthetic tissue, potentially leading to 
implant failure through adverse reactions to metal  debris8–11. The exact causes of the degradation process remain 
unclear but several influencing factors have been suggested to contribute including the body mass  index12, time 
in situ13, mixing of  alloys14,15, the femoral head  size16,17, the flexural  rigidity18, the female taper  angle17 and taper 
angle  mismatch19, the taper  length12 and  diameter20 as well as the stem surface  roughness21–27.
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Ceramic femoral heads are extensively used due to low wear  characteristics28 and in response to controversial 
complications in metal-on-metal  bearings29,30. The use of ceramic heads has also guided the design of stem tapers: 
due to the brittle nature of ceramics, the head and stem taper angle are chosen such that most contact occurs 
at the center of the head to minimize stresses and prevent burst  fracture31–33. Additionally, a threaded surface 
topography was introduced to distribute loading forces during assembly more efficiently and reduce local contact 
 stresses33,34. Even though the threaded design was initially introduced with the rise of ceramic heads they are 
now also commonly applied in combination with metal  heads33.

There is a large variability in stem taper designs that differ in terms of their taper length, distal and proximal 
base diameter, taper angle as well as roundness and straightness. This even applies to stem taper designs that share 
the same size designation, e.g., “12/14”. Not all hip stems labelled as “12/14” are uniform but show considerable 
variations both in their taper geometry as well as surface topography which can be smooth or threaded to a vary-
ing  degree35,36. Previous studies investigated the effect of smooth or micro-threaded taper surfaces on the degree 
of corrosion and fretting damage. Kop et al. reported that CoCr alloy necks with a micro-threaded finish were 
more corroded compared to smooth CoCr stems but found the opposite trend with Ti-6Al-4 V alloy  necks37. 
Brock et al. as well as Hothi et al. compared shorter, threaded 12/14 tapers with longer, smooth 11/13 tapers 
and reported higher wear rates and material loss with threaded surface  finishes38, 39. Arnholt et. al. compared 
smooth and micro-threaded stem tapers fabricated of CoCr and Ti-6Al-4 V matched with CoCr femoral heads 
and found no link to increased fretting corrosion damage or material  release22. Kurtz et al. found less fretting 
and corrosion with ceramic compared to CoCr heads, but noted that the lower scores cannot be attributed to 
differences in surface  topography28. Goldberg et al. stated that longer times in situ are associated with increased 
neck corrosion, while neck fretting appears unaffected by  it13. Contrarily, other studies concluded that there is 
no correlation between the time in situ and corrosion and fretting damage. They found other factors to have 
a stronger effect on damage accumulation such as an increased femoral head  size16 or a larger taper diameter 
with increased head-neck contact  surface20. However, Triantafyllopoulos et al. reported that the head size does 
not influence either fretting or corrosion at the head-neck modular  junction40. Clearly, the available published 
literature regarding the contribution of stem taper surface topography on corrosion and fretting damage is par-
tially contradictory and remains complex.

So far, most studies focused on a comparison between smooth and micro-threaded surface finishes (thread 
height < 20 µm)21–25. In the present study we aimed to further quantify the variability in taper surface topog-
raphies of hip stems that are commercially available (Alloclassic, CLS, Bicontact and SL-Plus) and investigate 
the influence of varying surface finishes on the formation of fretting and corrosion in the head-neck interface. 
Additionally, the degree of corrosion and fretting is compared between ceramic and metal femoral heads with 
simultaneous consideration of the surface finish.

Methods
In this retrospective retrieval study, 46 stem tapers (12/14 design, uncemented fixation) with threaded surface 
finishes in combination with metal and ceramic heads were analyzed. Four different stem designs were included 
in the study: Alloclassic (Zimmer, Winterthur, Switzerland), CLS (Zimmer, Warsaw, Indiana, USA), Bicontact 
(B.Braun-Aesculap, Tuttlingen, Germany) and SL-Plus (Smith & Nephew, Baar, Switzerland). The implants were 
collected in revision surgeries at the HELIOS ENDO-Klinik Hamburg for septic (n = 25) and aseptic (n = 21) 
loosening, washed with water and subsequently placed in an autoclave for sterilization. All stems are fabricated 
from a titanium alloy (Alloclassic/CLS/SL-Plus: Ti-6Al-7Nb, Bicontact Ti-6AI-4 V). After approval by the eth-
ics committee of the General Medical Council Hamburg, the written informed consent by the patients to be 
included in the study was obtained. Subsequently, pseudonymized clinical data were gathered. The stems were 
retrieved from 24 men and 22 women with similar age, BMI and time in situ. Patient demographics and implant 
characteristics are listed in Table 1. All experiments were performed in accordance with the relevant guidelines 
and regulations.

Corrosion and fretting damage were assessed using an established scoring scheme published by Goldberg 
et al.13. Based on visual inspection under an optical stereomicroscope the tapers were rated on a 4-point scale, 
with a score of 1 indicating no fretting or corrosion (No visible corrosion observed; no visible signs of fretting 
observed); 2, indicating mild damage (< 30% of taper surface discolored or dull; single band or bands of fretting 
scars involving three or fewer machine lines on taper surface); 3, indicating moderate damage (> 30% of taper 
surface discolored or dull, < 10% of taper surface containing black debris, pits, or etch marks; several bands of 
fretting scars or single band involving more than three machine lines); and 4, indicating severe damage (> 10% of 
taper surface containing black debris, pits, or etch marks; several bands of fretting scars involving several adjacent 
machine lines, or flattened areas with nearby fretting scars) (Fig. 1). Using the adaptation of Triantafyllopoulus 

Table 1.  Implant characteristics and patient demographics included in the retrieval analysis.

Hip stem Frequency (#) Sex (male/female) Age (years) BMI (#)
Time in situ 
(years)

Femoral head 
(metal/ceramics)

Revision reason 
(septic/aseptic)

Alloclassic 7 3/4 60.1 ± 8.1 27.1 ± 5.8 5.71 ± 0.95 3/4 3/4

CLS 13 10/3 62.2 ± 11.2 28.8 ± 4.9 7.08 ± 4.54 6/7 10/3

Bicontact 12 4/8 64.7 ± 6.2 28.3 ± 3.8 6.58 ± 3.68 9/3 7/5

SL-Plus 14 7/7 64.2 ± 8.6 28.5 ± 4.2 9.00 ± 3.70 4/10 5/9

Total 46 24/22 63.2 ± 8.7 28.3 ± 4.5 7.33 ± 3.78 22/24 25/21
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et al., each taper was scored in eight regions: in the distal and proximal end of the head-neck contact region along 
the anterior, inferior, superior and posterior axis. Fretting and corrosion scores were added resulting in a maxi-
mum score of  3240. The scoring scheme has been applied in several  studies16,20,22,41 and provides both repeatable 
and reproducible  results42. Each taper was scored independently by two investigators to ensure consistency of 
results. The scores were averaged to provide a mean score for both fretting and corrosion severity.

High-resolution opto-digital 3D microscopy (Olympus DSX500, Hamburg, Germany) was used to assess the 
surface topography. One taper of each design with a low Goldberg score was exemplarily measured at 32 points 
to assess the intra-taper profile variability. Four measurements along the proximal–distal axis were taken every 
45-degree rotation using a 50 × objective lens with a lateral resolution of 0.5 µm and z-resolution of 0.48 µm. 
Based on the results it was decided that for subsequent data collection each taper would be assessed in the eight 
regions where Goldberg scores were collected to obtain representative values (Fig. 2). In case the head and stem 
taper were not in full contact, corrosion and fretting scores were collected in the contact region. The surface 
topography was characterized regarding the thread height, thread width and effective surface area enlargement. 
The thread height was defined as the difference of the maximum value of the peak height and the minimum value 
of valley depth. Five peaks and five valleys were selected to calculate the mean thread height. Taper dimensions 
(taper length, contact length, proximal and distal diameter) were measured using a 5 × objective lens and used 
to calculate the flexural rigidity using the  equation13

where E is the Young’s modulus of the titanium alloy (110GPa for Ti-6Al-7Nb and 112GPa for Ti-6AI-4V)18,43, 
I the area moment of inertia and d the diameter of the stem at the contact point with the head taper.

Shapiro–Wilk tests were used to check for normality. An analysis of covariance (ANCOVA) with appropriate 
post-hoc tests (Bonferroni or Games Howell) was performed to detect differences in corrosion and fretting scores 
between implant designs and taper surface topographies, while checking for potential covariates (BMI, contact 
length of the taper, time in situ, flexural rigidity and head diameter). Spearman’s rank correlations were used 
to check for (i.) correlations between the individual covariates and (ii.) correlations between the covariates and 
the corrosion and fretting scores. Inter-rater agreement on corrosion and fretting scores were determined using 
Cohen’s kappa tests. Statistical tests were performed using SPSS with a significance level of α = 0.05.

D = EI = E
π ∗ d

4

64

Figure 1.  (a) Corrosion and fretting scores were assessed at the stem taper. Representative micrographs 
showing (b) no, (c) mild, (d) moderate and (e) severe damage in terms of corrosion and fretting. Scale bar is 
1 mm.

Figure 2.  (a) Taper dimensions were assessed under 5 × magnification and (b) eight regions of interest (red 
boxes) in the head-neck contact region were evaluated to assess the micro-scale surface topography.
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Results
High resolution 3D microscopy reveals considerable intra-implant and inter-group differences in stem taper 
surface topography regarding the thread height, thread width and profile shape. Across the surface of individual 
stem tapers substantial differences in thread height were measured for all designs (Fig. 3). Exemplary thread 
height measurements of selected stem tapers reveal deviations of up to 27.1% (CLS, range: 67.6–92.7 µm) between 
the highest and the lowest point. The Alloclassic taper is characterized by 21.5% (55.8–71.1 µm), the Bicontact 
by 23.3% (8.9–11.6 µm) and the SL-Plus by 25.2% (11.6–15.5 µm) thread height variations. Beyond the distinct 
differences in thread heights, the profile shape also differed substantially: both deeply threaded taper designs 
(Alloclassic and CLS) portray trapezoidal profiles with mean thread heights of 65.6 ± 3.6 µm and 68.9 ± 13.9 µm, 
respectively. The Bicontact stem taper is characterized by a sawtooth-like profile with a mean thread height of 
10.4 ± 1.3 µm while the SL-Plus taper features a triangular profile (13.4 ± 2.3 µm) (Fig. 4). The thread width 
is almost identical for the deeply threaded tapers with 140.2 ± 0.3 µm (Alloclassic) and 140.1 ± 0.5 µm (CLS). 
Comparing the thread widths of the lightly threaded Bicontact and SL-Plus stem tapers shows significant differ-
ences: with 224.8 ± 16.4 µm the Bicontact displays a significantly larger thread width compared to the SL-Plus 
(206.6 ± 12.2 µm). In contrast to the deeply threaded taper designs, the lightly threaded stem tapers present a 
larger inhomogeneity in thread width. Regardless of the thread height and profile shape all stem tapers show a 
consistent thread pattern, with no periodic difference in the repetition and heights of the threads. 

The effective surface enlargement is dependent on the thread height and overall profile shape, and is signifi-
cantly larger in the deeply threaded stem tapers (p < 0.001). Due to their similar profile shape, the Alloclassic 
and CLS stem have a comparable surface enlargement of 1.86 ± 0.06 and 1.95 ± 0.26, respectively. Despite their 
differing profile shape, the Bicontact and SL-Plus stem show no significant difference in surface enlargement 
(1.08 ± 0.03 vs. 1.10 ± 0.02). The material combination at the head-neck interface had no impact on the topo-
graphic parameters for the Alloclassic and CLS stem tapers. However, the lightly threaded stem tapers both had 
significantly lower thread heights when coupled with metal heads compared to ceramic heads. No significant 
differences were measured for the flexural rigidity between the hip stems. Detailed results of thread heights, 
thread widths, surface enlargements and flexural rigidities are summarized in Table 2.

Corrosion and fretting scores for the different subgroups of deeply and lightly threaded tapers with simulta-
neous consideration of the head-neck material combination revealed significant differences for both corrosion 
(F3,41 = 4.86; p = 0.016) and fretting (F3,41 = 3.96; p = 0.014) (Fig. 5). The investigated covariates (BMI, contact 
length of the taper, time in situ, flexural rigidity and head diameter) showed no significant influence on the mod-
els. Pairwise comparisons revealed significantly lower corrosion for lightly threaded tapers coupled with ceramic 
heads (13.6 ± 3.3) compared to deeply threaded tapers coupled with ceramic heads (18.2 ± 2.6; p = 0.005) and 
compared to deeply threaded tapers coupled with metal heads (19.2 ± 3.4; p = 0.006). Significantly lower fretting 
scores were observed in lightly threaded (15.0 ± 3.8) compared to deeply threaded stem tapers in combinations 
with ceramic heads (22.3 ± 4.5; p = 0.002). No statistical differences in corrosion or fretting scores between lightly 
and deeply threaded tapers were found with metal heads. Corrosion scores showed no significant correlation with 
time in situ both for metal head (r = -0.19, p = 0.39) and ceramic head combinations (r = -0.03, p = 0.88). Also, no 
significant correlation between fretting scores and time in situ was found for metal heads (r = 0.33, p = 0.14) and 
ceramic heads (r = -0.11, p = 0.61). No significant correlation between flexural rigidity and corrosion (r = -0.18, 
p = 0.25) and fretting (r = -0.13, p = 0.39) was found. No association between head size and the Goldberg scores 
was detected for both profile types. Cohen’s kappa tests demonstrated substantial agreement between both 
investigators on corrosion scores (κ = 0.61) and fair agreement on fretting scores (κ = 0.39)44.

Discussion
The high modularity in total hip arthroplasty enables surgeons to choose between different femoral head sizes 
and materials, femoral neck lengths, stem sizes and taper characteristics to select the components that best fit the 
needs of the patient. Among other influencing factors, the variability in stem taper surface topography between 
hip stem designs has been identified as a potential cause of degradation by fretting and corrosion. However, so 
far, studies mostly compared smooth and threaded surface finishes, with no subdivision between different surface 
characteristics of threaded stem  tapers21–27. While the taper connection strength is only slightly affected by the 
stem taper surface  topography45, it remains understudied how the degree of corrosion and fretting is affected by 
varying stem taper thread profiles.

The strong variability in surface topography between different stem tapers has been pointed out in pre-
vious studies. Notably, Mueller et al. demonstrated that stem taper characteristics largely differ between 
 manufacturers36. They assessed eight stem taper designs, including the Bicontact and SL-Plus that were also 
part of this study, and found larger variations in topographic parameter than in geometric parameter. Specifi-
cally, they reported the surface finish to be either smooth or threaded, with thread heights ranging from 2.63 to 
49.48 µm. Here, the average profile heights reported for unused Bicontact and SL-Plus stem conform with our 
findings from retrieved implants. The largest thread heights were documented in Fitmore stems that are also 
manufactured by Zimmer, as are the Alloclassic and CLS stem characterized in the present study. However, the 
quantified thread heights in the Alloclassic and CLS stem are considerably larger compared to the Fitmore stem 
stressing that taper finishes are not comparable even when produced by the same manufacturer. Still, it should 
be noted that two different measurement methods were used: while a tactile surface roughness measurement 
instrument was utilized in the above-mentioned study, the surface topography was quantified optically in the 
present work. Therefore, it cannot be fully excluded that the choice of measurement technique may account 
for small variations in topographic parameters. Munir et al. characterized eleven stem tapers where four had 
a smooth surface while the remaining seven showed a surface finish with thread heights much lower than 
described in this study (13.5 µm, Corail)21. They reported a periodic difference in the repetition and heights of 
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Figure 3.  Interpolation of thread heights reveals intra-stem inhomogeneity throughout all stem tapers.
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Figure 4.  Two distinct groups of surface topography were identified: the Alloclassic and CLS taper are 
characterized by deep, trapezoidal threads while the sawtooth-shaped Bicontact and triangular SL-Plus display 
low thread heights.
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threads for three stem designs. This finding could not be verified in the current study where all stem tapers had 
a periodic thread profile. Previous studies reported the surface topography as sinusoidal despite the variations 
in thread  height21,22. Here, we have shown that the surface between stem tapers also differs in the profile shape: 
the Alloclassic and CLS stems present a trapezoidal shape while the Bicontact and SL-Plus stem are characterized 
by a sawtooth and triangular shape. Brock et al. reported higher volumetric wear rates in shorter 12/14 tapers 
with a threaded surface finish (Corail) compared to longer and smooth 11/13 tapers (S-ROM) when mated with 
CoCr  heads39. In conformity with these findings, Hothi et al. also found higher material loss rates in shorter 

Table 2.  Stem taper characteristics sub-divided into material pairings. The values are given as the mean and 
the standard deviation. Superscript letters denote significant differences with (A) Alloclassic, (B) CLS, (C) 
Bicontact and (D) SL-Plus stems. Asterisks denote significant differences in the same stem design between 
material pairings.

Hip stem Metal + ceramic heads Metal heads Ceramic heads

Thread height (µm)

Alloclassic 65.6 (3.6)C,D 66.6 (3.7)C,D 64.8 (3.9)C,D

CLS 68.9 (13.9)C,D 70.0 (17.2)C,D 67.9 (11.7)C,D

Bicontact 10.4 (1.3)A,B,D 9.9 (1.0)A,B 11.9 (0.5)A,B,*

SL-Plus 13.4 (2.3)A,B,C 11.5 (2.4)A,B 14.2 (1.8)A,B,*

Thread width (µm)

Alloclassic 140.2 (0.3)C,D 140.0 (0.4)C,D 140.3 (0.1)C,D

CLS 140.1 (0.5)C,D 139.9 (0.6)C,D 140.1 (0.3)C,D

Bicontact 224.8 (16.4)A,B,D 222.1 (17.4)A,B 232.7 (11.4)A,B,D

SL-Plus 206.6 (12.2)A,B,C 199.5 (19.5)A,B 209.5 (7.6)A,B,C

Surface enlargement

Alloclassic 1.86 (0.06)C,D 1.84 (0.11)C,D 1.87 (0.02)C,D

CLS 1.95 (0.26)C,D 1.94 (0.34)C,D 1.97 (0.20)C,D

Bicontact 1.08 (0.03)A,B 1.08 (0.03)A,B 1.08 (0.01)A,B

SL-Plus 1.10 (0.02)A,B 1.10 (0.3)A,B 1.10 (0.02)A,B

Flexural rigidity (Nm2)

Alloclassic 183.9 (10.2) 177.3 (8.4) 190.4 (8.0)

CLS 189.6 (11.9) 184.2 (6.8) 194.1 (13.8)

Bicontact 205.6 (22.1) 205.3 (24.9) 206.5 (14.1)

SL-Plus 183.9 (15.0) 172.8 (19.2) 188.9 (10.3)

Figure 5.  Subgroup analysis grouping lightly and deeply threaded tapers revealed (a) significantly lower 
corrosion scores for lightly threaded stem tapers in ceramic head combinations compared to deeply threaded 
tapers coupled with ceramic heads and deeply threaded tapers coupled with metal heads. (b) Lower fretting 
scores were assessed in lightly threaded tapers compared to deeply threaded tapers coupled with ceramic heads. 
No significant differences in corrosion or fretting scores with thread height were found in pairings with metal 
heads. The boxes display the median, the interquartile range, and the minimum as well as maximum value. Data 
points more distant to the median are marked as outliers. Double asterisks denote highly significant differences 
(p ≤ 0.01).
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and rougher Corail stems compared to longer and smoother S-ROM stems in metal  pairings38. However, the 
influence of different surface topographies on wear rates in 12/14 stem tapers were not investigated in both stud-
ies, and the reported thread height of 14 µm in Corail tapers was much lower compared to the thread heights 
measured for the Alloclassic and CLS stem in the present work. The findings of Kop et al. conform with these 
observations as they reported that CoCr stems with a micro-grooved finish were more corroded compared to 
smooth finished  stems37. Our study extends these findings as we found no significant differences in corrosion 
and fretting scores between lightly and deeply threaded tapers in metal pairings suggesting that, while a differ-
entiation between smooth and grooved tapers might result in higher wear, the extent of surface threading does 
not affect the degree of degradation.

In addition to the surface topography, the material properties of the femoral head have been pointed out to 
affect implant performance. Ceramic femoral heads are valued owing to their positive wear properties at the 
bearing surface. Moreover, they are chemically inert and electrically  insulating46, even though other studies ques-
tion their chemical stability and reported surface degradation potentially induced by metal  contamination47,48. 
Due to its insulating properties, when a head-neck interface is formed with a ceramic head, only the metal 
surface contributes to the formation of corrosion suggesting that corrosion should be minimized. In line with 
this, previous studies have stated that the use of ceramic heads can reduce, but not eliminate, corrosion at the 
head-neck  interface28,41,49. Kurtz et al. applied the Goldberg scoring scheme to elucidate the influence of the 
femoral head material on fretting and corrosion  damage28. Here, they reported that degradation also occurs 
with ceramic heads and stated that the mechanisms of fretting corrosion between ceramic and metal heads 
cohorts are analogous. Specifically, they compared fretting and corrosion scores in stems fabricated from TMZF, 
Ti-6Al-4V and CoCr mated with CoCr and ceramic heads and stated lower scores in ceramic heads compared 
to CoCr heads. Within the ceramic head group, they found the stem material, flexural rigidity and the body 
weight to be the most important factors predicting increased fretting and corrosion scores. Our results show 
no statistical difference in corrosion or fretting scores between metal and ceramic pairings with simultaneous 
consideration for the surface profile. However, differences may arise from the different adaptation of the scor-
ing scheme: while Kurtz et al. assigned a single score to each taper that contained both fretting and corrosion 
phenomena, we assumed the adaptation of Triantafyllopoulus et al. and scored fretting and corrosion separately 
and in eight regions. Additionally, even though differences in surface topography were reported by Kurtz et al., 
they were not quantitatively assessed and only accounted for by matching stem manufacturers. However, it has 
also been reported that ceramic and metal heads perform equally with respect to corrosion and material loss, 
at least for CoCr alloy V40 stem  tapers50. In our study, no significant differences in both fretting and corrosion 
were verified when comparing equal surface finishes. Although the statistical model indicated non-significant 
differences (p = 0.052) when comparing corrosion scores between metal and ceramic heads for lightly threaded 
stem tapers, this could be due to the low sample size. Arnholt et al. investigated a cohort of 120 stem tapers of 
different designs made of both Ti and CoCr alloys and concluded that the variations between smooth and micro-
grooved stem tapers are not associated with fretting and corrosion  damage22. Our results indicate a relationship 
between thread height and both corrosion and fretting scores when comparing lightly and deeply threaded pro-
files while differentiating between metal and ceramic head combinations. Lightly threaded tapers coupled with 
ceramic heads show less corrosion and fretting damage compared to higher thread heights. We speculate that 
the wide differences in taper surfaces can influence the clinical outcome in THAs. During assembly, the actual 
contact area between the stem taper and the head taper is limited to only a fraction of the nominal contact area 
due to the threaded surface topography. Witt et al. reported that low assembly forces result in regions of limited 
contact in micro-threaded stem tapers, and that even high assembly forces lead to actual contact areas of less 
than 20% of the overlapping interface  area33. As a result, a crevice geometry between the asperities of the stem 
and neck taper is created that is then infiltrated by body fluids. While any modular connection, even ceramic 
pairings, will show some corrosion when exposed to body fluids and micromotion, the severity might be affected 
by the crevice  volume28,41,51,52. The degree of crevice corrosion depends on the crevice volume and, hence, the 
volume of fluid present. The crevice formed by the head and stem taper can lead to limited fluid access result-
ing in changes in solution chemistry which can accelerate the formation of  corrosion53. Smaller volumes at an 
occluded interface are more susceptible to crevice corrosion as oxygen diffusion into the crevice is  restricted54,55. 
Contrarily, deeply threaded stem tapers result in larger crevice volumes and greater oxygen diffusion, making 
the interface less prone to corrosion. Consequently, corrosion would be expected to form earlier in interfaces 
with lightly threaded stem tapers where oxygen is depleted more quickly. However, it should be noted that the 
referenced studies regarding the formation of crevice corrosion investigated pairings with metal heads only. 
In the present study, a higher degree of corrosion could not be verified in lightly threaded compared to deeply 
threaded tapers coupled with metal heads. This could be indicative of the fact that corrosion might form earlier 
in smaller occluded volumes, but affects larger occluded volumes, once formation is initiated, more rapidly in 
the further course. This is in partial agreement with the results presented by Pourzal et al. who found that stem 
tapers with larger thread height coupled with metal heads had less severe corrosion and fretting damage in the 
short term but that damage gradually increased with prolonged implantation time, whereas smoother stem tapers 
resulted in a steep initial increase in damage scores followed by only a slight increase over  time26. Interestingly, 
however, we found significantly less corrosion in lightly threaded compared to deeply threaded tapers mated 
with ceramic heads (and also compared to deeply threaded tapers coupled with metal heads) which indicates 
that different mechanisms might be at play for ceramic couplings. Even though no significant degradation 
would be expected in ceramic head pairings due to a greater corrosion resistance, such degradation has been 
documented in previous  studies28,41,56. However, the exact underlying mechanisms of corrosion formation in 
ceramic compared to metal pairings still remain unknown. While it has been stated that the basic mechanism 
is similar for both material pairings (except that, with ceramic heads, only the male metal taper is involved in 
the oxide abrasion and repassivation process)28, it was also noted that a chemomechanical softening of ceramic 
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heads with simultaneous hardening of the male taper due to oxidation might lead to increased degradation of 
the  interface57. Also considering the reported surface instability of ceramic  heads48, it becomes clear that further 
studies are needed to better understand the operating damage modes in ceramic head pairings that go beyond the 
scope of this study. Nonetheless, our results indicate that the stem taper surface topography plays a contributing 
role and should be considered in future studies.

In addition, relative micromotion between the stem taper and head taper under cyclic stresses during gait 
can affect the formation and degree of corrosion by disrupting the protective passive oxide film of the metal 
stem taper. However, the impact of surface threads on implant stability remains unclear due to complex contact 
mechanics at the head-neck junction. Falkenberg et al. reported equal amounts of micromotion for both smooth 
and micro-grooved stem tapers under varus and valgus  loading58. However, computational studies considering 
microgrooves with thread heights below 14 µm came to dissimilar conclusions reporting that either smooth 
tapers provide better  fixation59 and or that larger thread heights lead to higher contact pressures and implant 
 stability60. In view of the high variability in surface topography presented in our study and considering that 
most studies do not consider the surface finish in detail (most often, they are referred to as either “smooth” or 
“rough”), we believe the stem taper surface topography to be an important parameter to report when assessing 
the taper performance and contact mechanics in future studies.

Furthermore, the flexural rigidity has been shown to affect the degree of fretting and corrosion as necks with 
a higher stiffness bend less resulting in less relative motion of the  components13. Here, we found no association 
of flexural rigidity with fretting and corrosion scores. However, since the study was focused on 12/14 tapers 
fabricated from titanium alloys with similar Young’s moduli, the flexural rigidity in our cohort was in the limited 
range of 148.15 to 234.82  Nm2 whereas other studies investigated tapers with flexural rigidities ranging from 91.5 
to 873.2  Nm213. In agreement with other  studies16,28 we found no correlation between time in situ and fretting 
and corrosion damage in both pairing types. Other influencing factors including different loading conditions, 
assembly techniques or the formation of a passivation layer with time may explain the missing correlation with 
the time in situ.

This study has some limitations. The femoral heads were not investigated in this study and no statement 
can be made about material loss that can occur in the head. However, it has been shown that both fretting and 
corrosion scores in the head and in the neck are correlated, making neck scores a good indicator of degrada-
tion in the  head13,16. Additionally, corrosion and fretting scores were assessed in the head-neck contact region 
only, whereas previous studies evaluated the entire taper surface and also included non-contact regions in their 
 assessment13,40. As less, if at all, fretting and corrosion damage is expected in non-contact regions, the exclusion 
of those areas would consequently result in relatively higher scores. Moreover, the surgeon-dependent impaction 
force is not known, which is known to affect the initial interlock  strength61. This might further influence the 
degree of micromotion between the two surfaces facilitating increased  fretting62 and corrosion damage by disrup-
tion of the passive  film56. Also, as a retrospective study, the studied implants might not fully reflect functioning, 
non-revised implants. However, retrieval studies have been an established approach for in vivo characterization 
of implants in the past. Lastly, it is possible that corrosion damage may overlay fretting phenomena at the stem 
taper surface potentially causing an underestimation of the fretting damage. Albeit, this is an inherent limitation 
that cannot be avoided and has limited comparable studies as well.

In conclusion, this study shows that the stem taper surface topography varies considerably between differ-
ent hip stem designs. The results from our study show that different threading profiles in metal and ceramic 
pairings affect corrosion and fretting scores within the modular head-neck interface. We found less corrosion 
damage in lightly threaded stem tapers coupled with ceramic heads compared to deeply threaded stem tapers 
coupled with both ceramic and metal heads. Also, fretting damage was significantly lower in lightly threaded 
compared to deeply threaded tapers in ceramic head pairings. Despite the multi-factorial nature of degrada-
tion at the head-neck interface, our data indicates that the thread height plays a relevant role, and that lightly 
threaded taper surfaces are preferable with regard to fretting and corrosion mitigation at least in combination 
with ceramic heads. In summary, the choice of material pairing and both the taper geometry and topography is 
very complex and dependent on numerous factors. Our results suggest that smaller taper threads result in less 
fretting and corrosion when using a ceramic femoral head but also underline the need that additional studies are 
needed to better comprehend the influence of different taper designs on degradation at the head-neck interface. 
Understanding the impact of different stem taper surface topographies on implant performance could help to 
improve the issue of corrosion and fretting damage in modern THA and lead to longer-lasting clinical results.

Received: 26 June 2020; Accepted: 19 March 2021

References
 1. Kurtz, S., Ong, K., Lau, E., Mowat, F. & Halpern, M. Projections of Primary and Revision Hip and Knee Arthroplasty in the United 

States from 2005 to 2030. J. Bone Jt. Surg. Am. 89, (2007).
 2. Schwartz, B. E., Piponov, H. I., Helder, C. W., Mayers, W. F. & Gonzalez, M. H. Revision total hip arthroplasty in the United States: 

national trends and in-hospital outcomes. Int. Orthop. 40, 1793–1802 (2016).
 3. Ulrich, S. D. et al. Total hip arthroplasties: What are the reasons for revision?. Int. Orthop. 32, 597–604 (2008).
 4. Furnes, O. et al. Hip disease and the prognosis of total hip replacements. A review of 53,698 primary total hip replacements reported 

to the Norwegian Arthroplasty Register 1987–99. J. Bone Joint Surg. Br. 83, 579–586 (2001).
 5. Jacobs, J. J. et al. Local and distant products from modularity. Clin. Orthop. Relat. Res. 319, 94–105 (1995).
 6. Gilbert, J. L., Buckley, C. A. & Jacobs, J. J. In vivo corrosion of modular hip prosthesis components in mixed and similar metal 

combinations The effect of crevice, stress, motion, and alloy coupling. J. Biomed. Mater. Res. 27, 1533–1544 (1993).
 7. Mistry, J. B. et al. Trunnionosis in total hip arthroplasty: a review. J. Orthop. Traumatol. 17, 1–6 (2016).



10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9348  | https://doi.org/10.1038/s41598-021-88234-3

www.nature.com/scientificreports/

 8. Hussenbocus, S., Kosuge, D., Solomon, L. B., Howie, D. W. & Oskouei, R. H. Head-neck taper corrosion in hip arthroplasty. Biomed 
Res. Int. 2015, 18–21 (2015).

 9. Langton, D. J. et al. Accelerating failure rate of the ASR total hip replacement. J. Bone Joint Surg. Br. 93, 1011–1016 (2011).
 10. Osman, K., Panagiotidou, A. P., Khan, M., Blunn, G. & Haddad, F. S. Corrosion at the head-neck interface of current designs of 

modular femoral components. Bone Joint J. 98B, 579–584 (2016).
 11. Waterson, H. B. et al. Revision for adverse local tissue reaction following metal-on-polyethylene total hip arthroplasty is associated 

with a high risk of early major complications. Bone Joint J. 100B, 720–724 (2018).
 12. Berstock, J. R., Whitehouse, M. R. & Duncan, C. P. Trunnion corrosion: What surgeons need to know in 2018. Bone Joint. J. 100B, 

44–49 (2018).
 13. Goldberg, J. R. et al. A multicenter retrieval study of the taper interfaces of modular hip prostheses. Clin. Orthop. Relat. Res. 401, 

149–161 (2002).
 14. Lachiewicz, P. F. & O’Dell, J. A. Trunnion corrosion in metal-on-polyethylene hip arthroplasty. Bone Joint. J. 100B, 898–902 (2018).
 15. Higgs, G. B. et al. Is increased modularity associated with increased fretting and corrosion damage in metal-on-metal total hip 

arthroplasty devices? A retrieval study. J. Arthroplasty 28, 2–6 (2013).
 16. Dyrkacz, R. M. R., Brandt, J.-M., Ojo, O. A., Turgeon, T. R. & Wyss, U. P. The influence of head size on corrosion and fretting 

behaviour at the head-neck interface of artificial hip joints. J. Arthroplasty 28, 1036–1040 (2013).
 17. Langton, D. J. et al. Material loss at the femoral head taper: A comparison study of the exeter metal-on-polyethylene and contem-

porary metal-on-metal total hip arthroplasty. Bone Joint. J. 100B, 1310–1319 (2018).
 18. Porter, D. A. et al. Modern trunnions are more flexible: a mechanical analysis of THA taper designs. Clin. Orthop. Relat. Res. 472, 

3963–3970 (2014).
 19. Ashkanfar, A., Langton, D. J. & Joyce, T. J. A large taper mismatch is one of the key factors behind high wear rates and failure at 

the taper junction of total hip replacements: a finite element wear analysis. J. Mech. Behav. Biomed. Mater. 69, 257–266 (2017).
 20. Nassif, N. A. et al. Taper design affects failure of large-head metal-on-metal total hip replacements. Clin. Orthop. Relat. Res. 472, 

564–571 (2014).
 21. Munir, S., Walter, W. L. & Walsh, W. R. Variations in the trunnion surface topography between different commercially available 

hip replacement stems. J. Orthop. Res. 33, 98–105 (2015).
 22. Arnholt, C. M. et al. Do stem taper microgrooves influence taper corrosion in total hip arthroplasty? A matched cohort retrieval 

study. J. Arthroplasty 32, 1363–1373 (2017).
 23. Arnholt, C. M. Micro-grooved Surface Topography Does Not Influence Fretting Corrosion of Tapers in THA: Classification and 

Retrieval Analysis. (2015).
 24. Jauch-Matt, S. Y., Miles, A. W. & Gill, H. S. Effect of trunnion roughness and length on the modular taper junction strength under 

typical intraoperative assembly forces. Med. Eng. Phys. 39, 94–101 (2017).
 25. Panagiotidou, A. et al. Enhanced wear and corrosion in modular tapers in total hip replacement is associated with the contact area 

and surface topography. J. Orthop. Res. 31, 2032–2039 (2013).
 26. Pourzal, R. et al. Does surface topography play a role in taper damage in head-neck modular junctions?. Clin. Orthop. Relat. Res. 

474, 2232–2242 (2016).
 27. Higgs, G. B. et al. Does taper size have an effect on taper damage in retrieved metal-on-polyethylene total hip devices?. J. Arthro-

plasty 31, 277–281 (2016).
 28. Kurtz, S. M. et al. Do ceramic femoral heads reduce taper fretting corrosion in hip arthroplasty? A retrieval study. Clin. Orthop. 

Relat. Res. 471, 3270–3282 (2013).
 29. Sands, D. & Schemitsch, E. H. The role of metal-on-metal bearings in total hip arthroplasty and hip resurfacing: review article. 

HSS J. 13, 2–6 (2017).
 30. Pijls, B. G. et al. Increased mortality in metal-on-metal versus non-metal-on-metal primary total hip arthroplasty at 10 years and 

longer follow-up: a systematic review and meta-analysis. PLoS One 11, (2016).
 31. Kocagöz, S. B. et al. Does taper angle clearance influence fretting and corrosion damage at the head-stem interface? A matched 

cohort retrieval study. Semin. Arthroplasty 24, 246–254 (2013).
 32. Huet, R., Sakona, A. & Kurtz, S. M. Strength and reliability of alumina ceramic femoral heads: review of design, testing, and retrieval 

analysis. J. Mech. Behav. Biomed. Mater. 4, 476–483 (2011).
 33. Witt, F., Gührs, J., Morlock, M. M. & Bishop, N. E. Quantification of the contact area at the head-stem taper interface of modular 

hip prostheses. PLoS One 10, (2015).
 34. Willmann, G. Das Prinzip der Konus-Steckverbindung für keramische Kugelköpfe bei Hüftendoprothesen. Materwiss. Werksttech. 

24, 315–319 (1993).
 35. Werner, P. H., Etema, H. B., Wit, F., Morlock, M. M. & Verheyen, C. C. P. M. Basic principles and uniform terminology for the 

head-neck juncton in hip replacement. HIP Int. 25, 115–119 (2015).
 36. Mueller, U., Braun, S., Schroeder, S., Sonntag, R. & Kretzer, J. P. Same same but different? 12/14 stem and head tapers in total hip 

arthroplasty. J. Arthroplasty 32, 3191–3199 (2017).
 37. Kop, A. M., Keogh, C. & Swarts, E. Proximal component modularity in THA—at what cost? An implant retrieval study. Clin. 

Orthop. Relat. Res. 470, 1885–1894 (2012).
 38. Hothi, H. S. et al. Influence of stem type on material loss at the metal-on-metal pinnacle taper junction. Proc. Inst. Mech. Eng. Part 

H.J. Eng. Med. 229, 91–97 (2015).
 39. Brock, T. M. et al. Shorter, rough trunnion surfaces are associated with higher taper wear rates than longer, smooth trunnion 

surfaces in a contemporary large head metal-on-metal total hip arthroplasty system. J. Orthop. Res. 33, 1868–1874 (2015).
 40. Triantafyllopoulos, G. K. et al. Otto aufranc award: large heads do not increase damage at the head-neck taper of metal-on-

polyethylene total hip arthroplasties. Clin. Orthop. Relat. Res. 474, 330–338 (2016).
 41. Kocagoz, S. B., Underwood, R. J., Macdonald, D. W., Gilbert, J. L. & Kurtz, S. M. Ceramic heads decrease metal release caused by 

head-taper fretting and corrosion. Clin. Orthop. Relat. Res. 474, 985–994 (2016).
 42. Hothi, H. S. et al. The reliability of a scoring system for corrosion and fretting, and its relationship to material loss of tapered, 

modular junctions of retrieved hip implants. J. Arthroplasty 29, 1313–1317 (2014).
 43. Geetha, M., Singh, A. K., Asokamani, R. & Gogia, A. K. Ti based biomaterials, the ultimate choice for orthopaedic implants—a 

review. Prog. Mater. Sci. 54, 397–425 (2009).
 44. Landis, J. R. & Koch, G. G. The measurement of observer agreement for categorical data. Biometrics 33, 159–174 (1977).
 45. Mueller, U., Bormann, T., Schroeder, S. & Kretzer, J. P. Taper junctions in modular hip joint replacements: what affects their stabil-

ity?. J. Mech. Behav. Biomed. Mater. 116, 104258 (2021).
 46. Piconi, C. & Porporati, A. A. Bioinert Ceramics: Zirconia and Alumina in Handbook of Bioceramics and Biocomposites (ed. Anto-

niac, I. V.) (Springer, 2016).
 47. Bal, B. S. et al. Reconciling in vivo and in vitro kinetics of the polymorphic transformation in zirconia-toughened alumina for hip 

joints: I Phenomenology. Mater. Sci. Eng. C 72, 252–258 (2017).
 48. Pezzotti, G. et al. In vitro versus in vivo phase instability of zirconia-toughened alumina femoral heads: a critical comparative 

assessment. Materials (Basel). 10, (2017).
 49. Hallab, N. J., Messina, C., Skipor, A. & Jacobs, J. J. Differences in the fretting corrosion of metal-metal and ceramic-metal modular 

junctions of total hip replacements. J. Orthop. Res. 22, 250–259 (2004).



11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9348  | https://doi.org/10.1038/s41598-021-88234-3

www.nature.com/scientificreports/

 50. Di Laura, A. et al. Retrieval analysis of metal and ceramic femoral heads on a single CoCr stem design. Bone Joint Res. 6, 345–350 
(2017).

 51. Gilbert, J. L. & Jacobs, J. J. The mechanical and electrochemical processes associated with taper fretting crevice corrosion: a review. 
Modul. Orthop. Implant. 1301, 45–59 (1997).

 52. Morlock, M. M. et al. Taper corrosion: a complication of total hip arthroplasty. EFORT Open Rev. 5, 776–784 (2020).
 53. Rodrigues, D. C., Urban, R. M., Jacobs, J. J., Gilbert, J. L. In vivo severe corrosion and hydrogen embrittlement of retrieved modular 

body titanium alloy hip-implants. J. Biomed. Mater. Res. Part B Appl. Biomater. 88, 206–219 (2009).
 54. Oldfield, J. W. & Sutton, W. H. Crevice corrosion of stainless steels: I A mathematical model. Br. Corros. J. 13, 13–22 (1978).
 55. Jacobs, J. J., Gilbert, J. L. & Urban, R. M. Corrosion of metal orthopaedic implants. J. Bone Joint Surg. Am. 80, 268–282 (1998).
 56. Panagiotidou, A. et al. Effect of impact assembly on the interface deformation and fretting corrosion of modular hip tapers: an 

in vitro study. J. Orthop. Res. 36, 405–416 (2018).
 57. Bull, S. J., Moharrami, N. & Langton, D. Mechanistic study of the wear of ceramic heads by metallic stems in modular implants. 

J. Bio- Tribo-Corrosion 3, 1–8 (2017).
 58. Falkenberg, A., Biller, S., Morlock, M. M. & Huber, G. Micromotion at the head-stem taper junction of total hip prostheses is 

influenced by prosthesis design-, patient- and surgeon-related factors. J. Biomech. 98, 109424 (2020).
 59. Ashkanfar, A., Langton, D. J., Joyce, T. J. & Wang, J. Does a micro-grooved trunnion stem surface finish improve fixation and 

reduce fretting wear at the taper junction of total hip replacements? A finite element evaluation. J. Biomech. 63, 47–54 (2017).
 60. Bechstedt, M. et al. Contact conditions for total hip head-neck modular taper junctions with microgrooved stem tapers. J. Biomech. 

109689 (2020).
 61. Rehmer, A., Bishop, N. E. & Morlock, M. M. Influence of assembly procedure and material combination on the strength of the 

taper connection at the head-neck junction of modular hip endoprostheses. Clin. Biomech. (Bristol, Avon) 27, 77–83 (2012).
 62. English, R., Ashkanfar, A. & Rothwell, G. The effect of different assembly loads on taper junction fretting wear in total hip replace-

ments. Tribol. Int. 95, 199–210 (2016).

Acknowledgements
We thank B. Lauströer for his assistance in the statistical evaluation. The study was supported by funding from the 
non-profit foundation "Stiftung Endoprothetik". B. Busse is supported by the German Research Foundation 
(DFG) under grant no. BU 2562/3-1. Further funding was received from the Interdisciplinary Competence Center 
for Interface Research (ICCIR) on behalf of the Hamburg University of Technology (TUHH) and the University 
Medical Center Hamburg-Eppendorf (UKE).

Author contributions
K.E.S., C.R., M.A., M.C. and B.B. conducted the design of the study. F.K., M.G., T.G. and M.C. carried out the 
revision surgeries and reviewed the patients. K.E.S., C.R., A.V.B and D.R. established the methodology and col-
lected the data. K.E.S., C.R., F.K., M.G., M.C. and B.B. analyzed and interpreted the data. K.E.S., C.R., T.G., M.A., 
M.C. and B.B. drafted and revised the manuscript. All authors critically read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests related to the current study. Outside the current study M. Citak 
reports personal fees from Waldemar Link, and T. Gehrke reports personal fees from Waldemar Link, Zimmer 
Biomet, Ceramtec and from Heraeus.

Additional information
Correspondence and requests for materials should be addressed to B.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Variability in stem taper surface topography affects the degree of corrosion and fretting in total hip arthroplasty
	Methods
	Results
	Discussion
	References
	Acknowledgements


