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Abstract 

This review examines the challenges associated with quantifying material loss at modular junctions. 
Determination of material loss from retrieved orthopaedic surfaces is regarded as a prerequisite for 
the evaluation of long-term implant performance. Methods previously adopted to overcome the 
challenges associated with determining material loss from non-articular surfaces will be presented 
and discussed in this paper. 

Total Hip Replacement (THR) is regarded as one of the most successful and cost-effective surgical 
interventions for the treatment of advanced osteoarthritis. The use of modular components offers 
surgeons an array of possible implant combinations to intraoperatively optimise range of motion and 
soft tissue tension. However, the taper interface used to connect modular components has been 
suggested to contribute to premature implant failure through the release of metal debris and 
corrosion products. Geometrical and topographical measurement of explanted modular interfaces has 
been used to correlate multifarious variables with an absolute volumetric value for material loss. To 
improve modular implant performance, medical device manufacturers have adopted numerous 
design philosophies, each presenting a unique set of challenges for the measurement of material loss. 
This review summarises the approaches used in previous studies to overcome these challenges and 
identifies future work required in this area. This field of research is currently the subject of discussion 
within standards bodies to create recommended best practices for centres to follow. 
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1. Introduction 

The introduction of modular connections in total joint arthroplasty allows surgeons to 
intraoperatively adjust soft tissue tension, optimise wear performance with dissimilar material 
couplings [1], and undertake less invasive revision arthroplasty [2]. In the 1980s, modular junctions 
became implicated as a possible source of wear debris and corrosion products, which have been 
suggested to provoke immune responses (sometimes referred to as Adverse Local Tissue Reactions 
(ALTRs)) and ultimately necessitate premature revision surgery [3-10]. Despite taper surfaces 
commonly experiencing a smaller amount of material loss than bearing surfaces [11], due to the 
presence of corrosion, it is possible that the material released from taper junctions is more biologically 
active [12, 13].  

The mechanism thought to be responsible; Mechanically Assisted Crevice Corrosion (MACC), is a 
multifaceted process. Cyclic mechanical loading of the taper interface and small relative motions 
releases material from the taper interface [14]. Fluid ingress into the taper crevice initiates corrosion 
reactions [15]. The combination of breaching passive oxide layers and an unstable electrochemical 
environment within the crevice between mating parts culminates in the corrosive attack of one or 
both of the tapered components, dependant on the material composition [16]. 

Population ageing and increasing activity levels among younger patients is driving the demand for 
increased prosthesis lifespan. To better understand the responsible failure mechanisms and implant 
performance [17, 18], retrieval and wear simulation studies have been performed in which the 
material loss is measured following an in vivo, in vitro, or ex vivo duty cycle. Retrieval study focus has 
surrounded the head-stem taper interface of total hip replacements [19] but reports of fretting 
corrosion at the head-stem interface have stimulated concerns about the capacity of other taper 
junctions to undergo a similar process. Reducing wear and increasing implant lifespan requires 
techniques to accurately and reproducibly measure material loss [20]. The aim of this review was to 
evaluate published methods for the determination of material loss from modular taper connections 
in arthroplasty. 

2. Review Methodology 

A literature search of PubMed indexed journals was undertaken using the following Boolean search 
string: “taper measurement OR stem taper measurement OR head taper measurement OR modular 
neck measurement OR taper material loss volume OR taper AND corrosion AND wear OR arthroplasty 
AND measurement OR retrieval AND taper AND measurement” with 281 returned items. Only items 
in published in English were retained from the search to ensure access of information for the authors. 
Relevant papers were manually extracted from the primary article results using inclusion/exclusion 
criteria to remove material not connected to the review aim. The search strategy is demonstrated by 
the flow chart in Figure 1. Manuscripts were only included if they contained methodological details 
for one of the previously mentioned conditions. Articles which characterised taper wear using purely 
qualitative techniques were discarded from the review. Only quantitative and semi-quantitative 
methods were considered. 
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Figure 1 – Flow chart summarising inclusion and exclusion of articles following application of the search strategy 

In supplement to the original search, the reference lists of all manuscripts were manually examined 
for relevant literature. Current standards relevant to implant testing and the subsequent 
measurement of material loss were reviewed from International Organisation for Standardisation 
(ISO) and American Society for Testing and Materials (ASTM) standards committees. Selected 
technical publications from the ASTM F04 committee on Medical and Surgical Materials and Devices, 
were also reviewed. Final articles of interest were thematically coded using NVivo 12 (QSR 
International, Melbourne, Australia) to facilitate this review. 

3. Taper Taxonomy and Terminology 

Relevant taper junctions were classified based on geometrical and topographical properties to 
permit direct comparison of measurement and analysis concepts based on common physical features 
rather than clinical application. Table 1 summarises the taper taxonomy used for this review. 

Previous work has classified tapers in two groups: microgrooved and non-microgrooved [21, 22] 
axisymmetric tapers. Tapers can be regarded as microgrooved if a periodic surface texture with an 
amplitude > 4 µm and a wavelength > 100 µm is present [1, 23]. 

Table 1 – Taxonomy of reviewed taper designs with relevant applications 

Taper 
Classification Description Applications 

Type A Plain Machined – 
Axisymmetric 

• THA: Stem tapers/ head tapers 
• THA: Acetabular liner taper 
• TKA: Stemmed TKA 

Type B Textured – Axisymmetric • THA: Stem tapers 

Type C Plain Machined – Obround 
• THA: Stem-neck junction (bi-modular) 
• Shoulder arthroplasty: glenoid fixation – 

humeral cup junction 
 

A third taper classification may be considered for ellipsoidal or obround tapers [24]. These are 
found in the stem-neck taper junction of contemporary bi-modular THRs, which utilise a ‘key-shaped’ 
taper, and in the glenoid-humeral cup taper junction of shoulder replacement, which is elliptical in 
shape. The conditions of the third taper classification are met if the taper is not axisymmetric by design 
intent. 
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Figure 2 – Diagram showing three taper types in relation to Table 1 

For the purposes of this review, as illustrated by Figure 3, for all taper types, the internal taper will 
be referred to as the ‘taper bore’, and the external taper piece the ‘trunnion’. 

 

Figure 3 – Diagram with cutaway of femoral head and taper piece, illustrating the trunnion and taper bore 

Figure 4 details the terminology which will be used to describe the measurement of taper surfaces. 

 

Figure 4 – Diagram outlining terminology in relation to the measurement of taper geometry 
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4. Review 

4.1. Gravimetric Method 

The recognised ‘gold standard’ method of quantifying wear from total joint prostheses has long 
been the gravimetric method [25-27], where specimen weights are recorded before and following a 
duty cycle and material density used to calculate volumetric material loss [27]. The gravimetric 
method is simple and not heavily reliant on specialist equipment or operator skill. The primary 
stipulation is the balance accuracy; ISO 14242-2:2016 stipulates an accuracy of +/- 0.1mg [28]. It is 
also worth noting that gravimetric measurement simply generates a value for material loss. No data 
are obtained describing the distribution of damage or contact conditions [29, 30]. 

 
Gravimetric measurement may pose some inherent limitations in the ability to answer certain 

research questions. There are documented cases where the gravimetric method has produced no 
useful or meaningful result [25, 26]. The method is generally only suited to measuring artificially 
generated material loss and not for assessing clinically retrieved prostheses with no available pre-wear 
information [27]. While gravimetric measurement is a valid concept for determining volumetric loss, 
applications are limited, as it cannot be utilised in retrieval studies for measuring implant samples 
which have been obtained at revision or patient mortality [25].  

 
A common application of gravimetric measurement is in wear tests using gait simulators, in which 

hydraulic or pneumatic instruments generate wear by mimicking the walking cycle likely to be incurred 
during the implant lifespan [25]. Wear simulation procedures are governed by ISO 14242-1:2014 [31] 
which tests implants up to 10 million cycles of gait activity [30]. One limitation associated with wear 
simulation is that everyday activities, such as sport, sitting down, rising from a chair, or ascending and 
descending stairs are not simulated. Furthermore, a 10 million cycle wear test may represent 25 years 
of use in an older patient, but only a few years in a younger, more active patient [30]. 

 
The introduction of hard-on-hard material low wear devices has improved implant wear 

characteristics considerably [21, 26, 32]. These lower wearing materials have pushed gravimetric 
analysis to the limit [25], as the material loss released from junctions is small compared to the 
relatively high mass of the component; the mass of material lost may only be a few mg in a component 
which weighs 200g [30]. Bills et al. noted that no gravimetric changes were detectable for the first 1 – 
1.5 million cycles of a wear test, which were detected by another validated method [30]. It is 
challenging to detect these small mass changes against such a large component mass [26]; bringing 
into question the reliability of detecting these changes even with high-performance scales [30]. Due 
to the presence of cement and debris, gravimetric measurements usually show a mass increase in the 
early stages of a wear cycle, before showing a mass decrease as the mass of lost material exceeds the 
mass of contaminants [30]. The lack of an exact material density can also introduce further error in 
the calculation of material loss from mass change [33]. 

 
4.2. Visual Scoring 

Numerous studies examining material loss from modular taper connections have adopted semi-
quantitative scoring systems, such as those developed by Goldberg et al. [34]. This study set out to 
characterise damage observed on 231 retrieved modular total hip prostheses. Following visual 
inspection, scores relating to the severity of fretting and corrosion were assigned to medial, lateral, 
anterior, and posterior quadrants of femoral neck and proximal and distal ends of head taper surfaces. 
Instances of fretting in orthopaedic tapers has been described as scratching perpendicular to 
machining lines on the taper and abrasion of machining lines [35] and corrosion as a white haziness, 
discolouration, and/or blackened debris [15]. Scoring criteria were developed by the authors to 
determine the severity of fretting and corrosion damage on a scale of 1 to 4 (table 2). 
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Table 2 – Scoring criteria of Goldberg et al. [34] for visually grading fretting and corrosion damage to modular junctions 

Score Corrosion Criteria Fretting Criteria 
1 No visible corrosion No visible signs of fretting 
2 < 30% of surface discoloured/ dull Band or bands of fretting scars involving 3 or 

fewer machine lines 
3 > 30% of surface discoloured/ dull or <10% 

covered in black debris, pits or etch marks 
Band or bands of fretting scars involving 3 or 
more machine lines 

4 > 10% covered in black debris, pits or etch 
marks 

Several bands of fretting scars involving 
several machine lines or flattened areas with 
nearby fretting scars 

 

Fricka and colleagues modified this scoring system to contain five scoring points, as it was claimed 
that the Goldberg scoring system did not adequately describe head tapers exhibiting extensive or 
severe corrosion [36]. The modified Fricka (or Anderson [37]) scoring system is detailed in table 3. 

Table 3 – Fricka [36] five-point scoring method for visually scoring fretting and corrosion damage to femoral heads 

Score Fretting/ Corrosion Criteria 
1 No visible corrosion 
2 < 30% of the engaged taper surface discoloured/ dull 
3 > 30% of the engaged taper surface discoloured/ dull or < 10% covered in black debris, pits 

or etch marks 
4 > 10% but < 50% of engaged taper surface has black/dull grey debris, pits, or etch marks 
5 > 50% of engaged taper surface has black/dull grey debris, pits, or etch 

 

These semi-quantitative scoring systems generate a composite score by combining and averaging 
the scores from individual segments. Some studies modified the systems by computing the sum of 
scores in all quadrants to increase the scoring total to 8, 32, 36, or 64 [14, 38-40], instead of 4 or 5 [34, 
36]. These approaches offer little additional benefit, other than better observation of difference 
between scores within a cohort. It has been highlighted that when attempting to detect a corrosion 
score of 1, an unrealistically large sample size is required to hold statistical significance [32]. Visual 
scoring systems do not inherently characterise damage patterns; although a variant on the Goldberg 
criteria included a separate score representing the magnitude of area damaged [40]. Despite this, the 
segmentation process can be of some use in the detection of wear mechanisms, as was the case in a 
study of type C tapers [41] which observed higher corrosion scores on medial and lateral quadrants, 
attributing bending loads as the cause of damage. 

The work of Goldberg et al. and subsequent variations generally rely on optical microscopy and 
photogrammetry when scoring areas of interest [14, 39, 41-44]. However, it has been suggested that 
the perspective of photographs or lighting variance can obscure the observer’s judgement. The 
method of Di Prima et al. [37]; termed the Digital Mosaic Method (DMM), aimed to address this issue 
by using digital microscopy to assess smaller areas of taper surfaces, offering a ‘detailed objective 
quantification’ of corrosion and wear damage. The advantage of applying this method was a high-
resolution panoramic image of the whole taper surface could be gained. The lateral pixel resolution 
was such that etched grain boundaries could be observed. This was reliant upon bespoke fixturing to 
index the sample about an appropriate axis of symmetry. Capturing many high-resolution images 
amounted to long measurement times. Where an observer may usually be able to visually score 
multiple implants in an hour, reported measurement times for the DMM were comparatively long, 
which may be prohibitive for a larger implant cohort (2 hours for a femoral head and 6 hours for a 
femoral stem). 
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Both of the discussed scoring systems [34, 36] utilised machining lines to describe a fretted region, 
however, neither system described the phenomenon of imprinting [45], which has been suggested to 
influence taper corrosion [1, 42]. Imprinting refers to the preferential corrosion of the smooth taper 
bore resulting in an imprint of the trunnion texture. The complex and multifactorial processes 
responsible for taper corrosion may be better understood if scoring systems could describe features 
which are specific to proposed failure mechanisms [45]. 

Visual scoring has been shown to be both a time and cost-effective solution for grading the relative 
fretting and corrosion between taper cohorts. It does not necessarily rely upon specialist equipment, 
and observers do not require qualification. Conceivably, because of the ease of access and subjective 
nature, the reliability of using visual scoring has come under scrutiny. 

Several studies have cited semi-quantitative visual scoring methods as a limitation [19, 21, 41, 46-
48]. Despite explicit criteria for assigning scores, visual scoring is a subjective process and therefore 
susceptible to observer bias [24]. Reports of corrosion deposits and biological debris influencing the 
outcomes of fretting scoring are common in the literature [41, 49-51]. This is more prevalent with 
narrow taper bores as the surface is not readily accessible by optical microscopy [41, 51]. Langton et 
al. recognised that biological debris could increase corrosion scores, despite not representing 
corrosion of the original surface [52]. For this reason, cleaning routines are often appointed before 
any visual scoring takes place. Nonetheless, it has been suggested that extensive cleaning and removal 
of discoloured deposits can make scoring more challenging [45], which contradicts the opinion that 
biological debris can conceal fretting damage and masquerade as corrosion. One of the most 
significant challenges to the observer is distinguishing between in-vivo and damage caused at revision 
[51, 53]. 

Policies are required for the resolution of inevitable inter-observer disagreement. Typically, 
adjudication is performed by a third party [19, 46, 54], although this is still not an infallible option [34], 
as it does not eliminate regional bias unless undertaken as part of a multicentre study. One study 
precluded participants from using visual scoring until training had been completed. Their scores were 
required to concur with scores previously recorded for a prescribed number of control samples [55]. 

Visual scores may not directly relate to the volume of material released from taper junctions [25, 
32]. Moderate correlation between material loss volume and corrosion score has been reported, 
however no correlation was observed between material loss volume and fretting scores [51, 56, 57]. 
Other authors have reported no correlation between visual scoring methods and material loss [58]. 
Most tapers with more than 0.5 mm3 of volumetric material loss have been stated to achieve the 
maximum Goldberg score [52]. As a result, the range of material loss values that a Goldberg Score 4 
can represent is large [56, 59]. It has therefore been suggested that for more severely damaged 
components, another method of characterisation is employed [54]. 

4.3. Dimensional & Surface Measurement of Tapers 

The ability to quantitatively characterise taper surfaces is essential to understand the in-vivo 
implant condition [24]. Only by understanding implant performance can clinicians possess the 
information to make educated decisions and assess the risks and benefits of particular types of implant 
[49]. Dimensional and surface measurement techniques can offer a true quantitative method for 
measuring retrievals. 
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4.3.1. Co-Ordinate Measurement Machines 

Co-ordinate Measurement Machines (CMMs) are widely used in the manufacturing industry as a 
method of dimensional inspection and quality control. A spherical ruby touch-probe stylus, typically 
>1 mm radius, is coupled to the quill via a three-dimensional displacement transducer. Modern CMMs 
can resolve linear deviations of 0.8 µm [60]. As the stylus contacts the workpiece at prescribed probing 
points, a point cloud of co-ordinates is recorded in Cartesian space. Global orientation of the CMM co-
ordinate system is achieved by identifying physical datum features on the workpiece, such as planes 
or axes. At this stage, the CMM can be used as a scanning probe or touch point probe depending on 
the measurement strategy [27]. 

The reviewed literature contained CMM measurement methods for type A, B, and C tapers. 
Strategies employed a measurement grid (0.1mm x 0.1mm [33, 61]) for type C tapers, 
circumferentially spaced vertical scanning lines (36 – 360 [62, 63]) for type A, B, and C tapers, or plane 
separated circumferential scans (0.1 mm – 1 mm plane separation [38, 43]) for type A tapers. The 
required grid dimensions are measurand specific. For example, in the case of Vincelli et al., a sensitivity 
analysis revealed diminishing returns in material loss accuracy above 36 vertical scanning lines, up to 
360 [62]. 

Angle mismatch between the mating taper surfaces has been implicated with the MACC process 
[17]. Measuring the angle of pristine and retrieved femoral components is therefore an effective way 
of understanding the contact regime between the mating taper surfaces. Taper angle measurement 
requires the collection of data from at least two separate axial heights of the taper, ideally from axial 
extremities. Muller et al. measured type A taper surfaces using circumferential scans, each with 10 
points, along the axis of a pristine taper surface, starting 1 mm below the top surface, continuing in 
intervals of 1 mm to the end of the taper [64]. Lundberg et al. used a similar approach for retrieved 
tapers, performing circumferential scans at three axial locations, each with 15 points, noting that 
measurements must be taken in areas visually free of damage [65].  

 

Figure 5 – The radius and relative height on each roundness trace can be used to compute the taper angle [66]  

Computation of taper angle is achieved by fitting a line through the points recorded in the 
roundness traces as demonstrated in Figure 5 and using the radius and relative axial location of the 
traces to compute the linear slope. An alternative approach is required for type C tapers. In the case 
of modular necks, which can be treated as two parallel half conical sections connected by planes. As 
type C tapers are not axisymmetric, roundness traces cannot be used to capture the whole taper 
surface. Instead, taper angle has been calculated by only recording roundness traces at the conical 
sections of the taper [67]. 
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Co-ordinate metrology can be used to measure material loss. Acquiring a value for material loss is 
considered to be a prerequisite for understanding implant performance [68]. Cases of ‘imprinting’ 
have been reported with the use of microgrooved trunnions. Type A and B tapers are manufactured 
using turning processes and are typically measured using a series of circumferentially spaced vertical 
straightness traces perpendicular to the lay (predominant direction) of the surface texture [43, 61, 62, 
69]. Measuring perpendicular to the lay helps to mitigate the formation of cosine error, which arises 
when the measurement direction is not aligned with the profile being measured. The effects of cosine 
error are shown further in Figure 6. 

 

Figure 6 –Five profiles taken from the same surface, measured at a different angle to the lay direction [70] 

CMM measurement can present limitations when measuring certain samples due to the physical 
dimensions of spherical styli. In the case of taper bores, impingement of the ball stylus against the 
taper floor may occur, precluding measurement of the whole taper length if desired [71]. Despite 
being able to capture the presence of imprinting [72], CMMs are generally limited to form 
measurement [24]. For this reason, such measuring tools are not ideally suited to measuring type B 
taper surfaces. Studies have utilised CMMs to undertake volumetric wear analysis of type B tapers 
[73, 74], but did not report material loss above the stated 0.2 mm3 accuracy of the measurement 
method. Some physical limitations exist with using spherical styli to measure type B tapers, in that the 
stylus cannot enter deep pits or crevices. In this case, the stylus acts as a mechanical-morphological 
filter, removing short wavelength surface roughness [24], potentially leading to an underestimation 
of the total material loss at the taper junction [75]. The effect of stylus dimensions on the traversed 
profile is demonstrated by Figure 7. 

 
Figure 7 – Comparison between the traversed profile of a large spherical stylus (left) and a small radius stylus (right) 

[75] 

In such a case, the volume enclosed by the surface texture would be unaccounted for. Studies have 
carried out quantitative investigations into the variance between the measured CMM volume and the 
‘correct’ material loss value on an imprinted femoral head [72, 76]. A 1.5 mm radius circle simulated 
the presence of a CMM probe and was placed above a single imprint profile [76] and full profile trace 
[72]. The enclosed area was calculated, then integrated across the average taper cone radius of 6.5 
mm (average radius for a 12/14 taper), before being multiplied by the number of imprinted valleys to 
find the total volume. Close agreement was observed between CMM and optical measurements in 
terms of precision, however the CMM demonstrated statistically significant deviations in accuracy up 
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to 7 µm within imprint regions [76]. The absolute material loss unaccounted for by the CMM for an 
imprint profile of approximately 6 µm amplitude was found to be between 0.75 – 1.5 mm3. In the 
context of type B tapers, this is a conservative estimate considering that the surface texture amplitude 
of some stem taper designs could feasibly exceed the amplitude of the imprint profile in this study by 
a significant amount [64].  The uncertainty introduced by spherical styli when measuring type B tapers 
may feasibly be larger than the magnitude of material loss trying to be measured. Previous studies 
have used point cloud spacings between 0.1 – 1 mm. Depending on the design of implant used, 
microgrooved trunnions have been said to be such if they possess a periodic texture with a wavelength 
> 100 µm and an amplitude > 4 µm [1, 23]. In these cases, independent of mechanical filtering, the 
point density would not be sufficient to sample the topography of type B tapers. 

 
4.3.2. Profilometry 

Other stylus-based measurement techniques include profilometry, which employ conispherical 
styli (diamond or sapphire) [24], with micron-level tip radii, coupled to a one-dimensional inductive 
linear transducer. The stylus can traverse a surface with a pre-set contact force and the stylus 
movement is interpreted as surface height deviations with sub-micron accuracy [52]. 2D profilometry 
can be used to depict surface heights independent of the core material. 

This technology has been used to calculate internationally recognised 2D surface parameters in 
accordance with ISO 4288:1998 [77], and provide a graphical representation of surface cross-sections 
to calculate linear wear depth [52]; a metric which has been suggested to correlate with corrosion 
scores [58]. The rationale for measuring the surface topography of tapers includes: design 
classification [23, 64], demarcation of worn regions [78], and also detecting topographical changes 
from an as-manufactured condition [52, 79, 80]. Topography is often measured around the implant 
circumference and averaged to account for any variation in surface texture. A recurrent measurement 
routine is to take four linear scans at 90o increments [64, 74, 81-83].  

International standards define evaluation lengths for roughness average values (Ra) of 4 mm for 
0.1 µm < Ra < 2 µm, and 12.5mm for 2 µm < Ra < 10 µm [77]. If the dimensions of the implant preclude 
the capture of the recommended evaluation length, multiple profiles can be recorded from separate 
areas of the surface. An example of this was present in the literature, where five 0.8 mm traces were 
taken to achieve the required 4 mm evaluation length [84]. ISO 4288:1998 also stipulates that for 
measurement of anisotropic surfaces, the workpiece must be positioned such that the measurement 
direction is normal to the lay of surface texture being measured. Failure to follow this advice could 
introduce cosine error (Figure 6). 

Roughness parameters have been used as a taper damage indicator. Simulator studies have found 
that the Ry, Ra [80], and Rz roughness of type A tapers became significantly larger after 10 million 
cycles when coupled with a type B taper [79], reinforcing the theory of imprinting. No significant 
change in roughness values were noted for type A taper couples [80]. For type B tapers, material loss 
has been suggested to reduce Ra surface roughness following removal of surface asperities [52]. 

Ra is the most universally applied roughness parameter [84], in conjunction with Rz [64]. These 
parameters can be used as a determinant of general surface roughness, but do not provide 
information about the functional surface properties. As both parameters average the surface heights, 
outliers can largely influence the final roughness value. Additionally, two functionally dissimilar 
surfaces may have the same Ra or Rz value. These parameters should not be used in isolation, as they 
do not fully describe a surface profile. To give more inclusive results, additional roughness parameters 
should be considered [64]. Roughness parameters used in the literature, with a description from ISO 
4287:1998 [85] and ISO 13565-2:1996 [86], are summarised in table 4. 
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Table 4 – ISO standard roughness parameters used in reviewed orthopaedic literature 

Parameter References Title Description 

Ra 
[52, 64, 74, 
79, 80, 84, 

85] 

Arithmetic Mean Deviation of 
the Assessed Profile 

The arithmetical mean of all ordinate 
values in relation to the mean line of 
the roughness profile 

Rz* [64, 79, 80, 
85] Ten Point Height 

Sum of height of the largest profile 
peak height and the largest profile 
valley depth within a sampling length 

Rp [64, 85] Maximum Profile Peak Height 
Largest peak height from the mean 
line of the roughness profile within a 
sampling length 

Ry [79, 80, 
85] Maximum Height of Profile 

Sum of largest height and largest 
valley depth within a roughness 
profile 

RSm [64, 85] Mean Width of the Profile 
Elements 

Mean width value between profile 
elements within a sampling length 

Rsk [74, 83, 
85] 

Skewness of the Assessed 
Profile 

Deviation of the surface from 
symmetry with respect to the mean 
line of the roughness profile 

Rmr [83, 85] Material Ratio of the Profile 
(Abbott Firestone Curve) – curve 
representing the material ratio of 
the profile as a function of level 

Rk [64, 86] Core Roughness Depth Depth of the core material as defined 
by the material ratio of the profile 

Rpk [83, 84, 
86] Reduced Peak Height Height of the protruding peaks 

above the core roughness profile 
* No longer included as an ISO Parameter 

Roughness parameters have been used to classify the topography of type B taper designs. A three-
stage system for the classification of taper types was published [64]. Firstly, in agreement with 
previously published methods [22, 23] Ra and Rz distinguished between type A and type B. For type B 
tapers, the symmetry of the surface texture was considered by comparing the ratio between Rp and 
Rz (these parameters only use maxima and minima. A more suitable parameter would be Rsk which 
factors all ordinate values). Finally, the contact ratio was defined by comparing the ratio of Rk and Rz 
to quantify the “plateau-like” nature of the surface [64]. 

4.3.3. Roundness Measurement Machines 

A natural extension of 2D profilometry was the development of the Roundness Measurement 
Machine (RMM). The RMM operates on a similar principle to a profilometer, but rotates the workpiece 
on a precision air spindle whilst measuring deviations from a calculated datum [24]. Available styli 
range from 2 µm conisphere styli as used in profilometry, to 5 mm spherical styli such as those used 
in CMMs [59]. 2D profiles are measured relative to the axis of the spindle, permitting simultaneous 
measurement of topography and form, subject to an appropriate stylus [68]. RMMs make use of a 
linear inductive transducer which, in the case of current instruments such as the Talyrond 500H Series 
(Ametek, Berwyn, PA), offer gauge ranges up to 4mm which are capable of resolving 0.3 nm linear 
deviations [87]. The nature of this method dictates that, unless eccentricities are within the gauge 
range of the transducer [29], workpieces must be axisymmetric. 
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Prior to surface measurement, calibration and alignment protocols must be undertaken. Most 
instruments feature an integrated calibration protocol [24]. This is necessary for arcuate correction – 
the correction of error which arises from the effective change in length of the stylus as the stylus 
moves in an arc about a pivot point, instead of remaining normal to the surface. Calibration is 
performed on traceable artefacts: a reference sphere or calibration cylinder [24]. An iterative centring 
and levelling routine is then required to align the rotational axis of the workpiece with the spindle axis. 
Two roundness traces are recorded at a specified plane separation to construct the central axis of the 
workpiece. The software compares the angular and translational deviation between the workpiece 
and spindle axes and iteratively adjusts the table until the two axes concur to a pre-set tolerance; 
typically, <1 µm eccentricity and 0.01o of angular deviation. The adjustment process is a combination 
of  translational movement in the x and y axis along with pitch and roll adjustment [59]. RMMs have 
been used to quantify topography, taper angle, and material loss. Computer Numerical Control (CNC) 
permits automated 3D cylinder mapping of taper surfaces [24] by combining several vertical or 
roundness traces to form a cylinder map. 

Taper angles from type A and B devices have been quantified using roundness measurement [24, 
66, 82]. Methods rely on treating the RMM as a 2D profilometer and recording traces in quadrants to 
isolate worn and unworn regions. Multiple roundness traces can then be recorded in these unworn 
areas, and taper angle can be calculated using the resulting radius and axial location. 

Methods for the measurement of type A tapers employ a cylinder mapping strategy which 
measures equally spaced vertical straightness profiles around the taper circumference. This is mainly 
a requirement for femoral head bores which may exhibit imprinting, but is also important for most 
type A surfaces which are likely to have been manufactured by turning, so that profiles are measured 
perpendicular to the topography [24]. Between 24 and 1440 traces have been used by the methods 
reviewed in the literature [24, 47, 55, 68, 83, 88-90]. Through sensitivity analysis, Kocagöz and 
colleagues determined that 24 vertical straightness profiles were the minimum required to 
‘accurately’ measure taper material loss [89]. With 24 profiles, calculated material loss remained 
within 2% of the value calculated from 144 profiles. The required measurement accuracy must be 
considered for each application to eliminate unnecessary computing time. Measurement times in the 
region of 20 minutes were reported using 24 traces [89], but exceeded 1 hour when using 180 traces 
[68]. 

 For type B tapers, studies have utilised the same cylinder mapping strategy [12, 21, 59, 82, 91], 
but reported challenges with workpiece alignment due to the influence of texture on centring and 
levelling algorithms. [59, 91]. This can be overcome by exploiting the mechanical filtering effect of a 
larger spherical stylus during alignment [66, 91]. 

RMM instruments are not ideally suited to measuring type C tapers, as the difference between the 
narrowest and widest taper radius when revolved could exceed the RMM gauge limits. Underwood et 
al. recognised that specialist fixturing would be necessary for entire taper surfaces to be characterised 
[24]. Despite this, a retrieval study used an RMM to measure both tapers of bi-modular hip 
components [92] by measuring the half conical sections and leaving the planar sections un-analysed. 
The rationale behind this method was that the half conical sections account for ¾ of the total surface 
area, and that most of the material loss seen in previous retrieval studies using CMMs and visual 
inspection was located on the medial and lateral portions of the tapers [33, 41]. The additional 
resolution offered by roundness measurement identified a unique wear patterns, but determination 
of material loss could not be achieved due to the exclusion of the planar sections from measurements. 
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4.3.4. Non-Contact Metrology 

Non-contact, optical metrology instruments manipulate light spectra to perform surface 
measurement. Surfaces are recorded as point co-ordinates, profile traces, or as an areal map. The 
articles reviewed revealed three key optical technologies which have been used for the measurement 
of tapers in orthopaedics.  

White light interferometry is an areal interference microscopy technique which uses the 
interference fringes of light to measure the topography of a low reflectance sample with nanometre 
resolution [93]. The use of this technique in the literature is sparse. The field of view offered at 
relatively conservative objective magnifications is limited (approximately 0.7 x 0.7 mm [23, 72]), and 
substantial data dropout was observed when measuring type B tapers due to the steep topographical 
gradient and curved surface causing a loss of reflected light to the detector [23]. Indexing tapers in a 
fourth axis could alleviate some of these issues by maintaining a normal orientation of the sample 
with respect to the objective lens. Because line of sight is required, direct evaluation of the taper bore 
by white light interferometry is not possible without sectioning [54], which is not feasible in the case 
of retrievals [51]. This challenge is common to all optical methods [94]. 

A unique measurement system; the RedLux Artificial Hip Profiler (RedLux, Southampton, UK), 
operates on the principle of chromatically encoded confocal measurement [30] to record point co-
ordinate surface information. A proprietary chromatic confocal sensing head uses chromatic 
aberration (optical error) phenomena to resolve surface heights to 20 nanometres [95, 96]. The 
configuration supports full taper acquisition within minutes, depending on data density [95]. The 
ability of the optical CMM to readily measure the entire external surface of an axisymmetric 
component has lent itself to the detection of material loss from taper surfaces [48, 95]. Relevant 
reviewed articles focussed on the measurement of type A bore tapers. 

Focus variation microscopy utilises low depth of field lenses combined with a scanning procedure 
to record height points on the surface based on the standard deviation of light between neighbouring 
pixels. Both topography characterisation and 3D characterisation of axisymmetric components can be 
achieved if a rotational stage is used. Measurements offer simultaneous capture of nanometre level 
surface maps and colour images, which could be useful for identification of corrosion. To curtail 
measurement times, however, it is important to minimise the scanning range. For taper 
measurement, this involves tilting of the rotational axis to orient the taper surface in perpendicularity 
with the optical head [94]. 

High-resolution replication elastomers have been used with taper bores to overcome the access 
limitations associated with optical systems. Compounds used in the literature claim resolution values 
of 0.05 – 0.1 μm and shrinkage values of 0.1% [94, 95], and have demonstrated the ability to duplicate 
fine surface details within these claimed values [97]. When replication elastomers are used to measure 
taper bores, discrepancies between the replicated surface and true surface have been observed [94].  

Defects, caused by stiction during displacement of the replica from the bore, can be observed in 
form deviation from the original manufactured surface. Figure 8 presents two levelled profiles: a focus 
variation measurement in replica and an RMM measurement, from the same relative location. It has 
been noted that these types of form defects can lead to an under-estimation of the reported material 
loss value. With respect to Figure 8, the form defect in the unworn region results in the zero-level 
plane being established at a different level during volume calculation and is “largely responsible for 
the discrepancy in measured material loss.” [94]. For these reasons, it has been suggested that 
replication processes may be limited with respect to resolving material loss <1 mm3. 
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Figure 8 – Levelled taper profile traces from the same relative location (above), showing discrepancies between RMM 
and focus variation measurement in replica. This translates to an under-estimation in material loss (below) [94] 

Notwithstanding, the use of non-contact methods could represent a significant improvement in 
measurement times depending on the technology used. The RedLux system claims measurement 
times of between a “few” and “tens” of minutes [95], substantially less than comparable contact 
metrology technologies. Sample reflectivity must be considered when performing surface 
measurement using non-contact instruments. In the case of retrievals, it is possible that a wide range 
of surface reflectivity may be present, from dull deposits to highly reflective fretted areas. 

4.3.5. Determination of Material Loss 

Material loss is a ubiquitous metric which can provide an absolute account of damage or debris 
released from a taper junction. If properly executed, material loss values can be compared between 
studies. Analysis techniques used so far, whilst aiming towards a common objective, are not consistent 
between authors. Material loss has therefore been the focus of standards committees, and best 
practice guidelines are now available which detail measurement and analysis protocols for type A 
taper surfaces [75]. The accuracy with which material loss can be detected can be further enhanced 
by utilising measurement technologies which are capable of simultaneously capturing surface form 
and topography, particularly where high aspect ratio surface texture may influence calculated material 
loss [72]. Accuracy must always be considered with respect to the samples being measured and the 
research questions being addressed. 

Regardless of taper type, a common challenge which must be overcome for retrieval analysis is the 
absence of pre-wear measurements. Without a reference as-manufactured surface, it is not possible 
to execute a comparison with the worn surface and calculate material loss. As measurements are not 
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taken at prior to implantation, the pre-implantation surface must be obtained through interpolation 
procedures referencing regions which are assumed to be unworn. All documented methods for 
measuring type A tapers require at least one area of material which has not experienced mechanical 
contact and can hence be considered to represent the as-manufactured implant condition. The chosen 
method of data acquisition largely dictates the approach required to reproduce the unworn implant 
geometry [94]. CMMs register probed points as Cartesian co-ordinates in 3D space. In such cases, the 
material loss can be expressed as the volumetric difference between the measured point cloud and a 
conical primitive fitted to the identified reference unworn surface [17, 43, 61, 73, 78, 94, 98]. It was 
observed when fitting a spherical primitive for bearing measurements, that worn areas included in the 
fit can bias the size and position of the fitted primitive away from the true unworn surface [99]. The 
same holds true for taper surface measurements and can be mitigated by iteratively discarding points 
with maximum deviation relative to the fitted primitive [43, 98]. 

Creation of a reference surface is fundamental to the outcome of subsequent material loss 
calculations [94]. Fitting routines are therefore a significant consideration when evaluating the 
accuracy limits of material loss measurement methods. A popular approach is to fit an idealised cone 
to sections of taper which appear pristine, using least-squares fitting [43, 57, 62, 69, 95]. The 
limitations with fitting a cone are that perfect roundness and straightness of the taper workpiece are 
assumed. These assumptions may not always represent the unworn implant condition if form defects 
were present from a manufacturing or replication process [68, 94]. 

Areal analysis tools operate on surface heights registered on a 2-dimensional grid - a data format 
also known as 2.5D [94]. When utilising instruments which measure the sample on a revolving central 
axis, such as the RMM, the workpiece is mapped as a cylinder. The cylindrical form is removed from 
the raw measurement by translation from cylindrical to cartesian co-ordinates, leaving a rectangular 
representation of the taper surface and allowing established areal analysis tools to be used. In the 
cartesian co-ordinate system, the conical form element of the taper is retained as a gradient in the 
measured surface. As the difference between the maximum and minimum taper diameter is often 
larger than any surface features, the conical form element dominates the surface heights of the map 
and must be removed [24]. The slope of the surface can be removed by linear least squares fitting 
[68], however, secondary form elements may remain. 

Form deviations secondary to conical form have been reported [68, 94], manifested as 
elliptical/roundness error and as ‘barrelling’ or ‘hogging’, which refer to concave or convex 
straightness error of profile traces. Form error is perceived to directly influence the outcome of 
material loss estimation [68] and is not necessarily controlled or regulated between manufacturers or 
product lines. Elliptical form may be removed simultaneously with conical form by least-squares 
fitting, providing form removal is performed on each profile trace in isolation and average surface 
heights are normalised to a ‘zero level’ plane. The removal of straightness error cannot be achieved 
with linear least-squares fitting, so second fitting stage is necessary. Only one article from the review 
results published a form removal method which allowed the removal of manufacturing form [68].  

In this method, a first or second order polynomial was fitted to regions of the taper identified to 
have not been in mechanical contact. It is important not to include regions of damage in the form 
removal calculation, as this would skew the size and location of the calculated unworn surface. By 
generating an averaged 2D profile based on the measurement data, unworn regions of the averaged 
profiles could be identified by the operator, and a real-time polynomial fit generated (Figure 9). 
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Figure 9 – Removal of manufacturing form from head taper surface. Averaged 2D profile with selected unworn data in 

green (left) and real-time fitting result (right) [59] 

Evaluation of the measurement data with respect to the fitted polynomial allows separation of 
surface form and roughness. The authors of this method noted that this procedure was manual and 
subjective, and that two observers may not agree on unworn boundaries, highlighting the 
requirement for inter-observer repeatability studies and real-time result feedback. 

Fitting routines have been expanded for use on type C tapers, as the same concepts developed 
type A tapers are not applicable. The original taper surface cannot be represented by a universal CAD 
model, as the mechanical tolerances are unknown due to manufacturer confidentiality. The as-
manufactured surface must be approximated using computational methods. One such method by 
Buente et al. [33] exploited the presence of a proximal chamfer and distal undercut on the bore of the 
examined prostheses, which resulted in two plane separated bands of as-manufactured material on 
the opposing trunnions. The ‘non-contact’ areas were processed using Delaunay Triangulation and the 
individual, original surface reconstructed by assuming an ideally straight longitudinal extension 
between the ‘non-contact’ areas around the perimeter of the taper. The working principle of this 
method is analogous to using a profile-based least-squares on type A tapers. No studies have 
investigated the presence of straightness form error on modular neck tapers, so the extent to which 
the assumption of an ideally straight unworn surface may influence the result is unclear. 

An alternative method [63], established a central anterior-posterior semiplane by fitting 
semicircles to the half conical surfaces of the taper at several axial heights, averaging the co-ordinates 
which composed the central axes of each half cone, and fitting to the averaged points. Regions which 
were not in contact with the femoral counterface were manually selected in the same manner as the 
previously described method of Buente et al. [33] and used to generate a geometrically ideal surface 
from which to delineate material loss. 

Determining material loss from type B tapers can be approached in a similar manner as type A 
tapers, however intermediate analysis steps are necessary [21, 59]. Firstly, form removal routines valid 
for type A tapers are not necessarily suitable for type B tapers [59], as separating the underlying form 
of the taper from the surface texture is often ambiguous. Lou et al. [100] developed a computational 
method to extract points of tribological contact from the surface texture. A “digital sphere” was used 
to identify the closing envelope of the surface peaks, which could be used for subsequent form 
removal. Morphological closing also enables straightness measurement, which is important for 
quantifying the influence of manufacturing error on material loss values. The reviewed articles 
provided no indication of the magnitudes of manufacturing form error, which is present on type B 
tapers, except the study of Lou et al., where the straightness of a single stem taper sample was 
identified to be within 1.5 µm. 
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Material loss volumes from type B tapers are often small and the uncertainty introduced by not 
including the texture in the analysis could be significant [21, 72]. Measuring these devices therefore 
requires the volume of material enclosed by the surface texture to be accounted for. One such 
approach was to manually identify and isolate regions of material loss [12, 59]. Surrounding areas 
were then normalised to a zero plane, so that no material loss could be detected in subsequent 
volumetric analysis. This approach is simple in that it eliminates the requirement to reconstruct the 
as-manufactured surface. It is however not straightforward to execute, rendering it unsuitable for 
large retrieval cohorts. Subjectivity is also introduced in the potentially ambiguous manual selection 
of material loss. Automation results in a less cumbersome procedure and removes some subjectivity 
in the analysis process. The unworn reference surface cannot, however, be approximated with simple 
geometry as it can be with plain machined tapers. 

Another method [21] started by identifying morphological features on the taper surface using 
optical microscopy and Scanning Electron Microscopy (SEM). The objective of this was to classify and 
locate in vivo damage, iatrogenic damage, and machining marks, with the latter treated as regions of 
no material loss. For profile traces with identified fretting corrosion, regions of material loss were 
‘repaired’ with similar profiles from the axial location without material loss. The difference in volume 
enclosed by profiles showing no material loss and profiles showing fretting corrosion, projected over 
equal partial annuli, could be used to calculate material loss (Figure 10). 

 
Figure 10 – Left - Profile with no material loss (1) and profile with material loss (2) showing repair (above)  

  Right – Projection of profiles over a partial annulus to calculate material loss [21] 

The benefit of this method is that the thread morphology from the same taper surface is used to 
reconstruct the unworn data which the authors state to be the most accurate way to calculate 
volumetric material loss on trunnions. Pristine data must exist at a different axial location on the same 
profile trace, or a profile trace at a different circumferential location must be able to accurately 
describe a damaged profile. This method may be sensitive to profile straightness and variations in 
amplitude and wavelength around the taper circumference. 

It is also possible to estimate the unworn microgroove topography through computational 
methods [91]. Regions ostensibly free from material loss were identified through visualisation of a 
preliminary levelled surface map, and using the method of Lou et al. [100], the peaks of the 
morphology identified. Identification of the local texture maxima facilitated form removal and 
calculation of the fundamental frequency which characterises the periodicity of the surface texture. 
Using this information, the unworn microgroove topography could be represented as a sum of 
sinusoids using the Fourier Series. The resulting ‘unworn’ surface was then subtracted from the 
measured data to generate a surface map delineating material loss. Residual values in this study were 
found to be approximately 4% of the unworn microgroove amplitude. Subsequent application of the 
method described by Racasan et al. [59] allowed accreted debris and displaced material  to be 
removed from the analysis and the material loss volume to be calculated.  
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Figure 11 – Computational approximation of microgroove topography from a RMM profile trace [91] 

This method offered a degree of automation to the process of measuring material loss, which is 
desirable for large cohorts of retrievals. The process was still reliant upon the selection of unworn 
areas by the operator, so data points in areas of damage should be avoided, as this can skew the 
amplitude and position of the estimated microgroove topography and compromise the accuracy of 
the material loss calculation. Estimating the original topography of the microgrooved surface can only 
be performed using the unworn data available to the operator. The assumption is that the available 
data can describe the pre-wear state of a region of material loss. 

Material loss calculation involves the application of numerical integration routines to determine 
the volume enclosed by a pre-defined reference surface. The first suggestion in the reviewed literature 
was the division of the material loss area into a series of three-dimensional partial annuli situated 
around the taper axis [24]. This method is well-suited to measurement methods which capture data 
as vertical profiles as the annuli boundaries can be clearly defined by each axial trace. The area 
enclosed by a fitted least-squares line and wear features was calculated for each element and using 
diametral information (such as the calibration of the radial arm position on an RMM), the volume 
found by means of evaluating through the annulus sector length. The total wear volume could readily 
be obtained by summation of the annulus volumes. 

Taper volume loss may also be calculated through surface discretisation. Vincelli et al. [62] 
calculated the radial extension distance between each measured point and the defined unworn 
reference surface from CMM linear scans. Average linear wear depths within each discretised element 
were multiplied by the respective element area to calculate the material loss volume. A 1 mm3 

detection limit was established, attributed to the process of averaging elements. Discretisation of 
taper point clouds can be achieved using Delaunay Triangulation [33, 43]. For type A surfaces, the 
triangulated points can be radially projected onto the pre-defined unworn reference surface. The area 
of each element was multiplied by the radial distance between the respective element centroid and 
the unworn reference surface to find the element volume. The sum of the element volumes represent 
the overall material loss volume (excluding elements smaller than the accuracy of the measurement 
instrument) [43]. This method is also valid for type C tapers, however, the element volume must 
instead be evaluated by the shortest distance between any measurement point to the unworn 
reference surface [33, 63]. 

Biological debris and deposited corrosion products present on retrieved components can 
sometimes be perceived as positive material loss [57, 58, 68]. When dealing with small volumes, 
isolating true material loss from deposits is necessary to achieve an accurate measurement. Biological 
debris and corrosion products can be identified and thresholded using the Abbott-Firestone curve 
(Figure 12), a recognised areal analysis tool for the functional characterisation of engineering surfaces. 
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The curve represents probability density function of the surface and is a graphical representation of 
surface heights. In the study of retrievals, surface deposits may be recognised as a high gradient region 
at the left of the curve [68]. The area residing below the thresholded zero line represents material loss 
and can be correlated with previously defined levelling parameters to mitigate form error [59]. 

 
Figure 12 - Abbott-Firestone curve showing detection of wear debris material loss 

During retrieval, surgeons normally extract the well-fixed femoral stem by gripping the exposed 
taper surface, which may cause damage. The high gradient peak to the left of the composite bearing 
curve can signify the edges of areas damaged by extraction. In such cases, some extraction damage 
can be removed simultaneously with surface deposits [59], providing it does not reside below the zero 
plane. Further defects residing below the zero plane must be manually identified during visual 
inspection and nullified using multivariate surface interpolation (inverse distance weighting [68]). 
Defect removal enables measurement of a trunnion which would be otherwise impossible to measure. 
The primary caveat, however, is that it is not possible to quantify material loss present in damaged 
areas prior to extraction, or to account for surface deposits present below the fitting plane, thereby 
potentially underestimating the amount of material loss [59]. 

5. Discussion 

5.1. Unworn Region and Engagement 

Quantification of material loss fundamentally entails making the volumetric comparison between 
taper measurements in a worn and unworn state [49]. The unworn geometry differs between implants 
on the micron scale; owing to manufacturer tolerances which are seldom available due to commercial 
confidentiality [33, 61]. Even if technical drawings were readily accessible, the true dimensions of the 
implant within the specified manufacturing tolerance could not be identified without the use of 
metrology instruments. As implants are not measured at the time of implantation, retrieval studies 
indefinitely require the unworn geometry to be estimated to quantify material loss. All discussed 
methods of estimation rely on interpolation procedures referencing known unworn regions. The areas 
available for interpolation can vary in shape and size depending on the level of damage, taper type, 
and taper design. 

Most trunnion designs in THR are of the order of 10 to 12 mm in length. The reduced length in 
comparison to the bore often results in the whole trunnion being situated within the head taper [43, 
73]. In such cases, no true unengaged trunnion surface is available [59], while unworn regions exist at 
the proximal and distal extremities of the femoral head taper [68, 69]. This contact scenario was 
classified in ASTM F3129-16 [75] as a Type I pattern (Figure 13). 
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Figure 13 – Schematic diagram showing an engaged stem-head couple with a 'Type I' engagement pattern [75] 

A second contact state (Figure 14), classified as a Type II pattern [75] occurs when the unworn band 
of material exists at only one end of the femoral head. In practice, this band of material is situated at 
the proximal end of the head taper and occurs when longer trunnion designs have been used. This 
contact scenario is preferable for stem taper analysis, as a few millimetres of the trunnion skirt is 
exposed, providing a true unengaged reference surface. Any other contact scenario is classified in 
ASTM F3129-16 as a Type III pattern [75]. 

 
Figure 14 - Schematic diagram showing an engaged stem-head couple with a 'Type II' engagement pattern [75] 

The assumption that the original implant surface can be reconstructed from partial unworn regions 
inevitably conveys some degree of uncertainty. The level of subjectivity associated with manual 
identification of unworn areas is regarded as a limitation [59], although blinded repeatability studies 
indicate that the effect on uncertainty may be minimal [68]. It has been stated that ambiguity in 
identifying unworn areas diminishes in high-wear cases, and that low-wear cases are more reliant 
upon operator judgement [95]. 

Unworn areas can readily be identified using visual inspection [19, 57], observing regions with 
evidence of original machining marks, or which are known to have not been in mechanical contact 
[101]. This process has been noted to improve when using SEM [49] and optical microscopy [21] over 
standard visual inspection. Roughness parameters have also been used to detect unworn areas. It is 
thought that taper surface roughness parameters are modified in-vivo [73, 84]; head taper imprinting 
could lead to an increase in some amplitude based parameters (Ry, Ra [80], and Rz [79]) and material 
loss from stem tapers may elicit a reduction in Ra roughness [52]. The implication of this information 
is that roughness parameters could be compared with a pristine component database to establish the 
boundaries which constitute damage [78]. The limitation with topographical inspection is that the 
numerical limits which define the unworn condition may differ between manufacturers and product 
lines. It has already been demonstrated that a cohort of seemingly identical 12/14 trunnions possess 
significantly different surface morphology [64]. 
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The amount of extraction damage or corrosion is sometimes so widespread that an insufficient 
amount of unworn surface is available to gain a meaningful result [48, 57, 59]. The minimum region 
necessary to gain an accurate fit is routine specific and must be studied as part of method validation. 
The error of least-squares fitting has been suggested to increase in type II engagement scenarios [68]. 
It is for this reason that the volume loss uncertainty is perceived to be higher in components with a 
type II contact pattern than those with a type I contact pattern [21, 95]. Wear volumes have also been 
shown to be highly sensitive to the width of material used to fit regression lines. Test-retest variation 
decreased from 14.1% to 3.0% when the width of the fit region was changed from 1.0 mm to 2.0 mm 
when fitting regression lines to damaged acetabular liners [49]. 

5.2. Cleaning 

Debris or biological deposits may prevent measurement of the true taper surface [75]. Localised 
surface deposits could lead to an underestimation of the overall material loss in that area [68]. 
Accreted debris has also been shown to skew visual scores [49-52]. Retrieval studies commonly state 
that cleaning has taken place prior to undertaking measurement, but do not reveal or describe the 
reagents or processes which have been used to clean the implants [45]. The requirement for robust 
cleaning protocols has been emphasised [45, 68], however, recommendations made in the literature 
are not concurrent. 

Documented implant cleaning components include: water [39, 46, 84], detergent [19, 41, 42, 47, 
57], formalin [38, 84], alcohols [33, 39, 41], and bleach [39, 41]. Whilst the choice of reagent will 
determine the cleaning effect, recommendations have been made that; providing strong bases or 
acids are not used, it is unlikely that any surface features will be damaged by cleaning process [45]. 

Cleaning action can be accelerated and increased by agitating surface deposits. This can be as 
simple as using a fingertip [84], a cloth [33], or brushes [38, 39] to displace loosely adhered deposits. 
Alternatively, ultrasonification serves to dislodge surface debris by subjecting parts to ultrasonic 
vibration for a determined period. Where the efficacy of manual agitation methods relies on the 
operator to determine when an adequate level of cleanliness has been achieved, ultrasonic baths offer 
standardisation of the cleaning process using recommended settings. 

5.3. Validation 

The robustness of measurement and analysis protocols should be characterised via a test-retest 
reliability, or repeatability study. Repeatability: related to precision, in the case of material loss 
determination, signifies the agreement of volumetric results if a methodology is successively 
undertaken. Assessing method repeatability is especially important when there is potential for human 
error, such as in the manual selection of unworn areas. Repeatability should be characterised using as 
many samples as practically possible, or the minimum amount to hold statistical significance. 
Reviewed studies utilised between 3 and 25 repeat measurements [33, 82].  Inter-observer 
repeatability studies can be used to demonstrate the robustness of processes which involve operator 
judgement [68]. Sensitivity analyses can be used to measure the effects of parameters such as data 
density [89], or user defined inputs (length and placement of fit region [49]), on the material loss 
estimation. 

Measurement detectability limits are partially dictated by manufacturing tolerances [55]. The 
deviation of the detected volume from an assumed zero wear volume of a new taper represents 
manufacturing error. The error is implant specific and a combination of manufacturing form and 
surface texture. Low volumetric errors relative to wear volumes were identified by one study [43], 
whereas another study identified errors up to 2.54 mm3 [55]. 
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Taper surfaces of a known configuration and material loss can be mathematically emulated for the 
purposes of method validation [43, 68]. Virtually generated surfaces consist of data points illustrative 
of the overriding conical form supplemented with a clinically representative damage pattern. 
Following a similar principle, a known amount of material can be manually removed from ‘out of the 
box’ implants and compared with the results obtained from surface measurement. Damage patterns 
have been induced using sandpaper [78] and carbide burrs [95]. There is no standard which dictates 
the special distribution or nature of the induced wear patterns, but the intent is that these should 
mimic the damage seen in retrievals. The study of revised implants has revealed a broad range of wear 
patterns which are specific to the level of damage and interface of interest. 

Numerous reported methods for material loss estimation have shown good concurrency between 
the ‘measured’ material loss and true material loss, when presented with a manufactured validation 
specimen. However, the ability to accurately delineate material loss from a sample with an idealised 
damage pattern does not necessarily translate to the measurement of retrievals. To this end, authors 
have developed taper damage classification systems. The current ASTM standard denotes two 
patterns: axisymmetric and asymmetric [75]. Axisymmetric patterns can be manifested as a ring of 
corrosion or damage at one end of the taper interface [21, 43, 75, 95, 102]. Hothi et al. added the 
‘axisymmetric late’ pattern, which describes the previous pattern supplemented with longitudinal 
bands of material [102]. Asymmetric damage patterns constitute either a wear pattern with a 
longitudinal band of material loss which is not present around the taper circumference [43, 75, 102], 
or describe the presence of wear at diagonally opposing locations (coup-contrecoup pattern), 
indicative of a toggling process [95, 102]. Irrespective of the pattern chosen for validation, the volume 
of material removed in producing the damage pattern should remain in line with reported values [95].  

5.4. Limitations 

Ultimately, all methods for determining material loss introduce some degree of subjectivity when 
judgements are made by an operator. Gravimetric measurement requires a pre-implantation mass, 
visual scoring methods are inherently subjective, and wear characterisation methods possess a level 
of subjectivity in selecting unworn areas from which to interpolate the as-manufactured implant 
geometry. Subjectivity is considered to be a general limitation of currently available techniques for 
characterising taper damage [68]. 

Regardless of the chosen material loss measurement method, the study of retrievals is, in part, 
fundamentally deficient. The dependability of outcomes from retrieval studies is directly influenced 
by the explant integrity and availability. When specifying a cohort of implants, it should present a 
suitable range of statistically significant dependent variables to answer the research question, whilst 
controlling confounding factors [58]. In practice this is rarely possible. Cohorts with heterogeneity 
often impede observers from drawing well-founded conclusions [48] as they would need to be 
unfeasibly large to hold sufficient clinical relevance [32]. Studies involving the voluntary participation 
of clinicians may be subject to bias with respect to device selection [72]. Moreover, obtaining 
retrievals for analysis is becoming increasingly difficult, in part due to the legally sensitive nature of 
some implant designs [51]. To compound this, it is seldom the case where both of the mating 
components are retrieved [103]. Most revision surgery demands retention of the well-fixed femoral 
stem [48, 55]. Even in cases where stems are revised, removal of the femoral component often 
necessitates grasping the taper surface, resulting in extensive iatrogenic damage [59, 82]. Likewise, 
certain liner designs cannot always be removed non-destructively [104]. There is therefore a disparity 
in which taper junctions have been reviewed in the literature, with few providing insight into the 
overall material loss across all taper junctions [55]. 
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6. Conclusions and Further Work 

An aging population, obesity crisis, and increasing patient activity levels are driving the demand for 
more resilient and long surviving replacement devices. Accessibility to tools which can reliably quantify 
damage in prostheses could be a crucial step required to deliver continual improvement in the next 
generation of implants. 

This review examined past and current literature relating to the determination of material loss 
from tapers used in arthroplasty. In early studies, the use of visual scoring and gravimetric techniques 
was extensive. It should be emphasised that these tools have contributed a significant amount of 
understanding surrounding the performance of tapers in total joint arthroplasty. Dimensional 
metrology was introduced as a viable addition to these techniques and has succeeded in quantitatively 
measuring taper damage in terms of volume loss and linear penetration. In addition, surface 
measurement can reveal a diverse range of topographic features. There is a clear requirement to 
adopt novel metrology techniques as the ‘gold standard’ for determining material loss from tapers in 
future retrieval studies. Still, this should not take place without prior extensive validation. 

The most recent taper measurement guide at the time of writing; last updated in 2016, signifies a 
consensus of several authors’ validated protocols [75]; however, the fast rate of interim research has 
created significant developments since the standard was last updated. The concepts outlined in ASTM 
F3129-16 for type A devices are deemed transferrable to all tapers. However, there are no explicit 
protocols for how to approach type B or C tapers. The ongoing development of measurement 
standards is vital for developing a foundation of common understanding for future studies. 

Stylus-based instruments have been used extensively for taper measurement. CMM measurement 
is highly versatile, capable of measuring most geometry with a resolution of several microns. RMM 
measurement offers simultaneous acquisition of topography and form within a limited gauge range. 
Both methods are favoured for their ability to access taper bores with relative ease, however, the 
accuracy of these methods is partially determined by the capacity of the probe to traverse the true 
surface topography [24, 71]. Probe forces may also introduce scratches, which is undesirable when 
measuring delicate or sensitive surfaces [21]. 

The use of optical measurement in the literature is negligible by comparison. Optical measurement 
instruments are experiencing rapid development, demonstrating improvements in resolution, 
measurement range, and capacity to measure large reflective ranges. The reviewed optical tools 
(except the optical CMM) offer a limited field of view which prevents single measurements of entire 
taper surfaces [23]. Interferometry and focus variation microscopy can be sensitive to surface 
reflectivity and significant data dropout can occur when using broadband light to measure steep 
surface slopes [23]. A critical limitation of non-contact instruments is that taper bores cannot be 
measured directly [24, 54]. Replication is required which introduces further error [94, 97]. If these 
shortcomings can be overcome, optical measurement may offer reduced measurement times in 
comparison to contact measurement [94, 95]. 

This review has demonstrated that current instruments are capable of measuring taper interfaces 
used in modular arthroplasty. Care must be taken in selecting an appropriate technique depending on 
the medical device being measured. Methods only need to be suitable to answer a specific research 
question, and many research questions have already been well answered using methods discussed in 
this paper. Notwithstanding, further work is still required by the research community, especially with 
regards to validation and standardisation. The advantages of using measures such as material loss is 
that they allow direct comparison of results between studies. However, if measurements are not 
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traceable back to a standard test method, then studies stand on their own and the results cannot be 
compared. In addition, no validation framework currently exists. Methods have previously been 
validated using artificially spoiled components or mathematically generated data. Until a validation 
framework and universal artefact are established, measurement uncertainty cannot be fully 
understood. 
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