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A computational design of experiments based method for evaluation of off-
the-shelf total knee replacement implants

Thomas A. Burgea, Jonathan R. T. Jeffersb and Connor W. Myanta

aDyson School of Design Engineering, Imperial College, London, UK; bDepartment of Mechanical Engineering, Imperial College,
London, UK

ABSTRACT
A methodology to explore the design space of off-the-shelf total knee replacement implant
designs is outlined. Generic femur component and tibia plate designs were scaled to thousands
of sizes and virtually fitted to 244 test subjects. Various implant designs and sizing requirements
between genders and ethnicities were evaluated. 5 sizes optimised via the methodology pro-
duced a good global fit for most subjects. However, clinically significant over/underhang was
present in 19% of subjects for tibia plates and 25% for femur components, reducing to 11/20%
with 8 sizes. The analysis highlighted subtly better fit performance was obtained using sizes
with unequal spacing.
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1. Introduction

In total knee arthroplasty most surgeries are performed
using ‘off-the-shelf’ (OTS), sized, implant components.
Surgeons use X-ray imaging to select the most appropri-
ate components from available stocks, usually from 5–8
sizes (Hitt et al. 2003; Wernecke et al. 2012). Due to the
limited choice, the selection generally involves a com-
promise between preventing misalignment, achieving
adequate bone coverage, and avoiding excessive areas of
prosthesis over/underhang (OUH) (Shao et al. 2020).
Oversizing and overhang have been found to result in
painful soft-tissue irritation, osteophytes, intra-articular
fibrous bands and can affect balancing in both femur
components and tibia plates (Bonnin et al. 2013; Bonnin
et al. 2016). Consequentially, femur components are often
downsized during surgery (Dai, Scuderi, Penninger, et al.
2014). Undersizing and underhang however can lead to
increased bleeding, osteolysis, laxity in flexion, subsidence,
and instability (Hitt et al. 2003; Dai, Scuderi, Penninger,
et al. 2014). Various authors have reported that OUH
�3mm can be regarded as clinically significant and leads
to increased probability of complications post-surgery
(Dai, Scuderi, Penninger, et al. 2014; Schroeder and
Martin 2019; Shao et al. 2020).

The morphologies of the distal femur and proximal
tibia vary considerably between patients. Many studies

have looked at how the morphologies differ with fac-
tors including gender, race, and height, reporting sub-
stantial difference in medial-lateral (ML) and
anterior-posterior (AP) sizing, as well as ML-AP
aspect ratios (Hitt et al. 2003; Cheng et al. 2009;
Gillespie et al. 2011; Mahfouz et al. 2012; Lim et al.
2013; Dai, Scuderi, Penninger, et al. 2014; Bonnin
et al. 2016; Budhiparama et al. 2021). Manufacturers
therefore offer total knee replacement (TKR) designs
with differing sizes, ML-AP aspect ratios, as well as
gender-specific options (Guy et al. 2012; Kim
et al. 2015).

Numerous articles have investigated the fit of TKR
models, adopting both clinical and virtual approaches.
Hitt et al. (2003); Li et al. (2019); and Budhiparama
et al. (2021) measured the ML/AP sizes and aspect
ratios for distal femurs and proximal tibias and com-
pared them to common manufacturers’ models.
Wernecke et al. (2012) superimposed scans of tibia
plates onto MRI images and evaluated the fit of differ-
ent designs in terms of bone coverage and OUH.
Sharma et al. (2017) reported femur dimensions meas-
ured intraoperatively and compared the fit of standard
and narrow components in terms of OUH. Bonnin
et al. (2013) performed analyses post-operatively linking
tibia plate fit to clinical outcomes including pain and
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flexion. Clary et al. (2014); Dai, Scuderi, Penninger,
et al. (2014); and Shao et al. (2020) utilised computa-
tional-based approaches where ‘virtual surgery’ was per-
formed to assess the fit of manufacturer models on
digital subjects. The algorithms involved automatically
placing the sized components on segmented CT scan
data and evaluating the fit in terms of OUH. However,
no studies were found that utilised a design of experi-
ments (DOE) based approach to adjust implant geom-
etry across the full sizing window and evaluate the
resulting fit of different design types via clinical or com-
putational means.

OTS implant components were not generally found
to achieve satisfactory fits in related works. Mahoney
and Kinsey (2010) reported that overhang of �3mm
was present in 40% of 176 male and 68% of 261
female knees studied after TKR surgery, whilst
Wernecke et al. (2012) reported 49% of 101 subjects
would see posterolateral overhang enough to cause
popliteal tendon impingement in a study evaluating
six different tibia plate designs. Schroeder and Martin
(2019) reported that by using customised solutions,
cases of tibia plate overhang of �3mm were reduced
from 18% for OTS implant designs to zero in an
intraoperative study featuring 44 knees. Furthermore,
Arnholdt et al. (2020) reported no OUH of of �3mm
was present in any of the planes measured after fitting
custom femur and tibia plate components to 106
patients. The improved fit of customised options
compared to OTS implant models has been shown to
translate into lower revisions and complications post-

surgery (Culler et al. 2017; Buller et al. 2018;
Schroeder and Martin 2019).

Related works evaluating OTS implants have con-
centrated on a limited number of manufacturer sizes
and implant designs and haven’t demonstrated how
these could be optimised to improve outcomes for
patients. Therefore, this study introduces a new
approach for virtually assessing TKR implant designs
utilising a full factorial DOE based methodology. The
computational approach allows for a potentially infin-
ite range of sizes and designs to be evaluated, without
the need for clinical work. The study utilised generic
implant designs to demonstrate the application of the
method to optimise the implant sizes for a test popu-
lation. The outcomes were then compared to results
reported in the literature for commercially available
OTS implant models as well as custom solutions.

2. Materials and methods

Two independent datasets were used for test subjects.
CT scans of Asian Korean cadavers with a consistent
resolution of 0.832� 0.832� 1mm were received from
the Korea Institute of Science and Technology
Information (KISTI) (Lee and Lee 2010). Data was also
sourced from the Osteoarthritis Initiative (OAI) consist-
ing of high resolution (all 0.365� 0.365� 0.7mm) MRI
scans of White American subjects (Nevitt et al. 2006).
For the OAI dataset, manual segmentation of the MRI
data for 47 female and 30 male subject knees (77 in
total) was performed to generate 3D models of femur

Figure 1. The subject anatomy (left), scaled implant components (middle), and virtual fitting (right) is shown for the femur (top
row) and the tibia (bottom row). Red dots on the right images show the location of the maximum OUH. Yellow plane illustrates
the tibia bone resection plane.
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and tibia bones using 3D Slicer (Fedorov et al. 2012). A
‘median’ smoothing function was applied to all seg-
mented bones with a consistent kernel. The KISTI data-
set was supplied with pre-segmented 3D models from
which 90 female and 77 male (167 in total) femur and
tibia bones were utilised. Examples of the segmented
3D models are shown in the left of Figure 1.

All segmented bone models were consistently
aligned with the ML axis in the X direction, the AP
axis in the Y direction, and the axial axis in the Z dir-
ection. This was done prior to implant fitting and
completed automatically using a MATLAB script
comprising of the ‘pcregrigid’ iterative-closest-point
(ICP) method and correctly aligned, reference femur
and tibia bone models.

Generic base TKR femur and tibia plate compo-
nents were modelled for use in the virtual fittings
(Figure 1). The design and dimensions of the base
3D femur component were selected to closely mimic
common manufacturer models. For tibia plates two
generic 2D profiles, one anatomic (asymmetric) and
another symmetric, were designed (Figure 2).

Before virtual fitting was performed each tibia plate
was scaled in the X (ML) and Y (AP) dimensions
(illustrated in Figure 1). Scaling in the XY plane,
only, was satisfactory as the function of the tibia plate
is to best match the profile of the resected bone,
rather than replicating the 3D form of the condylar
region. Similar approaches were adopted by Clary
et al. (2014) and Shao et al. (2020). For femur compo-
nents scaling was applied in the X and Y dimensions,
as well as with/without in the Z dimension. This
facilitated investigation of fixed height and propor-
tional design options. When scaling in the Z dimen-
sion was applied, the mean of the X and Y scaling
factors was utilised instead of treating it as an inde-
pendent degree of freedom. This helped limit the size
of the DOE in this study but could be treated inde-
pendently in future work.

Utilising a full factorial DOE allowed the complete
sizing design space between specified ML and AP
dimensions to be explored. Femur components were
scaled, using increments of 1mm, to ML and AP

dimensions of 40–110mm to cover all subject bone
sizes. Subsequently, the study had 1,024,800 design
points including 4,200 different component size
options fitted to the test subjects from each dataset.
Tibia plates were scaled to ML dimensions of
35–110mm and AP dimensions of 30–75mm, also in
increments of 1mm. This resulted in 823,500 design
points including 3,375 different sizes to be fitted to
the test subjects.

Component scaling and virtual implant fitting was
performed automatically for each of the design points
using scripts written in Python 3. Within the auto-
mated Python scripts, components were scaled to the
required sizes and then fitted to the test subjects
using a ridged ICP method included in the
Visualization Toolkit (VTK version 9.0.3.) library in a
similar way to that described by (Clary et al. 2014).
For femur components the fitting process was per-
formed between the 3D patient anatomy and the
implant surface. For tibia plates the 2D profile of
the scaled plate was fitted to a 2D cross-section of
the bone captured via a bisection plane positioned
2mm below the height of the widest point of the
medial condyle, parallel with the surface of the tibia
plateau. The method, illustrated in Figure 1, was used
to achieve the largest possible surface area for stabil-
ity, whilst minimising bone loss (Schnurr et al. 2011).
The 2mm offset was used to ensure a continuous
resection plane could be created through the bone
below the articular surfaces of the condyles. The cut
sections highlighted by the box in Figure 2 were
excluded during the fitting process.

Various methods have been reported for calculat-
ing OUH for TKR implant components with authors
utilising specific regions or measurements such as the
widest mediolateral dimensions (Bonnin et al. 2013;
Dai, Scuderi, Penninger, et al. 2014; Sharma et al.
2017), whilst others reported distances at any point
along the edges of the components (Wernecke et al.
2012; Clary et al. 2014; Shao et al. 2020). In this
study, the maximum OUH was reported as the
Hausdorff distance (h) anywhere between the edges of
the component (C) to the edges of the bone after
resection (B), described by Equation (1). The distance
(d) between each point along the edges of the compo-
nent (c) and bone (b) were calculated as the Euclidian
distance.

hðC,BÞ ¼ max c 2 C fmin b 2 B fdðc, bÞgg (1)

The root-mean-squared error (RMSE) between the
surface of the component and the subject anatomy
was calculated as an indication of the global fit,

Figure 2. Tibia plate base designs ((A) anatomic, (B) symmet-
ric). Red squares indicate the region of the tibia plate design
not included in the fit analysis.
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described by Equation (2):

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 xi � x̂ið Þ2
N

s
(2)

where N is the number of points and xi � x̂i is the
Euclidian distance between each point of the compo-
nent surface and the bone. For tibia plates, OUH and
RMSE were calculated using the 2D profile of the fit-
ted plate and the cross-section at the resection point
on the tibia (Figure 1).

A filtered down subset comprising just the results
for each test subject with the lowest maximum OUH
value, as well as the lowest RMSE, were collected and
used as ‘best fit’ data. For analysing the results inde-
pendent parametric samples t-tests were utilised with
p values � 0.05 considered statistically significant.

3. Results

Z scaling of femur components (fixed height and pro-
portional designs) and the two tibia plate design styles
(anatomic and symmetric) were evaluated in terms of
population coverage when all possible component
sizes were considered. Figure 3 illustrates the percent-
age of the test population covered at different thresh-
old values for maximum OUH (A) and RMSE (B). In
terms of maximum OUH, femur components with Z
scaling resulted in 97.13% of the population attaining
values of <3mm, compared to just 90.57% without.
For the tibia plate designs at the same threshold,
100% were covered for the anatomic design compared
to 95.90% for the symmetric. For RMSE, both var-
iants for each component type were found to cover

>98% of the population at a< 1.5mm
RMSE threshold.

Figure 4 shows a box plot of the best fit data for
femur components with and without Z scaling. The
medians for both the maximum OUH and RMSEs
can be seen to be higher when Z scaling was not
applied with 9.43% achieving maximum OUH results
�3mm. Nonetheless, even when Z scaling was
included, 2.87% of subjects were above the clinically
significant maximum OUH of �3mm. The differen-
ces in maximum OUH and RMSE for with and with-
out Z scaling were found to be statistically significant.

Figure 5 presents the difference between the best
fit data for the two tibia plate designs. The anatomic
design produced median values of maximum OUH
slightly below the symmetric design. However, for
RMSE the median for the symmetric design was mar-
ginally lower than the anatomic, but with more vari-
ability. The anatomic design resulted in no subjects
with OUH �3mm, compared to 4.10% for the sym-
metric. The difference in maximum OUH for the two
designs was found to be statistically significant, but
the difference in RMSE was not. Based on these
results the remainder of the analysis was limited to
femur components with Z scaling (proportional
designs) and the anatomic tibia plate design.

Figure 6A shows the size differences relating to
gender and ethnicity in terms of ML and AP sizing.
Figure 6B shows the ML-AP aspect ratio in relation
to the AP size, also for gender and ethnicity. The best
fit curves for each component type are included.

The maximum OUH best fit data subset was used
to assess the difference in size requirements between

Figure 3. Population coverage at various thresholds when all possible component sizes considered for various design types.
Maximum OUH (A) and RMSE (B).
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genders and ethnicities. The average male subject
required a femur component with a ML size of
78mm (SD 4.89mm) and an AP size of 63mm (SD
4.55mm), whilst females required 69mm (SD
2.25mm) and 58mm (SD 5.16mm), respectively. For
tibia plates, males on average required a ML size of
79mm (SD 4.47mm) and an AP size of 53mm (SD
3.23mm), whilst females required 71mm (SD
3.84mm) and 46mm (SD 2.91mm), respectively.

The average Asian Korean required a femur com-
ponent with a ML size of 72mm (SD 6.05mm) and
an AP size of 59mm (SD 5.18mm), whilst White
Americans required 76mm (SD 6.29mm) and 64mm
(SD 4.19mm), respectively. For tibia plates, Asian
Koreans on average required a ML size of 73mm (SD
5.52mm) and an AP size of 48mm (SD 4.23mm),
whilst White Americans required 77mm (SD
5.33mm) and 51mm (SD 4.07mm), respectively. All
the differences in size requirements between the
Asian Korean and White American subjects were stat-
istically significant.

In terms of ML-AP aspect ratios, the average male
required a femur component with a ratio of 1.25 (SD
0.096) and 1.50 (SD 0.062) for a tibia plate. The aver-
age female required a femur component with a ratio

of 1.19 (SD 0.11) and 1.52 (SD 0.078) for a tibia plate.
The differences in ML-AP aspect ratio between males
and females for both femur and tibia plate compo-
nents were statisically significant.

The average Asian Korean required a femur com-
ponent with a ML-AP aspect ratio of 1.22 (SD 0.11)
and 1.51 (SD 0.074) for a tibia plate. The average
White American subject required a ratio of 1.21 (SD
0.11) for a femur component and 1.51 (SD 0.070) for
a tibia plate. The differences in ML-AP aspect ratio
between Asian Koreans and White Americans for
both femur and tibia plate components were not sta-
tisically significant (p values of 0.26 for femur compo-
nents and 0.98 for tibia plates).

4. Discussion

The analysis has shown the effect that different
designs and scaling techniques can have on the fit
performance of TKR implant components.
Comparing anatomic and symmetric tibia plate
designs supported conclusions made in previous
works that the former resulted in better fitting com-
ponents (Wernecke et al. 2012; Martin et al. 2014).
Completing the femur component analysis with and

Figure 4. Box plot of femur component results with and without Z scaling.

Figure 5. Box plot of tibia plate design results.
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without Z scaling showed the importance of implant
sizing being proportional in all three dimensions. The
differences in maximum OUH between femur and
tibia plate component types were found to be statis-
tically significant and, in both cases, the inferior
options resulted in an increased proportion of sub-
jects with maximum OUH �3mm. This is particu-
larly important for effective implant design due to the
increased probability of complications post-surgery
(Dai, Scuderi, Penninger, et al. 2014; Schroeder and
Martin 2019; Shao et al. 2020).

Looking at the difference in best fitting compo-
nents split by gender and ethnicity (Figure 6) con-
firmed male and White American subjects required
larger sizes for both femur and tibia plate compo-
nents. In terms of ML-AP aspect ratio, males required
femur components with larger ratios, but the opposite
was found to be true for tibia plates where females
benefited from slightly larger ratios. These findings

were statistically significant and consistent with
results published by Mahfouz et al. (2012) and Lim
et al. (2013). Despite the difference identified in size
between Asian Koreans and White Americans, the
discrepency in ML-AP aspect ratios between the data-
sets was however not significant. Lastly, Figure 6
shows a strong negative correlation between increas-
ing AP sizes and the corresponding ML-AP aspect
ratios across all subjects and component types which
is consistent with other authors (Hitt et al. 2003; Li
et al. 2019).

Figure 6 shows that the best fitting components for
the test subjects evaluated did not perfectly follow lin-
ear ML-AP sizing relationships, as shown in other
studies (Gillespie et al. 2011; Lim et al. 2013). Figure
3 shows that when any size within the limits of the
DOE was offered, the population covered within clin-
ically significant thresholds approached 100% as
expected. Nevertheless, offering thousands of sizes

Figure 6. ML sizing (A) and ML/AP ratio (B) vs. AP sizing for genders and ethnicities, split by femur and tibia plate components.

6 T. A. BURGE ET AL.



covering all ML-AP aspect ratios would be challeng-
ing in terms of cost and logistics. Consequentially,
manufacturers usually only offer around eight, equally
spaced options, typically following a linear ML-AP
relationship (Hitt et al. 2003; Lim et al. 2013; Dai,
Scuderi, Bischoff, et al. 2014). Hence this provokes
the question ‘how adequately can OTS implant
designs, with a limited number of sizes, cover a
broad population?’.

By evaluating the population coverage of all sizing
combinations when limited to a discrete number of
options, it was possible to determine the optimal fit
performance of the generic models used in this study.
For one to eight sizes, all combinations within the lim-
its of the DOE that fell on the best fit curves shown in
Figure 6(A) were considered before the selection result-
ing in the highest population coverage for each fit met-
ric were chosen. Figure 7 gives an example of the
population covered at a maximum OUH of <3mm
with the best possible combinations of four femur com-
ponent sizes when optimised (A) and equal (B) spacing
was used, demonstrating a subtle improvement. It
should be noted that although some ‘not covered’ data
points are close to the selected sizes, the best possible
result for the individual may still be above the max-
imum OUH of <3mm threshold.

Figure 8 details the outcome of the full analysis for
both component types utilising various thresholds. It
includes results for equal and optimised spacing
where no fixed gap between sizes was mandated.
Optimised spacing resulted in slightly better popula-
tion coverage compared to equally spaced (�2% aver-
age improvement) when four or more sizes
were used.

In terms of a global fit, a threshold of <1.5mm
RMSE resulted in >95% of the population being cov-
ered with just three femur component and five tibia

plate sizes. However, if a threshold of <3mm max-
imum OUH is required, for eight optimally spaced
sizes, the best selection covered 79.51% of the popula-
tion for femur components and 88.52% in the case of
tibia plates. Therefore, although a reasonably low
number of sizing options was found to afford a high
population coverage in terms of global sizing, regions
of exposed bone and clinically significant OUH would
still be present in a high proportion of subjects.
Consequently, it should be noted that sizing optimisa-
tion should not be limited to singular metrics. The
analysis was also run with a tighter threshold of
<2mm maximum OUH which, for eight optimally
spaced sizes, yielded only a 27.46% population cover-
age for femur components and 23.77% for tibia plates.
Repeating the analysis with 25 sizes for each (effect-
ively covering the full length of the best fit lines in
AP increments of 1mm) showed only marginal
improvements to 31.15% for femur components and
29.51% for tibia plates at this threshold. Based on
these results, and the spread shown in Figure 7, it can
be concluded that simply increasing the number of
fixed sizes further wouldn’t achieve a coverage com-
parable to that achieved for <3mm whilst a linear
ML-AP relationship is utilised.

As a significant difference between genders was
found in terms of ML-AP aspect ratio, the analysis
was repeated for maximum OUH <3mm with two
separate sets of optimally spaced sizes using separate
best fit curves created for males and females. Figure 9
demonstrates that with two sets of eight gender-
specific sizes, 84.67% of females and 77.57% of males
acheived maximum OUH values of <3mm for femur
components, along with 92.70% of females and
94.39% of males for tibia plates. This improvement
for both component types suggests, although gender-
specific sizes may not be needed for a good global fit,

Figure 7. Population coverage (in terms of maximum OUH values of <3mm) for four femur component sizes with optimised
spacing (A) and equal spacing (B).
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they could help minimise areas of OUH. This conclu-
sion supports findings reported by Kim et al. (2015)
and Sappey-Marinier et al. (2020), however the
authors argued that the reduction in overhang did
not translate into improved clinical outcomes.

Previous works have demonstrated increasing the
number of component sizes can improve performance
(Dai, Scuderi, Penninger, et al. 2014; Morris et al.
2016; Budhiparama et al. 2021). However this study
has shown, even with optimally spaced gender-specific
sizes and designs, a limited number of implant sizes

will never achieve results comparable to those
reported for custom solutions (Schroeder and Martin
2019; Arnholdt et al. 2020). That being said, custom-
ised solutions currently only make up <1% of the
TKR market (Evers 2019). Recent advancements in
customised solutions however have sought to over-
come the inherent issues of the technology including
the need for 3D medical imaging, higher component
costs and longer lead times. Jun (2011) and Burge
et al. (2022) outlined novel customisation processes
with the latter describing a fully automated pipeline

Figure 8. Population coverage (for various fit metrics) vs. number of femur component and tibia plate sizes for equal and opti-
mised spacing.

Figure 9. Male/female population coverage (in terms of maximum OUH values of <3mm) vs. number of femur component and
tibia plate sizes for female and male-specific designs with optimised spacing.
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based on bi-planar X-rays. Nevertheless, solutions like
these have not yet been commercialised or clinically
validated. When the drawbacks of customisation (need
for 3D imaging, longer lead times and higher compo-
nent costs) are mitigated, and the technology becomes
more widely adopted, rather than replacing OTS
implant components altogether, customised implants
could compliment them by servicing patients who lie
outside of the sizing architypes. Figures 8 and 9 dem-
onstrated that OTS solutions can afford adequate cover-
age for a large proportion of patients and that by using
the method outlined in this paper considerably higher
performance could be obtained for OTS implant com-
ponents with optimised sizing compared to that
reported in the literature (Mahoney and Kinsey 2010;
Wernecke et al. 2012). Nethertheless, having the option
of additional customisation for ‘non-standard’ anato-
mies, where a poor fit would be likely, could help
improve patients outcomes.

The virtual fitting-based approach used in this study
allowed the full sizing design space of OTS implant
components to be assessed without clinical burden. The
study concentrated on a limited number of generic base
component designs which have not been clinically tested
nor approved for use. The intent is that manufacturers
could adopt the methodology outlined to help expedite
the design of new implant designs or assess the per-
formance of current models for specific populations. It
is hoped that this could help limit costs and time
required to bring new products to market and encour-
age innovation. By optimising the sizing and spacing
between sizes of components manufacturers could also
potentially minimise the number of model sizes needed.
Healthcare providers could use the methodology to
identify the best manufacturer models and reduce the
need for large inventories of implants and instrumenta-
tion trays. It should be noted that, like with other vir-
tual approaches (Clary et al. 2014; Shao et al. 2020), the
method outlined is limited in its ability to detect and
account for osteophytes or bony irregularities which
could lead to unreliable results for subjects with more
severe arthritis. The study results were not verified by a
medical professional and no real clinical outcomes were
assessed. Instead, results were determined by calculated
fit metrics compared to thresholds widely accepted in
the literature.

5. Conclusion

This paper outlined a novel, full factorial DOE based
approach for evaluating and optimising the performance
of OTS TKR implants computationally. The analysis
demonstrated through case studies that, in terms of

global fit, implants with at least 5 sizes, following a lin-
ear ML-AP relationship, adequately covered >95% of
test subjects. However, achieving clinically acceptable
OUH for a similar proportion of subjects, even when
up to 16 (two sets of 8) gender-specific sizes were used,
was not found to be feasible. Consequentially, custom-
ised solutions would need to be used in parallel with
OTS models to adequately cover the full test subject
population. Furthermore, the analysis demonstrated that
subtly better fit performance could be obtained when
using optimised sizes with unequal spacing.
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