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Impact of Surgical Alignment,
Bone Properties,
Anterior–Posterior Translation,
and Implant Design Factors on
Fixation in Cementless
Unicompartmental Knee
Arthroplasty
Micromotion exceeding 150lm at the implant–bone interface may prevent bone formation
and limit fixation after cementless knee arthroplasty. Understanding the critical parameters
impacting micromotion is required for optimal implant design and clinical performance.
However, few studies have focused on unicompartmental knee arthroplasty (UKA). This
study assessed the impacts of alignment, surgical, and design factors on implant–bone
micromotions for a novel cementless UKA design during a series of simulated daily
activities. Three finite element models that were validated for predicting micromotion of
cementless total knee arthroplasty (TKA) were loaded with design-specific kinematics/
loading to simulate gait (GT), deep knee bending (DKB), and stair descent (SD). The
implant–bone micromotion and the porous surface area ideal for bone ingrowth were
estimated and compared to quantify the impact of each factor. Overall, the peak tray–bone
micromotions were consistently found at the lateral aspect of the tibial baseplate and were
consistently higher than the femoral micromotions. The femoral micromotion was
insensitive to almost all the factors studied, and the porous area favorable for bone
ingrowth was no less than 93%. For a medial uni, implanting the tray 1mm medially or the
femoral component 1mm laterally reduced the tibial micromotion by 19.3% and 26.3%,
respectively. Differences in tray–bone micromotion due to bone moduli were up to 59.8%. A
5mm more posterior femoral translation increased the tray–bone micromotion by 35.8%.
The presence of the tray keel prevented the spread of the micromotion and increased the
overall porous surface area, but also increased peak micromotion. The tray peg and the
femoral anterior peg had little impact on the micromotion of their respective implants. In
conclusion, centralizing the load transfer to minimize tibial tray applied moment and
optimizing the fixation features to minimize micromotion are consistent themes for
improving cementless fixation in UKA. Perturbation of femoral–bone alignment may be
preferred as it would not create under/overhang on the tibia. [DOI: 10.1115/1.4066969]

Keywords: unicompartmental knee arthroplasty, cementless, micromotion, fixation, finite
element analysis

1 Introduction

Unicompartmental knee arthroplasty (UKA) is a minimally
invasive alternative to total knee arthroplasty (TKA) that only
replaces the diseased compartment (most commonly in the medial)

and preserves the remaining native knee joint [1,2]. UKA has shown
shorter operative times, faster rehabilitation, additional preserved
bone stock for revision, and similar kinematics to native knees
compared with TKA [3–5]. However, due to the higher revision rate
[6,7], UKA use remains less than 10% of TKA, although 47% of
patients are eligible [8]. One of the most common reasons for UKA
failure and the conversion to a TKA is aseptic loosening [9–12].
Cementless UKAwas introduced to reduce the rates of aseptic tibial
loosening and improve long term fixation [9]. Although there is
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historically no significant difference in the outcomes between
cemented and cementless UKA [13,14], recent innovations in
cementless components could offer a more long-lasting biological
fixation [15,16]. The primary fixation strength in cementless
prostheses depends upon bony ingrowth onto the porous surface of
the implant [17], as micromotion exceeding 150 lm may inhibit
bone formation and lead to implant loosening [18,19]. Therefore,
understanding the critical parameters impacting micromotion in
cementless UKA is critical for optimal design, patient selection, and
clinical performance.
Many in vitro experiments have been performed to investigate the

impact of various factors on implant–bone micromotion in TKA
[20–22]. However, only a limited number of studies have focused on
UKA [23,24]. Reiner et al. (2014) compared the micromotion of the
femoral component between single-peg and twin-peg designs and
reported equivalent fixation stability for the two groups [23].
Yildirim et al. (2016) investigated the impact of fixation features on
tibial micromotions using synthetic bones and found the L-shaped
keel design best resisted micromotion [24]. These studies measured
and compared the relative displacements betweenmarkers placed on
the exposed surfaces of the implant and bone. However, these
measurements are limited to a few distinct points, which may not
correspond to the actual peak interface micromotions. Also, the
boundary conditions used in these studies were simple compressive
loads applied at certain knee flexion angles,which do not account for
the complex physiological loading at the knee joint during daily
activities.
Finite element models have been commonly used to estimate

interface micromotion that cannot be measured experimentally.
Once validated, they can be used to further investigate factors or
compare different designs. Our prior experimental–computational
studies have presented validation of predicted implant–bone
micromotions in cementless TKA and investigated the influence
of TKA factors on micromotion [25–27]. Previous studies have
reported that implant alignments, bone properties, and fixation
features could have a significant impact on micromotion in
cementless TKA [20–22,26,27]. To our knowledge, no previous
studies have systematically studied the sensitivity of the
implant–bone micromotion to these factors in UKA under
physiological conditions.
Hence, this study aimed to investigate the impact of implant

alignment, bonematerial properties, tibiofemoral anterior–posterior
(AP) translations, and implant design factors on femoral–bone and
tray–bone interface micromotions in cementless UKA during a
series of daily activities. Factors were studied using three knee
models (tibia models previously validated for TKA) during
simulated gait (GT), deep knee bending (DKB), and stair descent
(SD). The implant–bone interface micromotion and the ideal area
for bone ingrowth for eachmodel were predicted and comparedwith
the original configuration.

2 Methods

2.1 Computational Modeling. A novel fixed-bearing cement-
less UKA prototype (a medial UKA component) was used in this
study. The cementless concept is a modification of the cemented

SIGMA HP Partial Knee (DePuy Synthes, Warsaw, IN). The
implant–bone contact surface includes a three-dimensional-printed
titanium porous coating. The femoral component has a twin-peg
design, and the tibial baseplate uses a straight keel and a single peg
for enhancing fixation (Fig. 1(a)).
Three deformable knee models (all Caucasian females; age:

62.3611.4 yr; height: 158.261.3 cm; and weight: 66.0622.7 kg)
were developed in ABAQUS/STANDARD (SIMULIA, Providence, RI) to
conduct this study. The tibia models were prevalidated and adopted
from our previously published work [25]. The descriptions of the
experimental–computational validation work are briefly summar-
ized here. Three cadaveric specimens were implanted with
cementless TKA implants and tested under GT, DKB, and SD loads
using the 6DoFAMTIVIVOTM knee simulator (AMTI,Watertown,
MA). Relative displacement between marker couples (placed at the
anterior aspects of the tray and bone) and tibial bone surface
displacements were recorded with a digital image correlation
system. Corresponding subject-specific finite element models were
reconstructed from the experiments and used to predict the marker
relative displacements and tibial surface displacements. Elastic
moduli of the bone elements were calculated based on Hounsfield
units from the CT scans (with bone mineral density phantoms).
Experimental measurements were used to validate model estima-
tions. The average root-mean-square differences and correlations
between measured marker relative displacements and predictions
were 13.1 lm and 0.86, respectively. Root-mean-square differences
and correlations between measured tibial bone surface displace-
ments and predictions were 78.9 lm and 0.84. The corresponding
femur models were developed fromCT scans and assigned the same
material properties as those used for the tibia.
The UKA prostheses were virtually implanted into the three knee

models (all best-fitting a size-2 design) in HYPERMESH (Altair
Engineering, Inc., Troy, MI), using the virtual tool provided by
the manufacturer for landmark identifications and bone resections
(tray: perpendicular to sagittal plan, 4mm depth from dwell point,
and patient posterior slope; femoral: perpendicular to sagittal plan,
parallel to full extension transverse plan, and matching patient
condylar curve) (Fig. 1(b)). TheUKA components, femur, and tibial
bones were meshed with first-order tetrahedral elements. Femoral
and tibial cartilages in the lateral compartment were reconstructed
from the bony surfaces and were meshed with hexahedral elements
using a semi-automatedmorphing technique [28]. The cartilage was
assumed to have a uniform thickness, with equal thickness for both
tibial and femoral cartilage, filling the gap between the bones in the
full extension scans. All components were deformable and were
modeled as linearly elastic with different material properties, except
cartilage, which was assigned incompressible hyperelastic material
properties using the first-order Ogden strain energy potential model
[29] (Table 1). For each bone element, the density was determined
from Hounsfield units (calibrated with a phantom), and the
corresponding elasticity was calculated using an established
relationship [30]. The mesh sizes and the number of materials to
characterize bone properties were identified from convergence
studies in our previous work [25] and were also adopted here
(Table 1). The interactions between the bone and cementless implant
surfaces were assumed to be line-to-line (no interference fit) and
modeled with a 1.0 friction coefficient based on test data from the
manufacturer. The contact at the metal–poly (femoral–insert and
insert–tray) interfaceswasmodeledwith friction coefficients of 0.04
[31]. The cruciate ligaments and the other knee soft tissues were not
directly represented as themodelwas kinematically controlled in the
degrees-of-freedom (DoF) constrained by soft tissue. It should be
noted that the porous coating was not modeled separately, as the
coating thickness was not specified for this design at this stage. The
cementless contact was simulated using realistic, tested friction
coefficients, though the material properties of the porous coating
were not applied. However, a complementary test was conducted
and demonstrated less than a 5% difference in micromotion, with
slightly higher micromotion observed when the porous coating was
modeled and given its material properties.

Fig. 1 (a) The fixed-bearing cementless designs and
(b) computational model setup (left knee sample)
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The design-specific kinematics during GT, DKB, and SD
activities were adopted from a published study [32] (size-2 data
provided directly by the affiliation of the published study), where
knee kinematics during daily activities were tracked from ten
patients (without anterior cruciate ligament deficient) implanted
with the cemented version of theUKAdesign, using amobile single-
plane fluoroscope. The transformations between the femoral and
tibial components were resolved using a Grood and Suntay
kinematic description [33], and only the data from patients with
size-2 implants were averaged and used in this study (to keep
consistent with the computational specimens). For each activity, the
design-specificAP,medial–lateral (ML), internal–external (IE), and
flexion–extension (FE) kinematics were applied through the Grood
and Suntay system to drive the computationalmodels, which exactly
reproduced the femoral–insert relative motion measured in vivo.
The corresponding superior–inferior (SI) and varus–valgus (VV)
loads were estimated using a previously validated lower limb model
[34] andwere also applied through theGrood and Suntay system. The
lower limb model is a proportional–integral–derivative controlled
knee simulator designed to replicate in vivo loading conditions across
various activities and boundary conditions. By controlling the
primary lower limb muscle groups, the model adapts to changes in
component design to consistently reproduce target kinematics.

The applied kinematics and loading boundary conditions were
consistent across all three knee models, which are shown in Fig. 2.
Patellofemoral forces were not considered in the analysis as the
design does not typically involve patellar contact with the femoral
components during the simulated activities.
The three original knee models (indicated as baseline models

subsequently) were then perturbed to investigate the sensitivities of
implant–bone interface micromotions to specific UKA factors. For
each factor studied, the change of the factor was incorporated into
each baseline model, and the newly generated model was retested
during GT, DKB, and SD. The parameters of each factor and
corresponding model configurations are described below.

2.2 Unicompartmental Knee Arthroplasty-Specific
Factors

2.2.1 Implant–Bone Alignment. Tray–bone alignment: For
each baseline model, four models were developed by perturbing
the initial tray–bone alignment (considering one perturbation at a
time)61mm in the AP andML translational DoFs (Fig. 3). The AP
and ML perturbations were relatively small to prevent excessive
implant–bone overhang given the appropriate sizing and fit of the
neutral implanted trays.

Table 1 Material properties used in the computational models

Components Density (g/cm3) Elastic moduli (MPa) Poisson’s ratios Mesh density

Femoral—Titanium 4.50 110,000 0.31 1mm
Tray—Titanium 4.50 110,000 0.31 1mm
Insert—Polyethylene 0.94 571.6 0.45 1mm
Cortical bone �1 �9922.6 0.3 0.75mm at interface, 1.5mm on the surface
Trabecular bone �1 �79.6 0.3 0.75mm at interface, 1.5mm on the surface
Bone cartilage 1.1 Hyperelastic: First-order Ogden strain energy potential model (l0¼ 0.87MPa, a1¼ 14.84, and D1¼ 0.03) [29]

Approximately 400 material properties were used for modeling the bones (one material property per 4mg/cm3 bone apparent density).

Fig. 2 The tibiofemoral kinematics and loading profiles applied to the Grood and Suntay system of the knee model
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Femoral–bone alignment: For each baseline model, six models
were developed by perturbing the initial femoral–bone alignment
61mm in the AP and 61mm and 62mm in the ML translational
DoFs (Fig. 3). Larger femoral–bone ML translations could be
accommodated without introducing overhang.
It should be noted that our study aimed to explore how deliberate

changes in alignment could be optimized to reduce micromotion,
rather than evaluating the impact of inherent surgical variability.
The perturbation values were chosen to avoid causing excessive
overhang.

2.2.2 Bone Material Properties. Up to 53% difference in bone
elasticity between samples with the same bone volume fraction has
been reported due to the different trabecular architectures [35]. In
order to evaluate the potential impact of variation in material
properties, the elastic properties of the bone elements were
recalculated using both lower- and upper-bound elastic–density

relationships reported in the literature [30,36]. For example, bone
apparent density ranging from 0.1 to 1.7 g/cm3 corresponded to
elastic moduli of 54MPa–10GPa and 372MPa–17GPa when using
the lower- and upper-bound elastic–density relationships,
respectively.

2.2.3 Tibiofemoral Anterior–Posterior Translation. Anterior–
posterior translations of the contact point between the femur and
tibia had a considerable impact on micromotion in TKA [27]. To
study the impact of tibiofemoral AP translations on micromotion in
UKA, we scaled the posterior translation of the medial femoral
condyle during each activity to increase the peak posterior
translation by 0–5mm (with 1mm increments) [37].

2.2.4 Implant Design Factors. Cementless implant–bone coef-
ficient of friction: Based on the test data from the manufacturer, the
coefficient of friction was defined as 1.0 at the cementless
implant–bone interface for the baseline model. To study the impact

Fig. 3 (a) Implant–bone alignment variations (left knee sample) and (b) implant design
variations
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of this factor, the coefficient of friction was perturbed from 0.6 to
1.4 (with 0.2 increments) to cover a wide range of potential
variability.
Tray fixation features: To study the impact of the keel, we

perturbed the keel position 61mm in the ML direction. We also
simulated the extreme cases where the keel was placed at the lateral
border of the tray and removed completely. To study the impact of
the tray peg, tray models were created by removing the peg and
flipping the peg in the AP direction (10.4mm more posterior)
(Fig. 3).
Femoral component fixation features: A previous study reported

no difference in cemented micromotion between single-peg and
twin-peg designs [23]. In this study, we also removed the anterior
peg of the femoral component to study the impact on cementless
micromotion (Fig. 3).
Overall, a total of 87 models (three baseline models and 84

perturbation models) were created and 261 simulations (87 models
tested under three loading conditions) were conducted to complete
this study.

2.3 Data Analysis. Implant–bone interface micromotion was
defined as the change in the distance (incorporating both normal and
shear components) between the nodes on the implant porous surface
and the nearest nodes on the bone implantation surface. For each
model, the micromotion at the femoral–bone and tray–bone
interface was predicted throughout the entire activity cycle. The
full-field micromotion across the cementless contact surface was
calculated, and the contour maps for the frame having the peak
micromotion were presented.
Since a design with larger peak micromotion could have a greater

extent of osseointegration [27,38], we also investigated the porous
surface area favorable for bone ingrowth (micromotion less than
50 lm, indicated as SA< 50 lm) [39] as another indicator of the
fixation strength. The impact of each factor on the micromotion was
determined by comparing themaximum interfacemicromotion over
the cycle and the optimal ingrowth area (SA< 50lm) to the baseline
models. The changes in contact surface area due to alignment
perturbations were not considered for comparison purposes. In the
worst-case scenario, the overhang areas in the models are 2.2% for

the tibial tray and 0.8% for the femoral components, which are
considered negligible and not expected to impact the results.

3 Results

For visualization of the resulting micromotion, the full-field
interface micromotion contour maps for each factor are presented
for one of the three specimens during SD activity (SD activity
consistently had the highest micromotions comparing with the GT
and DKB) (Fig. 4). The contour maps for the other two specimens
are provided in the Supplemental Materials on the ASME Digital
Collection (Figs. S1 and S2), as the effect of each studied factor on
micromotion remained consistent across specimens, with variations
only in the micromotion magnitudes. The patterns of the micro-
motion were similar during DKB and GT activities but of lower in
magnitude. The femoral–bone micromotion contour maps are only
shown for select factors since the magnitude and distribution of the
femoral–bone micromotion were consistent across model
configurations.
Overall, the peak tray–bone micromotion (187646lm, occur-

ring during SD) was consistently higher than the femoral–bone
micromotion (13468 lm, occurring during DKB). For the
tray–bone interface, the peak micromotion was consistently found
along the lateral edge of the tray for all activities. The minimum
percentage of the porous surface area ideal for bone ingrowth ranged
from 74.1% (SD activity) to 86.6% (DKB activity). Specifically, the
tray–bone micromotion along the lateral edge was predominantly
shear in the ML direction, while liftoff micromotion occurred at the
anterolateral aspect, with its magnitude influenced by the
femoral–insert AP contact location. The ratio of shear to liftoff
micromotion was approximately 4:1. For the femoral–bone inter-
face, peak micromotion occurred at the posteromedial edge of the
femoral components during GT and SD activities (Fig. 4). Although
the DKB activity generated higher femoral–bone interface micro-
motion than the other two activities, the micromotions mainly
occurred on the pegs (Fig. 4—baseline DKB). The percentage of the
femoral porous area favorable for bone ingrowth was greater than
95% throughout the DKB activity, which was similar to GT and SD
activities (93–100%), andmuch higher than the tray–bone interface.
Specifically, the femoral–bone micromotion at the posteromedial

Fig. 4 The full-field interface micromotion contour maps at the frames having peak micromotion magnitudes for the baseline
model and the typical perturbationmodelsof each factor (thepresentedplotswere from the secondspecimenduring stair descent
activity)
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edge was shear micromotion, while micromotion at the pegs was
along the SI direction. The impacts of each factor on the interface
micromotion and contact area ideal for bone ingrowth are listed
below.

3.1 Implant–Bone Alignment. Tray–bone alignment: Pertur-
bations of the tray alignment in the lateral direction resulted in an
average 19.3% increase in peak tray–bone interface micromotions,
occurring during SD, and a corresponding 3.5% reduction in
SA< 50lmper 1.0mmof translation.Micromotion changes caused

by alignment perturbations along the AP direction were negligible
(1.3% and 0.4% in tray–bone micromotions and SA< 50lm,
respectively) (Fig. 5(a)). Implanting the tray medially always
resulted in lower tray–bone interface micromotions and higher
SA< 50lmfor all specimens. Perturbation of tray–bone alignments
had no impact on the femoral–bone interface micromotion within
the bounds of the perturbation studied (Fig. 5(a)).
Femoral–bone alignment: Perturbations of the femoral compo-

nent alignment in the medial direction resulted in a 26.3% increase
in peak tray–bone interface micromotions and corresponding 5.5%
reduction in the SA< 50 lm per 1.0mm of translation. The average
change caused by perturbations along the AP direction was
negligible (1.2% and 0.6% in tray–bone micromotions and
SA< 50 lm, respectively) (Fig. 5(b)). Implanting the femoral
component laterally always resulted in lower tray–bone interface
micromotions and higher SA< 50 lm for all specimens. Perturba-
tion of femoral–bone alignment had a much smaller impact on the
peak femoral–bone interface micromotion (3.6% due to ML
perturbation per 1mm of translation; 1.7% for AP perturbation)
(Fig. 5(b)).

3.2 Bone Material Properties. The differences in the peak
tray–bone interface micromotion and corresponding SA< 50 lm
between models using upper- and lower-bound elastic material
properties were on average 59.8% and 17.0%, respectively. The
differences in the peak femoral–bone interface micromotion (6.4%)
and the minimum SA< 50 lm (0.1%) were much smaller (Fig. 6).

3.3 Tibiofemoral Anterior–Posterior Translation. The peak
tray–bone interface micromotion gradually increased with the
posterior translation of the femoral condyle, showing an average
increase of 35.8% for a 5mm posterior translation. The correspond-
ing SA< 50 lmdecreased by an average of 5.7%. The differences in
the peak femoral–bone interface micromotion (3.7%) and the
minimum SA< 50 lm (0.1%) were negligible (Fig. 7(a)).

3.4 Implant Design Factors. Cementless implant–bone coef-
ficient of friction: The peak tray–bone micromotions reduced by an
average of 10.4% when increasing the coefficient of friction from

Fig. 5 Impact of tray–bone (a) and femoral–bone alignment (b) on the interface micromotions and porous coating area ideal for
bone ingrowth (mean6SD). The empty bars in each right plot represent the total porous coating area of the correspondingmodel.

Fig. 6 Impact of bone material properties on the interface
micromotions and porous coating area ideal for bone ingrowth
(mean6SD)
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0.6 to 1.4, and the corresponding SA< 50 lm increased by an
average of 3.6%. Perturbation of the contact coefficient of friction
has a negligible effect on the femoral–bone interface micromotion
(Fig. 7(b)).
Tray fixation features: The peak tray–bone interfacemicromotion

decreased slightlywhenmoving the keelmedially, at an average rate
of 4.90% per 1mm of medial translation. However, the correspond-
ing SA< 50 lmdecreased simultaneously at an average rate of 2.7%
per 1mm of medial translation (Fig. 8(a)). The minimum peak

tray–bone micromotion (143639 lm) was achieved when the keel
was removed, which was on average 35.9% smaller than the model
with the most lateral keel. However, the corresponding SA< 50 lm
of themodel without the keel was significantly smaller (18.4%) than
the model with the most lateral keel. The impact of the peg position
on the peak tray–bone interface micromotion was negligible (Fig.
8(b)).However, the tray SA< 50 lmwas reduced by 6.7%due to the
removal of the tray peg. The tray fixation features had no impact on
the femoral–bone micromotion.

Fig. 7 Impact of tibiofemoral AP translation (a) and implant–bone coefficient of friction (b) on the interface micromotions and
porous coating area ideal for bone ingrowth (mean6SD)

Fig. 8 Impact of tray keel (a) and tray and femoral peg (b) on the interface micromotions and porous coating area ideal for bone
ingrowth (mean6SD)
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Femoral component fixation features: Higher micromotion
occurred on the anterior peg of the femoral component compared
to the middle peg (Fig. 4—baseline DKB). Removal of the femoral
anterior peg reduced the femoral–bone micromotion by an average
of 16.5% compared with the twin-peg design. However, the
minimum SA< 50 lm of the femoral component reduced by
12.0% due to the removal of the peg. The femoral anterior peg
had no impact on the tray–bone micromotion (Fig. 8(b)).
The impact of each factor on the implant–bone micromotion and

the corresponding SA< 50 lm is listed in Table 2.

4 Discussion

The primary fixation of cementless knee replacement relies on
bone ingrowth into the porous surface of the implants. In this study,
we investigated the implant–bone interface micromotion and the
surface area favorable for bone ingrowth for a novel cementless
UKA design during three activities of daily living. Specifically, we
assessed the impact of implant–bone alignment, bone material
properties, tibiofemoral AP translation, and implant design factors
on micromotion. Three cadaveric knee models (tibia models were
previously validated for predicting cementless TKA micromotion)
were utilized to conduct this study, and design-specific kinematics
were applied to actuate the models.
A previous study that experimentallymeasured tray–bone surface

displacements for a similar UKA design (Oxford cementless,
ZimmerBiomet,Warsaw, IN) [24] reportedmaximummicromotion
at the anterolateral edge of the tray, with a decrease toward the
medial side. Although that study focused on a mobile bearing
design, the observed trend remains applicable to the fixed bearing
design used in our study, owing to its flat articular surface and
unrestricted range of motion. In our study, the predicted tray–bone
micromotion distribution follows the same trend at those specific
locations (Fig. 4). However, the peak tray–bone interface micro-
motion (during SD activity) consistently occurred at the lateral edge
of the tray. It is important to note that the potential location of
maximum micromotion (along the lateral edge) could not be
experimentally measured, leaving it unverified by existing exper-
imental data. This limitation underscores the importance of
computational simulations in complementing experimental meth-
ods. Our predicted femoral–bone micromotion distribution pattern
(Fig. 4) was also in agreement with an experimental study [23]
which reported consistently less than 30lmmicromotion along the
medial edge of the femoral component. However, those experimen-
tal measurements were limited to a few isolated points, and the
locations theoretically having the peak micromotions (tibial tray
lateral edge and femoral pegs) cannot be measured experimentally
since they were either occluded by bony tissues or inside the bone.
This highlights the necessity of using computational models to
assess cementless fixation in UKA.

In this study, the peak tray–bone interface micromotions
(187646lm) were consistently higher than the femoral–bone
micromotions (13468lm). The minimum percentage of the porous
area ideal for bone ingrowth was 95.663.6% for the femoral
component, which was much larger than that for the tibial tray
(75.762.0%). Also, we found that the femoral–bone micromotion
was insensitive to almost all the factors studied. Even in the case of
large differences in bone elastic properties, the peak femoral–bone
interface micromotion only changed by 6.4%, whereas the
tray–bone micromotion changed by 59.8% under the same
condition. These findings could explain why loosening is more
commonly reported for the tibia in UKA [40,41]. The difference in
micromotion and sensitivity between the tray–bone interface and
femoral–bone interface was due to the different contact conditions.
For the tibial components, the femoral–insert contact point varies on
the insert surface during activities. The tibial components
experience eccentric loading by the femoral component when the
contact location is close to the insert edge, which creates a
significant moment on the bone interface. While for the femoral
component, the contact point is generally on the J-curve (close to the
middle in the ML direction), and thus the component does not
typically see eccentric loading during activities. Moreover, the
angular cementless surfaces of the femoral component provide
additional resistance to micromotion. In summary, the source of the
tray–bone micromotion was mainly tray rotation under eccentric
loading, while the source of the femoral–bone micromotion was
primarily bone deformation at the complex contact regions.
Therefore, although the peak femoral–bone interface micromotion
(13568 lm) was higher than the tray–bone micromotion
(114631lm) during DKB activity, the high femoral–bone micro-
motion was isolated to a small area on the pegs, and the
corresponding SA < 50 lm for the femoral component
(96.560.1%) was still much larger than that for the tibial tray
(82.764.2%). This implies that the micromotion caused by
eccentric loading is likely more harmful to cementless fixation,
and more efforts should be focused on minimizing tray–bone
micromotion.
The implant–bone ML alignment had a significant impact on the

tray–bone interface micromotions in UKA. Specifically, we found
that implanting the tibial baseplate medially and implanting the
femoral component laterally reduced the tray–bonemicromotion for
all specimens tested. This was because these alignments centralized
the load transferred to the tibial baseplate by the femoral component,
thereby reducing lifting of the tray along the lateral edge. We also
found that the impact of femoral–bone ML alignment on the
micromotion (26.3% per 1mm variation) was greater than that of
tray–bone ML alignment (19.3%) with the same perturbation
magnitude. The differencewas thought to be because perturbation of
the femoral–bone alignment also altered the load transfer with
respect to the tibial shaft. Implanting the femoral component

Table 2 The sensitivityof implant–bonemicromotions and correspondingSA<50lmto each of the factors studied; the values larger
than 5% were highlighted

Factor
Peak tray–bone
micromotion (%)

Minimum tray
SA< 50 (%)

Peak femoral–bone
micromotion (%)

Minimum
femoral SA< 50 (%)

Tray ML alignment (per 1mm) 19.29 3.48 0.23 0.42
Tray AP alignment (per 1mm) 1.26 0.42 0.56 0.09
Femoral ML alignment (per 1mm) 26.28 5.54 3.64 0.64
Femoral AP alignment (per 1mm) 1.16 0.64 1.65 1.40
Bone elastic properties 59.84 17.02 6.40 0.11
Tibiofemoral AP translation (5mm) 35.81 5.69 3.66 0.07
Coefficient of friction (per 0.1) 1.74 0.60 0.06 0.26
Tray keel ML positioning (per 1mm) 4.89 2.68 No impact No impact
Tray keel (presence) 35.94 18.39 No impact No impact
Tray peg (presence) 0.72 6.74 No impact No impact
Femoral anterior peg (presence) No impact No impact 16.54a 12.04

aThe impact of the femoral anterior peg on the micromotion was considered negligible because the peak micromotion occurred at the anterior peg, and the
micromotion elsewhere on the femoral component was unchanged after the removal of the anterior peg.
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centrally would also centralize the load transferred on the tibia,
which reduced the tibial bendingmoment and thereby contributed to
minimizing the tray rotation. However, implanting the tibial tray
centrally does not change the bending moment on the tibia, which
resulted in a relatively smaller impact on the micromotion. Our
finding indicated that the cementless fixation in UKA can be
improved by optimizing the implant–bone ML alignment. Since the
tray–bone alignment is likely small in the ML direction given a
properly sized and implanted tray, perturbation in tray–bone ML
alignment could cause a undesired under/overhang. Therefore,
optimizing the femoral–bone ML alignment should be preferred to
minimize tray–bone micromotion as the positioning of the femoral
component is more variable. However, it should be noted that the
excessive centralization of the femoral component might cause
excessive forces lateral to the keel and result in the tibial baseplate
subsiding into a valgus position [42].
Our previous study in TKA found that a more posterior

femoral–insert contact causes greater tray tilt, leading to a
significant increase in micromotion at the anterior aspect of the
tray [26,27]. This finding held true in UKA as well (Fig. 4—
tibiofemoral AP translation). However, the effectiveness of
attempting to reduce micromotion by controlling the tibiofemoral
AP translation was limited (Fig. 7(a)), This limitation arises because
moving the contact anteriorly only eliminates the anterior lifting,
while the micromotion caused by moments impacting medial and
lateral edges persist. In contrast, the tray–bone micromotion can be
effectively reduced by centralizing theAP contact locations in TKA.
Implant design factors affected the cementless UKA fixation in

different ways. The coefficient of friction had a small impact on the
tray–bone micromotion over the wide range studied. But clearly,
intentionally increasing friction will aid in minimizing the
tray–bone micromotion. Regarding the fixation features, the tray
keel played an important role in tibial fixation,while the tray peg and
the femoral anterior peg had no impact on the micromotion of their
respective implants. A previous experimental study also reported no
difference in the relative micromotion at the femoral–bone interface
between the single-peg and twin-peg femoral designs [23].
However, the existence of these fixation features did increase the
total porous surface area ideal for bone ingrowth, which in turn
strengthened the overall fixation stability. Also, a second femoral
peg could provide additional fixation unrelated to micromotion
(such as resistant to spin), which was not discussed here. For the tray
keel, lateralization of the keel location resulted in higher tray–bone
interface micromotion (Fig. 8). However, the resulting surface area
ideal for bone ingrowth (SA< 50 lm) also increased, which
indicated stronger fixation stability. On the contrary, adjusting the
keel location medially resulted in lower tray–bone micromotion but
also decreased the porous area favorable for bone ingrowth (Fig. 8),
which indicated weaker fixation stability. This finding was in line
with previous studies that reported the design with larger micro-
motion could have a greater extent of osseointegration [27,38],
which implies that solely investigating the peak interface micro-
motion is not enough to evaluate the implant fixation performance.
The presence of the tray keel effectively prevented the spread of
micromotion over the keel (Fig. 4) and increased the total porous
surface area, evenwith the increasedmicromotion lateral to the keel.
Hence, we suggest future work investigating porous areas favorable
for bone ingrowth as the priority indicator to assess cementless
fixation.
Differences in the bone material properties between models had a

substantial impact on the tray–bonemicromotion but amuch smaller
impact on the femoral–bonemicromotion (Fig. 6). The difference in
peak tray–bone interface micromotions were up to 59.8% over the
range of bone elasticity evaluated. This may partially explain why
tibial loosening is more common in UKA [40,41]. However, these
differences in bone quality exist between patients and must be
accommodated by the implant. Therefore,minimizing the tray–bone
interface micromotion through implant design and surgical
technique are critical to prevent implant loosening and improve
survivorship in UKA in patients with poor quality bone.

It should be noted that this study focused on UKA. Since the
medial condyle typically exhibits less posterior rollback than the
lateral condyle, the bending moment around the tibial ML axis was
relatively small. Therefore, we did not see as much anterior tray
liftoff as in our previous study of TKA tibial trays [25–27].
However, for a lateral UKA, the micromotion distribution and
sensitivity could be different due to greater posterior translation of
the lateral condyle. A more comprehensive study focused on lateral
UKA is thus required in the future.
This study has limitations to note. First, the computational

analysis was based on three validated tibia specimens for predicting
implant–bone micromotion in TKA. The femur models were
developed using the same material properties as the corresponding
validated tibia models. Although design-specific kinematics and
loadings were applied, direct experimental validation on the
micromotion results has not been performed for this UKA study.
However, the bones were implanted following the manufacturer’s
guidelines, which gives us confidence in the accuracy of its
alignment. Additionally, our predicted micromotion patterns were
comparable with previous experimental studies on similar UKA
designs even though the locations potentially exhibiting the peak
micromotions were not measured. Future experimental studies are
expected to measure the micromotion at the lateral edge of the tray.
Second, standardized kinematics and loading profiles were used in
this study. Variations in kinematics and loading due to individual
anatomy, implant alignment, and soft tissue balance were not
considered, which could influence micromotion magnitude and
distribution. However, the impacts of the studied factors are
expected to remain consistent as the mechanisms are unchanged.
Centralizing load transfer, minimizing the bending moment on the
tibia, and increasing the overall porous coating area are consistent
themes that contribute to improving cementless fixation. Third, the
implant alignment perturbations may alter the kinematics and
loading conditions, which was not considered in this study.
Nevertheless, since the insert used in this study has a relatively
flat articulation surface, the variations in boundary conditions
resulting from the studied perturbation magnitudes are expected to
be minimal. Subsequently, only one implant design was considered.
The external boundary conditions and resulting sensitivities may be
different for other implant designs. Future work could leverage the
current computational framework to study other implant designs.
Finally, no interference fitwas assumed between the prostheses and the
bone, which would likely reduce the predicted levels of micromotion.
This study assessed the impacts of implant alignment, bone

material properties, and implant design factors on the implant–bone
interface micromotion and the surface area ideal for bone ingrowth
in UKA. Less concern should be focused on femoral fixation since
the femoral–bone micromotion was much smaller than the
tray–bone micromotion and was insensitive to almost all the factors
studied. The impact of bone properties between individuals on
tray–bone micromotion was significant and must be accommodated
through robust tray design and appropriate patient selection. The
implant–bone alignment in the medial–lateral direction had a
considerable impact on the tray–bone micromotion. Lateralization
of the tray keel resulted in highermicromotion but also increased the
surface area favorable for bone ingrowth. There are clear
recommendations for minimizing the tray–bone micromotion
from this assessment, including centralizing the load transfer where
possible with femoral–insert positioning and optimizing the fixation
features. Solely investigating the peak interface micromotion was
insufficient to evaluate the fixation stability, as designs with larger
peak micromotions could also have a greater surface area with area
ideal for osseointegration. The workflow presented in this study
could be used as a benchmark for investigating other factors and
assessing future UKA designs.
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