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Abstract: Robotic-assisted total knee arthroplasty can attain highly accurate implantation. However,
the target for optimal positioning of the components remains debatable. One of the proposed targets
is to recreate the functional status of the pre-diseased knee. The aim of this study was to demon-
strate the feasibility of reproducing the pre-diseased kinematics and strains of the ligaments and,
subsequently, use that information to optimize the position of the femoral and tibial components. For
this purpose, we segmented the pre-operative computed tomography of one patient with knee os-
teoarthritis using an image-based statistical shape model and built a patient-specific musculoskeletal
model of the pre-diseased knee. This model was initially implanted with a cruciate-retaining total
knee system according to mechanical alignment principles; and an optimization algorithm was then
configured seeking the optimal position of the components that minimized the root-mean-square
deviation between the pre-diseased and post-operative kinematics and/or ligament strains. With con-
current optimization for kinematics and ligament strains, we managed to reduce the deviations from
2.4 ± 1.4 mm (translations) and 2.7 ± 0.7◦ (rotations) with mechanical alignment to 1.1 ± 0.5 mm
and 1.1 ± 0.6◦, and the strains from 6.5% to lower than 3.2% over all the ligaments. These findings
confirm that adjusting the implant position from the initial plan allows for a closer match with
the pre-diseased biomechanical situation, which can be utilized to optimize the pre-planning of
robotic-assisted surgery.

Keywords: pre-operative planning; robotic-assisted total knee arthroplasty; pre-diseased knee;
musculoskeletal modeling; optimal implant position

1. Introduction

The positioning of the implant in total knee arthroplasty (TKA) has been identified
as one of the most important surgical choices determining the post-operative functional
status of the knee [1]. Adequate three-dimensional implantation of the femoral and tibial
components facilitates appropriate tensioning of the soft-tissue envelope and balancing
throughout the arc of knee flexion; concomitantly, implant malpositioning may induce
abnormal tensions in the ligamentous structures that encompass the tibiofemoral articula-
tion, leading to kinematic deviations and complications with regard to joint stability [2,3].
Previous studies report that internal malrotation of the tibial component tightens the me-
dial collateral ligament and increases asymmetrically the lateral femoral rollback in deep
flexion [4,5]. Robotic-assisted surgery has been introduced to accurately position the com-
ponents and reduce the outliers [6], and assist in achieving symmetrically balanced flexion
and extension gaps [7]. The pre-planning of the robotic-assisted operation utilizes pre-
operative computed tomography (CT) of the lower extremity to construct the geometrical
model of the patient’s knee and selected bony landmarks, which facilitates identifying the
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optimal size of the components and target position. These anatomical renderings guide the
intra-operative bone resections within the pre-planned spatial boundaries and subsequent
implant positioning, thus limiting cortical bone and periarticular soft-tissue injuries [8,9].
In a cadaveric study, Hamp et al. demonstrated that robotic-assisted TKA (RA-TKA) im-
proved the precision of bone resection and achieved highly accurate positioning in the three
planes compared to manual intervention [10]. The attained accuracy has been reported to
be within 1 mm and 1◦ of the pre-operative plan [11]. Despite the high degree of accuracy,
it remains debated whether utilizing robotic-assisted surgery translates into improved
functional outcomes [12]. This raises the question of what the optimal position of the
components should be to ensure optimal post-operative joint function. There are various
positioning strategies that have been proposed to attain a functional and balanced knee
joint after surgery [13]. Traditionally, mechanical alignment (MA) has been used for implant
placement since it could be performed with traditional imaging and conventional surgical
instruments. MA strives for a neutral post-operative mechanical axis [14]. This approach,
however, may be undesirable for patients with constitutional varus [15]. Alternatively,
others have suggested a kinematically aligned implantation that recreates the joint line
obliquity and tibiofemoral kinematics of the native knee [13,16], although reports display
unbalanced soft tissues in kinematically aligned knees with pre-operative deformities
due to unequal mediolateral flexion gaps [17,18]. More recently, the functional alignment
technique, as an adaptive step from either mechanical [19] or kinematic [20] alignment, has
been proposed to maintain a balance in the mediolateral soft-tissue envelope. With the
advent of RA-TKA, orthopaedic surgeons can define more post-operative targets, tailoring
the operation to the individual patient. One of the proposed targets in personalized surgery
is to recreate the functional aspects of the knee before the onset of the disease, referred here
as the pre-diseased knee. Hence, targeting the reproduction of the healthy knee, kinematic
patterns, and its accompanying strain patterns of the surrounding soft tissues.

The aim of this study was first to investigate deviations in knee kinematics and
ligament strains between the pre-diseased and corresponding mechanically implanted
knee and, second, to demonstrate the feasibility of reproducing the pre-diseased functional
profiles, testing different surgical targets, by optimizing the implant position from the initial
mechanical implantation. We hypothesized that fine-tuning the positioning parameters
of the individual components would allow to achieve a closer match between the pre-
diseased knee conditions and the post-operative knee kinematic and ligament strain profiles
than MA.

2. Materials and Methods

We used a previously developed musculoskeletal knee model of a cadaveric specimen
as a reference for the subsequent personalization to the patient-specific data [21]. This
model was implemented in the AnyBody Modeling System (AnyBody Technology A/S,
Aalborg, Denmark). Structurally, the model comprises the thigh, shank, and patella and sim-
ulates a knee extension movement from 60◦ to 0◦ under unloaded conditions, with only the
gravitational force acting along the y-axis of the system (Figure 1). The flexion angle of the
unconstrained tibiofemoral joint is controlled using a simple motion driver about the z-axis
of joint rotation while the remaining degrees of freedom equilibrate quasi-statically under
the effect of quadriceps muscles, ligaments, and contact forces. The following ligaments
were included in the model to maintain stability: anterior cruciate ligament (ACL), poste-
rior cruciate ligament (PCL), deep medial collateral ligament (dMCL), superficial medial
collateral ligament (sMCL), lateral collateral ligament (LCL), anterolateral ligament (ALL),
oblique popliteal ligament (OPL), and posterior capsule (PC). The mechanical parameters
assigned to the individual ligament bundles are provided elsewhere [21,22]. The imaging
data used in the present study were part of the knee functional flexion axis dataset [23].
The abstracted data contained the pre-operative CT scan of the lower extremity of a single
patient with severe knee osteoarthritis who underwent primary TKA using the Stryker
Knee Navigation system (Stryker, Kalamazoo, MI, USA). We segmented the pre-operative
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CT image using a statistical shape model provided by Imorphics (Stryker, Manchester, UK)
that was trained to recreate the osteophyte-free femoral and tibial geometric boundaries.
The osteophyte volume detection algorithm has been previously described [21,24,25]. The
resolution of the training CT images was about 0.3–0.6 mm within the axial/transverse
(XY) slice and 1.0–1.5 mm between slices (Z). The statistical shape model used to perform
the auto-segmentation was not limited, however, by the between-slice resolution, and has
been shown to achieve an accuracy of approximately 0.13 mm in all three dimensions [26].
The reconstructed geometries were used to morph the topology of the cadaveric reference
bones to the corresponding patient-specific bones without osteophytes and, subsequently,
the attachments of the ligaments, employing a non-linear morphing technique [22]. This
constituted the pre-diseased knee. The anatomical frames for the femur, tibia, and patella
were established using bony landmarks digitized at the hip, knee, and ankle segments,
following a pre-defined convention [27]. A magnetic resonance image-based statistical
shape model was used to calculate the thickness of the cartilage from the segmented bone
surfaces following a validated method for cartilage segmentation [28].

The patient-specific model was initially implanted according to MA principles with
the Triathlon single-radius cruciate-retaining (CR) total knee system (Stryker Orthopaedics,
Mahwah, NJ, USA) (Figure 1). A size-5 femoral component was chosen to ensure congru-
ence with the femoral condyles and avoid excessive mediolateral overhang that might cause
an irritation to the surrounding soft-tissues. The thickness of the tibial polyethylene insert
was 9 mm, which provided a good trade-off between the tibial resection depth and the col-
lateral ligament strains [29]. The patella was not resurfaced. Knee kinematics, specifically
anterior-posterior (AP), lateral-medial (LM), and proximal-distal (PD) tibial translations, as
well as tibial external-internal (EI) rotation, and varus-valgus (VV), were calculated with
both the pre-diseased and post-operative models during knee extension against gravity
from 60◦ to 0◦ according to Grood and Suntay’s joint coordinate system definition [30].
Strains of the ligaments were reported throughout the same range of motion. Differences
between the pre-diseased and post-operative model predictions were quantified in terms
of root-mean-square deviation (RMSD) over the range of motion.
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Figure 1. From left to right, axial view of the patient’s computed tomography (CT) scan indicating the
osteophyte (white arrows, yellow line) and osteophyte-free femoral boundaries (green line); sagittal
view of the mechanically aligning (MA) virtual planning; and the patient-specific musculoskeletal
total knee arthroplasty (TKA) model. Nomenclature: AP, anterior-posterior; LM, lateral-medial; PD,
proximal-distal; FE, flexion-extension; EI, external-internal; VV, varus-valgus.

An optimization scheme was then employed, seeking the optimal position of the
components that minimize the differences between the pre-diseased and post-operative
kinematics (surgical target 1) or ligament strains (surgical target 2). This optimization
problem was solved by minimizing a quadratic objective function (Equation (1)), subject to
the boundaries defining the optimal position, which was adjusted for each surgical target.

min
x∈Rn

m
∑

i=1
wi

√
1
t

θend
∑

θ=0
(yimplantedi,θ

(x)− y
pre-diseasedi,θ

)2 + P

lb < x < ub

(1)
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where x indicates the positional parameter of the femoral and tibial component with lb
and ub denoting its lower and upper boundaries, respectively (Table 1). The boundary
conditions are relative to the initially estimated MA femoral and tibial component positions
and are comparable to those used in similar studies [31–33]. The width of the FE bound-
aries of the femoral component was narrower to avoid anterior notching of the femoral
cortex greater than 3 mm, which can be detrimental to the surgical outcomes [34,35]. The
translational position of the tibial component remained unchanged to ensure convergence
of the optimization problem. Further, n indicates the dimension of the solution space
equal to the number of x positional parameters (n = 9), m is the number of variables
included in the objective function, wi is the weighting factor for the ith variable (default
1), t indicates the number of simulation time steps between 0 and θend that was set equal
to 60, θend denotes the terminal knee flexion angle equal to 60◦, and yi,θ denotes the ith

tibiofemoral kinematic variable or the strain of the ith ligament at knee flexion angle θ. P
denotes the applied penalties; a penalty of 103 was added to the objective function if the
force-dependent-kinematics solver applied to the model generated a residual force in the
knee joint that exceeded the specified error tolerance of 5 N, ensuring that only dynamically
consistent simulations were taken into consideration [36].

Table 1. Implant positional parameters involved in the optimization routine.

Implant Positional
Parameters

Boundary Conditions Relative to MA
Components

Upper Bound Lower Bound

Translations (mm)
AP −6 +6 Femoral
LM −6 +6 Femoral
PD −6 +6 Femoral
Rotations (◦)
FE −3 +3 Femoral, Tibial 1

EI −6 +6 Femoral, Tibial
VV −6 +6 Femoral, Tibial

1 The FE boundaries of the tibial component ranged from −6◦ to 6◦. The translational position of the tibial
component in the AP, LM, and PD directions remained unmodified. Positive values in the specified ranges denote
posterior, medial, and proximal translations, and flexion, internal, and varus rotations of the components.

In the objective function for surgical targets 1 and 2, the kinematic variables and
ligament strains were weighted equally. To account for the important role of the collateral
ligaments in controlling the joint stability [37,38], we re-executed the optimization process,
assigning an eight-fold increased weighting to the medial and lateral collateral ligaments
in Equation (1) (surgical target 3). This choice aimed to approximate more closely the pre-
diseased functioning behavior of those ligaments during the entire range of motion. Since
stretching the ligaments beyond their pre-diseased capacity can accumulate damage [39],
which might also be related to pain, we imposed further constraints on the objective
function of ligament strains to ensure that the strains remain within the estimated peak
of the pre-diseased curve (surgical target 4). Specifically, a penalty factor of 103 was
applied to the objective function if the strain value at any given flexion angle exceeded
the peak of the pre-diseased strain. We ultimately modified the objective function to
concurrently optimize for kinematics and ligament strains in a unified objective (surgical
target 5) that maintains both kinematic and strain deviations close to the pre-diseased
state. In this process, the objective function was formulated as the summation of two
separate functions, one corresponding to kinematics and the other to ligament strains; wi
was chosen such that the kinematic and strain errors contributed equally to the objective
function. The covariance matrix adaptation evolution strategy (CMA-ES) [40] was applied
to find the global optimal implant position for each of the five surgical targets. CMA-ES is
an evolutionary algorithm in which new candidate solutions are generated by selecting
and varying the fittest parent candidates in each subsequent generation. This process
generated a solution space for implant positioning, from which we selected the solutions
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with the minimum deviation from MA to ensure that the selected optima not only follow
the objective function requirements but they are also applicable in the clinical setting [41].
The optimization routine was performed using a 64-core 2.9 GHz processor, which required
approximately 32 h to determine the optimal placement of the implant.

3. Results

The MA-TKA model predicted knee kinematics with an RMSD of 2.4 ± 1.4 mm and
2.7 ± 0.7◦ compared to the pre-diseased knee. Ligament strains deviated up to 4.2% in
the medial collateral (sMCL, dMCL), 6.2% and 6.5% in the lateral collateral (LCL) and
anterolateral (ALL) ligamentous structures, respectively, and up to 4.7% in the poste-
rior structures (PCL, OPL, PC). With the optimized TKA model, we found an RMSD of
0.8 ± 0.4 mm and 0.9 ± 0.4◦ and strain deviations up to 4.4% over all the ligaments when
optimizing only for kinematics (surgical target 1). When solely focusing on optimizing
the ligaments (surgical target 2), strains exhibited an RMSD of up to 2.2% in the medial
collateral, 2.5% and 2.9% in the lateral collateral and anterolateral structures, and up to 0.8%
in the posterior structures; the kinematic deviations were slightly larger than those found
with surgical target 1: 1.6 ± 1.2 mm and 1.1 ± 0.9◦. Following the weighting adjustment of
the collateral ligaments (surgical target 3), we observed strain deviations lower than 2.9%
in the collateral ligaments, 4.6% in the anterolateral, and 1.8% in the posterior structures.
By further constraining the strains of the ligaments during the entire range of motion to
their corresponding pre-diseased peak value (surgical target 4), we recorded deviations
up to 4.8% in the medial and lateral collateral ligaments and up to 1.3% in the posterior
ligamentous structures. Concurrent optimization for both kinematics and ligament strains
resulted in an RMSD of 1.1 ± 0.5 mm and 1.1 ± 0.6◦ compared to the pre-diseased state.
Figure 2 shows the kinematic curves with the pre-diseased, MA, and optimized TKA mod-
els in comparison. Strains exhibited deviations lower than 2.2% in the sMCL and dMCL,
1.6% and 3.2% in the LCL and ALL, respectively, and lower than 0.7% in the PCL, OPL, and
PC (Figure 3). Figure 4 summarizes the RMSD in the kinematic variables and strains of the
individual ligaments between the pre-diseased and TKA models for MA and each of the
five surgical targets. The positioning changes of the femoral and tibial components required
to resemble the pre-diseased profiles, according to the selected optimality criterion, are
reported in Table 2. Figure 5 provides an illustrative case of the translational alignment of
the femoral component, displaying the spatial distribution of the solution space towards
surgical target 5, and Figure 6 further visualizes the optimized alignment of the components
in situ referenced to MA.
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Figure 2. Tibiofemoral kinematics predicted by the pre-diseased, MA, and optimized TKA models
during a knee extension movement from 60◦ to 0◦. The optimized TKA model represents the results
after concurrent optimization for both kinematics and ligament strains (surgical target 5). Positive
curve values denote anterior, lateral, and proximal translations, and external and varus rotations.
Nomenclature: ST5, surgical target 5.



Bioengineering 2023, 10, 543 6 of 12

Bioengineering 2023, 10, x FOR PEER REVIEW  6  of  13 
 

 

Figure 2. Tibiofemoral kinematics predicted by the pre-diseased, MA, and optimized TKA models 

during a knee extension movement from 60° to 0°. The optimized TKA model represents the results 

after concurrent optimization for both kinematics and ligament strains (surgical target 5). Positive 

curve values denote anterior, lateral, and proximal translations, and external and varus rotations. 

Nomenclature: ST5, surgical target 5. 

 

Figure 3. Ligament strains predicted by the pre-diseased, MA, and optimized TKA models during 

a knee extension movement from 60° to 0°. The optimized TKA model represents the results after 

concurrent optimization for both kinematics and  ligament strains (surgical target 5). Strain  is ex-

pressed as a percent strain. Nomenclature: sMCL,  superficial medial collateral  ligament; dMCL, 

deep medial collateral ligament; LCL, lateral collateral ligament; ALL, anterolateral ligament; PCL, 

posterior cruciate ligament; OPL, oblique popliteal ligament; PC, posterior capsule. 

Figure 3. Ligament strains predicted by the pre-diseased, MA, and optimized TKA models during
a knee extension movement from 60◦ to 0◦. The optimized TKA model represents the results
after concurrent optimization for both kinematics and ligament strains (surgical target 5). Strain is
expressed as a percent strain. Nomenclature: sMCL, superficial medial collateral ligament; dMCL,
deep medial collateral ligament; LCL, lateral collateral ligament; ALL, anterolateral ligament; PCL,
posterior cruciate ligament; OPL, oblique popliteal ligament; PC, posterior capsule.
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Figure 4. Root-mean-square deviations (RMSD) in knee kinematics and ligament strains between
the pre-diseased and post-TKA models for MA and each of the examined surgical targets. AP, LM,
and PD translations are expressed in mm, while EI and VV rotations in degrees. Nomenclature: ST1,
surgical target 1; ST2, surgical target 2; ST3, surgical target 3; ST4, surgical target 4; ST5, surgical
target 5.

Table 2. Component positioning changes to achieve the examined surgical targets.

Surgical Target/
Components

Translations (mm) Rotations (◦)

AP LM PD FE EI VV

Surgical target 1
Femoral −2.8 −0.2 3.9 −1.4 −0.2 −1.2

Tibial - - - 5.2 2.8 2.2
Surgical target 2

Femoral −1.7 −1.8 3.6 −1.5 −1.6 −1.5
Tibial - - - 0.9 2.8 −1.9

Surgical target 3
Femoral −1.1 0.1 2.3 0.9 −1.8 −0.4

Tibial - - - −1.8 −1.5 3.2
Surgical target 4

Femoral −2.4 −0.8 3.6 −0.6 −0.3 1.6
Tibial - - - −2.8 −0.2 2.6

Surgical target 5
Femoral −2.3 −1.5 3.7 −1.9 −0.5 −1.4

Tibial - - - 3.6 2.3 −1.1
Surgical target 1: knee kinematics; surgical target 2: ligament strains; surgical target 3: ligament strains with
increased weighting in the collateral ligaments; surgical target 4: ligament strains constrained to the pre-diseased
peak value; surgical target 5: combined knee kinematics and ligament strains. Positive values denote posterior,
medial, and proximal translations, and flexion, internal, and varus rotations.
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Figure 5. Illustrative case of the translational alignment of the femoral component, showing the
three-dimensional (3D) distribution of the solution space from the concurrent optimization for
kinematics and ligament strains (surgical target 5). Each sphere in the 3D space represents a unique
solution colored based on the response of the objective function. The color scheme ranges from blue,
representing potential optimal solutions, to red, representing solutions closest to MA. Gray spheres
indicate less optimal solutions. Positive values denote posterior, medial, and proximal translations.
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Figure 6. Visualization of the implant in situ following bone resection according to MA and optimized
implant alignment, along with the coordinate systems (CS) of the femoral and tibial components,
to concurrently reproduce the pre-diseased kinematics and ligament strains (surgical target 5). The
interface gap between the anterior flange of the optimally positioned implant and the bone was not
observed, as depicted in this image.
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4. Discussion

This study investigated differences in kinematics and ligament strains, comparing a
mechanically implanted knee with its corresponding pre-diseased state and, subsequently,
determined the feasibility of restoring the functional status of the pre-diseased knee by
optimizing the implant position. We demonstrated that fine-tuning the position of the
femoral and tibial components from the initial MA plan allows for a closer match between
the pre-diseased and post-TKA profiles. The optimal position of the components was
variable and dependent on the optimality criterion.

MA of the knee implant generally affected the ligament strains and, consequently, the
tibiofemoral kinematics in a clinically relevant manner. The LCL exhibited a near isometric
behavior over the flexion range, with strain deviations between 4.3% and 8.3% compared to
the pre-diseased situation (Figure 3). Previous in vivo studies suggest that strain deviations
from the native knee should remain lower than 5% to prevent structural damage of the
collateral ligaments [39,42] and, eventually, knee pain. The consistently higher strains
observed in the LCL are likely to be related to the increased tibial external rotation (Figure 4),
as this ligament resists rotational movement. The function of the ALL was clearly distinct,
displaying an opposite trend from 0◦ to 30◦ compared to the pre-diseased strain, which
could be attributed to the different configuration of the implanted articulating surface. The
predicted straining of the ALL fibers could also explain the increased anterior translation
(Figure 4) of the tibia during the entire range of motion [43]. On the medial side, the
sMCL and dMCL strains after implantation were relatively consistent but higher, which
consecutively resulted in increased valgus rotation (Figure 4). On the posterior ligamentous
structures, the strain patterns of the PCL, OPL, and PC after MA-TKA were comparable to
the pre-diseased curves and corroborate earlier findings [44]; peak strains were observed
in extension, exhibiting an approximately 50% increase compared to the pre-diseased
values, which cannot be disregarded and may potentially result in a tendency of post-
operative extension deficit [45]. These strain magnitudes are still within the ultimate strain
region [46,47].

The optimization routine for each of the five criteria identified a broad area of potential
positioning solutions with minimal variations in the value of their objective function relative
to the final optimal solution (Figure 5). With the optimized TKA model for kinematics,
we managed to reduce the deviations by 66.7% for translations (RMSD < 1.2 mm) and
rotations (RMSD < 1.2◦) (Figure 4) relative to the pre-diseased knee. These results align
with those of Dejtiar et al. [31], who reproduced the native kinematics with an average
RMSD of 1.5 ± 0.9 mm and 2.9 ± 2.9◦ from MA-TKA by training a model-based artificial
neural network. However, the authors did not account for the large rotational variability,
reporting deviations greater than 4.0◦ in EI rotation with the optimally implanted model.
In our study, the required positioning changes to reproduce the pre-diseased kinematics
were within ±4 mm and ±5◦ from MA (Table 2). Of all the parameters that define the
spatial positioning of the implant, the slope of the tibial component had the greatest effect.
Marra et al. [48] demonstrated that increasing the posterior tibial slope up to 9◦ from
neutral, referenced from the center of the tibial plateau, is not detrimental to the post-
operative knee function. Surgeons should, however, carefully consider the native tibial
slope of the patient when deciding on the appropriate level of slope correction, as excessive
slope increase may affect the overall stability of the knee. The pre-diseased tibial slope
in the present study was about 5◦, as measured on the pre-operative CT image. It is also
worth discussing that optimizing for kinematics results in a concomitant adjustment of the
ligaments, indicating strain deviations within 0.8–4.4%, which are clinically acceptable [39].
Optimizing solely for the ligament strains resulted in a 57.2% average reduction in the
dMCL and sMCL, 59.7% and 55.4% in the LCL and ALL, respectively, and 75.2% on
average in the PCL, OPL, and PC. These outcomes are consistent with those of Quilez
et al. [33], who accurately emulated the pre-operative ligament elongations using a model-
based response surface methodology. The authors reported optimal implant position
within ±5 mm and ±3◦ from MA. Similarly, in our study, the required position changes
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to reproduce the pre-diseased strains were in the range of ±4 mm and ±3◦, peaking at
3.6 mm distal translation of the femoral and 2.8◦ internal rotation of the tibial component
(Table 2). These positioning adjustments are unlikely to compromise the function of the
implant after TKA [49]. Focusing further on the collateral ligaments yielded marginal
alterations, yet maintaining the collateral ligament strain deviations below 3% (Figure 4).
In addition, we were able to position the components such that the strains remain below
the pre-diseased peak values (RMSD < 4.8%) by modifying the implant position within
the same pre-defined ranges. Nevertheless, we observed a near total slackening of the
medial collateral ligaments throughout the entire range of motion, and therefore, these
results should be interpreted with caution. Concurrently optimizing for kinematics and
ligament strains allowed to reduce the translational (RMSD < 1.6 mm) and rotational
(RMSD < 1.5◦) deviations by 54.2% and 59.3%, respectively, and keep the strain deviations
within 0.7–3.2% compared to the pre-diseased knee (Figure 4); this range is well below the
damage threshold of 5% as previously described [39,50]. It appears that only the sMCL,
dMCL, and ALL could not be reproduced in extension (Figure 3), which could be due to the
shape of the implant rather than its position. With a non-patient-specific implant, we expect
a compromise between positioning the components and achieving soft-tissue balance.
Proximal shifting of the femoral component by 3.7 mm increased the joint gap, which
eventually resulted in overall lower strains compared to the MA state. The slope of the
tibial component also had a considerable impact, in accordance with an earlier study [33],
which, however, suggested a tibial slope up to 15◦ to restore the pre-operative kinematics,
which may not be clinically realistic. The required changes in implant position were larger
than the accuracy attained in robotic-assisted surgery, except for the external rotation of the
femoral component, which still falls within the achievable range of accuracy [10,11].

This simulation study is important as it precisely assesses the effects of various surgical
optimization criteria, including kinematics and strains in the tibiofemoral ligaments, which
is not achievable with cadaveric experiments. It will therefore contribute to further enhance
utilization of robotic-assisted surgery, as with the methods described in this paper, the
robotic system can be fed with a specific target. One of the major strengths of this study was
the statistical shape model-based methodology employed to recreate the osteophyte-free
bones, which enabled us to construct the geometrically patient-specific model of the knee
before the onset of osteophytes. This approach can potentially overcome an important
limitation of cadaveric studies, in which treatments are based on specimens that hardly
reflect the anatomy of the healthy and/or osteoarthritic knee.

This study had several limitations. First, the musculoskeletal model, although state-
of-the-art, has clear limiting factors: the model predictions could not be validated against
experimental measurements; a comparable model [22] underwent validation using fluo-
roscopic data and predicted AP and PD translational errors in the order of the observed
deviations (Figure 4), reiterating the importance of an in vivo tracking of joint mechanics in
response to the changes in implant position. Additionally, the menisci were not modeled
in the pre-diseased knee, which may have induced kinematic alterations in the posterior
and mediolateral direction across the tibiofemoral joint [51]. The reported changes in the
position of the components refer to an unloaded knee extension movement. Although we
believe that kinematic and strain patterns similar to physiological in an unloaded state may
also hold true under loaded conditions, this assumption remains to be proven. Finally, we
disregarded the functioning of the patella relative to variations in the position of the femoral
flange. Further research should investigate the effect of changes in the femoral component
position on the patellofemoral joint; improper positioning of the femoral component can
contribute to patellar maltracking and, eventually, anterior knee pain, which is one of the
most common complications reported by patients after TKA [52]. Another limitation of this
study was that we did not consider changes in the mechanical properties of the soft tissues,
such as their stiffness and reference strain, owing to the progression of osteoarthritis. The
present findings pertain solely to a single patient implanted with a size-5 CR-TKA. It would
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be interesting to apply the same optimization technique to a population-based cohort of
TKA patients and assess different component sizes or patient-specific implant designs.

In summary, mechanically aligning the knee implant resulted in clinically relevant
differences in the ligament strains and consequent kinematics compared to the pre-diseased
status. These differences could be reduced by optimizing the position of the femoral
and tibial components starting from MA. The required adjustments in the position of the
components were variable and dependent on the surgical target. Since different targets
have varying functional consequences, it remains to be determined which target leads to
the best possible clinical outcomes. The proposed methodology establishes a quantitative
framework that can assist orthopaedic surgeons in optimizing the pre-planning of robotic-
assisted TKA, which strives to recreate the pre-diseased functional status of the knee,
including the strains of the ligamentous structures and the tibiofemoral kinematics.

Author Contributions: Conceptualization, P.T., R.F. and N.V.; Methodology, P.T., R.F. and N.V.;
Software, P.T. and R.F.; Validation, P.T.; Formal Analysis, P.T.; Investigation, P.T.; Resources, K.d.S.;
Data Curation, P.T., K.d.S. and S.R.; Writing—Original Draft Preparation, P.T.; Writing—Review and
Editing, P.T., R.F. and N.V.; Visualization, P.T.; Supervision, N.V. and B.K.; Project Administration,
N.V. and B.K.; Funding Acquisition, N.V. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Stryker European Operations Ltd., Ireland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to acknowledge Eric Garling (Stryker, Montreux, Switzerland),
José-Luis Moctezuma (Stryker, Freiburg, Germany), and Daniele De Massari (Stryker, Amsterdam,
The Netherlands) for their help in the acquisition of imaging data used in this study.

Conflicts of Interest: Kevin de Souza is an employee of Stryker, and holds stock and stock options in
Stryker Corporation. Seonaid Robertson is an employee of Stryker.

References
1. Sikorski, J.M. Alignment in total knee replacement. J. Bone Jt. Surg. Br. 2008, 90, 1121–1127. [CrossRef] [PubMed]
2. Thompson, J.A.; Hast, M.W.; Granger, J.F.; Piazza, S.J.; Siston, R.A. Biomechanical effects of total knee arthroplasty component

malrotation: A computational simulation. J. Orthop. Res. 2011, 29, 969–975. [CrossRef] [PubMed]
3. Fehring, T.K. Rotational malalignment of the femoral component in total knee arthroplasty. Clin. Orthop. Relat. Res. 2000, 380,

72–79. [CrossRef] [PubMed]
4. Kuriyama, S.; Ishikawa, M.; Furu, M.; Ito, H.; Matsuda, S. Malrotated tibial component increases medial collateral ligament

tension in total knee arthroplasty. J. Orthop. Res. 2014, 32, 1658–1666. [CrossRef] [PubMed]
5. Steinbrück, A.; Fottner, A.; Schröder, C.; Woiczinski, M.; Schmitt-Sody, M.; Müller, T.; Müller, P.E.; Jansson, V. Influence of

mediolateral tibial baseplate position in TKA on knee kinematics and retropatellar pressure. Knee Surg. Sports Traumatol. Arthrosc.
2017, 25, 2602–2608. [CrossRef]

6. Kayani, B.; Konan, S.; Ayuob, A.; Onochie, E.; Al-Jabri, T.; Haddad, F.S. Robotic technology in total knee arthroplasty: A systematic
review. EFORT Open Rev. 2019, 4, 611–617. [CrossRef]

7. Song, E.K.; Seon, J.K.; Yim, J.H.; Netravali, N.A.; Bargar, W.L. Robotic-assisted TKA reduces postoperative alignment outliers and
improves gap balance compared to conventional TKA knee. Clin. Orthop. Relat. Res. 2013, 471, 118–126. [CrossRef]

8. Kayani, B.; Konan, S.; Pietrzak, J.R.T.; Haddad, F.S. Iatrogenic bone and soft tissue trauma in robotic-arm assisted total knee
arthroplasty compared with conventional jig-based total knee arthroplasty: A prospective cohort study and validation of a new
classification system. J. Arthroplast. 2018, 33, 2496–2501. [CrossRef]

9. Khlopas, A.; Chughtai, M.; Hampp, E.L.; Scholl, L.Y.; Prieto, M.; Chang, T.-C.; Abbas, A.; Bhowmik-Stoker, M.; Otto, J.; Jacofsky,
D.J.; et al. Robotic-arm assisted total knee arthroplasty demonstrated soft tissue protection. Surg. Technol. Int. 2017, 30, 441–446.
[PubMed]

10. Hampp, E.L.; Chughtai, M.; Scholl, L.Y.; Sodhi, N.; Bhowmik-Stoker, M.; Jacofsky, D.J.; Mont, M.A. Robotic-arm assisted total
knee arthroplasty demonstrated greater accuracy and precision to plan compared with manual techniques. J. Knee Surg. 2019, 32,
239–250. [CrossRef]

11. Sires, J.D.; Craik, J.D.; Wilson, C.J. Accuracy of bone resection in MAKO total knee robotic-assisted surgery. J. Knee Surg. 2021, 34,
745–748. [CrossRef] [PubMed]

https://doi.org/10.1302/0301-620X.90B9.20793
https://www.ncbi.nlm.nih.gov/pubmed/18757949
https://doi.org/10.1002/jor.21344
https://www.ncbi.nlm.nih.gov/pubmed/21567450
https://doi.org/10.1097/00003086-200011000-00010
https://www.ncbi.nlm.nih.gov/pubmed/11064975
https://doi.org/10.1002/jor.22711
https://www.ncbi.nlm.nih.gov/pubmed/25171755
https://doi.org/10.1007/s00167-015-3843-x
https://doi.org/10.1302/2058-5241.4.190022
https://doi.org/10.1007/s11999-012-2407-3
https://doi.org/10.1016/j.arth.2018.03.042
https://www.ncbi.nlm.nih.gov/pubmed/28696495
https://doi.org/10.1055/s-0038-1641729
https://doi.org/10.1055/s-0039-1700570
https://www.ncbi.nlm.nih.gov/pubmed/31694057


Bioengineering 2023, 10, 543 11 of 12

12. Ollivier, M.; Parratte, S.; Lino, L.; Flecher, X.; Pesenti, S.; Argenson, J.N. No benefit of computer-assisted TKA: 10-year results of a
prospective randomized study. Clin. Orthop. Relat. Res. 2018, 476, 126–134. [CrossRef] [PubMed]

13. Cherian, J.J.; Kapadia, B.H.; Banerjee, S.; Jauregui, J.J.; Issa, K.; Mont, M.A. Mechanical, anatomical, and kinematic axis in TKA:
Concepts and practical applications. Curr. Rev. Musculoskelet. Med. 2014, 7, 89–95. [CrossRef] [PubMed]

14. Berend, M.E.; Ritter, M.A.; Meding, J.B.; Faris, P.M.; Keating, E.M.; Redelman, R.; Faris, G.W.; Davis, K.E. Tibial component failure
mechanisms in total knee arthroplasty. Clin. Orthop. Relat. Res. 2004, 428, 26–34. [CrossRef]

15. Bellemans, J.; Colyn, W.; Vandenneucker, H.; Victor, J. The Chitranjan Ranawat Award: Is neutral mechanical alignment normal
for all patients?: The concept of constitutional varus. Clin. Orthop. Relat. Res. 2012, 470, 45–53. [CrossRef]

16. Rivière, C.; Villet, L.; Jeremic, D.; Vendittoli, P.A. What you need to know about kinematic alignment for total knee arthroplasty.
Orthop. Traumatol. Surg. Res. 2021, 107, 4–6. [CrossRef]

17. Shatrov, J.; Batailler, C.; Sappey-Marinier, E.; Gunst, S.; Servien, E.; Lustig, S. Kinematic alignment fails to achieve balancing in
50% of varus knees and resects more bone compared to functional alignment. Knee Surg. Sports Traumatol. Arthrosc. 2022, 30,
2991–2999. [CrossRef]

18. Lee, G.C.; Wakelin, E.; Plaskos, C. What is the alignment and balance of a total knee arthroplasty performed using a calipered
kinematic alignment technique? J. Arthroplast. 2022, 37, 176–181. [CrossRef]

19. Chang, J.S.; Kayani, B.; Haddad, F.S.; Wallace, C. Functional alignment achieves soft-tissue balance in total knee arthroplasty as
measured with quantitative sensor-guided technology. Bone Jt. J. 2021, 103-B, 507–514. [CrossRef]

20. Clark, G.; Steer, R.; Wood, D. Functional alignment achieves a more balanced total knee arthroplasty than either mechanical
alignment or kinematic alignment prior to soft tissue releases. Knee Surg. Sports Traumatol. Arthrosc. 2022, 31, 1420–1426.
[CrossRef]

21. Tzanetis, P.; De Souza, K.; Robertson, S.; Fluit, R.; Koopman, B.; Verdonschot, N. Numerical study of osteophyte effects on
pre-operative knee functionality in patients undergoing robotic-assisted total knee arthroplasty. J. Orthop. Res. 2022; submitted.

22. Marra, M.A.; Vanheule, V.; Fluit, R.; Koopman, B.H.F.J.M.; Rasmussen, J.; Verdonschot, N.; Andersen, M.S. A subject-specific
musculoskeletal modeling framework to predict in vivo mechanics of total knee arthroplasty. J. Biomech. Eng. 2015, 137, 020904.
[CrossRef]

23. Oussedik, S.; Scholes, C.; Ferguson, D.; Roe, J.; Parker, D. Is femoral component rotation in a TKA reliably guided by the functional
flexion axis? Clin. Orthop. Relat. Res. 2012, 470, 3227–3232. [CrossRef]

24. Bowes, M.A.; Kacena, K.; Alabas, O.A.; Brett, A.D.; Dube, B.; Bodick, N.; Conaghan, P.G. Machine-learning, MRI bone shape
and important clinical outcomes in osteoarthritis: Data from the Osteoarthritis Initiative. Ann. Rheum. Dis. 2021, 80, 502–508.
[CrossRef]

25. Motesharei, A.; Batailler, C.; De Massari, D.; Vincent, G.; Chen, A.F.; Lustig, S.; Batailler, C. Predicting robotic-assisted total knee
arthroplasty operating time: Benefits of machine-learning and 3D patient-specific data. Bone Jt. Open 2022, 3, 383–389. [CrossRef]

26. Brett, A.; Bowes, M.A.; Conaghan, P.G. Comparison of 3D quantitative osteoarthritis imaging biomarkers from paired CT and MR
images: Data from the IMI-APPROACH study. BMC Musculoskelet. Disord. 2023, 24, 76. [CrossRef]

27. Carbone, V.; Fluit, R.; Pellikaan, P.; van der Krogt, M.M.; Janssen, D.; Damsgaard, M.; Vigneron, L.; Feilkas, T.; Koopman, H.F.J.M.;
Verdonschot, N. TLEM 2.0—A comprehensive musculoskeletal geometry dataset for subject-specific modeling of lower extremity.
J. Biomech. 2015, 48, 734–741. [CrossRef]

28. Hunter, D.J.; Bowes, M.A.; Eaton, C.B.; Holmes, A.P.; Mann, H.; Kwoh, C.K.; Maciewicz, R.A.; Samuels, J.; Waterton, J.C. Can
cartilage loss be detected in knee osteoarthritis (OA) patients with 3–6 months’ observation using advanced image analysis of 3T
MRI? Osteoarthr. Cartil. 2010, 18, 677–683. [CrossRef]

29. Tzanetis, P.; Marra, M.A.; Fluit, R.; Koopman, B.; Verdonschot, N. Biomechanical consequences of tibial insert thickness after total
knee arthroplasty: A musculoskeletal simulation study. Appl. Sci. 2021, 11, 2423. [CrossRef]

30. Grood, E.S.; Suntay, W.J. A joint coordinate system for the clinical description of three-dimensional motions: Application to the
knee. J. Biomech. Eng. 1983, 105, 136–144. [CrossRef]

31. Dejtiar, D.L.; Bartsoen, L.; Wesseling, M.; Wirix-Speetjens, R.; Sloten, J.V.; Perez, M.A. Standard cruciate-retaining total knee
arthroplasy implants can reproduce native kinematics. EPiC Ser. Health Sci. 2020, 4, 61–64. [CrossRef]

32. Bartsoen, L.; Faes, M.G.R.; Wirix-Speetjens, R.; Moens, D.; Jonkers, I.; Sloten, J.V. Probabilistic planning for ligament-balanced
TKA—Identification of critical ligament properties. Front. Bioeng. Biotechnol. 2022, 10, 930724. [CrossRef] [PubMed]

33. Quilez, M.P.; Delport, H.P.; Wirix-Speetjens, R.; Wesseling, M.; Perez, M.A.; Jonkers, I.; Sloten, J.V. Can standard implants
reproduce the native kinematics of a TKA patient? EPiC Ser. Health Sci. 2019, 3, 311–314. [CrossRef]

34. Zalzal, P.; Backstein, D.; Gross, A.E.; Papini, M. Notching of the anterior femoral cortex during total knee arthroplasty. Character-
istics that increase local stresses. J. Arthroplast. 2006, 21, 737–743. [CrossRef]

35. Stamiris, D.; Gkekas, N.K.; Asteriadis, K.; Stamiris, S.; Anagnostis, P.; Poultsides, L.; Sarris, I.; Potoupnis, M.; Kenanidis, E.;
Tsiridis, E. Anterior femoral notching ≥ 3 mm is associated with increased risk for supracondylar periprosthetic femoral
fracture after total knee arthroplasty: A systematic review and meta-analysis. Eur. J. Orthop. Surg. Traumatol. 2022, 32, 383–393.
[CrossRef]

36. Andersen, M.S.; De Zee, M.; Damsgaard, M.; Nolte, D.; Rasmussen, J. Introduction to force-dependent kinematics: Theory and
application to mandible modeling. J. Biomech. Eng. 2017, 139, 091001. [CrossRef]

https://doi.org/10.1007/s11999.0000000000000021
https://www.ncbi.nlm.nih.gov/pubmed/29529627
https://doi.org/10.1007/s12178-014-9218-y
https://www.ncbi.nlm.nih.gov/pubmed/24671469
https://doi.org/10.1097/01.blo.0000148578.22729.0e
https://doi.org/10.1007/s11999-011-1936-5
https://doi.org/10.1016/j.otsr.2020.102773
https://doi.org/10.1007/s00167-022-07073-5
https://doi.org/10.1016/j.arth.2022.01.065
https://doi.org/10.1302/0301-620X.103B.BJJ-2020-0940.R1
https://doi.org/10.1007/s00167-022-07156-3
https://doi.org/10.1115/1.4029258
https://doi.org/10.1007/s11999-012-2515-0
https://doi.org/10.1136/annrheumdis-2020-217160
https://doi.org/10.1302/2633-1462.35.BJO-2022-0014.R1
https://doi.org/10.1186/s12891-023-06187-2
https://doi.org/10.1016/j.jbiomech.2014.12.034
https://doi.org/10.1016/j.joca.2010.02.010
https://doi.org/10.3390/app11052423
https://doi.org/10.1115/1.3138397
https://doi.org/10.29007/lj2j
https://doi.org/10.3389/fbioe.2022.930724
https://www.ncbi.nlm.nih.gov/pubmed/36466330
https://doi.org/10.29007/7dsg
https://doi.org/10.1016/j.arth.2005.08.020
https://doi.org/10.1007/s00590-021-02989-z
https://doi.org/10.1115/1.4037100


Bioengineering 2023, 10, 543 12 of 12

37. Cavaignac, E.; Carpentier, K.; Pailhé, R.; Luyckx, T.; Bellemans, J. The role of the deep medial collateral ligament in controlling
rotational stability of the knee. Knee Surg. Sports Traumatol. Arthrosc. 2015, 23, 3101–3107. [CrossRef]

38. Völlner, F.; Herl, F.; Greimel, F.; Benditz, A.; Renkawitz, T.; Grifka, J.; Craiovan, B.; Weber, M. The effects of soft tissue lateral
release on the stability of the ligament complex of the knee. Arch. Orthop. Trauma Surg. 2020, 140, 933–940. [CrossRef]

39. Provenzano, P.P.; Heisey, D.; Hayashi, K.; Lakesand, R.; Vanderby, R. Subfailure damage in ligament: A structural and cellular
evaluation. J. Appl. Physiol. 2002, 92, 362–371. [CrossRef]

40. Hansen, N. The CMA evolution strategy: A comparing review. Stud. Fuzziness Soft Comput. 2006, 192, 75–102. [CrossRef]
41. Schelker, B.L.; Nowakowski, A.M.; Hirschmann, M.T. What is the “safe zone” for transition of coronal alignment from systematic

to a more personalised one in total knee arthroplasty? A systematic review. Knee Surg. Sports Traumatol. Arthrosc. 2022, 30,
419–427. [CrossRef]

42. Delport, H.; Labey, L.; Innocenti, B.; De Corte, R.; Sloten, J.V.; Bellemans, J. Restoration of constitutional alignment in TKA
leads to more physiological strains in the collateral ligaments. Knee Surg. Sports Traumatol. Arthrosc. 2015, 23, 2159–2169.
[CrossRef]

43. Vincent, J.P.; Magnussen, R.A.; Gezmez, F.; Uguen, A.; Jacobi, M.; Weppe, F.; Al-Saati, M.F.; Lustig, S.; Demey, G.; Servien, E.; et al.
The anterolateral ligament of the human knee: An anatomic and histologic study. Knee Surg. Sports Traumatol. Arthrosc. 2012, 20,
147–152. [CrossRef]

44. Willinger, L.; Shinohara, S.; Athwal, K.K.; Ball, S.; Williams, A.; Amis, A.A. Length-change patterns of the medial collateral
ligament and posterior oblique ligament in relation to their function and surgery. Knee Surg. Sports Traumatol. Arthrosc. 2020, 28,
3720–3732. [CrossRef]

45. Su, E.P. Fixed flexion deformity and total knee arthroplasty. J. Bone Jt. Surg. Br. 2012, 94, 112–115. [CrossRef]
46. Butler, D.; Kay, M.; Stouffer, D. Fascicle-bone units from human patellar tendon and knee ligaments. J. Biomech. 1986, 19, 425–432.

[CrossRef]
47. Rachmat, H.H.; Janssen, D.; Verkerke, G.J.; Diercks, R.L.; Verdonschot, N. Material properties of the human posterior knee capsule.

Biomed. Mater. Eng. 2015, 25, 177–187. [CrossRef]
48. Marra, M.A.; Strzelczak, M.; Heesterbeek, P.J.C.; van de Groes, S.A.W.; Janssen, D.W.; Koopman, B.F.J.M.; Wymenga, A.B.;

Verdonschot, N.J.J. Anterior referencing of tibial slope in total knee arthroplasty considerably influences knee kinematics: A
musculoskeletal simulation study. Knee Surg. Sports Traumatol. Arthrosc. 2018, 26, 1540–1548. [CrossRef]

49. Abdel, M.P.; Ollivier, M.; Parratte, S.; Trousdale, R.T.; Berry, D.J.; Pagnano, M.W. Effect of postoperativemechanical axis alignment
on survival and functional outcomes of modern total knee arthroplasties with cement: A concise follow-up at 20 years. J. Bone Jt.
Surg. 2018, 100, 472–478. [CrossRef]

50. Guo, Z.; Freeman, J.W.; Barrett, J.G.; De Vita, R. Quantification of strain induced damage in medial collateral ligaments. J. Biomech.
Eng. 2015, 137, 071011. [CrossRef]

51. Hu, J.; Xin, H.; Chen, Z.; Zhang, Q.; Peng, Y.; Jin, Z. The role of menisci in knee contact mechanics and secondary kinematics
during human walking. Clin. Biomech. 2019, 61, 58–63. [CrossRef] [PubMed]

52. Petersen, W.; Rembitzki, I.V.; Brüggemann, G.P.; Ellermann, A.; Best, R.; Koppenburg, A.G.; Liebau, C. Anterior knee pain after
total knee arthroplasty: A narrative review. Int. Orthop. 2014, 38, 319–328. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00167-014-3095-1
https://doi.org/10.1007/s00402-020-03422-6
https://doi.org/10.1152/jappl.2002.92.1.362
https://doi.org/10.1007/11007937_4
https://doi.org/10.1007/s00167-021-06811-5
https://doi.org/10.1007/s00167-014-2971-z
https://doi.org/10.1007/s00167-011-1580-3
https://doi.org/10.1007/s00167-020-06050-0
https://doi.org/10.1302/0301-620X.94B11.30512
https://doi.org/10.1016/0021-9290(86)90019-9
https://doi.org/10.3233/BME-151268
https://doi.org/10.1007/s00167-017-4561-3
https://doi.org/10.2106/JBJS.16.01587
https://doi.org/10.1115/1.4030532
https://doi.org/10.1016/j.clinbiomech.2018.11.009
https://www.ncbi.nlm.nih.gov/pubmed/30481677
https://doi.org/10.1007/s00264-013-2081-4
https://www.ncbi.nlm.nih.gov/pubmed/24057656

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

