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Featured Application

The computational framework used in this study can be utilized by orthopedic researchers,
clinicians, and orthopedic implant manufacturers for comprehensive planning, execution
of surgical operations, and preclinical evaluations of knee arthroplasty. By performing
parametric sensitivity analysis across extreme kinetic load profiles (50% and 200% vari-
ance) and different bone qualities, this study can help manage patient-specific treatment
approaches, identify worst-case scenarios, and implant design optimizations.

Abstract

While total knee arthroplasty (TKA) is highly successful, wear, primary fixation stability and
structural failure remain significant challenges, particularly in patients with diverse kinetic
profiles and compromised bone. This study evaluates a fixed-bearing cruciate-retaining
TKA prosthesis under extreme load variability in healthy and osteoporotic bone. Finite
element simulations utilized ISO-standardized baseline gait cycle, scaling independently
axial forces, antero-posterior forces, and rotational torque to 50% and 200%. Polyethylene
insert stress, tibial stress, and bone—implant micromotion were evaluated to assess structural
safety, load transfer, and primary stability. Kinetic variability directly influenced the stress
magnitude and load transfer. Insert load distribution revealed a compartmental split
(medial side bearing 47.6% to 60.9%) sensitive to force orientation and translational load
magnitudes (axial and shear), but totally independent of rotational torque magnitude.
While reduced bone quality did not significantly affect overall polyethylene stresses, it
directly impacted primary stability. Osteoporotic conditions nearly doubled the total
baseline interface micromotion (from 19 pm to 37 um) and exhibited an absolute maximum
of 63 um under 200% axial load scaling. These findings highlight the necessity of definition
of model parameters for careful preclinical planning for patients with compromised bone
quality regarding prosthesis selection, fixation method and alignment.

Keywords: total knee arthroplasty; force variability; bone quality; finite element analysis;
biomechanics

1. Introduction

Total knee arthroplasty (TKA) remains one of the most performed surgical procedures
for patients with severe knee pathologies [1,2]. In cases where the posterior cruciate
ligament (PCL) is healthy and functional enough to provide knee joint stability, the fixed-
bearing cruciate-retaining (FB CR) design is frequently adopted as the primary option,
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offering both high success rates and cost-effectiveness [3]. From a clinical perspective, FB
CR implants are valued for their biomechanical simplicity and primary stability, helping
patients maintain physiological knee function while reducing stress at the bone-implant
interface and minimizing the risk of wear or loosening [4,5].

Preclinical evaluation of TKA designs’ performance typically relies on testing stan-
dards, such as ISO 14243-1 gait cycle [6]. However, the actual joint loading is highly
dependent on patient-specific factors that are often underrepresented in these standardized
methods. Therefore, the debate about whether these standards are suitable for preclinical
stages is still ongoing, as they ignore real-world patient load variability such as body
weight, muscle strength and kinetic profiles [7-9]. Another critical patient-specific factor
impacting the implant performance is bone quality. Poor bone quality, such as osteoporosis
that induces a decreased bone mass and density, when associated with unpredictable
variations in the loading conditions [10,11], can significantly lead to increased stress in the
peri-implant region, uneven force distribution, higher risks for wear and aseptic loss of
fixation, reducing overall the implant stability and long-term durability [12,13]. Computa-
tional stress analysis methods, such as finite element analysis (FEA), are powerful tools
that are used alongside experimental tests, allowing for virtual parametric evaluation of
these variable scenarios [14]. The advantage of this method is the possibility to vary the
desired boundary conditions or material, while keeping the same setup for the input model
and virtual simulation, which makes it a useful tool for this framework.

Therefore, this finite element study investigates the biomechanical performance of a
single FB CR total knee arthroplasty design under the influence of patient-specific kinetic
variability and varied bone quality (osteoporotic bone), in terms of load transfer, primary
stability and structural safety.

Our hypothesis is that standard implant testing protocols do not count for specific,
high-risk patient cohorts and that incorporation of varied patient kinetic profiles and
compromised bone quality will reveal significant differences in load transfer mechanics
and implant stability when compared to baseline standards.

Our findings showed that force variability primarily affects the insert contact stress
and load distribution, whereas poor bone quality triggered a severe stress shielding effect
on cortical bone and amplified implant-bone interface micromotion.

2. Materials and Methods

The computational framework and modeling protocols employed for this FEA study
were based on previously validated and published papers [15-18].

2.1. Geometries

A fourth-generation left Sawbones composite tibia (SKU #3401, Sawbones, Pacific
Research Laboratories Inc., Malmo, Sweden) 3D model, derived from computed tomogra-
phy CT images, was used in this study. The model was split into cortical and cancellous
bone [15]. A Genus FB CR implant (Adler Ortho, Cormano, Milan, Italy), comprising
femoral component, tibial insert, and tibial tray, was used. Implant size 5 was selected as
the closest fit to the corresponding bone. The prosthesis was virtually implanted using
mechanical alignment, press-fit fixation, with a 10 mm resection of proximal tibia bone
following the manufacturer surgical guide. The virtual surgical operation on the model
configuration was conducted on ANSYS 2024 SpaceClaim (ANSYS Inc., Canonsburg, PA,
USA). Figure 1 represents the complete 3D TKA model assembly (FB CR TKA prosthe-
sis virtually implanted on synthetic tibia bone). The main ligaments were introduced as
mentioned in the previous validated methods [17,18]. Respectively, the medial collateral
ligament (MCL) was modeled as two bundles: anterior medial collateral ligament (aMCL)
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and posterior medial collateral ligament (pMCL). Both the MCL and the lateral collateral
ligament (LCL) were modeled as pre-strained beams that allowed for the definition of their
physical cross-sectional properties. The posterior cruciate ligament (PCL) was modeled as
spring element.

(b) (c)

Figure 1. Full 3D geometric assembly of the finite element model. The multi-panel view illustrates
the FB CR TKA prosthesis aligned on the synthetic tibia: (a) anterior view, (b) posterior view, and
(c) lateral view. The complete structural assembly comprises the femoral component, polyethylene
insert, tibial tray, and tibial bone model.

2.2. Material Models and Properties

Material properties were assigned according to the corresponding datasheet of the
manufacturer and previous validated literature [16,19-23]. Cortical bone was modeled as a
transversely isotropic linear elastic material behavior. Cancellous bone, femoral component,
tibial tray, tibial insert, LCL, and MCL were modeled as isotropic linear elastic material
behavior. To mimic the osteoporotic bone behavior, the cortical bone Young and shear
modulus were reduced by 32%, whereas for cancellous bone were reduced by 66%, as
reported in [21,22]. Posterior cruciate ligament (PCL) was modeled as a spring element
with a stiffness coefficient of 350 N/mm [15]. Pre-strains were applied respectively for
aMCL, pMCL, and LCL [24]. All material properties of this study are shown in Table 1.

Table 1. Material properties used in the finite element models.

. Material Young's . , . .
Material Behavior Modulus (MPa) Poisson’s Ratio Pre-Strain ¢, References
E;1 =11,500 vo3 =0.31
Healthy cortical bone * ~ Lransversely E, = 11,500 va1 = 0.31 / [16,21,22]
1sotropic
E3 =17,000 Vi = 0.51
E1 =7820 vo3 =0.31
Osteoporotic Transversely
. . E, =7820 =0.31 21,22
cortical bone * isotropic 2 V31 / [ ]
E3 = 11,560 V12 = 0.51
Cancellous bone Elastic isotropic 2130 0.30 / [16,21,22]
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Table 1. Cont.
. Material Young's . , . .
Material Behavior Modulus (MPa) Poisson’s Ratio Pre-Strain ¢, References
Osteoporotic Elastic isotropic 724 0.30 / [21,22]
cancellous bone

CoCrMo Elastic isotropic 240,000 0.30 / [16]
Ti6Al4V Elastic isotropic 114,000 0.30 / [16]
UHMWPE Elastic isotropic 724.2 0.46 / [16]

aMCL Elastic isotropic 332 0.45 0.04 [15,16,24]

pMCL Elastic isotropic 332 0.45 0.03 [15,16,24]

LCL Elastic isotropic 345 0.45 0.05 [15,16,24]

* For the tibia bone, the direction E1 represents medio-lateral axis of the bone; E2 represents anterior-posterior
axis of the bone; E3 represents the longitudinal anatomical axis of the bone.

2.3. Interactions

The contacts between parts were defined as follows. Tibial tray to tibial insert contact
was modeled as bonded. Tibial bone to tibial tray contact and femoral component to tibial
insert contact were modeled as frictional with a coefficient of 0.4 and 0.04, respectively [16].
Contact formulation for frictional interaction is modeled as Augmented Lagrange, and inter-
face treatment was set to Adjust to Touch. These contacts ensured that model components
remain tight and represent the functionality of the joint in press-fit TKA.

2.4. Applied Loads and BCs

Simulations for this study were conducted in ANSYS Mechanical 2024 R1 (ANSYS
Inc., Canonsburg, PA, USA) using multiple-step loading conditions derived from the ISO
14243-1:2009 gait cycle [6].

The knee joint was positioned in 0° flexion (full extension) and loaded using axial
force, antero-posterior (AP) force and internal-external (IE) rotational torque throughout
10 load steps (Table 2), representing key points of the stance phase of the gait cycle.

Table 2. Baseline kinetic loading conditions extracted from the ISO 14243-1:2009 standard [6] standard
across the stance phase of the gait cycle (GC).

Rotational Torque

Gait Cycle (%) Axial Force (N) AP Force (N) (N.mm)
0 0. 0. 0.
0 167.6 0. 0.
9 1530.9 —265. —500.
13 2600. 109.62 —903.3
25 838.2 50. 1160.6
40 2199.9 —99.11 49749
50 1867. —167.53 6000.
55 734.1 —177. 4500.
60 167.6 —62.5 1500.
65 167.6 52. 0.

This phase was selected for analysis as it represents the primary weight-bearing
segment of the GC, during which the knee joint is subjected to peak physiological loads and
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maximal compressive axial forces. Consequently, it represents the most critical scenarios
for evaluations of structural safety and primary stability.

Boundary conditions were introduced to maintain tibial translational and rotational
degrees of freedom (DOFs) unconstrained to allow the 3D TKA configuration model to
naturally adapt under the applied loading conditions. This approach allows for controlled
evaluation and comparisons of pure kinetics and structural response. Although the method
does not account for flexion-dependent kinematics, it is commonly employed to isolate the
impact of varied gait loads on knee mechanics [25,26].

All applied loads were defined by component vectors and applied to the proximal
surface of the femoral component. A fixed support boundary condition was applied to the
entire distal surface of the distal tibia.

The scenarios for investigation were conducted as follows: a healthy mechanical
baseline under standard ISO gait cycle was established. Subsequently, parametric sensi-
tivity analysis was performed by independently scaling axial force, antero-posterior (AP)
force, and rotational torque to 50% and 200% of their baseline magnitudes. Then the same
complete framework was applied to an osteoporotic bone model, allowing a comparative
evaluation of load transfer and failure risks of the implant when varied patient physio-
logical conditions are present. FEA was employed to analyze and compare the scenarios
under investigation.

2.5. Mesh Generation

The model was discretized in ANSYS Mechanical 2024 R1 (ANSYS Inc., Canonsburg,
PA, USA) using 10-node quadratic tetrahedral elements (Tet10). A global element size
of 3.0 mm was assigned to the cortical bone, cancellous bone, femoral component and
tibial tray, whereas a finer element size of 2.0 mm was applied to the tibial insert. Local
refinement was made on the contact faces of the femoral component with the tibial insert
and the proximal tibia, where a face sizing of 1 mm was applied. The mesh size was selected
based on a mesh independence and sensitivity study, as well as from previous validated
mesh quality protocol for similar biomechanical models [15]. The finalized discretization
across the model resulted in a total of 246,450 elements and 423,260 nodes. Mesh metric
evaluations were conducted to confirm mesh reliability. The discretized model yielded an
average skewness of 0.46 and an average element quality of 0.67. These values fall within
the accepted range of mesh for complex geometries, ensuring that element distortion does
not affect the simulation results [27].

2.6. Model Configurations and Region of Interests (ROIs)

To analyze the distribution of stress on the tibia bone, four Regions of Interest
(ROISs) [15,18] were defined on proximal and distal medial and lateral zones as shown
in Figure 2a. From the tibial most upper cut surface, the proximal medial (PM) and prox-
imal lateral (PL) were extended 5 mm towards the distal zone. The volume-weighted
average von Mises stress was evaluated on these zones to compare the instantaneous load
transfer from the prosthesis to the tibia bone. Similarly, distal medial (DM) and distal lateral
(DL) regions, with a 20 mm thickness, were defined at 30 mm from the tibial most upper
cut surface. These areas provided an overall assessment of the load distribution along the
tibial shaft. Polyethylene insert was also evaluated with two ROIs, as shown in Figure 2b,
respectively the medial and lateral sides as in the previous literature [15,18,21].

For each model configuration, these key parameters were evaluated: average von
Mises stress on polyethylene insert, tibia bone, vector decomposition (tangential, axial)
micromotion, along with total micromotion at the bone-implant interface and Normalized
Sensitivity Coefficients (NSCs).
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(a)

(b)

Figure 2. Regions of interest (ROIs) defined for the finite element data extraction. (a) Posterior view
of cortical bone partitioned into proximal lateral (PL), proximal medial (PM), distal lateral (DL) and
distal medial (DM) regions. (b) Proximal view of polyethylene insert partitioned into lateral (L), and
medial (M) regions.

3. Results

Figures 3 and 4 represent respectively the qualitative and quantitative overview of av-
erage von Mises stress on the proximal surface of the polyethylene (tibial) insert. Although
parametric scaling was applied across the entire 10-step GC, the displayed results isolate the
critical peak instants for each evaluated force (axial at 13%, AP at 9%, and Torque at 50%)
to assess the worst-case scenarios for structural safety. The overall results indicated that
the insert experiences low stress level distributions, with peaks on the articulating surfaces
with femoral condyles. The average medial and lateral values respectively remained under
2.5 MPa for both healthy and osteoporotic bone scenarios. Under the ISO standard baseline,
13% gait cycle (GC) where axial force peaks, the medial ROI resulted in an average stress
of 1.5 MPa, whereas the lateral ROI resulted in an average stress of 1.2 MPa. From these
approximated values, the calculated load distribution corresponded to a 55.6% medial to
44.4% lateral split, reflecting the natural knee asymmetrical kinetics, dominating on the
medial plateau, during the stance phase of the gait.

A near linear trend was observed on the polyethylene insert during axial load scaling.
Respectively, when the axial load was amplified to 200%, a maximum of 2.4 MPa internal
stress was observed on the medial ROI and 2.3 MPa on the lateral ROI. As for the M/L
load split, it approached a more symmetrical distribution corresponding to approximately
51.1% medial /48.9% lateral.

Variations in other kinetic vectors, respectively antero-posterior (AP) force and ro-
tational torque altered the insert stress distribution in different ways. Variations in the
AP force shifted the dominant load distribution laterally, where a 200% AP force resulted
in a 47.6% medial/52.4% lateral split. Conversely, the application of rotational torque
shifted the stress localization more medially, exhibiting an approximately 60.9% medial
to 39.1% lateral split at 50% GC observance: its variation did not significantly alter the
distribution. Comparing the 50%, baseline and 200% torque scaling scenarios, there is
almost no deviation in stress magnitude or distribution, indicating that this asymmetry
remains constant regardless of the magnitude the applied twisting force.

Importantly, there was no difference between healthy and osteoporotic models for the
stress distribution and magnitude on the polyethylene insert.

https://doi.org/10.3390/app16136731
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50% Load Baseline 200% Load
L M
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(13% GC) S, Mises (MPa)
5
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Figure 3. Average von Mises stress (MPa) distribution on the polyethylene insert for the healthy
bone model. Contour plots highlighting critical peak loads extracted from the fully scaled 10-step
gait cycle (GC): top row, axial force (13% GC); middle row, antero-posterior (AP) force (9% GC); and
bottom row, rotational torque (50% GC). Columns illustrate the influence of varied kinetic profiles
(50% Load, Baseline and 200% Load). (M: medial, L: lateral; orientation is uniform across all panels).

)

L5

Average Von Mises Stress (MPa)

Average Von Mises Stress (MPa)

5

50% Baseline 200% 50% Baseline 200% 50% Baseline 200% 50% Baseline 200% 50% Baseline 200% 50% Baseline 200%
Axial AP Torque Axial AP Torque
mMedial ROI m Lateral ROI mMedial ROI  mLateral ROI

(a) (b)

Figure 4. Average von Mises stress (MPa) extracted from the Medial and Lateral ROIs of the polyethylene
insert under varying load magnitudes. (a) Healthy bone models. (b) Osteoporotic bone models.

Figure 5 shows a qualitative overview of the average von Mises (MPa) stress on the
proximal tibia surface (bone—-implant interface) for all 14 selected representative scenarios.

To complement these findings, Table 3 represents a quantitative summary of the
corresponding average von Mises stress values (MPa) for healthy and osteoporotic models
under each simulated loading scenario.

Figure 6 provides a quantitative overview of average von Mises stress on cortical tibia
bone ROIs for the baseline gait cycle across healthy and osteoporotic models. As noticed at
13% GC (maximum axial load), the average stress peaks at the PM region with a magnitude
of 2.8 MPa for the healthy bone model and 4.5 MPa for the osteoporotic one. Similarly on
distal ROIs, the average stress on DM ROI peaks at 4.6 MPa on the healthy model, and
5.4 MPa on the osteoporotic one. The lateral ROIs followed a similar trend but with lower
magnitudes, respectively 1.6 MPa (healthy) and 2.9 MPa (osteoporotic) on DM ROI, and
3.4 MPa (healthy) to 3.9 MPa (osteoporotic) on DL ROIL The M/L split was maintained
medially dominant at most of the GC.

https://doi.org/10.3390/app16136731


https://doi.org/10.3390/app16136731

Appl. Sci. 2026, 16, 6731 80f17
50% Load Baseline 200% Load
S, Mises (MPa)
5
Healthy 3.5
Axial (13% GC) 35
3
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2
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1
Osteoporotic g.S
Axial (13% GC)
Healthy
AP (9% GC)
Osteoporotic
AP (9% GC)
Healthy

Torque (50% GC)

Osteoporotic

Torque (50% GC)

Figure 5. Average von Mises stress (MPa) at the proximal tibia interface. Columns compare increasing
load profiles (50%, baseline, 200%). Rows denote isolated peak forces for healthy and osteoporotic
models: axial (13% GC. Rows 1-2), antero-posterior (9% GC. Rows 3—4), and rotational torque (50%
GC. Rows 5-6). (M: medial, L: lateral orientation is uniform across all panels).

Table 4 summarizes the maximum tangential, axial and total absolute micromotion
(um) yielded at the bone-implant interface across the entire GC for all the tested scenarios.
The results revealed that the interface micromotion was primarily driven by tangential shear
along the resected proximal tibia surface, while the axial subsidence remained relatively
minimal. The total absolute peak value for the baseline was recorded at 19 microns (um)
comprising 19 um tangential and 3 um axial micromotion. Across the healthy models, the
maximum recorded total value occurred under 200% axial scaling, at 29 um. The 200% scale
of AP force influenced the interface stability, exhibiting a 23 pm total absolute micromotion,
whereas the 50% scale demonstrated almost identical value with the baseline (19 um),
indicating a strong frictional resistance under standard compressive loads.
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Table 3. Quantitative overview of average von Mises stress (MPa) at the proximal tibia interface for

healthy and osteoporotic models.

50% Load Baseline 200% Load
. o Healthy 0.7 1.2 24
Axial 13% GC Osteoporotic 0.8 1.4 2.6
Healthy 0.8 0.9 1.6
AP 9% GC .
Osteoporotic 0.9 0.9 1.7
Healthy 1.0 1.1 1.2
Torque 50% GC Osteoporotic 1.1 1.2 1.3
ﬁg ,.  . - Pu——— % 7 e ..
R . RO N £ .-ty
N = M <,
0 10 20 30 40 50 60 70 10 20 30 40 50 60 70
GC (%) GC (%)
—+— PL- HEALTHY --4-- PL - OSTEOPOROTIC DL - HEALTHY -~~~ DL - OSTEOPOROTIC
—— PM - HEALTHY —-—4-- PM - OSTEOPOROTIC DM - HEALTHY DM - OSTEOPOROTIC
(a) (b)
Figure 6. Average von Mises stress (MPa) over the stance phase of the gait cycle (GC) for the cortical
bone Regions of Interest (ROIs). Solid lines represent healthy bone models, and dashed lines represent
osteoporotic bone models. (a) Proximal lateral (PL) and proximal medial (PM) ROIs. (b) Distal lateral
(DL) and distal medial (DM) ROIs.
Table 4. Maximum tangential, axial, and total absolute micromotion (um) at the bone-implant
interface across the entire gait cycle (GC) for healthy and osteoporotic bone models under baseline
and scaled kinetic loading conditions.
Max. Tangential Max. Axial Total Absolute
Micromotion (um) Micromotion (um) Micromotion (um)
) Healthy 19 3 19
Baseline Osteoporotic 37 6 37
Healthy 15 2 15
Axial 50% Osteoporotic 26 3 26
Healthy 29 5 29
Axial 200% Osteoporotic 62 11 63
Healthy 19 3 19
AP Force 50% Osteoporotic 35 6 36
Healthy 23 3 23
AP Force 200% Osteoporotic 44 8 45
Healthy 18 3 18
Torque 50% Osteoporotic 38 6 38
Healthy 23 3 23
Torque 200% Osteoporotic 36 6 37
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In contrast the osteoporotic models exhibited significantly higher values in all varied
loading conditions, typically recording approximately doubled magnitude compared to
the healthy counterparts. During the ISO standard baseline GC, the total maximum micro-
motion value reached 37 um (comprising 37 pm tangential and 6 pm axial micromotion),
increasing to 45 um under 200% AP force and reaching an absolute maximum value of
63 pum (primarily driven by 62 um of tangential slip) under 200% axial force scenario.

An interesting behavior was demonstrated in the scaled rotational torque scenarios,
where under healthy bone conditions, a proportionally scaled total micromotion was
exhibited, rising from 18 um at 50% torque to 23 um at 200% torque. Conversely, the
osteoporotic bone conditions displayed a slightly inversed trend, with total micromotion
of 38 pm for the 50% torque, and 37 um for the 200% torque. This indicates that extreme
torque magnitude leads to a firm seating of the implant in the cancellous bone, where axial
micromotion stabilizes at approximately 6 pum, effectively acting as mechanical constraint
restricting further tangential sliding.

To assess how well the TKA healthy and osteoporotic models withstand extreme
kinetic variations, a normalized sensitivity framework was utilized. The sensitivity was
quantified using Normalized Sensitivity Coefficients (NSCs) defined as the ratio of the frac-
tional change in the biomechanical output with fractional change in input load component.
For key reported parameters such as average stress on insert (medial ROI), average stress
on proximal tibia interface, and total absolute micromotion, the NSCs were calculated
at both 50% and 200% for all input loads, as represented in Table 5. Across all loading
conditions, overall average stress and interface micromotion demonstrated a stable sub-
linear response (NSC < 1.0). Importantly, the bone-implant interface revealed negligible
sensitivity to extreme AP and rotational torque inputs. Particularly, in the osteoporotic
models, the kinematic NSC approached close to zero (NSC < 0.01), indicating neutralization
of these shear and torsional loads, by preventing micromotion increment regardless of the
input magnitude.

Table 5. Sensitivity analysis of the bone-implant configuration detailing the Normalized Sensitivity
Coefficients (NSC) across all multi-axial load scenarios for healthy and osteoporotic bone condition.

Average Insert Stress Average Interface Total Micromotion
(Medial ROI) NSC Stress NSC NSC
Healthy 0.65 0.79 0.37
Axial 50% Osteoporotic 0.72 0.82 0.6
Healthy 0.62 0.91 0.56
Axial 200% Osteoporotic 0.59 0.89 07
Healthy —0.19* 0.15 0
AP Force 50% Osteoporotic —0.15* 0.13 0.07
Healthy —0.03 * 0.85 0.23
AP Force 200% Osteoporotic —0.01* 0.81 0.2
Healthy 0.09 0.06 0.05
Torque 50% Osteoporotic 0.07 0.05 —0.04%
Healthy 0.06 0.18 0.21
Torque 200% Osteoporotic 0.07 0.15 0

* Negative NSC values indicate an inverse relationship.

4. Discussion

This study performed a finite element sensitivity analysis to evaluate the biomechan-
ical performance of one design of FB CR TKA prosthesis under the influence of kinetic
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variability and compromised bone quality. All models across healthy and osteoporotic
bone conditions were evaluated in terms of polyethylene and tibial bone average von Mises
stresses, and bone-implant interface tangential, axial and total micromotion.

The obtained simulation results revealed that the FB CR articular surface exhibited
a direct dependence on varied kinetic loading conditions, but was largely unaffected in
decreased bone quality [13,21,28]. Previous studies have also demonstrated the sensitivity
of different implant designs under load variations [26,29,30] which were proven to be
more sensitive and showed higher influence by AP shear and internal-external torques
compared to more constrained designs. The average stress values on the insert remained
below 2.5 MPa, which is safely below the ultimate yield strength of polyethylene, ensuring
that the insert is within the mechanical safety ranges for all tested scenarios [31,32].

Nevertheless, the quantitative analysis of the load distribution on the insert demon-
strated that the M/L split is highly sensitive to the specific kinetic vector orientation and,
depending on the force type, its magnitude. Under the gait cycle baseline conditions, the
medial side experienced higher contact stresses; under extreme axial, it loads demonstrated
more equal stress distribution. Exertion of the extreme AP shear loads resulted in a signifi-
cant shift in the stress distribution from the medial to the lateral compartment. Conversely,
while the torque introduction led to a highly asymmetrical medial dominant stress profile,
its distribution proved to be entirely independent of torque magnitude, indicating that the
design of the FB-CR tray prevents the insert from shifting, and locks the system into an
uneven load distribution at the peak torque values.

This dynamic variation on articular contact stress distribution may influence the long-
term multi-axial wear pattern, especially for heavier and highly active patients who are
exposed to diverse loadings. Mell et al. [9] similarly evaluated the NextGen CR implant by
scaling the magnitudes of baseline kinematic and kinetic peaks from 75% to 125%. Although
their findings indicated that no single parameter dominated the variability on wear, they
concluded that the wear rates are highly dependent on the interactions of these parameters
with other factors, such as patient-specific ones, noting that considerable variability occurs
even within the tolerances permitted by ISO standards. Notably, this study extends their
foundation by applying a broader parametric kinetic range (50-200%), therefore capturing
extreme boundary conditions that can reflect more accurately the high-risk patient-specific
loading conditions. Whereas their framework included variation in kinematic factors such
as flexion angles, the present model constrains kinematics to a constant angle at each
gait cycle phase. This controlled approach allowed assessment of pure kinetic effects,
understanding how load magnitude, orientation and bone quality independently affect the
stress contours.

It is important to note the origin of the non-linear mechanical behavior observed
across all the models. Since the material properties were modeled as linear elastic, and the
macroscopic structural deformations were assumed infinitesimal, the observed nonlinear
relationship between the applied load magnitudes and von Mises stresses is primarily
driven by the boundary conditions, particularly the frictional contact formulation. As the
load varies, the frictional contact formulation updates the contact patch and nodal states.
From the evaluation of contact status, the articular and bone-implant contact areas actively
evolve in the distribution of the applied load vectors without experiencing macroscopic
separations or tensile lift off. This means that the interfaces maintain a purely compressive
primary stability during the entire gait cycle.

Differences in the average stress distribution were observed on the tibia bone-implant
interface and cortical tibia ROIs between healthy and osteoporotic models, particularly more
prominent under 200% kinetic variation. The load transfer shifts from the center cancellous
bone to the peripheral cortical bone, suggesting potential stress shielding phenomena [33].

https://doi.org/10.3390/app16136731


https://doi.org/10.3390/app16136731

Appl. Sci. 2026, 16, 6731

12 of 17

Since the osteoporotic bone possesses a drastically reduced elastic modulus, it cannot
provide adequate structural support against the implant tray. As a result, variations in
extreme loading conditions on the osteoporotic model led to a more severe localized
stress concentration, which raises concern of potential future periprosthetic micro-fractures
and risk associated with medial plateau breakage. Alternative ways to mitigate this risk,
according to Completo et al. [34], would be through optimized implant designs particularly
on the stem length and diameter, which have shown promising improved biomechanical
load transfer and reduced implant failure.

To evaluate the primary stability of the implant, the bone—implant interface was
analyzed in terms of tangential, axial and total absolute micromotion. The observed results
show that the FB CR prosthesis under press-fit modeling maintained high stability in the
healthy bone model even under extreme kinetic conditions. In all the healthy bone models
with varied kinetic conditions, the total absolute micromotion (peaking at 29 pm) remained
consistent below the clinical threshold of 40-150 um, allowing for bone ingrowth and
stable implant fixation [35]. Vector breakdown micromotion showed that the interface was
heavily influenced from the tangential sliding, whereas the axial micromotion remained
negligible due to the rigid support provided by the healthy bone. These findings highlight
that shear displacement alters the interface whereas normal (axial) restriction reinforces
stability across the resected proximal tibia plane.

As for the osteoporotic models, the micromotion values were approximately twice as
high as these of the healthy models (peaking at 63 um). While theoretically the recorded
peak values remain below the biological threshold for fibrous encapsulation, they demon-
strated that interface kinematics was heavily driven by tangential shear and any sub-
threshold peak value can mechanically disrupt early micro-attachment on cancellous bone
which can lead to partial bone ingrowth [35-37]; it is necessary to carefully monitor poor
bone quality patients, particularly older ones. The combination of extreme kinetic pro-
file with reduced bone quality can delay osteogenesis and increase the risk of aseptic
loosening [38,39].

Gong et al. [28] reported similar findings in their evaluations of varied degrees of
bone quality, indicating that the bone-implant micromotion exceeded the bone ingrowth
biological threshold when the elastic modulus was reduced by 60%. This directly supports
our results, where a 66% reduction in modulus for cancellous bone demonstrated the
highest peak micromotion near the limit of osseointegration biological threshold. Further-
more, our data highlighted that the interaction between osteoporotic bone with varied
kinetic profiles alters fixation mechanics. Unlike the proportional behavior observed in the
healthy bone under variation in rotational torque, the osteoporotic bone behavior shifted
from a pure horizontal slip to a further localized subsidence behavior, demonstrating an
increase in axial penetration on the compromised cancellous bone, which can lead to higher
risk of micro-tilting and progressive sinking. Clinically, these results imply that standard
uncemented press-fit modeling is likely sub-optimal for patients with severe bone density
deficit. However, to fully establish and conclude an optimal clinical approach, for this
high-risk patient group, future computational investigation should be done to evaluate
alternative stabilization scenarios, such as different fixation of the implant (fully cemented
tray component), or utilization of a varied tray stem. While these findings underscore fur-
ther preclinical investigations, a deeper sensitivity assessment confirms that biomechanical
stability is preserved.

A formal sensitivity framework, as represented in Table 5, provided strong mathe-
matical evidence for the reliability of the implant design, even under osteoporotic bone
conditions. While extreme variations in axial loading resulted in the highest stress gra-
dients, the observed response remained sub-linear (NSC 0.59-0.91 < 1.00). Notably, the
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sensitivity of the bone-implant interface to AP shear and rotational torque-twisting in-
puts was remarkably low, recording a negligible impact (absolute NSC < 0.01) on total
micromotion. Biomechanically speaking, this near-zero sensitivity indicates robust primary
mechanical stability. Once the implant achieves a firm seating within the cancellous bone,
its design geometry and interfacial friction act as a constraint against further subsidence,
effectively neutralizing the extreme kinetic profiles.

Even though the findings of this study align with existing literature, there are various
limitations mainly associated with the assumptions made for the FE models. All the
materials were considered homogeneous and linearly elastic, which is well-established
from previous protocols [15,16,18]; non-homogeneous properties are common in terms
of tibia bone. Another assumption was made in terms of ligaments, which have 1D
spring/beam elements and may not capture the full anatomical features. However, the
validity of their establishment is widely used in the literature [15,16,18,40]. There was
no femur bone included in this study, and the ligaments were attached to the femoral
component, which may over-constrain their behavior. Nevertheless, the model is valid
and there are well-established [21,41-43] protocols implementing this FE model to reduce
computational cost and simulation time. Apart from the collateral ligaments and PCL, other
surrounding soft tissue (such as muscles) were not explicitly incorporated in the model;
however, their influence was indirectly accounted from the applied loading conditions. The
bone model was a synthetic bone, which may not account for bone anatomy and deformity
variations that would alter the final TKA results. The implant was positioned based on
mechanical alignment (MA), which is a well-known standard for TKA alignment [44—46];
however, for patients with varus-valgus deformation it may not count as the optimal
alignment. Additionally, only single TKA implant design was evaluated, particularly the
fixed-bearing cruciate-retaining prosthesis; the observed results may not directly generalize
to alternative designs such as mobile bearing configurations. The study is quasi-static and
focused exclusively on the stance phase of GC, which means it accounts for critical kinetic
loading profiles but does not account for kinematics and the swing phase, which limits the
understanding of knee dynamics under daily activities. Future studies will include knee
kinematics factors, the full gait cycle, different implant designs, alignment and fixation
methods for a more comprehensive comparison.

5. Conclusions

This study evaluated the biomechanical behavior of a FB CR TKA configuration under
variable loading and bone quality. The prosthesis exhibited a satisfactory performance in
the healthy bone model, even under extreme kinetic profiles. However, reduced bone qual-
ity combined with kinetic variability influenced the tibial stress distribution and primary
stability. While bone quality did not affect the polyethylene insert, the insert demonstrated
a high distributional sensitivity to load vector variations, significantly altering the stress
pattern and magnitude in terms of the medial/lateral split. The increased interface mi-
cromotion and severe localized stress on the cortical rim observed in osteoporotic models
represent preclinical implications for prosthesis selection and fixation strategies that require
further experimental validation.
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A Anterior

aMCL  Anterior Medial Collateral Ligament
AP Anterior-Posterior

CR Cruciate Retaining

DM Distal Medial

DL Distal Lateral

DOFs  Degrees of Freedom

FB Fixed Bearing

FEA Finite Element Analysis

L Lateral

LCL Lateral Collateral Ligament
M Medial

MA Mechanical Alignment

MCL Medial Collateral Ligament

P Posterior

PCL Posterior Cruciate Ligament

PMCL  Posterior Medial Collateral Ligament
PM Proximal Medial

PL Proximal Lateral

ROIs Regions of Interest

TKA Total Knee Arthroplasty

Appendix A

To provide a quantitative assessment of the numerical precision and resolution lim-
its, a mesh convergence study was conducted. The baseline mesh size was varied to a
coarser configuration (200%) and to a finer configuration (50%) on the worst-case para-
metric scenario (osteoporotic bone condition under 200% axial load scaling), illustrated in
Figure Al.

The global and local biomechanical outputs were extracted for each mesh size variation,
and presented in Table Al, to investigate the difference. A maximum average von Mises
stress of 6.49 MPa was observed for the coarser (200% element) mesh, stabilized at 6.19 MPa
for the baseline mesh, and 6.55 MPa for the finer mesh (50% element sizes). The calculated
deviation between the baseline and finer mesh in terms of peak average stress resulted
in 5.7%. Similarly, the max. average insert stress resulted in 3.3% difference between
the baseline and the finer meshed model. At the global level, the selected element size
is optimal with no significant difference. Localized interfacial kinematics evaluation,
such as peak total micromotion (um) demonstrated a shift from 70 um for the coarse
mesh, to 63 um for the baseline mesh and 85 um for the fine mesh, with a significant
difference of 29.7% between the baseline to 50% element size variation. Due to non-linear
frictional contact at sharp implant-bone edges, and the investigation of the worst-case
scenario (osteoporotic condition with 200% axial load) this variance mathematically can
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be expected. Importantly, it still stays within the 40-150 um clinical threshold for bone
ingrowth. Consequently, to reflect more accurately the true resolution limit of the FE
model based on this variance, micromotion values throughout this study are reported as
whole integers. The baseline mesh was maintained for the full study, since it proved global
convergence without introducing the need for higher computational cost and time.

(a) (b) (c)

Figure Al. Mesh sensitivity analysis models demonstrating the three tested element density varia-
tions: (a) 50% finer mesh, (b) the validated baseline mesh, and (c) 200% coarser mesh.

Table Al. Mesh convergence and sensitivity matrix quantifying numerical precision and resolution
limits for global and localized biomechanical outputs for osteoporotic bone under 200% axial
scaling scenario.

. o/ 1~:
Biomechanical Output Coe(n;;((e)t%esh Baseline Mesh Fn(l; 01,\,2(;511 (Ba/soelljifefe;:.nlsiene)

Max. Average Tibia Stress (MPa) 6.49 6.19 6.55 5.7%
Max. Average PE Insert Stress (MPa) 2.21 2.40 2.48 3.3%
Peak Total Tibial Displacement (mm) 1.10 0.83 0.86 3.6%
Peak Tangential Micromotion (pum) 68 62 84 30.1%
Peak Axial Micromotion (pum) 16 11 13 16.7%
Peak Total Micromotion (pum) 70 63 85 29.7%
Peak PE Insert Stress (MPa) 10.93 12.23 14.71 18.4%
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