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ABSTRACT

Multifunctional materials have been described to meet the diverse requirements of implant materials for femoral
components of uncemented total knee replacements. These materials aim to combine the high wear and
corrosion resistance of oxide ceramics at the joint surfaces with the osteogenic potential of titanium alloys at the
bone-implant interface. Our objective was to evaluate the biomechanical performance of hybrid material-based
femoral components regarding mechanical stress within the implant during cementless implantation and stress
shielding (evaluated by strain energy density) of the periprosthetic bone during two-legged squat motion using
finite element modeling. The hybrid materials consisted of alumina-toughened zirconia (ATZ) ceramic joined
with additively manufactured Ti-6A1-4V or Ti-35Nb-6Ta alloys. The titanium component was modeled with or
without an open porous surface structure. Monolithic femoral components of ATZ ceramic or Co-28Cr-6Mo alloy
were used as reference. The elasticity of the open porous surface structure was determined within experimental
compression tests and was significantly higher for Ti-35Nb-6Ta compared to Ti-6A1-4V (5.2 + 0.2 GPa vs. 8.8
=+ 0.8 GPa, p < 0.001). During implantation, the maximum stress within the ATZ femoral component decreased
from 1568.9 MPa (monolithic ATZ) to 367.6 MPa (Ti-6A1-4V/ATZ), 560.9 MPa (Ti-6Al-4V/ATZ with an open
porous surface), 474.9 MPa (Ti-35Nb-6Ta/ATZ), and 648.4 MPa (Ti-35Nb-6Ta/ATZ with an open porous
surface). The strain energy density increased at higher flexion angles for all models during the squat movement.
At ~90° knee flexion, the strain energy density in the anterior region of the distal femur increased by 25.7 %
(Ti-6Al-4V/ATZ), 70.3 % (Ti-6Al-4V/ATZ with an open porous surface), 43.7 % (Ti-35Nb-6Ta/ATZ), and
82.5% (Ti-35Nb-6Ta/ATZ with an open porous surface) compared to monolithic ATZ. Thus, the hybrid material-
based femoral component decreases the intraoperative fracture risk of the ATZ part and considerably reduces the
risk of stress shielding of the periprosthetic bone.

1. Introduction

et al., 2023; Mintzer et al., 1990). In this context, corrosion and
wear-resistant oxide ceramics (e.g. alumina toughened zirconia (ATZ)

Femoral components used in total knee replacement (TKR) are
commonly made of cobalt-chromium-molybdenum alloy such as
Co-28Cr-6Mo. The main reason for implant revisions represents aseptic
loosening (Grimberg et al., 2023), which in part is caused by
wear-particle-related osteolysis (Crutsen et al., 2022; Drynda et al.,
2018; Jonitz-Heincke et al., 2019; Yang et al., 2015) and periprosthetic
bone resorption due to bone stress shielding (Jarvenpaa et al., 2014; Lee
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ceramic, zirconia toughened alumina (ZTA) ceramic) have been intro-
duced as alternative implant materials, showing good clinical results
(Bergschmidt et al., 2016). However, femoral components based on
oxide ceramics are prone to brittle fracture during high-impact events
(Kluess et al., 2012; Krueger et al., 2014). Furthermore, they are bioinert
materials allowing only contact osteogenesis but no firm osseointegra-
tion of the implant (Bedir et al., 2023). Therefore, the benefits of
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uncemented implantation, such as improved component fixation
through direct integration with the bone, preservation of bone stock,
and reduced systemic side effects associated with debris and third-body
wear, cannot be realized in cemented TKR (Uivaraseanu et al., 2022).
Moreover, uncemented TKRs made of oxide ceramics similar lead to
stress shielding of the periprosthetic bone since there is a mismatch in
elasticity of the implant material and bone.

As an alternative, p-titanium (B-Ti) alloys were investigated (Far-
rahnoor and Zuhailawati, 2021; Johannsen et al., 2023; Niinomi, 1998)
which are providing a lower Young’s modulus (higher elasticity)
compared to Ti-6Al-4V, Co-28Cr-6Mo alloy and oxide ceramics (Nii-
nomi, 1998), thus potentially reducing the stress shielding. The elas-
ticity and excellent biocompatibility are traced back to the
body-centered cubic crystal structure stabilized by biocompatible ele-
ments such as niobium, tantalum, and zirconium (Eisenbarth et al.,
2004; Farrahnoor and Zuhailawati, 2021; Niinomi, 1998). In addition to
their suitable properties, certain p-Ti alloys, e.g. Ti-Nb (Pilz et al., 2022;
Schulze et al., 2018), Ti-Nb-Ta (Johannsen et al., 2023; Sass et al.,
2024c), and Ti-Nb-Ta—Zr (Luo et al., 2019; Ozan et al., 2017) can be
additively manufactured, which is advantageous in terms of design
freedom and fabrication of open porous surface structures, e.g. flexible
surface designs (Sass et al., 2023), for enhanced implant-bone interac-
tion (Ni et al., 2019; Song et al., 2023). However, titanium and its alloys
have a lower wear resistance and, therefore, cannot be applied for high
tribologically stressed implant parts (Kaur and Singh, 2019).

To address clinical issues with CoCrMo-based femoral components,
PEEK (Post et al., 2022; Ruiter et al., 2017, 2021), multifunctional
materials (Bahraminasab et al., 2017, 2019, 2021, 2022a, 2022b; Mick
et al., 2015; Sass et al., 2024a; Sun et al., 2022) or wear-resistant
coatings on titanium-based implants (Galas et al., 2023; Lee et al.,
2023) have been investigated. In this regard, multifunctional materials
are defined by the combination of a ceramic-based implant component
in the articulating contact zone and a titanium-based implant compo-
nent in the bone interface to meet the diverse requirements of an
advanced implant material for TKR (Bahraminasab et al., 2017, 2019,
2021, 2022a, 2022b; Mick et al., 2015; Sass et al., 2024a; Sun et al.,
2022). These materials may combine the advantageous properties by
reducing the specific limitations of each monolithic material. Func-
tionally graded materials with an increasing Ti-6A1-4V content from the
pure oxide ceramic component to the bone interface, produced by spark
laser sintering, have been investigated (Bahraminasab et al., 2017,
2019, 2021, 2022a, 2022b; Moayedee et al., 2024). Soldering ceramic
and titanium components with a glass solder to create a hybrid material
is another conceivable approach. Joining dissimilar materials is chal-
lenging but can be achieved (Mick et al., 2015; Sass et al., 2024a;
Suansuwan and Swain, 2003; Sun et al., 2022; Vasquez et al., 2009).
During a firing process, a material bond is formed by diffusion of ele-
ments and the formation of interlayers (Mick et al., 2015; Sass et al.,
2024a; Sun et al., 2022; Vasquez et al., 2009) and mechanical inter-
locking (Sun et al., 2022). Despite promising results of joined orthopedic
materials (Ti-6A1-4V/ATZ (Mick et al., 2015), Ti-35Nb-6Ta/ATZ (Sass
et al., 2024a)), the concept of a hybrid material-based femoral compo-
nent for TKR using glass soldering of subcomponents has not been
studied.

Furthermore, previous studies investigating alternative implant
materials for the femoral component of a TKR have been focused on the
bone-implant interaction (Bahraminasab et al., 2013; Galas et al., 2023;
Ruiter et al., 2021) to prove the reduced stress shielding but the me-
chanical loading of the femoral component induced during the im-
plantation procedure has not been considered. Since Kluess et al. (2012)
clearly described the risk of intraoperative fracture of ceramic femoral
components caused by anterior-posterior opening (“wedge load”), it is
essential to investigate the influence of the hybrid material in this
loading scenario as well.

Hence, the present study aimed to analyze the biomechanical prop-
erties of a hybrid material-based femoral component for TKR using finite
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element (FE) modeling. For this purpose, the hybrid material was real-
ized by bonding ATZ ceramics to Ti-6Al-4V or Ti-35Nb-6Ta alloys. We
investigated the stresses and strains within the femoral component and
the periprosthetic bone under mechanical loading induced by the
uncemented implantation and during a two-legged squat motion up to
~90° knee flexion. The squat motion was based on a numerical work-
flow, where a musculoskeletal multibody simulation (MMBS) of the
lower extremity was sequentially linked to the FE model.

2. Materials and methods
2.1. Study overview

This study investigated the influence of the femoral component
material on the biomechanical properties using a right cruciate-
retaining TKR (Columbus®, Aesculap AG, Tuttlingen, Germany). The
tibial insert and resurfaced patellar component were considered within
the two-legged squat motion. Four different materials were defined for
the femoral component: hybrid materials of ATZ and Ti-6Al-4V
(Ti-6Al-4V/ATZ) or ATZ and Ti-35Nb-6Ta (Ti-35Nb-6Ta/ATZ),
monolithic Co-28Cr-6Mo alloy, and monolithic ATZ ceramic. The
Ti-35Nb-6Ta/ATZ hybrid material has been recently experimentally
characterized and showed promising mechanical and biological prop-
erties (Sass et al., 2024a). The additively manufactured titanium com-
ponents were completely dense or had an open porous surface structure.
Implant loading during uncemented implantation and stress shielding
within the periprosthetic bone during two-legged squat motion was
evaluated by comparing the strain energy density in defined regions of
interest (ROI). Most of the model input parameters were taken from the
literature. Since no data were available on the elastic properties of open
porous Ti-35Nb-6Ta lattice structures for the functionalized implant
surface, mechanical tests of material specimens were carried out
accordingly.

2.2. Experimental characterization of open porous lattice structures

2.2.1. Specimen preparation

For detailed information on the preparation of the pre-alloyed
Ti-35Nb-6Ta powders and the process parameters, we refer to a pre-
vious study by Johannsen et al. (2023). In brief, the Ti-35Nb-6Ta
specimens were produced by laser beam powder bed fusion (PBF-LB/M)
using a DMP350 Flex (3D Systems Corp., Rock Hill, SC, USA) equipped
with a 1 kW single-mode laser (YLR-1000-WC-Y14, IPG Laser GmbH,
Burbach, Germany). Ti-6Al-4V specimens were prepared using a
SLM500 Quad (SLM Solutions Group AG, Luebeck, Germany) (Sass
et al.,, 2024c). The defined process led to chemical homogenous
Ti-35Nb-6Ta specimens having a pure p crystal structure and densities
>99 % (Johannsen et al., 2023). Open porous lattice structures were
designed with a 1 x 1 x 1 mm? face-centered cubic unit cell in Creo
Parametrics 6.0.3.0 (PTC Inc., Boston, MA, USA) based on a previous
study (Sass et al., 2024c). The strut diameter and resulting nominal
porosity were 0.3 mm and 70 %, respectively. Rectangular specimens
measuring 7 x 7 x 11 mm® were prepared for experimental compression
tests (Fig. 1A).

2.2.2. Mechanical characterization

The open porous specimens (n = 5) were axially loaded to failure
using a universal testing machine (Z050-50 kN, Zwick Roell, Ulm,
Germany) at a crosshead speed of 0.005 mm x s~1 (Sass et al., 2024c).
The stress-strain curves were obtained using a tactile extensometer
(digiClip Extensometer, Zwick Roell, Ulm, Germany), and the
compressive modulus (C), the compressive yield strength (c¢,0.2) the
ultimate compressive strength (UCS), and the elongation at break (g)
were evaluated. The test setup is shown in Fig. 1B.
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Fig. 1. A) Rectangular open porous specimen for axial compression test with a
detailed view of the lattice structure and B) setup for mechanical testing indi-
cating the compression force vector.

2.2.3. Statistical analysis

Statistical analysis of the experimental data was performed in SPSS
statistics (v25, IBM Corp., Armonk, NY, USA), and the level of signifi-
cance was p < 0.05 for all tests. All groups were tested for statistical
significance using an independent t-test after evaluating its applicability
regarding the groups’ normal distribution and variance homogeneity.

2.3. Finite-element simulation

2.3.1. General model assumptions, material properties, and discretization
strategy

Two quasi-static FE models were developed in Abaqus v2022 (Das-
sault Systemes, Providence, RI, USA) using the implicit solver resem-
bling the uncemented implantation and the two-legged squat motion.
For both models, the CT scan of a human femur (male, 83 years old, body
weight of 61 kg) was reconstructed using Mimics 25.0 (Materialise NV,
Leuven, Belgium) and sectioned 10 mm above the femoral component.
Virtual implantation of the femoral component was performed accord-
ing to the surgical guidelines and was reviewed by an experienced or-
thopedic surgeon.

The established implant design was modified to create a biphasic
design (Fig. 2) with fully constrained interfaces between the sub-
components. This artificial design was used to study the hybrid material-
based femoral components. The titanium component had a constant
thickness of 3 mm (excluding the two pins). In addition, models with an
open porous surface (1 mm thick) have been designed, which may
enhance bone-implant interaction (Galas et al., 2023; Gao et al., 2019).
Accordingly, the material interface was always defined by dense

A

N Dense titanium
ey

Open porous surface
ROO00000000000000R000
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material components.

The modeled material properties are summarized in Table 1. All
materials were assumed to have isotropic and linear elastic material
properties. Heterogeneous bone properties were based on the correla-
tion between Young’s modulus and Hounsfield units (HU) for the
cortical (ash density >0.6 g x cm’3) and trabecular (ash density <0.6 g
% cm~2) bone (Keyak and Falkinstein, 2003) of the distal femur in the
superior-inferior direction (Rho et al., 1995). The correlation functions
were chosen as they directly refer to bone specimens extracted from
human distal femurs. A phantom-based calibration (QRM, Moehrendorf,
Germany) was performed to define the correlation between apparent
density and HU, and further, the apparent density was transformed into
ash density (Schileo et al., 2008). In Abaqus v2022, a node-based
assignment of Young’s moduli was performed using a self-written plu-
g-in (Mauck et al., 2016). Each node obtains an HU value derived from
the CT data using the corresponding node coordinates. The HU values
are considered as virtual temperatures to simulate the heterogeneous
bone material properties in vivo by a linear-elastic temper-
ature-dependent material model. The frequency of assigned Young’s
moduli, the curve of the Young’s moduli as a function of the HU, and the
assigned corresponding Young’s moduli are shown in Fig. 3.

Femoral component materials (hybrid materials, Co-28Cr-6Mo
alloy, ATZ ceramic) and UHMW-PE for the tibial insert and patellar
component were assumed to be homogeneous. The open porous surface
structure of the titanium part of the femoral component was represented
by the experimentally determined compressive stiffness and not by
modeling the actual geometry of the lattice structures. In addition to the
elastic properties, UHMW-PE was modeled with a plastic material

Table 1
Defined material properties for finite element modeling (Eco: Young’s modulus
of the cortical bone, Er,p: Young's modulus of the trabecular bone, p: ash
density).

Material Young’s modulus Poisson’s Reference
[GPa] ratio
Bone Ecort = —6.142 x 0.4 Rho et al.
0.014 x p (1995)
Erpap = 0.82 x p1%7
Co-28Cr-6Mo 240 0.3 Galas et al.
(2023)
UHMW-PE 0.239 0.35 Sauer et al.
(2021)
ATZ 261 0.27 Vogel et al.
(2021)
Ti-6Al-4V 110 0.3 Niinomi (1998)
Open porous 8.8 0.3 Current study
Ti-6Al-4V
Ti-35Nb-6Ta" 63 0.3 Sass et al.
(2024¢)
Open porous 5.2 0.3 Current study
Ti-35Nb-6Ta

# Averaged compressive modulus of specimens manufactured in three
different build directions during laser beam powder bed fusion.

Cc

Fig. 2. Geometries of the analyzed femoral components of a total knee replacement (figures created in Creo Parametrics 6.0.3.0) made of A) a hybrid material of ATZ
ceramic (articulating surface) and a titanium alloy (bone interacting surface), and section views of the hybrid material-based femoral component showing the
titanium-based component with/without an open porous surface structure, B) monolithic ATZ ceramic and C) monolithic Co-28Cr—6Mo alloy.
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Fig. 3. Frequency and Young’s moduli as a function of the Hounsfield unit (HU) according to Rho et al. (1995) of the distal femur used for the finite element analysis
and the assigned heterogenous Young’s moduli in Abaqus v2022 that corresponds to the HU.

behavior (yield strength: 25 MPa) (Sauer et al., 2021).

Quadratic tetrahedron elements (C3D10) were used to discretize the
model. The element sizes were defined within a convergence analysis
where the number of elements was incrementally increased. The
maximum stress in the femoral component during uncemented im-
plantation and the strain energy in the femoral bone during two-legged
squat motion were evaluated. Convergence was defined as a change in
the outcome measures of less than 5% compared to the next finer mesh.
The defined element edge lengths of the model representing uncemented
implantation were 1.4 mm for the ATZ component. The dense and open
porous titanium components were meshed with an element edge length
of 0.6 mm and 1.1 mm, respectively. The regions of maximum stress in
the titanium components were finer meshed with an element edge
length of 0.3 mm and a minimum of four elements across the thickness.
In the squatting model, element edge lengths of 2.2 mm, 1.5 mm, and
2.2 mm were used for the ATZ component, the titanium components,
and the femoral bone, respectively. In addition, the tibial insert and the
patellar component were meshed with element edge lengths of 3 mm.
Further details of the mesh and convergence study can be found in the
Supplementary Material.

2.3.2. Boundary conditions and interaction properties during implantation

The assembly and the boundary conditions of the uncemented im-
plantation are shown in Fig. 4A. Based on literature studies (Berahmani

A BRPﬁ

Z: Medio-Lateral

direction = O0h
direction

X: Anterior-Posterior

Bre: Bone reference point direction

Frp: Femoral component reference point

y: Superior-Inferior

et al., 2017; Post et al., 2022), an interference fit of 1 mm was created
between bone and implant in the anterior-posterior direction. We did
not model the implantation by forcing the implant onto the bone, but
instead used the remove interference fit option in the contact module. In
this step, the surface nodes of the bone (secondary surface) are moved
incrementally toward the implant surface (main surface) (Berahmani
et al.,, 2017). In addition, the implant was moved 0.5 mm distally to
remove the superior-inferior interference fit. This translational
constraint was applied to a coupled reference point (Fgp). The bone was
fixed proximally throughout the simulation by fully constraining a
coupled reference point (Bgp). The implantation results in maximum
stresses in the lateral posterior radius, as shown in Fig. 4B.

The bone-implant contact was modeled as a hard surface-to-surface
contact and with a frictionless penalty contact. Since the friction of
the interface did not affect the results with the defined boundary con-
ditions, we simplified the model with this assumption and reduced the
run time and convergence errors caused by frictional contact.

2.3.3. Boundary and contact conditions of the two-legged squat motion
The model assembly and the boundary conditions of the two-legged
squat motion are shown in Fig. 5. The boundary conditions were derived
from a previously described MMBS (Kebbach et al., 2020, 202.3; Tischer
et al., 2023) and are shown in Fig. 5A. The squat motion was chosen
because it covers a wide range of motion and has been previously used to

B
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Fig. 4. Finite element model of the uncemented implantation of the femoral component: A) model assembly with initial position of the femoral component and
femoral bone (total interference fit in anterior-posterior direction of 1 mm) and identification of the reference points (Brp: fully constrained during loading, Fgp:
displaced in superior-inferior direction for implantation, free translation in x-direction and constrained in z-direction and all rotational degrees of freedom) and B)

location of the maximum von Mises stresses (in MPa) during the implantation.
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Fig. 5. Finite element model of the two-legged squat motion to ~90° of knee flexion: A) initial position of the femoral component, tibial insert and patellar
component, where the defined local coordinate systems for the tibiofemoral (Krr) and patellofemoral joint (Kpp), the reference points (Brp, Trp) and the applied
boundary conditions derived from the musculoskeletal multibody simulation are indicated, B) defined regions of interest 1 to 5 to analyze the volumetric stress
shielding by the strain energy density as a function of knee flexion angle and femoral component material, and C) tibiofemoral (TF) and patellofemoral (PF) joint

forces, translations and rotations applied to the reference points.

study bone-implant load transfer in TKR (Ruiter et al., 2017; van Jon-
bergen et al., 2012). The FE model contains the tibial insert, the resur-
faced patellar component, the femoral component, and the distal femur.
The methodology to link the MMBS and FE analysis followed the
workflow according to our previous work (Sass et al., 2024b).

The MMBS was based on the dataset of the 4th Grand Knee Challenge
Competition (Fregly et al., 2012) and was built in SIMPACK V9.7
(Dassault Systemes, Providence, RI, USA). The model used a non-linear
force-strain relationship for relevant ligaments of the tibiofemoral and
patellofemoral joint, and the articulating implant surfaces were con-
strained using a polygonal contact model. To calculate the muscle
forces, joint coordinates from motion capturing were used in a forward
dynamic MMBS using a computed muscle controller with static opti-
mization and wrapping algorithm (Kebbach et al., 2020). Concerning

the implant design, the previous implant components were replaced
with those described in section 2.1. The kinematics and contact forces of
the tibiofemoral and patellofemoral joints (Fig. 5¢) were calculated in
the MMBS and then transferred to fixed local coordinate systems in
Abaqus v2022 (tibiofemoral Ktp, patellofemoral Kpg, see Fig. 5A). The
joint kinematics were further transferred to the bone reference point
(Bgrp), which was kinematically coupled to the distal cut surface of the
femur. Five bone ROI (see Fig. 5B) were defined in the distal femur
(Meneghini et al., 2015; Ruiter et al., 2021) to assess the influence of the
implant material on volumetric stress shielding.

During the two-legged squat motion, the implant was assumed to be
osseointegrated, which was modeled with a fully constrained interface
(tie constraint) between the femoral component (main surface) and bone
(secondary surface). In addition, ATZ ceramic or Co-28Cr-6Mo alloy
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articulating surfaces in contact with UHMW-PE were modeled as hard
surface-to-surface contact with a coefficient of friction of 0.04 (Godest
et al., 2002).

2.3.4. Outcome measures

The maximum stress in the femoral component was evaluated during
the uncemented implantation. This was performed separately for each
model component in the hybrid material-based femoral components.
Due to the different intrinsic material properties (brittle vs. ductile), the
maximum principal stress was used for the ATZ ceramic, and the
maximum von Mises stress was used for the Co—28Cr-6Mo alloy and the
titanium alloys. During squatting, the relative change in strain energy
density compared to the ATZ femoral component in the defined bone
ROI was evaluated for each time step. The strain energy density has been
described as a stimulus for bone remodeling (Carter et al., 1987; Huiskes
et al., 1987) and has previously been used to study the influence of the
implant material on volumetric stress shielding around the femoral
component (Ruiter et al., 2021). The increase in the strain energy den-
sity compared to the defined reference indicates an improvement in the
load transfer from the implant to the adjacent bone as the bone is sub-
jected to higher strains.

3. Results
3.1. Mechanical characterization

Representative stress-strain curves of the open porous lattice struc-
tures are shown in Fig. 6. Specimens of both titanium alloys fractured at
~45° to the load axis, with Ti-35Nb-6Ta exhibiting extensive ductile
behavior.

The determined mechanical properties and their level of significance
are shown in Table 2. The Ti-35Nb-6Ta specimens showed a higher
elasticity, ultimate compressive strength, and elongation at break but
decreased yield strength compared to the Ti-6Al-4V specimens.
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Fig. 6. Representative stress-strain curves of rectangular (7 x 7 x 11 mm?®)
open porous structured specimens made of Ti-6Al-4V or Ti-35Nb-6Ta and
illustration of the macroscopic fracture.
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3.2. Finite-element simulation of the implantation

The maximum stress during implantation was observed in the lateral,
posterior radius of the uncemented femoral components and at the final
position of the implantation since the anterior-posterior opening was the
largest there. Fig. 7 compares the different stress distributions of the
hybrid material-based femoral component made of Ti-35Nb-6Ta/ATZ
with and without an open porous surface structure of the titanium part
and of the monolithic ATZ femoral component.

The maximum principal stress in the monolithic ATZ femoral
component amounted to 1568.9 MPa, and the maximum von Mises
stress in the Co-28Cr-6Mo based femoral component was 1290.6 MPa.
The maximum principal stress in the ATZ component decreased within
the hybrid material-based femoral components to 367.6 MPa (—76.6 %)
for Ti-6Al-4V/ATZ, to 560.9 MPa (—64.3 %) for Ti-6Al-4V/ATZ with
an open porous surface structure, to 474.9 MPa (—69.7 %) for
Ti-35Nb-6Ta/ATZ, and to 648.4 MPa (—58.7 %) for Ti-35Nb-6Ta/ATZ
with an open porous surface structure. The maximum von Mises stresses
in the titanium-based implant parts were 758.2 MPa (Ti-6A1-4V/ATZ),
636.5 MPa (Ti-6Al-4V/ATZ with an open porous surface structure),
506.2 MPa (Ti-35Nb-6Ta/ATZ), and 411.1 MPa (Ti-35Nb-6Ta/ATZ
with an open porous surface structure). The maximum von Mises stress
in the open porous surface layer was 52.6 MPa and 84.2 MPa in the
Ti-35Nb-6Ta and Ti-6A1-4V implant components, respectively.

Accordingly, we observed that the stress within the ATZ part of a
hybrid material-based femoral component is influenced by Young’s
modulus and the structural stiffness of the joined titanium part.

3.3. Finite element simulation of the squat motion

The strain energy density in the anterior region of the distal femur
(ROI 1) as a function of the knee flexion angle is shown in Fig. 8 as a
representative curve of the analyzed models during the two-legged squat
motion. It can be seen that the strain energy density increased at higher
flexion angles due to a higher axial joint force. In addition, the hybrid
materials increased the strain energy density and, therefore, the load on
the bone. The effect of the different implant materials is clearly pro-
nounced in bone ROI 1 at approximately 35° of knee flexion. The strain
energy density of the periprosthetic bone was influenced by both the
titanium alloy used and the implant surface structure (dense or open
porous).

The relative changes in strain energy density (ASED) within the bone
ROIs of the different femoral component materials compared to mono-
lithic ATZ ceramic are shown in Fig. 9. We observed minor differences
between ATZ ceramic and Co-28Cr-6Mo alloy, based on their compa-
rable Young’s moduli (ATZ: 261 GPa vs. Co-28Cr-6Mo: 240 GPa). The
hybrid materials distinctively increased the strain energy density in the
anterior region of the periprosthetic bone (ROI 1 and 5). For example in
the bone ROI 1 at ~90° of knee flexion, the strain energy density
increased by 25.7% (Ti-6A1-4V/ATZ), 70.3% (Ti-6A1-4V/ATZ with an
open porous surface), 43.7% (Ti-35Nb-6Ta/ATZ), 82.5%
(Ti-35Nb-6Ta/ATZ with an open porous surface), and 4.8%
(Co-28Cr-6Mo alloy) compared to monolithic ATZ.

4. Discussion

To avoid metal ion release, stress shielding, and subsequent aseptic
implant loosening, current advances in implant materials for femoral
components of TKR represent polymers such as PEEK (Post et al., 2022;
Ruiter et al., 2017, 2021), functionally graded materials (Bahraminasab
et al., 2017, 2021, 2022a, 2022b; Moayedee et al., 2024), or
wear-resistant coatings on titanium-based implants (Galas et al., 2023;
Lee et al., 2023). In line with these approaches, soldering of ceramic and
titanium subcomponents to form a hybrid material is a promising
approach in TKR that has been investigated in a recent experimental
study of our group (Sass et al., 2024a). However, this study was limited
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Table 2
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Mechanical properties of the compressively loaded open porous lattice structures and the level of significance between Ti-35Nb-6Ta and Ti-6Al-4V specimens. C:
compressive modulus, 6¢.2: compressive yield strength, UCS: compressive ultimate strength, e: elongation at break.

C [GPa] Gc,0.2 [MPa] UCS [MPa] el]
Ti-35Nb-6Ta 5.2 (0.2) 89.9 (0.6) 226.5 (32.2) 0.35 (0.03)
Ti-6A1-4V 8.8 (0.8) 163.1 (2.6) 183.7 2.4) 0.12 (0.02)
p-value <0.001 <0.001 0.029 <0.001
Open porous Dense
. . ATZ component
Ti-35Nb-6Ta component Ti-35Nb-6Ta component P
S, Mises S, Max. Principal
N (Avg: 75%) {Avg: 75%)
600.00 800.00
550.00 716.67
500.00 633.33
\ 450.00 550.00
400.00 466.67
\\ 350.00 383.33
300.00 300.00
250.00 216.67
200.00 133.33
i ¥ 150.00 50.00
Dense Ti-35Nb-6Ta 100 00 oo
50.00 -116.67
0.00 -200.00
S, Mises S, Max. Principal
N (Avg: 75%) (Avg: 75%)
600.00 800.00
550.00 716.67
500.00 633.33
450.00 550.00
400.00 466.67
\ 350.00 383.33
1 300.00 300.00
\ 250.00 216.67
200.00 133.33
150.00 50.00
Open porous surface 100,00 3333
B 50.00 -116.67
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1600.00
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Fig. 7. Stress distributions (von Mises or maximum principal stress, both in MPa) of the finite element models simulating implantation of uncemented femoral
components consisting of Ti-35Nb-6Ta/ATZ hybrid materials with/without an open porous surface structure, and monolithic ATZ.

by simplified geometries, and the performance during implantation and
the bone-implant interactions have not been investigated so far. Hence,
we used the FE analysis to evaluate the biomechanical properties of a
hybrid material-based femoral component based on an oxide ceramic
component in the articulating interfaces and a titanium-based compo-
nent in the bone-implant interface. The titanium alloys were Ti-6A1-4V
or Ti-35Nb-6Ta (pure p-Ti), which were modeled either completely
dense or with an open porous surface structure. We analyzed implant
loading scenarios by uncemented implantation and bone-implant
interaction during two-legged squat motion.

Uncemented implantation of the femoral component has benefits
compared to cemented fixation (Uivaraseanu et al., 2022) but is a
high-impact event and results in an anterior-posterior opening of the
femoral component, comparable to the loading of cemented implanta-
tion with distal under resection of the femur (Kluess et al., 2012).
Several studies have experimentally and numerically investigated the
implantation of femoral components (Berahmani et al., 2015, 2017;
Kluess et al., 2010, 2012). During implantation, higher stresses in

ceramic-based femoral component compared with a femoral component
made of Co-28Cr-6Mo alloy were observed and critical maximum
principal stresses of up to ~2000 MPa were reported in the radius of the
transition from the distal horizontal section to the anterior and posterior
oblique sections (Kluess et al., 2010, 2012). In our present study, a
maximum principal stress of 1568.9 MPa has been demonstrated in the
monolithic ATZ-based femoral component, which was comparable to
these previous observations. Although ATZ ceramics have a relatively
high fracture toughness compared to other ceramics (Bedir et al., 2023),
it is characterized by brittle fracture (Roulet et al., 2021; Sequeira et al.,
2017), and studies reported maximum flexural strength of 1394 MPa
(Sequeira et al., 2017) and maximum biaxial strength of 1636 + 302
MPa (Roulet et al., 2021). Therefore, the maximum principal stress in
the monolithic ATZ femoral component in this study was within a crit-
ical range of material failure, indicating the risk of intraoperative frac-
ture. The observed stress in the titanium components was below the
yield strength of the materials (Sass et al., 2024c¢), and the stress in the
open porous surface layer also did not exceed the yield strength. Thus,
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Fig. 8. Strain energy density in the bone region of interest one as a function of the knee flexion angle and the axial force distribution at the tibiofemoral (TF) and
patellofemoral (PF) joints and comparison of the different femoral component materials (hybrid materials of Ti-6A1-4V/ATZ and Ti-35Nb-6Ta/ATZ with and
without an open porous surface structure, monolithic ATZ ceramic and monolithic Co-28Cr-6Mo alloy).

the mechanical integrity of the titanium components was maintained
during cementless implantation.

We found a distinctive stress reduction in the ATZ component within
the hybrid material-based implants ranging from —76.6 % to —58.7 %,
depending on the model configuration. Our observations showed that in
the hybrid material concept, the titanium component shields the ATZ
component from high stresses. This phenomenon depends on the area
moment of inertia of the implant components. Accordingly, when the
elasticity of the titanium alloy increases, the stress in the ATZ compo-
nent increases as well, while the stress in the titanium component de-
creases. The design optimization of the components is crucial for
sufficient implant safety during uncemented implantation since the area
moment of inertia is determined by the intrinsic material properties and
the geometrical property (e.g. wall thickness).

Stress shielding of the periprosthetic bone is caused by the altered
load transfer to the distal femoral bone after TKR. Implant materials
with a higher stiffness than bone led to a biomechanical situation in
which forces are carried predominantly by the implant components and
not by the bone. According to Wolff’s law (Wolff, 2010), the altered
bone loading induces stress-related bone resorption (Galas et al., 2023;
Ruiter et al., 2021). We found that there were no differences between
ATZ ceramic and Co-28Cr-6Mo alloy based femoral components in
terms of stress shielding. This is reasonable because ATZ and
Co-28Cr-6Mo have almost similar Young’s moduli. Due to the higher
elasticity of the titanium alloys, the hybrid femoral components reduced
the stress shielding of the periprosthetic bone compared to monolithic
ATZ and Co-28Cr-6Mo. Previous studies have investigated the effect of
the implant material on the stress shielding (Bahraminasab et al., 2013;
Galas et al., 2023; Ruiter et al., 2021) and confirm our current obser-
vations. A comparison of PEEK (Ruiter et al., 2021), Ti-6Al-4V with
Ti-Nb-N coating (Galas et al., 2023), or a functionally graded material
(Bahraminasab et al., 2013) indicated that stress shielding decreases
with higher elasticity of the implant materials. Our results highlight the
beneficial effects of p-Ti alloys such as Ti-35Nb-6Ta and the design of
open porous implant surface structures to reduce the stress shielding
within the periprosthetic bone. The applied lattice structures used for
experimental characterization were only one example of various design
possibilities. Despite achieving compressive stiffness in the range of

human bone, further optimization, or other designs should be
considered.

Clinical studies have analyzed bone resorption after TKR with
radiographic measurements of bone density (Bendich et al., 2022;
Jarvenpaa et al., 2014; Lee et al., 2023; Mintzer et al., 1990; Yilmaz
et al., 2021). These studies have demonstrated that the anterior part of
the distal femoral bone is particularly affected. This region is compa-
rable to our described bone ROI 1 and 5. The hybrid femoral components
showed the highest improvement in implant-to-bone load transfer in this
region, indicating potential to reduce clinically relevant bone resorp-
tion. In this context, a comparison of different implant materials has not
been performed in clinical studies so far.

This computational study has limitations. The FE analysis was based
on one femoral component design implanted in one femur. Therefore,
anatomical variations or different bone conditions were not considered.
For uncemented implantation, only one press-fit was considered, and the
linear-elastic material assumptions of the bone may overestimate the
implant load because the bone is plastically deformed during unce-
mented implantation (Berahmani et al., 2017). Cementless implanted
ATZ ceramic or Co-28Cr-6Mo alloy-based femoral components neces-
sarily require surface functionalization, e.g. titanium plasma spray
coating, to achieve osseointegration, which was neglected in the simu-
lations of this present study. Furthermore, the dynamic impaction dur-
ing implantation was simplified to a static model, but we based our
modeling on a previous study (Berahmani et al., 2017). In addition, the
derived boundary conditions of the two-legged squat motion were based
on a MMBS of the lower extremity, with its limitations described in
detail by Kebbach et al. (2020). In addition, no experimental study has
been conducted to manufacture a hybrid material-based femoral
component so far. Hence, because the numerical simulations have not
been experimentally validated, the absolute results have to be inter-
preted with restrictions. However, general observations of the simula-
tions are consistent with other previously published studies.
Accordingly, this computational study should be considered as a sys-
tematic comparison of the different implant materials and as a first
evaluation rather than as a determination of absolute values. Moreover,
glass soldering is a viable technology for bonding ATZ ceramics to ti-
tanium materials, creating a material bond and mechanical interlock



J.-0. Sass et al.

Journal of the Mechanical Behavior of Biomedical Materials 158 (2024) 106681

) RO 1
LI Ti-6Al-4V/IATZ -
Ti-6Al-4V/ATZ (porous surface) E-
Ti-35Nb-6Ta/ATZ umJ
Ti-35Nb-6Ta/ATZ (porous surface) <
, A Co-28Cr-6Mo alloy
% *
Ti-6Al-4V/IATZ —_
Ti-6Al-4V/ATZ (porous surface) =
Ti-35Nb-6Ta/ATZ &
Ti-35Nb-6Ta/ATZ (porous surface) 2
, ‘ Co-28Cr-6Mo alloy
Ti-6Al-4V/IATZ -
Ti-6Al-4V/ATZ (porous surface) =
_ Ti-35Nb-6Ta/ATZ m
Ti-35Nb-6Ta/ATZ (porous surface) <
' , Co-28Cr-6Mo alloy
Ti-6Al-4V/ATZ <
Ti-6Al-4V/ATZ (porous surface) o
Ti-35Nb-6Ta/ATZ L,},J
Ti-35Nb-6Ta/ATZ (porous surface) <
: , \‘ Co-28Cr-6Mo alloy
Ti-6Al-4V/ATZ —_
Ti-6Al-4V/ATZ (porous surface) =
Ti-35Nb-6Ta/ATZ e
Ti-35Nb-6Ta/ATZ (porous surface) 4
Co-28Cr-6Mo alloy

0 17.7 40.5 55.7 67.6 77.3 854 91.6 96.4 97.5

Knee flexion angle [°]

Fig. 9. Heat maps of the relative change in strain energy density (ASED [%]) for the different bone regions of interest (ROI) compared to the ATZ ceramic-based
femoral component as a function of the implant material (hybrid materials of Ti-6A1-4V/ATZ and Ti-35Nb-6Ta/ATZ with dense or an open porous surface structure,

and monolithic Co-28Cr-6Mo alloy).

during firing (Mick et al., 2015; Sass et al., 2024a; Suansuwan and
Swain, 2003; Sun et al., 2022; Vasquez et al., 2009). In our present
study, the soldered joint was considered only by constrained interfaces
and not by volumetric modeling of the glass solder. However, the
investigation of the interface stresses and the joint strength of the ma-
terial bond are of great importance, since failure is likely to occur within
the glass-solder or the titanium alloy surface (Sass et al., 2024a). In our
previous study on the experimental characterization of TiNbTa/ATZ
specimens, we concluded that a diffusion layer is formed at the
glass-solder/TiNbTa interface (Sass et al., 2024a), and it is reasonable to
assume that this has different material properties than the bulk TiNbTa
alloy. Furthermore, thin joints (~0.1 mm (Sass et al., 2024a)) pose
challenges in FE modeling, which could be solved by sub-modeling of
certain locations.

The transfer of the glass soldering technology to Ti-35Nb-6Ta and
the development of a functional demonstrator are part of subsequent
studies. Future studies should focus on various aspects, including the
press fit required to achieve primary stability, the influence of design
specifications, and patient-specific factors such as bone quality and in-
dividual motion sequences. Assuming a glass-soldered bond between the
materials, it is crucial to develop a reliable FE model of the material joint
and to comprehensively analyze the factors influencing the joint
strength. In addition, worst-case scenarios such as under-resection
during implantation or dynamic impactions induced by falls or acci-
dents could be considered to further evaluate the performance of hybrid
implant materials.
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5. Conclusion

The purpose of this computational study was to analyze hybrid ma-
terials for the uncemented femoral component by evaluating their
biomechanical properties during implantation and two-legged squat
motion. The hybrid material was based on ATZ ceramics for the artic-
ulating surface and different titanium alloys (Ti-6Al-4V or
Ti-35Nb-6Ta) for the bone-implant interface. In the FE modeling, the
hybrid femoral component showed a reduced fracture risk within the
ceramic part compared to the monolithic ceramic implant for the
investigated uncemented implantation. In addition, the stress shielding
in the periprosthetic bone is mainly reduced in the anterior region,
where bone resorption has been primarily observed in clinical studies.
The combination of ATZ ceramics and titanium alloys in a multifunc-
tional material potentially combines the high wear and corrosion
resistance of ATZ ceramics with the osseoconductivity and high elas-
ticity of the TiNbTa alloy. At the same time, limitations such as brittle
fracture of the ceramic and poor wear resistance of the titanium alloy are
reduced. Therefore, the hybrid implant material shows great potential
for reducing material-related aseptic implant loosening after total knee
replacement.
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