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Featured Application: The findings of this study suggest that composite materials like
PEEK and PLA, especially when reinforced with hydroxyapatite, may offer advantages
over traditional titanium in reducing stress shielding and promoting a more favor-
able load distribution at the bone–implant interface. Their mechanical compatibility
with bone could support better bone preservation and potentially contribute to longer
implant lifespans.

Abstract: Background: Total hip arthroplasty (THA) is a widely adopted surgical interven-
tion for restoring mobility and reducing pain in patients with severe hip joint conditions,
such as osteoporosis. However, traditional titanium implants often lead to stress shielding
and subsequent bone resorption due to the mismatch in stiffness between the implant and
bone. Objectives: This study computationally investigates the biomechanical performance
of femoral implants made from composite materials, specifically polyether-ether-ketone
(PEEK) and polylactic acid (PLA) reinforced with hydroxyapatite (HA), compared to con-
ventional titanium stems. Methods: Using finite element (FE) modeling, physiological
loading during walking was simulated, and the strain energy density (SED) was analyzed
to assess stress distribution and the potential for stress shielding across different Gruen
zones. Results: The results indicate that both the PEEK and PLA composites exhibited
more physiological load transfer, particularly in Gruen zones 1 and 7, reducing stress
shielding and supporting bone preservation. Conclusions: These findings suggest that
PEEK and PLA composites may offer improved implant stability and bone integration.
Despite highlighting the promise of biomimetic materials in orthopedics, this study is
limited to computational analysis and requires experimental validation. It emphasizes the
need for further investigation using patient-specific geometries and a variety of loading
scenarios to confirm these benefits and optimize femoral implant design.

Keywords: total hip arthroplasty (THA); femoral implants; biomechanical performance;
bone preservation; implant stability; biomimetic materials

1. Introduction
The hip joint is a crucial weight-bearing joint, making it vulnerable to musculoskeletal

conditions like osteoporosis. In Europe, the prevalence of osteoporosis is projected to rise
significantly, increasing by approximately 1.06 million cases, from 4.28 million in 2019 to an
estimated 5.34 million by 2034 [1]. When such conditions severely impact joint function,
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causing intense pain that greatly restricts movement, total hip arthroplasty (THA) is often
performed as a treatment to restore mobility and alleviate pain [2–4].

Aside from the surgical technique and infections, the long-term success of cementless
implants relies on bone growth onto the implant’s surface joint replacements. To promote
this, micromotions at the implant–bone interface must be minimized, as they can cause
loosening, component failure, osteolysis, and stress shielding [3,5].

Over time, the design and performance of implants have improved considerably, with
the aim to reduce failure and enhancing patients’ quality of life [6–8]. Implant fixation
relies on implant design and material, which help minimize gaps, reduce movement, and
optimize host responses between the implant and host bone [9].

The most common materials for THA include titanium alloys such as Ti-6Al-4V, chosen
for their light weight, resistance to corrosion, and biocompatibility [10].

However, bone adapts to the mechanical environment in which it is present, and
the greater stiffness of metal implants compared with natural bone often results in bone
resorption in areas that are not loaded [11]. To address this issue, previous research has
focused on optimizing implant geometry, incorporating lattice structures, and exploring
the use of novel materials to reduce bone loss in these regions [12].

In this context, finite element (FE) models are widely used to evaluate the potential
impact of composition changes in stems on bone [13–19]. These models, alone or combined
with experimental studies, serve as valuable preclinical tools for evaluating implant perfor-
mance. Biomechanical analysis through FE simulations helps examine the post-operative
mechanical environment of the implant–bone structure [20]. The reliability of this method
for the clinical translation of these models is supported by experimental validation. A
literature review conducted by van de Munckhof et al. demonstrated the potential of
subject-specific FE models to predict fracture load with reasonable accuracy when com-
pared with in vitro experiments, reporting R2 values up to 0.96 and percentage errors
generally within 10–20% [21]. Similarly, micro-FE models derived from high-resolution
imaging have shown excellent reproducibility and predictive value for bone strength,
particularly in distal sites like the radius and tibia [22]. Furthermore, Schileo et al. demon-
strated that incorporating strain-based failure criteria into subject-specific models improves
the identification of fracture onset locations, reinforcing the importance of experimental
validation for refining FE methodologies [23].

Arabnejad et al. developed a fully porous hip implant with an internal tetrahedral
structure designed to optimize density distribution across the implant. This innovative
design significantly minimized bone loss from stress shielding, reducing it by approximately
75% compared with a traditional solid, non-porous implant [24]. Cortis et al. designed a
porous hip stem using a body-centered-cube unit cell structure made from Ti6Al4V alloy.
This design led to a reduction in stress shielding by 11% in Gruen zone 6 and 25% in
zone 7 [25]. Liu et al. explored a novel auxetic lattice structure for femoral stems. FE
analysis indicated that femoral stems with this auxetic structure reduced stress shielding
more effectively than solid stems, particularly in the lateral zone [26]. Recent finite element
studies have also compared the impact of material selection on bone remodeling. For
instance, Ceddia et al. analyzed modular femoral stems with distal parts made from
either Ti-6Al-4V or carbon fiber-reinforced polymer composites (CFRPCs) [27,28]. The
results indicated that CFRPCs, due to their stiffness similarity with bone, promoted a
more physiological stress distribution along the femur, supporting clinical observations of
enhanced osseointegration and reduced proximal stress shielding.

In addition to geometric and lattice design approaches, biomimetic materials have
been investigated to help reduce stress shielding. Bougherara et al. developed a biomimetic
composite hip prosthesis featuring a polymer composite core coated with hydroxyapatite,
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designed to mimic the mechanical properties of cortical bone [29]. Their findings showed
that femoral bone implanted with this composite prosthesis could bear up to 192% more
load than bone implanted with a conventional titanium (Ti) stem. This result indicates a
substantial improvement in load distribution, with promising potential for reducing stress
shielding. In another study, Ceddia et al. compared titanium and PEEK for spinal fixation
via FE analysis [17]. The results showed that PEEK components resulted in significantly
lower stress shielding and more favorable load transfer than titanium, highlighting its
biomechanical compatibility and potential benefits in long-term fixation.

Biomimetic composites hold promise for implant applications due to their high bio-
compatibility and favorable balance of strength and stiffness.

Polylactic acid (PLA) is a commonly used biocompatible polymer that is FDA-
approved for clinical uses like surgical sutures and bone fixation. Its degradation pathway
within the body is safe and supports the healing process. PLA’s physical and mechani-
cal properties can be adjusted through synthesis methods, stereoisomers, and molecular
weight. For example, lower molecular weight PLA degrades more quickly, making it
ideal for bone-healing applications. On the other hand, higher molecular weight PLA,
although mechanically stronger, degrades more slowly and may induce inflammation,
limiting its use in load-bearing implants [30–32]. To overcome the limitations of PLA in
load-bearing applications, Gonzalez et al. developed a PLA-based composite by combin-
ing 3D-printed PLA layers with carbon fiber-reinforced composites (PLA/CFRCs). This
composite exhibited promising thermal properties and substantial mechanical strength,
with a tensile modulus of 19.29 ± 0.48 GPa and tensile strength of 238.91 ± 25.95 MPa.
These properties are close to the mechanical range of human bone, making the composite
suitable for use in prosthetic applications [33]. Similarly, Cheng et al. studied the mechani-
cal performance of 3D-printed honeycomb composites reinforced with continuous fibers.
These reinforced honeycomb structures were able to endure high amounts of deformation
without catastrophic failure and displayed a shape-memory effect, recovering 87% of their
original shape when heated. The inclusion of continuous fibers significantly enhanced
the composite’s properties, with specific energy absorption and specific stiffness values
roughly double those of traditional honeycomb structures. These improvements make
reinforced honeycombs ideal for applications in energy absorption, protective systems, and
biomedical devices, where both strength and shape recovery are beneficial [34].

According to a review study conducted by Milazzo et al., another promising approach
to improving PLA’s functionality in implants involves reinforcing it with hydroxyapatite
(HA) [35]. In HA-reinforced poly (lactic-co-glycolic acid) (PLGA) scaffolds, researchers
achieved a modulus of elasticity (E) of 1.9 GPa and a compressive strength (CS) of 30 MPa,
placing these properties between those of cancellous bone and cortical bone.

Polyether-ether-ketone (PEEK) is a high-performance thermoplastic with unique
properties that make it suitable for orthopaedic implants. Its excellent biological, me-
chanical, and chemical stability positions it as an ideal material for in vivo biomedical
applications [36]. PEEK’s mechanical properties closely resemble those of human bone,
helping to reduce the likelihood of bone resorption and osteolysis associated with stress
shielding in implants.

To assess the potential for reducing stress shielding, this study used finite element (FE)
simulations to compare the mechanical behavior of an uncemented total hip arthroplasty
(THA) model with PLA-HA and PEEK composite implants, incorporating two different
stem lengths. Both implant models were tested in a synthetic bone model (Sawbone)
to replicate real-world walking conditions. The hypothesis is that composite implants
will demonstrate a lower stress shielding effect and less bone resorption compared with
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traditional titanium implants, potentially improving long-term stability and integration
with the body.

2. Materials and Methods
2.1. Geometry and Virtual Implant

The geometry employed for this study was the standardized femur model (mod.
#3103), a recognized 3D surface model widely used in orthopaedic biomechanics [37].

NX v.2312 computer-aided design (CAD) software (Siemens) was utilized to create a
model design based on a generic TriLock (DePuy) prosthesis (Figure 1).
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Figure 1. Implant geometry and main dimensions expressed in mm.

The stem dimensions were customized to achieve contact with the cortical bone
without requiring any removal, optimizing primary stability.

In line with clinical practice, the femoral head was removed via a neck cut, and
the implant was manually positioned such that the shaft axes of the femur and implant
were nearly parallel. A Boolean operation was used to create a non-manifold assembly,
simulating a cementless press fit.

2.2. Finite Element Model

The mesh for the bone-stem finite element model was generated using 4-noded tetra-
hedral elements (SOLID185 in ANSYS v2023 R1), which are suitable for capturing complex
geometries and providing accurate stress distributions. A convergence study was con-
ducted to determine an optimal element size, balancing computational cost and solution
accuracy. The maximum element size was set to 3 mm. All materials were modeled as linear
elastic and homogeneous isotropic, with the properties for the titanium, PLA reinforced
with HA, and PEEK detailed in Table 1 [35,37,38].

To simulate full integration of the implant and analyze the stress around it, a bonded
contact approach was applied, representing complete osseointegration at the implant–
bone interface.
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Table 1. Material properties.

Material E [MPa] ν

Cortical bone 18,600 0.3
Trabecular Bone 179 0.3

Titanium 118,000 0.33
PLA + HA 1900 0.3

PEEK 3000 0.38

2.2.1. Applied Loads and Boundary Conditions

The model’s distal portion was fixed in place, simulating the stability provided by
the surrounding skeletal structure. To replicate physiological loading during walking, a
load was applied to the implant’s head, reflecting a simulated 10-s walking cycle. For the
intact bone, the same force was applied at the center of the femoral head and distributed
across a group of neighboring surface nodes. Load values were calculated using Adams
by inputting parameters such as the height and weight of a hypothetical subject, with the
forces adjusted based on the provided femur length. These parameters were derived using
formulas that account for body dimensions and femoral geometry [39,40] (Figure 2).
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2.2.2. Bipedal Gait Cycle Load Calculus

The musculoskeletal and nervous systems are fundamental for human walking. Dur-
ing movement, the forces generated by the lower limbs are transmitted through joints,
ligaments, and muscles to the trunk, while the inertial forces created by the movement of
the upper limbs and the trunk help maintain balance, cooperating with those produced by
the legs to achieve the necessary stability, as reported in [39]. Walking was chosen as the
base movement for prosthesis optimization because it is an essential daily activity. In this
work, an algorithm was designed to optimize a hip prosthesis through five stages: motion
capture, joint angle extraction, creation of a human model, finite element analysis of the
prosthesis, and result optimization using the gradient descent method. The model adopted
in this paper was divided into sections for the upper limbs, trunk, and lower limbs, with
32 physical dimensions derived from anthropometric data [39,41,42]. The virtual model
created in Adams uses the collected angular data to simulate movements. To simulate the
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walking cycle, rotations were set at the joints responsible for movement (Figure 3). Finally,
the reaction forces at the hip were calculated based on the forces exchanged between the
feet and the ground. By tracing these forces up through the kinematic chain, the constraint
reactions at the hip joint were defined. These forces will represent the loads exchanged
with the hip prosthesis in question.
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2.2.3. Measurements

According to Huiskes et al., strain energy density (SED) serves as an indicator of the
bone remodeling stimulus [43]. Therefore, the SED was obtained and compared across
each predefined Gruen zone (i = 1–7) [44] in both the intact and implanted models, with
stress shielding quantified as follows:

SS(%) =
SEDIntact

GruenZonei − SEDImplant
GruenZonei

SEDIntact
GruenZonei

A positive stress shielding (SS) indicates that the local region is under less stress than it
was pre-surgery, potentially leading to stress shielding. Conversely, a negative SS suggests
an increase in local stress or possible stress concentration [45]. SED strain measurements
were acquired.

3. Results
Strain energy density (SED) was measured (Figure 4) in both the cancellous bone and

prosthesis Gruen zone (GZ) regions under pre-operative and post total hip arthroplasty
(THA) conditions (see Table 1). High Stress Shielding Index (SS) values indicate a significant
reduction in equivalent stress in the femur after surgery, which may lead to bone loss due
to an underloading effect. Conversely, a negative SS indicates that the region experienced
increased stress compared with the pre-surgical state, suggesting reduced stress shielding.
Ideally, the goal was to bring the SSI values close to zero, indicating no stress shielding and
a more physiological load distribution across the bone.

In GZ1, the negative SS values for PEEK and PLA suggest that these materials in-
creased stress in this region, promoting a more physiological load distribution than titanium.
Titanium’s slightly negative SS also reflects reduced stress shielding, though to a lesser
extent than the composites.
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reached its most negative values.

The SS values in GZ2–5 for all materials were close to zero, indicating minimal de-
viation from the natural stress distribution found in an intact femur. This suggests bal-
anced load transfer for all implants in these regions, with little risk of stress shielding or
stress concentration.

IN GZ6, PEEK, and to a lesser extent PLA, showed a more negative SS value, indicating
that these implants increased stress in this distal region. Titanium’s SS in this zone remained
nearly zero, indicating it maintained a stress distribution close to the intact bone’s load-
bearing pattern without significant stress shielding or concentration.

GZ7 is the zone where PEEK and PLA exhibited markedly negative SS values, sug-
gesting that these materials may load the distal femur region more effectively, reducing
the likelihood of stress shielding and potentially supporting bone preservation. Titanium
showed a smaller negative SS value, indicating less load transfer than PEEK and PLA but
still a reduced level of stress shielding.

These findings are generally consistent with the literature data, which reported that
the PEEK stem demonstrated minimal to no stress shielding in zones 2–5 and a substantially
lower SSI than the titanium stem overall. These findings align with the previous literature,
which suggests that reducing the elastic modulus of the implant material—bringing it
closer to that of bone—can significantly mitigate stress shielding effects [46,47].

Figure 5 shows the von Mises stress distribution across femoral implants made from
different materials, highlighting how stress varies from the neck to the distal tip. Figure 5a
displays the titanium implant, where stress was highest at the proximal region (neck) and
gradually decreased along the femur towards the distal tip. Figure 5b shows the PEEK
implant, which exhibited a slightly lower maximum stress and a visibly smoother stress
gradient across the femur, indicating a more even load distribution. Figure 5c illustrates
the PLA implant, which presented the lowest peak stress among the three and a similar
distribution pattern to PEEK, with an even lower stress concentration proximally.



Prosthesis 2025, 7, 44 8 of 12Prosthesis 2025, 7, x FOR PEER REVIEW  8  of  13 
 

 

 

Figure 5. Comparison between (a) titanium, (b) PEEK, and (c) PLA implants, with von Mises stress 

distribution presented in section and three-dimensional views. The PLA implant registered the low-

est stress concentration at the neck, showing the smoothest gradient of the three materials from the 

proximal to distal parts. 

Although the reduction  in peak stress between the materials may appear minor, a 

more in-depth quantitative analysis revealed substantial differences in how stress is dis-

tributed across the bone–implant interface. This was confirmed by a nodal stress evalua-

tion, where  the number of nodes exceeding a conservative  threshold of 40 MPa—com-

monly associated with the onset of microdamage—was calculated [48]. The results show 

that a greater percentage of nodes experienced physiologically relevant stress levels in the 

PEEK (8.93%) and PLA (9.24%) cases, compared with only 5.98% in the titanium configu-

ration, indicating a more effective load transfer to the surrounding bone in the less stiff 

materials. 

This broader  stress  engagement  implies  that PEEK and PLA  facilitate better  load 

transfer to the surrounding bone, potentially minimizing stress shielding effects. 

Additionally, a boxplot analysis (Figure 6) of nodal stress distributions supports this 

trend, showing  that PEEK and PLA exhibited higher median stress values and a more 

uniform stress spread compared with titanium, which tends to concentrate stress more 

proximally. 

 

Figure 5. Comparison between (a) titanium, (b) PEEK, and (c) PLA implants, with von Mises stress
distribution presented in section and three-dimensional views. The PLA implant registered the
lowest stress concentration at the neck, showing the smoothest gradient of the three materials from
the proximal to distal parts.

Although the reduction in peak stress between the materials may appear minor, a more
in-depth quantitative analysis revealed substantial differences in how stress is distributed
across the bone–implant interface. This was confirmed by a nodal stress evaluation, where
the number of nodes exceeding a conservative threshold of 40 MPa—commonly associated
with the onset of microdamage—was calculated [48]. The results show that a greater
percentage of nodes experienced physiologically relevant stress levels in the PEEK (8.93%)
and PLA (9.24%) cases, compared with only 5.98% in the titanium configuration, indicating
a more effective load transfer to the surrounding bone in the less stiff materials.

This broader stress engagement implies that PEEK and PLA facilitate better load
transfer to the surrounding bone, potentially minimizing stress shielding effects.

Additionally, a boxplot analysis (Figure 6) of nodal stress distributions supports
this trend, showing that PEEK and PLA exhibited higher median stress values and a
more uniform stress spread compared with titanium, which tends to concentrate stress
more proximally.
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 Figure 6. Boxplot of von Mises stress for each material. PLA and PEEK showed a distribution slightly
shifted toward higher values compared with titanium, with a larger number of nodes exceeding
40 MPa (red crosses), indicating broader stress transfer in the surrounding bone.

These findings align with prior biomechanical theories, which suggest that reducing
implant stiffness leads to more natural load-sharing but may increase stress at the interface,
an effect observed here in the greater bone surface involvement for PEEK and PLA [49].
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4. Discussion
Stress shielding has long been a challenge in total hip arthroplasty (THA), where

conventional materials like titanium are prone to transferring limited load to surrounding
bone tissue due to their high stiffness. This often leads to bone remodeling or resorption in
underloaded regions, contributing to long-term complications such as implant loosening
and osteolysis. While advantageous in terms of corrosion resistance and biocompatibility,
this presents a modulus mismatch with bone that can result in bone deterioration over
time. Previous studies have attempted to address this issue by incorporating lattice struc-
tures into titanium implants or exploring alternative materials that better mimic bone’s
mechanical properties. This study computationally evaluated the potential of PEEK and
PLA composites to reduce stress shielding in femoral implants compared with traditional
titanium, with the broader goal of extending implant lifespans and reducing failure rates
associated with stress shielding. The findings suggest that composite materials like PEEK
and PLA may offer a more physiological stress distribution, which could ultimately help
mitigate bone resorption and enhance implant longevity.

This result suggests that these composites might distribute forces more effectively in
load-bearing regions, potentially reducing bone resorption. Notably, PEEK, with a modulus
closer to that of cortical bone, demonstrated enhanced load transfer in areas tradition-
ally prone to stress shielding, indicating its potential as a viable alternative to titanium.
While the peak stress reduction at the femoral neck was modest (approximately 1.5%), a
more detailed nodal stress analysis provided a deeper insight; the percentage of nodes
experiencing stress above a conservative fatigue threshold of 40 MPa was significantly
higher for PEEK (8.93%) and PLA (9.24%) compared with titanium (5.98%). This indicates
a broader and more physiologically relevant engagement of the bone–implant interface in
the composite materials.

The observed improvements in stress distribution with PEEK and PLA composites
have notable implications for the design of next-generation femoral implants. By more
closely matching the mechanical properties of bone, these materials may improve implant
fixation and minimize bone loss, thereby addressing a primary cause of implant failure:
stress shielding. Additionally, the bioresorbable nature of PLA and the bioinert but modifi-
able properties of PEEK make them promising candidates for long-term applications where
implant durability and biocompatibility are crucial.

Limitations and Future Perspectives

While this study presents promising insights into the use of PEEK and PLA composites
in femoral implants, it presents several limitations. The femur model used in this study was
based on a standardized 3D geometry rather than a CT scan from an individual requiring
surgery. This generic model may not fully represent the complex anatomical variations
found in patients with hip conditions or osteoporosis, potentially limiting the applicability
of our findings to real-world scenarios. Future studies could address this by utilizing
patient-specific CT data to better replicate the anatomy and the material properties of
individuals likely to undergo THA.

The implant positioning in the model was manually adjusted in silico, rather than
following a precise surgical technique or being subject to intraoperative constraints. As
such, the alignment of the implant may not fully reflect the variability encountered in
clinical practice. This could influence load transfer patterns, potentially affecting the
simulation results. Incorporating more sophisticated positioning algorithms or simulating
variations in implant placement could improve the clinical relevance of FE simulations.

Additionally, although the numerical results reflect realistic mechanical behavior, ex-
perimental validation remains essential. At present, we have compared our outcomes with
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similar studies reported in the literature to verify their consistency. However, laboratory
tests are planned as the next step to validate the simulation methodology and confirm its
predictive reliability. Finally, this study evaluated implant performance under a single,
simulated walking load. However, the femur is subjected to a wide range of loading condi-
tions during daily activities, including climbing stairs, sitting down, and more dynamic
forces associated with high-impact activities. Including multiple loading scenarios could
provide a more comprehensive assessment of how these materials behave under different
physiological conditions, enhancing the sensitivity and robustness of the FE model.

5. Conclusions
This study explored the potential of alternative biomaterials, specifically PEEK and

PLA composites, for femoral implants in total hip arthroplasty (THA), assessing their
ability to reduce stress shielding compared to traditional titanium implants. Finite element
(FE) analysis revealed that both PEEK and PLA demonstrated promising load distribution
patterns, with a tendency to better preserve stress levels across the bone, particularly in
distal zones like Gruen zones 6 and 7. This suggests that these materials could help mitigate
bone resorption and support long-term implant stability by providing a more physiological
load transfer. In conclusion, PEEK and PLA composites represent promising materials
for THA femoral stems, offering potential advantages over titanium in terms of reducing
stress shielding and promoting bone preservation. Further studies that incorporate patient-
specific geometries, heterogeneous bone properties, and a variety of loading scenarios
are recommended to confirm these findings and guide the development of more effective,
patient-centred implant solutions.
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