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Abstract: Arthroplasty is generally used to treat advanced osteoarthritis or other degenerative joint
diseases. However, it can also be considered in younger patients with severe joint damage that
seriously limits their function and quality of life. Young patients are at risk of aseptic mobilization and
bone resorption due to the uneven distribution of stress on the contact surface between the prosthesis
and the femur that generates the stress-shielding phenomenon. To overcome this occurrence, it is
necessary to use biocompatible materials with a stiffness that is similar to bone. Composite hip
prostheses, consisting of continuous fiber-reinforced polymers, play a progressively key role in the
development of prosthetic devices. Composite materials can be designed more carefully than
monolithic stems (single-phase materials such as metals), allowing for the development of more
effective tissue substitutes. Our purpose of this review was to analyze the state of the art in the use of
carbon femoral prostheses. In particular, the major mechanical properties of reinforcement (fiber) and
matrix were outlined with their applications in the prosthetic field.

Keywords: composite materials; hip replacement; stress shielding; FEA; CFR-PEEK; implants; bone
remodeling

1. Introduction

Total hip replacement is a surgical procedure that replaces a damaged hip joint with a prosthetic
implant called hip prosthesis. The presence of an artificial joint, such as that used in total hip
replacements, can alter the normal process of bone remodeling through a phenomenon known as
the ‘stress-shielding effect’. This phenomenon occurs due to differences in mechanical properties
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between the prosthesis material and the surrounding bone, leading to a non-physiological distribution
of load on the bone tissue. When a prosthesis is inserted into bone, differences in stiffness between the
prosthesis material (usually metal) and the natural bone can cause a reduction in the load transferred
to the surrounding bone [1]. Under normal conditions, the bone responds to the applied load through
a remodeling process, in which the bone tissue adapts to the force exerted on it. However, with the
presence of a prosthesis that absorbs part of the load, the bone near the prosthesis may be subjected to
less mechanical stress than non-prosthetic areas. This reduced stress may lead to a decrease in
osteoblastic activity (cells responsible for bone formation) and an increase in osteoclastic activity (cells
responsible for bone resorption), causing an imbalance in the bone remodelling process. As a result, a
loss of bone density may occur. It is important to achieve proximal fixation to increase loading of the
area near the epiphysis and thereby reduce the potential for bone atrophy. If sufficient fit cannot be
achieved, stress shielding will occur. Loads acting on the stem are transferred directly to the remote
area. For cementless prostheses, the degree of adhesion that can be achieved at the interface between
stem and bone tissue is a key parameter for the success of the prosthesis. Looking at Figure 1, insertion
of the prosthesis results in reduced stresses on the proximal zone leading to proximal atrophy, while
the distal zone is subjected to an increased stress [2—5].

Proximal atrophy

Distal loading

Figure 1. Effect of stress shielding in two areas: proximal zone and distal zone.

Stress shielding is characterized by its intensity levels (1st, 2nd, and 3rd), which signify the extent
of change in load transmission between the implant and the adjacent bone. In the 1st level, there is a
minor physiological transfer of load from the implant to the bone. This can be effectively controlled
and supervised. The 2nd level indicates a further reduction of the transmitted load. In the 3rd level,
there is a significant reduction of mechanical stimulation on the surrounding bone. This grade is
associated with higher risks of complications such as osteolysis (reduction in bone density) and implant
failure. There are currently several solutions to the stress shielding phenomenon, including redesigning
the prosthesis. In fact, prostheses with short stems have been developed to better transfer load to the
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femoral metaphysis, thus reducing this adverse effect [6]. The choice of fixation method affects the
stress distribution in the surrounding bone [7]. Developing stiffness functionally graded materials and
prostheses made of specific alloys, stress shielding effects can be reduced and osseointegration can be
improved [8,9]. Femoral components are typically made from Co-Cr-Mo or Co-Ni-Cr-Mo alloys or
titanium alloys. The femoral head (the articulating portion of the femoral component) is made of a
very smooth cobalt-chromium alloy or ceramic (such as aluminum oxide). An acetabular shell is when
the stem and ball are made of two different materials. For example, a hip replacement with a titanium
femoral stem has a cobalt-chromium femoral head. Additionally, for general acetabular replacement,
the UHMWPE cup can be embedded directly into the pelvis or be part of a modular arrangement in
which the cup is placed in a metal tray. Table 1 shows the material combinations of hip components
between the femoral head and acetabular cup (plastic lining) [6-12].

Table 1. Combination of materials in total hip arthroplasty (THR) prostheses.

Femoral head Acetabulum shell Results

Co-Cr-Mo Co-Cr-Mo Early high loosening rate and limited use

Co-Cr-Mo UHMWPE Widely employed; Low wear

Aluminia/zirconia UHMWPE Very low wear rate

Aluminia Aluminia Minimum wear rate

Ti6Al4V UHMWPE Reports of high UHMWPE wear due to titanium surface breakage

In a study conducted by Solarino et al. [12], it was found that utilizing the CoC coupling joint in
total hip arthroplasties for young patients yields positive long-term outcomes, including minimal wear
and no negative effects from the ceramic material. Over the years, various materials have been used to
produce these implants, including carbon fiber. This material is known for its high strength-to-weight
ratio, low thermal expansion and biocompatibility. The incorporation of carbon fiber into prosthetic
structures has generated significant interest because of its potential to closely mimic the mechanical
properties of human bone. The primary consideration with these implants is the elastic modulus, which
should ideally match that of the proximal femur to prevent stress shielding and promote normal load
transfer. Composites, such as those used in carbon fiber hip stems, play a key role in achieving this
mechanical compatibility. The finite element (FE) model used to evaluate the mechanical performance
of the carbon fiber-based hip stem showed lower stiffness than standard metal hip replacements.
Showing a more bone-like response to stresses and physiological loads [13,14]. Additionally, the
orientation of the fibers within the composite is a critical factor. When the fibers are aligned in the
same direction, the elastic modulus can be adjusted so that they are similar to fibers themselves, which
becomes more pronounced with a reduction in the matrix component. Using the unique properties of
carbon fiber composites in hip prosthetic design, engineers and surgeons aim to improve patient
outcomes through implants that offer better compatibility with the body’s natural biomechanics. Our
aim is to investigate the properties, technical data and application of carbon fiber composites in total
hip arthroplasty. In particular, a comprehensive search on PubMed was conducted using “carbon
fiber-reinforced in total hip replacement” as a keyword to search for and identify the most relevant
articles. The search was conducted by considering the period between 2008-2024 because very few
applications of carbon fiber in total hip arthroplasty were conducted prior to 2008. The search was also
extended by examining Google Schoolar for the period between 2014-2024. In this way, only the most
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recent articles from the last 10 years were uniquely considered. As the available literature evaluating
the performance of carbon fiber reinforced-polyetheretherketone (CFR-PEEK) as an implant material
for arthroplasty devices is limited, in fact, in this review about 34 articles were considered in total.
However, the studies available strongly support that carbon fiber composite is a promising and suitable
material for orthopedic implants due to its biocompatibility, material characteristics, and mechanical
durability. Further studies should continue to investigate the potential benefits of CFR-PEEK.

2. Working principle of composite materials

In many high-tech applications, such as aerospace, marine, or bioengineering, materials with
specific and unusual properties are required [15]. Generally, among monolithic materials, the most
resistant are the densest and, therefore, the heaviest. The combination of different properties such as
lightness and resistance in a single material and extending the validity intervals has been achieved with
composite materials. In principle, a composite material is a multiphase material having two or more
constituent phases in which the overall mechanical properties are the combination of those the
mechanical properties of the individual phases. Figure 2 shows the stress-strain graph of the composite
material, which results from the combination of fiber and polymer behaviors [ 16,17]. Generally, composite
materials consist of only two phases; a matrix which is a continuous phase and a dispersed phase.

Stress (o)

Composite

Strain (&)

Figure 2. Stress strain diagram for composite phases (fibers and matrix).
2.1. Fiber-reinforced composites

From a technological point of view, the most important composite materials are those in which
the dispersed phase is in the form of fibers. In general, fiber-reinforced composites are divided
according to the length of the fibers, although the mechanical properties depend not only on the
mechanical properties of the fibers, but also on the level of stress that the matrix can transmit to
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them [18-20]. When a load is applied, stresses are created at the fiber-matrix interface. Therefore, to
ensure reinforcement and effective mechanical strength, the fiber length must be greater than a certain

dimension, called critical length (Ic), Figure 3.

o Matrix

|

. Ty S— Fiber

Figure 3. A deformation configuration of the matrix around a fiber (in orange) subjected

to a tensile stress o.

This length depends on the diameter of the fiber (d), the breaking stress of the interface with the
matrix (o), and the shear yield strength of the matrix (7), Eq 1.
od
lc = P (1)
As the length of the fiber increases, the reinforcement effect becomes more efficient. Therefore,
according to the critical length, it is possible to classify the fibers into short fibers if 1 <Ic or long fibers
if 1 > Ic [20,21]. From a mechanical strength perspective, long fibers have a tensile strength o1 of

around 2000 MPa compared to o2 of about 170 MPa for short fibers as observed in Figure 4, which
shows a comparison between the two types, with long ones on the left and short fibers on the right [20,21].
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Figure 4. Tensile strength of long fibre on the left and short fibre on the right.
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3. Mechanical properties of composite material
3.1. Physical and mechanical properties of carbon fiber

Carbon fibers can be classified according to their carbon source. The most common types are
polyacrylonitrile-based carbon fibers (PAN) and tar-based carbon fibers. Other types include
vaporization-grown fibers and carbon nanotubes. In addition, carbon fibers can be classified based on
their mechanical properties, such as tensile strength, Young’s modulus and strain at break. From the
point of view of mechanical strength, carbon fiber has a higher tensile strength than comparable metal
materials, with an ultimate strength of 3450 MPa [22—-24]. The lightness of carbon fiber contributes to
the increase in the strength-to-weight ratio. In fact, they have a density of 1.6-2.2 g/cm? [22-24] close
to that of bone which is about 2.0 g/cm? [24]. Carbon fibers, due to their small diameter, can be molded
to fit complex curved surfaces with multiple variations [25]. Individually, carbon fiber has a graphitic
structure with strong crystalline covalent bonds along the direction of the longitudinal axis of the fiber
itself and weak cross-links. This feature mainly imparts anisotropic behavior [26]. Therefore, to increase
the mechanical properties of the fiber, the graphite crystal can be oriented along the main direction
where the greatest stress occurs through heat treatment and stretching processes [27-30]. The
arrangement and orientation of the carbon fibers and the ratio of carbon fiber (CF) to polymer matrix
further increase the strength of carbon fiber devices. Table 2 shows the major mechanical properties
of carbon fiber compared to steel wire [31].

Table 2. Mechanical properties of carbon fiber.

Material Density (g/cm®)  Tensile strenght Specific strenght Modulus of Specific modulus
(GPa) (GPa) elasticity (GPa) (GPa)

Carbon fiber 1.6-2.2 1.5-5.65 0.70-3.12 228-790 106407

Stell wire 7.9 2.39 0.30 210 26.6

The inert nature of carbon fiber makes it resistant to moisture and chemicals at room temperature.
Although at temperatures between 300 and 400 °C, the presence of impurities increases the oxidation
of the fiber [31].

3.2. Biocompatibility of carbon fiber

The biocompatibility properties of carbon fiber include the ability to stimulate the growth of bone
tissue, to osseointegrate with living bone, and to remove excess electrons through electrochemical
gradients [31-34]. In addition, carbon fibers have electrical properties that can influence cell
movement and polymerization of actin filaments, thus contributing to biocompatibility. Some
biocompatibility features were investigated by Rajzer et al. [35], in which on in vitro and in vivo
analysis of porous carbon and hydroxyapatite (HAP) modified carbon fibers, was conducted through
culturing human bone cells in contact with both types of carbon fibers. This work emphasized the
growth-stimulating effect of connective tissue and showed that in the case of hydroxyapatite-modified
fibers, the inflammatory reaction time was shorter than in the case of traditional fibers. Another study
conducted by Petersen et al. [36] highlighted how carbon fibers can stimulate the growth of bone cells
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through the chemotactic influence of free radicals, improving the osseointegration process compared
to titanium alloys.

3.3. Physico-mechanical properties of the polymer matrix

In the case of fiber-reinforced composite materials, the matrix performs various functions. It
primarily serves to link fibers together and is a means of transferring externally applied stress and
distributing it across the fibers. The second function is to protect each fiber at surface damage or
chemical reactions with the environment [37-39]. Finally, the matrix separates the fibers, making it
difficult for brittle cracks to propagate between the fibers, which can lead to composite failure.
Consequently, it is important that the interfacial adhesive bond is very high to avoid the fiber pull-out
phenomenon. It is, therefore, no coincidence that the failure stress of a composite material depends
largely on the characteristics of the fiber-matrix connection. Typically, polymer resins are used, which
can be classified into epoxy resins used in aerospace industries as they have better mechanical
properties and greater resistance to moisture. For applications at high temperatures, polyimide resins
are used as they have a limit of use of about 230 °C. Finally, there are high-temperature-resistant
thermoplastic resins such as polyetheretherketone (PEEK), which are used in aerospace and
medicine [40,41]. In particular, PEEK, as said in some in vitro and in vivo studies [41—44], has shown
excellent biocompatibility properties, minimizing the cellular reaction. The mechanical properties of
thermoplastics depend on the type of polymer used. For example, polycarbonate (PC) has high impact
strength and good fatigue strength, while polypropylene (PP) has good tensile and flexural strength.
High-density polyethylene (HDPE) has good impact and fatigue strength, but low tensile strength.
Polystyrene (PS) has good compressive and flexural strength, but minimal impact strength. When it
comes to thermosetting resins, epoxy resin is known for its high tensile strength, compressive strength,
and flexural strength as well as its high impact strength. Phenolic resins are prized for their high
temperature and flame resistance, but they have lower mechanical strength than epoxy. Polyester resins
are mainly used for low-cost, low-strength applications. In general, thermoset polymers have higher
mechanical strength than thermoplastics, but are less ductile and less resistant to impact Table 3 [45].

Table 3. Mechanical properties of the major polymers at room temperature.

Material Density (mg/m?) Young’s modulus (GPa) Breaking stress (MPa)
PE 0.952—0.965 0.17-0.28 8.3-31.0

PS 1.04—1.05 2.8-4.1 48.3-72.4

PC 1.20 2.38 65.8-72.4

PP 0.90-0.91 1.14-1.55 31.0-41.4

PEEK 1.3 3.6 90—-100

4. Application in femoral prostheses
4.1. In vitro and in vivo studies of epoxy/carbon fiber composite

For THR, stainless steel, Co-Cr, and Ti alloys for the femoral stem and neck, and Co-Cr alloys or
ceramics such as aluminum and zirconium for the head or ball are commonly used. We showed that
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CF/PEEK composites can provide a more uniform load transfer from the implant to the bone, thereby
reducing the stress shielding effect. The mechanical properties of these materials vary depending on
the orientation of the carbon fibers and their total share in the composite (with strength from 70
to 1900 MPa and stiffness from 10 to 100 GPa). Moreover, CF/PEEK composites have demonstrated
excellent biocompatibility, environmental stability, and chemical resistance [46,47]. Nakahara et al. [48]
studied the radiographic and histological results of uncemented and cemented CF/PEEK hip prosthesis
implantation in a sheep bone. After 52 weeks, five uncemented and four cemented cases showed
resistance to first-degree stresses, and two cemented cases showed resistance to second-degree stresses,
but no third-degree stress shielding phenomenon was observed in any of the cases. In an in vivo study
conducted by Hacking et al. [49], the tissue response around a hydroxyapatite-coated composite
femoral implant was evaluated. Three materials were examined: Hydroxyapatite coating, carbon fiber
composite, and a crystalline hydroxyapatite particle composite layer. All materials showed a certain
degree of bone apposition. Furthermore, no obvious adverse tissue reactions or signs of bone resorption
were observed. In an in vitro study conducted by Scotchford et al. [50], the attachment proliferation of
human osteoblast-like cells and activation of macrophages in response to this composite material was
studied. The authors demonstrated that the carbon fiber-based composite material showed excellent
biocompatibility in vitro by exhibiting Ti6Al4V-like attachment and proliferation of osteoblasts.

It is important to highlight that these materials can be produced with different carbon fiber
arrangements within the PEEK matrix, offering the ability to adjust the elastic modulus along the stem
to reduce the stress shield effect.

4.2. Numerical studies of epoxy/carbon fiber composite

In a finite element analysis (FEA) study conducted by Ayham Darwich et al. [51], the effect of
stress shielding on hip implant stems coated with composite (carbon/PEEK) and polymer (PEEK)
coating materials was evaluated. The results of the study showed that the use of coating materials such
as PEEK and carbon/PEEK composite on a titanium alloy hip implant stem can reduce the stress
shielding effect by helping to distribute the applied load and transfer it to the bone. In particular, it was
found that the configuration material coating (carbon/PEEK composite) appeared to perform best in
the femur, effectively reducing stress shielding and extending system life of femoral stem. In another
FEA study by Caouette et al. [52] showed the performance of a biomimetic hip arthroplasty stem made
of a carbon fiber composite coated with hydroxyapatite. Various static loading conditions were
considered, stresses were screened and micromovements of the bone-implant interface were assessed.
The composite rod allowed for reduced stress shielding compared to the traditional titanium rod, with
slightly greater micromovements than titanium, but still below the critical threshold (40 mm) on most
of the hydroxyapatite (HA) coated surface. A study conducted by Sridhar et al. [53] showed that the
tensile and flexural modulus of CF/PEEK composites were very similar to those of human cortical
bone. This similarity suggests that these composites could potentially reduce the effect of stress
shielding. Ceddia et al. [54], using the finite element method (FEM), investigated the application of a
topological optimization process for femoral stem design, which includes a modification of geometry
as a function of Von Mises stress distribution and a variation of material, opting for a composite
material, Figure 5.
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Figure 5. Stress analysis for the optimized prosthesis. (a) Topological optimization step,
(b) Von-Mises stress for the titanium prosthesis, (c) Von-Mises stress for the carbon
prosthesis (Reproduced from [54] with permission).

Topological optimization solved the problem of stress shielding, with the reduction of the Von
Mises stress from 987 to 810 MPa in the titanium alloy femoral stem and to 509 MPa in the composite
femoral stem. The results of the study suggested that the use of carbon-based composite materials may
be an effective solution to reduce stress shielding and improve bone integration in femoral prostheses.

In another study conducted by Tavakkoli et al. [55], a mechanical-biochemical model was used
to compare the behavior of a biomimetic polymer composite hip stem with that of a metal rod. The
results showed that the biomimetic polymer composite rod significantly reduced the stress-shielding
effect compared to the metal rod. In fact, there was a bone loss of 9% with the use of a composite stem,
compared to 27% (CoCrMo) and 21% (Ti6Al4V). In particular, the biomimetic polymer composite
rod showed a greater load distribution to the surrounding bone than the metal rod.

4.3. Experimental studies of epoxy/carbon fiber composite

In a prospective clinical trial conducted by Adam et al. [56] to evaluate the efficacy of carbon
fiber femoral prostheses, a high percentage of early loosening was observed. The authors emphasized
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the importance of effective bone growth on the surface to ensure the success of carbon fiber hip
replacement. While in a randomly controlled trial [57], with a median follow-up of ten years on the
use of carbon-metal fiber-composite femoral stems in hip replacements an increase in proximal bone
density and a decrease in distal bone density were shown, saying an improvement in proximal load
transfer. Campbell et al. [58] conducted a series of studies to evaluate the mechanical properties and
long-term durability of carbon fiber femoral stems. Static test results showed that the composite stems
have properties comparable to human femur cortical bone in terms of elastic modulus flexural strength
and compressive strength. Specifically, the modulus of stiffness evaluated in the carbon fiber prosthesis
was about 12.2 GPa compared with 7.0 GPa for the cortical bone. While the ultimate strength
was 155 MPa for the stem and 175 MPa for the cortical bone. These similar values of mechanical
behavior suggest reduced stress shielding and better load distribution on the bone. The weak interfacial
adhesion caused by the poor wettability of CF and inert PEEK hinders the great application potential
of CF/PEEK composites. In an experimental study by Lyu et al. [59], the interface between CF and
PEEK was modified through a coating that increased their surface roughness. In this way, the rougher
surfaces showed increased surface energy by improving physical adhesion. In addition, the prediction
of damage in a carbon fiber composite prosthesis is a complex challenge as it requires accurate analysis.
As composite femoral prostheses are thick structures that can contain more than 100 layers of
composite materials, they make design and stress analysis at the single layer level very complex and
computationally intensive [60].

5. Conclusions

Carbon fiber is a material with a unique combination of tensile strength, lightness, and flexibility
making it ideal for a variety of applications. Compared with similar metal materials, it has excellent
tensile strength and is lightweight, with an excellent strength-to-weight ratio. Carbon fiber stimulates
bone cell growth and may be a promising option to improve proximal hip load transfer and reduce
stress shielding during primary hip replacement surgery. The use of carbon fiber and metal composite
femoral stems has shown long-term results of increased proximal bone density and decreased distal
bone density, showing improved proximal load transfer. More research is needed to confirm the use of
these materials in prosthetic rehabilitation and extend their use to increasingly broad areas of prosthetics.
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