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ABSTRACT

The shoulder is one of the most mobile and complex parts. Anatomic total shoulder arthroplasty is a treatment
method for osteoarthritis, rheumatoid arthritis, or proximal humerus fractures. This treatment reduces stiffness
and restores joint mobility, allowing for the return to daily activities.An anatomic total shoulder arthroplasty
consists of the humerus and glenoid elements. In this method, the humeral and glenoid elements are replaced
with metal and polyethylene elements. The humeral element is usually made of Co-Cr alloy or Ti. The glenoid is
commonly made of ultra-high density polyethylene (UHMWPE). Due to its mechanical properties, the most
common Ti alloy used in anatomic shoulder implants is Ti-6Al-4V (titanium-aluminum-vanadium). CoCrMo
alloy, on the other hand, is more durable than Ti and less susceptible to wear and tear, making it more suitable
for replacing parts of the shoulder. Ultra-high-density polyethylene (UHMWRPE) is a common bearing material
used, but it can wear out, leading to loosening of the implant. In this review article, informations about the
material and mechanical properties of humeral and glenoid elements were given.
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INTRODUCTION

Surgical interventions for shoulder injuries, similar to other fields within orthopedics and traumatology, originated from
anatomical research conducted in the late 19th century, progressing with open surgical methods during the early 20th
century. From the latter half of the 20th century onward, advancements in arthroscopic and prosthetic surgical
techniques (including arthroplasty) significantly improved due to enhanced technological infrastructure and
developments in implant technology (Igbal et al., 2013; Randelli et al., 2016).

Shoulder arthroplasty has gained substantial popularity in recent years, becoming the third most frequently performed
joint replacement procedure, following hip and knee arthroplasty (Lin et al., 2016). Since the 1800s, shoulder
arthroplasty has served as an effective treatment for shoulder pain and dysfunction resulting from arthritis, with early
pioneers such as Themistocles Gluck and Jules Emile Péan performing the first total shoulder arthroplasties (Flatow
and Harrison, 2011).

Orthopedic implants are extensively utilized across various medical disciplines. Conditions such as osteoarthritis and
rheumatoid arthritis can severely impair the structure and function of synovial joints, including the hip, knee, shoulder,
and ankle. Pain originating in these load-bearing joints often becomes debilitating, thus requiring surgical intervention
involving prosthetic replacements or artificial joint implants (Waizy et al., 2013).

An orthopedic implant refers to a biomedical device specifically engineered to recover or substitute the functional
capability of a damaged bone, joint, or cartilage through the replacement of deteriorated anatomical structures. One of
the most representative examples is total shoulder arthroplasty (TSA), in which the glenohumeral joint is replaced by
an artificial prosthesis (Erickson et al., 2020; Verestiue et al., 2021). The prosthetic system generally comprises an
adjustable-length humeral stem inserted into the humerus and a smooth metallic head that articulates within the glenoid
cavity of the scapula (Razfar et al., 2016).

To enhance joint mobility and reduce discomfort, anatomic total shoulder arthroplasty (ATSA) replaces the articular
surfaces of both the humeral head and the glenoid (Edmonds, 2016; Wodarek and Shields, 2021).

The humeral component of shoulder arthroplasty has evolved substantially over time. In the earliest patient series

reported by Neer et al. in 1974, long-stem monoblock humeral implants were employed and fixed using bone cement
(Neer, 1974). Subsequent generations shifted toward components that promoted osseointegration, although early
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designs still offered limited ability to replicate the native humeral anatomy, particularly in terms of head size and neck
geometry (Boileau et al., 2006; Sperling et al., 2000).

Later, third-generation modular systems were developed, granting surgeons the capacity to better reproduce patient-
specific anatomy by utilizing stems with variable neck-shaft angles and offset humeral heads (Godeneche et al., 2002).
The modern design trend favors short-stemmed, metaphyseal-fixation, and stemless implants, reflecting an ongoing
effort to preserve bone stock and improve fixation, with most major manufacturers now offering such contemporary
configurations (Harmer et al., 2016).

The glenoid component is often considered the weakest link in TSA due to the high incidence of glenoid loosening-
related failures (Papadonikolakis and Matsen, 2014). At present, the gold standard for TSA involves the use of all-
polyethylene glenoid components, with cementing techniques employed to ensure early implant stability (Killian et al.,
2017; Lazarus et al., 2002; Throckmorton et al., 2019; Wirth et al., 2012). While this design ensures initial stability,
symptomatic loosening of the glenoid component over time remains common and may necessitate revision surgery
(Papadonikolakis and Matsen, 2014). Metal-backed components have demonstrated favorable results in hip and knee
arthroplasty, using both cemented and press-fit methods, leading to the increased use of metal-backed glenoid
components to address the long-term concerns associated with all-polyethylene components (Castagna et al., 2010;
Fucentese et al., 2010).

Anatomic total shoulder arthroplasty (TSA) comprises two primary components: the humeral and the glenoid elements.
The humeral part is generally fabricated from titanium or cobalt—chromium alloy, whereas the glenoid element is most
commonly designed as a concave socket constructed from ultra-high molecular weight polyethylene (UHMWPE). The
conventional technique for securing the glenoid component involves the application of bone cement; however,
uncemented press-fit fixation is also widely utilized in clinical practice (De Wilde et al., 2013).

Over time, various glenoid components and fixation techniques have been explored. Cemented all-polyethylene glenoid
components have shown the best long-term survival rates; however, new designs continue to evolve, aiming to enhance
fixation and the durability of glenoid implants (Singh et al., 2011). Cementless fixation using metal-backed components
is an alternative, though concerns about their use have emerged due to reports of higher revision rates compared to
cemented components (Sharplin et al., 2020; Wallace et al., 1999). Currently, the use of fully metal-backed glenoid
components is not recommended (AAOS, 2020).

MATERIALS AND METHODS

A comprehensive literature review was performed using the PubMed, Web of Science, Google Scholar and Scopus
databases to identify all relevant publications concerning total shoulder implants in orthopedics and related disciplines.
The search utilized key terms such as “total shoulder implants,” “shoulder implant materials,” “mechanical properties
of total shoulder implants,” and “classification of shoulder implants.” Titles and abstracts were screened, and studies
unrelated to shoulder implants were excluded. In addition, the reference lists of the selected papers were examined to
capture further relevant studies. The included articles were subsequently analyzed for qualitative synthesis.

EEINT3

Titanium Alloys

Over recent decades, titanium alloys have garnered extensive attention owing to their excellent strength-to-weight ratio,
low mass density, remarkable corrosion resistance, and outstanding biocompatibility. As a result, these materials have
been widely employed across various fields, including the aerospace, chemical, and nuclear industries, as well as in the
production of load-bearing biomedical implants (Tsai et al., 2019).

Although titanium is not a natural constituent of the human body and performs no known biological function (Pais et
al., 1977), it is regarded as a biologically inert and non-toxic material, even when present in relatively high
concentrations (Chen and Thouas, 2015).

Two key mechanical properties largely account for the success of titanium-based implant systems. The first is the
elastic modulus, which defines the stiffness of a material. Despite the mismatch between the elastic modulus of
titanium (approximately 103—-120 GPa) and that of cortical bone (~10-30 GPa), titanium remains considerably less stiff
than stainless steel (~200 GPa) or cobalt—chromium alloys (~210 GPa) (Quinn et al., 2020; Sarraf et al., 2022).

This discrepancy in stiffness can result in a phenomenon known as stress shielding, which may lead to bone resorption,
implant loosening, and increased osteoclastic activity (Quinn et al., 2020).

When compared with stainless steel and cobalt-based alloys, titanium demonstrates superior biocompatibility due to its
high degree of resistance to corrosion and chemical degradation (Kodama, 1989; Lemons et al., 1976).
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Because of its advantageous mechanical behavior and biological compatibility, the most frequently used titanium alloy
in orthopedic applications—including anatomic total shoulder arthroplasty (TSA)—is Ti-6Al-4V (titanium-aluminum-—
vanadium) (Saini et al., 2015). This material is classified as an o—f3 phase alloy, signifying that it contains both
hexagonal close-packed (a-phase) and body-centered cubic (B-phase) crystal structures (Saini et al., 2015). The alloy is
produced by combining pure titanium with 6% aluminum and 4% vanadium by weight. Aluminum serves as an a-phase
stabilizer, enhancing strength while reducing overall density, whereas vanadium acts as a B-phase stabilizer, improving
the alloy’s ductility and toughness (Saini et al., 2015).

Cobalt-Chromium (Co-Cr) Alloys

Cobalt—chromium alloys consist primarily of cobalt (Co) and chromium (Cr), with additional elements including
molybdenum (5-7%), iron (>0.75%), manganese and silicon (<1%), nickel (<0.5%), and trace quantities of carbon,
phosphorus, nitrogen, sulfur, tungsten and boron (Marti, 2000).

Although Co—Cr alloys are more costly and time-intensive to manufacture compared with titanium or other alloys, they
provide superior mechanical strength. However, the presence of nickel poses potential toxicity risks; wear and
frictional motion of the implant may release metal ions into the body, occasionally leading to allergic or inflammatory
reactions (Gessner et al., 2019; Vaicelyte et al., 2020).

The inclusion of chromium enhances corrosion resistance by forming a stable, protective chromium oxide layer on the
surface while simultaneously improving mechanical strength. Molybdenum increases strength through solid-solution
strengthening and further stabilizes this passive oxide layer. The hardness and wear resistance of Co—Cr—Mo alloys can
be tailored by modifying the carbon content, as high-carbon alloys (0.2-0.4% C) promote the formation of chromium
and molybdenum carbides (Baron et al., 2015; Ramirez-Vidaurri et al., 2009).

Among metals used in biomedical applications, Co—Cr alloys demonstrate the highest wear resistance, making them the
preferred biomaterial for components exposed to friction and repetitive motion (Acharya et al., 2021). These alloys are
widely employed in TSA systems, including early metal hemiarthroplasty designs introduced in 1951 and in the
development of early total shoulder prostheses (Zilber, 2017).

The first shoulder prosthesis developed by Neer was fabricated from Co—Cr—Mo alloy, also known as Vitallium (Neer,
1955). Co-Cr-Mo is mechanically stronger and more wear-resistant than titanium, rendering it ideal for articulating
surfaces. In contrast, titanium provides superior osseointegration and osteoconductive potential, making it suitable for
humeral stem components (Mehta et al., 2020).

The superior strength and hardness of Co—Cr—Mo compared with Ti-6Al-4V are attributed to its face-centered cubic
crystal structure, greater interfacial adhesion strength, work-hardening capability, and low stacking-fault energy
(Goldberg and Gilbert, 2004).

Ultra-High Molecular Weight Polyethylene (UHMWPE)

Ultra-high molecular weight polyethylene (UHMWPE) represents a distinct variant of polyethylene characterized by its
extremely high molecular weight. Similar to other forms of polyethylene, UHMWPE is a semicrystalline polymer
composed of two interwoven phases: a crystalline phase made up of highly ordered lamellae, and an amorphous,
disorganized phase that may contain a partially structured “all-trans” interfacial region. The polymer’s molecular mass
and microstructural configuration are critical factors influencing its physical, chemical, and mechanical behavior—
particularly its exceptional wear and abrasion resistance (Bistolfi et al., 2021; Affatato et al., 2018; Bracco et al., 2017;
Taddei et al., 2017).

Because of its outstanding durability, polyethylene has long served as a bearing surface in total shoulder arthroplasty
(TSA). However, gradual material wear can occur over time, which may contribute to implant loosening. To mitigate
this problem, modern implant designs have incorporated modifications such as cross-linking and vitamin E stabilization
to enhance wear resistance and extend implant longevity (Leafblad et al., 2022; Mehta et al., 2020).

In recent years, pyrolytic carbon has been investigated as an alternative biomaterial for shoulder hemiarthroplasty. This
material is thought to minimize glenoid wear by promoting fibrocartilage regeneration and facilitating bone
remodeling. Early clinical studies have reported improved joint function and increased range of motion in patients
receiving implants made from this material (Park et al., 2023).

Since the 1950s, UHMWPE has been the most widely used bearing material in total joint replacement procedures
(Bracco et al., 2017). Its popularity stems from its favorable wear characteristics, long-term stability, and biological
inertness (Kurtz, 2004). Despite these advantages, polyethylene wear, along with the resulting periprosthetic osteolysis
and implant loosening, continues to be a clinical concern—especially among younger, more active, or obese individuals
(Kurtz et al., 1999; Baker et al., 1999).
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Bittredge et al. (2022) explored one of the fundamental issues in orthopedic implant design, namely stress shielding,
within total shoulder prostheses. In their study, they created and optimized a cellular, lattice-structured implant aimed
at controlling the stiffness of the humeral stem used in shoulder arthroplasty. Test specimens were manufactured from
Ti-6Al-4V alloy using the laser powder bed fusion (LPBF) technique, and their mechanical performance was confirmed
through compression testing. Finite element analysis (FEA) indicated Young’s modulus values ranging from 2 to 13
GPa, closely approximating that of human bone. Experimental testing showed that the LPBF-produced Ti-6Al-4V
lattice structure, with a strut length of 5 mm, diameter of 1 mm, and complete lattice infill, exhibited an elastic modulus
of 11.8 GPa, a yield strength of 200 MPa, a hardness of 380 HV, a surface roughness of 9.3 um, and a surface area-to-
volume ratio of 3.7 mm™. These results suggest that the material’s mechanical properties make it suitable for
orthopedic implants that require bone-like rigidity and enhanced osseointegration potential (Bittredge et al., 2022).

Wang et al. (2005) examined the biomechanics of the glenohumeral joint both before and after total shoulder
arthroplasty (TSA), comparing three different glenoid designs: nonconforming, conforming, and a hybrid configuration
with a conforming center and nonconforming periphery. Using six fresh-frozen cadaveric shoulders with an average
age of 43 years, the study found no statistically significant differences (p > 0.05) among the models in terms of joint
motion or contact behavior. Glenoid components featuring minor conformity mismatches most closely reproduced the
kinematics of the native joint. These observations were consistent with previous finite element analyses, which
indicated that partial conformity can reduce contact stresses compared to either fully conforming or nonconforming
designs (Wang et al., 2005).

Chen et al. (2022) investigated the initial fixation strength of various stemless and stemmed humeral implant designs
and examined how fixation strength correlates with bone mineral density (BMD). Among five different stem
configurations, the Stemless-C design, which incorporates a central screw and rim-fit mechanism, demonstrated less
micromotion under axial loading than the Stemless-B design, which features a central body with three fins. In
specimens with low BMD, the 50 mm and 130 mm stemmed implants provided superior fixation compared to the
hollow-fin stemless models (Chen et al., 2022).

Michel et al. (2021) assessed the biomechanical role of protective cerclage during stem insertion in revision shoulder
arthroplasty. The study used 28 human cadaveric humeri to compare cerclage configurations involving steel wire and
FiberTape materials. The findings revealed that applying a cerclage delayed fracture occurrence during stem impaction.
FiberTape demonstrated comparable performance to steel wire, and the level of applied tension had no notable impact
on mechanical stability. These results highlight the potential clinical benefits of using cerclage reinforcement—
particularly in uncemented or calcar-dependent arthroplasty—to improve fixation integrity and rotational stability
(Michel et al., 2021).

Ryan et al. (2023) performed a biomechanical study using synthetic humeri implanted with uncemented long-stem,
short-stem, and stemless prosthetic components, which were subjected to torsional loading until failure. The research
demonstrated that decreasing stem length resulted in reduced torsional strength and altered fracture patterns. Both
stiffness and maximum torque were significantly greater in short- and long-stem implants than in stemless designs.
These findings indicate that stemless implants offer lower torsional stability and may be more prone to failure in cases
involving poor metaphyseal bone quality (Ryan et al., 2023).

Mechanical Properties of Total Shoulder Implants

Total shoulder prostheses are biomechanically designed to mimic the range of motion, load transfer, and rotational
stability of the native glenohumeral joint. Therefore, the mechanical strength, modulus of elasticity, wear resistance,
and fatigue life of the implant materials and geometry are key determinants of clinical success.

Humeral Component

The humeral component is generally manufactured from titanium alloy (Ti-6Al-4V) or cobalt-chromium (Co-Cr).
Titanium alloys have a hardness closer to cortical bone, with an elastic modulus of around 110 GPa, which reduces the
stress shielding effect (Brizuela et al., 2019) . Cobalt-chromium alloys, on the other hand, offer higher tensile strength
(approximately 900-1000 MPa) and hardness, but their high elastic modulus can increase the risk of bone resorption
during load transfer (Barazanchi et al., 2020).

The humeral head is most often manufactured from cobalt-chromium or ceramic materials. These materials minimize

joint wear thanks to their high surface hardness and low coefficient of friction. The coefficient of friction of ceramic
surfaces is approximately 0.04 (Popov, 2018).
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Figure 1. Diagram Illustrating Joint Centre of Rotation Location for the Anatomical Shoulder (a),
Reverse Shoulder (b) and Reverse Shoulder with a Lateral-Offset Glenoid Component (c) (Ackland et al. 2015).

Figure 1 shows medialization and lateralization due to a lateral offset glenoid component after reverse total shoulder
arthroplasty. Black, red, and green bull's eyes indicate the joint center of rotation location for the anatomic shoulder,
reverse shoulder, and reverse shoulder with a lateral offset glenoid component, respectively (Ackland et al. 2015).

We can explain the Placement and Biomechanical Effects as follows:

Component misplacement (e.g., excessive valgus/varus, incorrect head-shaft angle) can negatively impact joint loads.
Load transfer is altered, and eccentric contact can occur on the glenoid surface (Favre et al., 2008; Biichler and Farron,
2004). The risk of malalignment increases, particularly with short shafts or shaftless systems. Cementless (press-fit)
designs are becoming increasingly common. For example, one study found a significantly lower radiographic loosening
rate with cementless shafts for reverse TSA. Due to the biomechanical differences between the implant and bone, bone
weakening occurs in some areas. This can affect implant stability in the long term (Sanchez-Sotelo, 2021;Sanchez-
Sotelo, 2011). Oversized head or overstuffed humeral components can increase soft tissue tension in the capsule/hub
and impair function (Hoffman et al., 2024).

Glenoid Component

The primary material of the glenoid component is high molecular weight polyethylene (UHMWPE). UHMWPE, with
its low modulus of elasticity (0.8-1.0 GPa) and high impact strength, provides optimal load distribution at the bone-
implant interface (Boileau et al. 2015). However, in long-term use, polyethylene particles resulting from microwear
can lead to osteolytic reactions. Therefore, the use of cross-linked polyethylene (XLPE) and antioxidant-added
polyethylene has become increasingly common.

A biomechanical study has shown that component placement errors (e.g., poor positioning, high inclination) produce
increased contact force and shear forces on the glenoid surface, posing a risk for loosening (Knighton et al., 2022;
Goetti et al. 2021). “Rocking-horse” effect; eccentric loading of the humeral head/implant on the glenoid, lifting one
side of the component and toggling the other, is associated with micromobility and loosening over time (Twomey-
Kozak etal., 2024).

From a material/design perspective: For example, there is systematic evidence that all-polyethylene glenoid
components may have higher long-term loosening/failure rates than metal-backed or trabecular metal-backed
components (Twomey-Kozak et al., 2024).

Figure 2. Diagrams Show Medialization of the Glenoid Component Versus Lateralization in RSA. (A) Medialization
of the Center of Rotation Recruits More Deltoid Force; Thus, Increasing Muscle Utilization but Increasing the Risk of
Scapular Notching and Reducing ROM. (B) (Gruber et al., 2022)
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In Figure 2, lateralization of the COR reduces the force required for the deltoid but reduces the risk of scapular
notching and increases overall ROM. (Reproduced with permission from Boileau P, Moineau G, Roussanne Y, O'Shea
K. Ossically augmented offset reverse shoulder arthroplasty: minimizing scapular impingement while maximizing
glenoid fixation (Gruber et al., 2022).

Mechanical Stability and Load Transfer

Shoulder implants are subjected to complex multiaxial loading. These loads occur in the form of compression, shear,
bending, and rotational moments. Therefore, not only the tensile strength of implant materials but also their fatigue life
and torsional rigidity are of paramount importance.

In fatigue tests, titanium alloy implants have been reported to maintain their structural integrity under approximately
107 loading cycles (Popov, 2018). Mechanical stability also depends on the fixation method. In uncemented implants,
porous surface coatings (e.g., hydroxyapatite, Ti-plasma spray) promote bone ingrowth and reduce microrelative
motion. In cemented systems, the PMMA interlayer supports load transfer but carries a risk of loosening in the long
term.

In TSA, mechanical stability and load transfer are closely interconnected; implant design, placement, bone quality, and
soft tissue condition together determine success or failure. Glenoid bone loss and cuff condition must be evaluated (Al-
Omairi et al., 2024; Mehta and Nicholson, 2023). Adequate radial mismatch between the humeral and glenoid
components (e.g., >4-5 mm) is preferable [78] (Hasler et al., 2020). When placing the glenoid component, proper
positioning (version, inclination), fixation (peg/keel/screw), and bone alignment must be ensured (Monir et al., 2021).
The humeral component must not overstuff and must be of the correct length and position. Soft tissue balance
(especially the rotator cuff) must be ensured, as cuff insufficiency can impair load transfer and lead to premature
component failure (Levy etal., 2016)

Wear and Fatigue Behavior

Wear on shoulder implants can occur through adhesive, abrasive, and fatigue-induced surface deterioration. The most
common wear mechanism results from microscopic sliding movements between the humeral head and the polyethylene
glenoid. This can lead to wear particles initiating an inflammatory reaction in the bone tissue (Boileau et al., 2015).
Therefore, surface engineering techniques (e.g., TiN, ZrO, or Al.Os coatings) are used to increase wear resistance.
Furthermore, high-energy gamma sterilization and cross-linking treatments are used to strengthen the molecular
structure stability of polyethylene inserts.

Table 1. Wear Resistance Comparison (Relative Scale) (Baena et al., 2015; Bhoi et al., 2022; Tapscott and

Wottowa 2025)
Material Abrasion Resistance (relative unit)
UHMPWE 1
PEEK 2
Titanium 5
Cobalt-Crom 10

Wear resistance comparisons are examined using a relative scale in Table 1 (Baena et al., 2015; Bhoi et al., 2022 ;
Tapscott and Wottowa 2025) . Cobalt-Chromium alloys provide long-term stability with high wear resistance;
therefore, they are preferred for the humeral head.

Biomechanical Adaptation and Design Parameters

The intra-implant stress distribution is modeled using Finite Element Analysis (FEA) ( Kacsé and Peter, 2025).

Load simulations determine the moments experienced during daily activities (e.g., arm elevation, rotation) (Campanelli,
2021).

Reverse shoulder prostheses provide a mechanical advantage by lengthening the deltoid muscle's power arm, but they
increase the load on the glenoid component (Atrey et al., 2017).
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RESULTS

The mechanical properties of total shoulder implants play a decisive role in the long-term success and functional
performance of the prosthesis. Current literature indicates that titanium and cobalt-chromium alloys, as well as
UHMWPE, are sufficient in terms of biomechanical compatibility, wear resistance, and fatigue strength. When the
modulus of elasticity of the humeral component is close to the cortical bone, stress protection is reduced and the risk of
bone resorption is reduced. In glenoid components, microwear on polyethylene surfaces increases the risk of long-term
osteolysis; therefore, cross-linked polyethylene and surface coating technologies are used.

Mechanical stability is directly related not only to material selection but also to implant geometry, axial alignment, and
fixation method. Failure to achieve optimal load transfer and rotational stability increases the risk of implant loosening,
increased wear, and premature failure.

Recommendations;

Material and Surface Improvements: Cross-linked polyethylene and ceramic coatings are recommended for glenoid
components to reduce wear rates. Titanium alloys should be preferred for humeral components to reduce stress
shielding.

Optimizing Biomechanical Design: The radius of curvature of the humeral head and the glenoid surface angle should
be selected to align with the natural axes of motion of the shoulder. A personalized implant design can improve long-
term rotational stability.

Long-Term Follow-Up and Research: Long-term prospective studies are needed to correlate polyethylene particle-
induced osteolysis and implant fatigue behavior with clinical outcomes.

Surgical Technique and Fixation: Optimizing porous coatings and biological fixation in cementless implants and
planning the use of PMMA in cementless systems will increase mechanical stability.

In conclusion, improving the mechanical performance of total shoulder implants will be possible through the
integration of materials science, biomechanical design, and surgical techniques. Future research, particularly focusing
on custom implants and advanced surface engineering, will significantly improve long-term prosthetic success.
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