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Each year, over one million hip replacement surgeries are performed worldwide, with an increasing number of patients presenting
with complex anatomical cases. Despite advancements, current mass-produced hip implants often fail to provide a precise fit for
patients with unique or atypical anatomies, resulting in complications, extended recovery times, and reduced implant longevity.
These challenges highlight the need for personalized solutions that address individual anatomical variations more effectively. This
review investigates whether 3D-printed hip implants offer superior anatomical fit, surgical outcomes, and patient satisfaction
compared to conventional implants, particularly in cases with complex anatomical deformities. By leveraging 3D printing, the
aim is to enhance the fit, function, and overall success of hip implants, particularly for complex cases. This review includes
studies that utilize patient-specific imaging data, computer-aided design (CAD), and additive manufacturing. These techniques
will allow for the creation of implants that closely match the patient’s anatomy, improving surgical outcomes and reducing the risk
of complications. Custom 3D-printed hip implants are designed to achieve improved anatomical conformity, potentially leading to
shorter recovery times and reduced post-surgical complications compared to traditional implants, particularly in anatomically
complex cases. The evidence suggests that these personalized implants will lead to better long-term patient outcomes and
satisfaction. In conclusion, this review highlights the capability of 3D printing technology that can revolutionize hip replacement
surgeries for complex anatomical cases by offering customized, efficient, and more effective solutions than conventional implants.

Introduction

Hip replacement surgeries are critical in restoring mobility and
improving the quality of life for millions of individuals world-
wide'!. Despite advancements in surgical techniques and implant
design?, traditional mass-produced hip implants often fail to
accommodate the unique anatomical structures of patients with
complex cases=. This mismatch can lead to complications such
as improper fit, prolonged recovery times, and increased rates
of revision surgeries®. As a result, the need for innovative ap-
proaches to address these challenges has become increasingly
urgent”.

Radiological Standards of Normal Hip Anatomy

The clinical demand for customized implant solutions is driven
by the diverse anatomical variations seen in patients, particularly
those with unique or complex hip structures®. To understand
the need for customization, it is essential to first define what
constitutes a normal hip joint. A typical hip joint is classified
based on four key anatomical markers that determine its sta-
bility, function, and alignment. One of the primary indicators
of a normal hip joint is joint space width (JSW), which repre-
sents the space between the femoral head and the acetabulum.
This measurement is critical in assessing cartilage health, with
normal values showing a narrower JSW at the superomedial
site compared to the apical site”. Studies have shown that an

asymmetric or significantly reduced JSW can indicate joint ab-
normalities®. Another key parameter is the acetabular angle
(AA), which measures the slope of the acetabular roof. Normal
hips exhibit an acetabular angle within a specific range, while
dysplastic hips tend to have significantly higher values, indicat-
ing a steeper slope and reduced coverage of the femoral head”.
Proper acetabular orientation ensures balanced load distribution
and stabilit'?. The center-edge angle (CEA) is another crucial
factor in defining a normal hip joint. This measurement assesses
the degree of femoral head coverage by the acetabulum. A nor-
mal hip has a CEA within a defined range, whereas dysplastic
hips show significantly lower values, leading to instability and
increased risk of dislocationY. Lastly, femoral head coverage
evaluates how well the acetabulum covers the femoral head.
In normal hips, a higher coverage percentage ensures proper
articulation and load distribution. In contrast, dysplastic hips
demonstrate lower coverage, which correlates with superior mi-
gration of the femoral head and increased joint stress'%. These
four parametersjoint space width, acetabular angle, center-edge
angle, and femoral head coverageserve as critical radiographic
markers that physicians use to classify a hip joint as normal.
Understanding these anatomical standards is essential in de-
signing customized hip implants that accommodate individual
patient variations, ultimately improving surgical outcomes and
long-term mobility!?. As shown in Figure 1, variations such
as genu varum or genu valgum can significantly affect lower
limb alignment, altering joint loading and stability. Recognizing
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these differences underscores the importance of patient-specific
implant design to achieve proper biomechanical performance.

Common Structural Abnormalities in Hip Joints

Abnormal hip structures encompass deviations from standard
hip anatomy, leading to compromised joint function and poten-
tial musculoskeletal complications. One of the most significant
abnormalities is femoral antetorsion, which refers to the inward
twisting of the femur. This condition affects the alignment be-
tween the femoral neck and the condyles, and when it deviates
from the normal range, either through excessive or reduced
torsion, it disrupts hip biomechanics'#. Studies have linked ele-
vated femoral antetorsion to increased lateral retropatellar carti-
lage degeneration, especially in individuals with genu valgum
(knock-knees)!?. This abnormality can contribute to anterior
knee pain, instability, and long-term functional impairments'©.
These structural differences can be clearly seen in Figure 1,
which compares leg alignment in cases of genu varum (bowlegs),
genu valgum (knock knees), and normal hips.!
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Fig. 1 The image shows the comparative alignment of the legs,
highlighting bowlegs, normal legs, and knock knees. It illustrates the
inward angulation of the femur and tibia in knock knees, the outward
angulation in bowlegs, and the proper alignment in normal legs,
helping to visualize the differences in joint structure and stability
Knock Knees. Limblength.org,
www.limblength.org/conditions/knock-knees/. Accessed 22 Mar.
2025.

Another critical deviation from normal hip anatomy is ab-
normal pelvic and acetabular tilt. Pelvic tilt is defined as the
orientation of the pelvis in the sagittal plane, influencing how
the acetabulum covers the femoral head. When pelvic tilt is
abnormal, it alters acetabular version and inclination, which
can significantly impact hip stability. A decrease in pelvic tilt
reduces acetabular anteversion, leading to insufficient femoral
head coverage. This reduction in coverage is a primary contrib-
utor to hip instability and can increase the risk of impingement
and osteoarthritis over time'l®, Research has demonstrated that

variations in pelvic tilt significantly influence acetabular orienta-
tion and subsequently affect hip joint mechanics!®.
Additionally, acetabular dysplasia is another common ab-
normality that affects hip stability and function. Acetabular
dysplasia occurs when the acetabulum is too shallow, failing to
provide adequate coverage of the femoral head. This lack of
coverage leads to increased joint instability and a higher risk of
osteoarthritis due to abnormal load distribution”’, The condition
is often diagnosed using radiographic markers, including the
center-edge angle and acetabular depth. A reduced center-edge
angle (< 25) is a key diagnostic criterion for acetabular dys-
plasia and indicates a greater risk of hip dislocation and labral
tears“l. Studies have confirmed a strong correlation between
acetabular dysplasia and the early onset of degenerative hip dis-
ease“? showing insufficient femoral head coverage in dysplastic
hips and proper alignment in healthy hips, as seen in Figure 223,

Acetabulum \“7 /
o / /(

Femoral head

B)

Fig. 2 (A) Dysplastic acetabulum with a subluxated femoral head,
showing insufficient coverage. (B) Normal acetabulum with proper
femoral head coverage, demonstrating stable hip alignment. Source:
Pavelka, K., and T. Loutock. Developmental Dysplasia of the Hip: A
Review of Etiopathogenesis, Risk Factors, and Genetic Aspects.
Medicina, vol. 56, no. 4, 2023, p. 153.
https://doi.org/10.3390/medicina56040153.

Origins of Structural Hip Deformities

Abnormal hip structures can arise from various factors, includ-
ing congenital defects, traumatic injuries, and degenerative dis-
eases. One of the most common congenital causes is develop-
mental dysplasia of the hip (DDH), a condition in which the
acetabulum is too shallow to properly house the femoral head,
resulting in hip instability and an increased risk of dislocation'**.
Studies indicate that untreated DDH significantly increases the
likelihood of early-onset osteoarthritis, often necessitating sur-
gical intervention later in life?>. Research suggests that individ-
uals diagnosed with DDH who do not receive early treatment
have a higher probability of experiencing joint degeneration and
functional impairment, reinforcing the importance of early de-
tection and intervention®. Traumatic injuries are another major
cause of hip abnormalities. Fractures and dislocations resulting
from falls, motor vehicle accidents, or high-impact sports can
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permanently alter hip joint anatomy, leading to malalignment or
irregular femoral head positioning?”. These structural deficien-
cies often compromise joint function and accelerate cartilage
degeneration. Post-traumatic osteoarthritis, which develops as
a consequence of hip trauma, has been identified as a leading
indication for hip replacement surgery, accounting for 1015% of
total hip arthroplasty (THA) cases worldwide?®. The long-term
consequences of hip trauma often necessitate surgical interven-
tion, as non-surgical treatments are generally insufficient in
preventing progressive joint deterioration??.Degenerative condi-
tions, particularly osteoarthritis, play a significant role in the de-
velopment of abnormal hip structures. Osteoarthritis is a chronic,
progressive disease characterized by cartilage degradation and
joint space narrowing, leading to impaired biomechanics and
chronic pain“Y. Studies estimate that hip osteoarthritis affects
1025% of adults over the age of 55, making it one of the leading
causes of disability and reduced mobility in older populations=L.
The degenerative process associated with osteoarthritis is often
irreversible, with many patients ultimately requiring surgical
procedures such as total hip arthroplasty to restore function and
alleviate pain~2.Individuals with structural hip abnormalities are
significantly more likely to require surgical intervention than
those with normal joint anatomy. When conservative treatments
such as physical therapy, pain management, and lifestyle mod-
ifications fail to provide sufficient relief, surgical correction
becomes necessary to restore joint stability and prevent further
degeneration®?. In cases of developmental dysplasia of the
hip, surgical intervention has been shown to produce favorable
outcomes when performed at the appropriate stage of disease
progression. A study evaluating delayed surgical treatment in
children with DDH found that 94% of hips achieved excellent
or good results, demonstrating the necessity and effectiveness
of operative management in these cases>*.

Despite the success of surgical interventions, patients with ab-
normal hip structures face unique challenges that can complicate
outcomes. Research assessing open reduction (OR) procedures
for infantile DDH identified a 7% risk of redislocation, a 44%
risk of proximal femoral growth disturbance, and a 55% risk of
residual acetabular dysplasia®>, highlighting the complexities as-
sociated with surgical correction. Additionally, hip replacement
surgery in patients with underlying structural abnormalities is
associated with a higher rate of implant failure, particularly in
younger individuals or those with severe joint deformities=0.

3D Printing Applications in Orthopedic Surgery

Surgical procedures for hip abnormalities present a unique set of
challenges due to the variability in joint morphology. Standard
hip implants are designed for patients with typical anatomical
parameters, meaning they may not adequately accommodate
deviations such as acetabular dysplasia, femoral anteversion
abnormalities, or excessive pelvic tilt>’. As a result, improper

implant fit can lead to chronic pain, limited range of motion,
and mechanical instability=%.

To address these challenges, researchers have increasingly
turned to customized implant solutions designed to accommo-
date individual anatomical differences. Advances in 3D printing
technology have made it possible to create patient-specific hip
implants tailored to unique bone structures®?. These innova-
tions not only improve implant fit but also reduce the risk of
mechanical complications and revision surgery*’. By integrat-
ing patient-specific imaging data with computer-aided design
(CAD) and additive manufacturing techniques, 3D-printed im-
plants offer a promising alternative for patients with complex
hip abnormalities!.

The objective of this study is to evaluate whether 3D-printed
hip implants offer improved anatomical fit, reduced revision
surgery rates, and greater patient satisfaction compared to con-
ventional implants in complex anatomical cases. To guide
this review, we pose the following research question: Do 3D-
printed hip implants improve clinical outcomessuch as surgical
fit, patient-reported satisfaction, and revision ratesmore effec-
tively than traditional mass-produced implants in patients with
atypical hip anatomy? A systematic review was conducted us-
ing PubMed to analyze research on 3D printing’s application
in orthopedic care, focusing on topics such as implant design
methodologies, revision outcomes, and material innovations#2,
Unlike previous reviews, this study emphasizes the integration of
revision surgery data and explores how 3D printing technology
can address limitations associated with traditional implants®3.
It also examines advancements in personalized surgical plan-
ning to provide a comprehensive understanding of the current
progress in the field*¥. While earlier research has highlighted
the general advantages of 3D printing in orthopedics®?, there
are still gaps in understanding the long-term outcomes, regu-
latory challenges, cost-effectiveness, and scalability of these
solutions®. This research seeks to bridge these gaps by build-
ing on prior literature and presenting an in-depth analysis of
how 3D printing can transform orthopedic care. With the poten-
tial to significantly improve surgical outcomes and address the
limitations of standard implants, 3D printing represents a shift
in addressing the needs of patients with abnormal or complex
anatomical structures’.

Systematic Review Methodology

A systematic review of the literature was conducted using
PubMed on January 1, 2025. The search terms included 3D
Printing, Additive Manufacturing, Hip Implant, and Hip Prosthe-
sis, while excluding knee-related studies. The review included
full-text, peer-reviewed articles published after 2016, written in
English, and focused specifically on 3D-printed hip prosthetics
that presented either quantitative or qualitative outcome data.
The 2016 threshold was selected to ensure technological rele-
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vance, as earlier studies typically reflected prototype-level ap-
plications and lacked the clinical maturity of more recent work.
By excluding pre-2016 publications, the review concentrated on
studies aligned with current additive manufacturing capabilities
and surgical practices. Editorials, commentaries, and studies
not directly related to hip implants were excluded. The review
did not include gray literature or non-peer-reviewed materials.
Duplicate records were removed using Zoteros built-in tools. A
formal PRISMA diagram was not included in this version of the
review, and study quality was not assessed using standardized
scoring tools such as the Newcastle-Ottawa Scale or Cochrane
Risk of Bias Tool. These are acknowledged as limitations, and
future iterations of this study will aim to incorporate these com-
ponents to enhance rigor and reproducibility*®. Additionally, this
review used a narrative synthesis approach and did not include
pooled statistical analysis or meta-analysis due to heterogeneity
in study designs, patient populations, and outcome reporting.
While the narrative approach was chosen to accommodate this
heterogeneity, it is important to note that the differences in pa-
tient demographics, surgical techniques, follow-up durations,
and assessment tools limit the comparability of outcomes. Thus,
any observed trends should be interpreted with caution and not
viewed as universally generalizable. As a result, direct compar-
isons of revision rates, surgical time, or complication incidence
were not included. Future reviews could benefit from incorporat-
ing effect sizes, confidence intervals, or standardized outcome
metrics to provide a more robust quantitative synthesis. Stud-
ies that did not specifically focus on 3D-printed hip prosthetics
or lacked sufficient outcome data were also excluded®’. Data
from the selected studies were systematically extracted and orga-
nized using Zotero, a third-party reference management system
(Zotero.org)?Y. The extracted information included study fo-
cus, categorizing research into technical advancements, surgical
applications, and theoretical reviews, as well as impact assess-
ment, distinguishing studies that highlighted the benefits of 3D
printing from those discussing its challenges and limitations52.
Additional data points included publication year, allowing for
a comparative analysis of studies published before and after
2020 to track advancements in technology, patient outcomes,
and material selection®!. Where available, details on patient
satisfaction rates, post-surgical revision rates, success rates strat-
ified by patient age, and material composition of prosthetics
(e.g., metallic or polymer-based) were extracted to provide a
comprehensive evaluation of 3D-printed hip prosthetic develop-
ment over time”Z. Figure 3 summarizes the systematic literature
screening and selection process, visually illustrating how the
final 63 studies were identified and categorized by type and
publication year. This diagram reinforces the transparency and
scope of the review methodology.

Data Synthesized in Methods

To synthesize the extracted data, studies were categorized into
distinct groups based on their primary research focus. Techni-
cal research included studies investigating material properties,
mechanical strength, and fabrication techniques of 3D-printed
implants>3. Surgical and clinical applications encompassed re-
search evaluating the use of 3D printing in real-world surgical
procedures and patient treatments>*. Review and theoretical
papers consisted of literature reviews, meta-analyses, and dis-
cussions on the broader advancements of 3D printing®>. Finally,
studies that provided a general overview of the technologys
potential and future applications were classified under general
discussion®.In addition to study focus, research was further
analyzed based on its impact assessment. Studies emphasizing
improvements in patient outcomes, surgical precision, and pros-
thetic effectiveness were categorized under success and benefits
of 3D printing, while those highlighting complications, risks,
or barriers to widespread adoption were classified under chal-
lenges and limitations®Z. Articles that presented a balanced
discussion of both advantages and drawbacks were grouped
under general discussion®®. A comparative analysis was con-
ducted by grouping studies published before 2020 and 2020 and
after to assess differences in outcomes, methodologies, and tech-
nological advancements®?. While material-specific data was
limited, studies discussing metallic implants, such as titanium,
and polymer-based prosthetics were examined to evaluate trends
in material selection®. Finally, where applicable, research on
patient satisfaction, revision rates, and procedural success was
analyzed to assess the performance of 3D-printed prosthetics
across different patient demographics®!. The meta-analysis of
publication trends and study subtypes is illustrated in Figure 3.
The visual shows an increase in clinical and in vivo studies after
2020, reflecting the growing emphasis on real-world testing and
clinical validation of 3D-printed implants.

Results

Publication Types and Research Focus

A total of 26 Review articles and 25 Experimental studies were
analyzed in this research. The Experimental studies were further
classified into Clinical and Lab studies. Among the experimen-
tal studies, 20 were Clinical and 5 were Lab-based. Figure
3 summarizes this distribution, highlighting the split between
review and experimental studies.

The analysis revealed a significant division between review
and experimental studies. A total of 26 review articles were iden-
tified, which predominantly provided theoretical insights into the
potential of 3D printing for hip implants, focusing on its benefits,
challenges, and possibilities for future applications 4324854 T
contrast, 25 experimental studies provided empirical data, with
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Study Types and Subtypes by Year (2016 and After)
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Fig. 3 Annual distribution of studies on 3D-printed hip implants from
2016 to 2025, categorized by study subtype. Clinical experimental
studies have notably increased in recent years, particularly in 2023,
reflecting a shift from theoretical reviews to practical, data-driven
evaluations. This trend demonstrates the growing emphasis on
real-world application and patient-centered outcomes in orthopedic 3D
printing research. Chart generated from synthesized review data of 63
peer-reviewed publications on PubMed.

the majority20 studiesfocused on clinical applications, testing
the real-world effectiveness of 3D-printed implants in patient
surgeries 2038414958 The remaining 5 studies were lab-based,
focused on material testing, and were simulation research S0

Material Types and Effectiveness

The selection of biomaterials significantly influences the clinical
and mechanical success of 3D-printed hip implants. This section
compares established options like titanium and cobalt-chromium
alloys with emerging alternatives such as polyetheretherke-
tone (PEEK) and biodegradable metals, focusing on differ-
ences in biocompatibility, mechanical strength, osseointegra-
tion, and imaging compatibility. Titanium alloysparticularly Ti-
6Al-7Nbwere the most frequently used materials in the studies
reviewed, due to their high mechanical strength ( 900 MPa), cor-
rosion resistance, and excellent biocompatibility.Several clinical
studies have investigated revision surgery outcomes following
the use of 3D-printed custom hip implants. In a pediatric co-
hort, one study noted zero revision surgeries over a 12-month
follow-up period when using 3D-printed femoral guides during
osteotomy+. Another retrospective review involving 34 patients
who received titanium 3D-printed acetabular implants for revi-
sion hip arthroplasty reported only two reoperations, with most
patients experiencing improved Harris Hip Scores>’. Despite
promising trends, the follow-up periods in many studies remain
short (typically under two years), limiting the ability to evalu-
ate long-term durability. Additionally, stratified outcomes by
age, implant location, and implant material were inconsistently
reported across studies.

Clinical findings also highlighted promising results, such as
lower revision surgery rates and improved patient outcomes in

select cases. Cobalt-chromium (Co-Cr) alloys offer even higher
wear resistance and compressive strength ( 1000 MPa), but their
increased stiffness can lead to stress shielding and reduced bone
remodeling. Polyetheretherketone (PEEK), a high-performance
polymer, is radiolucentallowing for artifact-free imagingand
provides moderate tensile strength ( 100 MPa) and fatigue resis-
tance. Figure 4 provides an example of a hip implant incorpo-
rating a PEEK acetabular cup and femoral head, demonstrating
how this material can be used in custom designs to improve
imaging clarity and wear resistance. However, PEEK lacks
osseointegration, which limits its long-term fixation. Biodegrad-
able metals such as magnesium and calcium-based alloys offer
the potential for resorption after healing, but face challenges
including rapid corrosion, hydrogen gas release, and low load-
bearing capacity>+=0.

Cobalt-Chromium alloys have traditionally been used in hip
implant components, particularly for femoral heads and acetab-
ular liners. Although less frequently used in 3D-printed models,
several studies noted their continued use due to exceptional wear
resistance and durability in high-friction environments>Z.

Emerging materials such as polyether ether ketone (PEEK)
and biodegradable metals also appeared in multiple publica-
tions, signaling innovation in the field. PEEK is valued for its
high biocompatibility, radiolucency, and ease of manufactur-
ing. However, it does not yet match titanium alloys in terms
of survivorship or structural stability under long-term stress>*.
Biodegradable metalsincluding magnesium and calciumwere ex-
plored as temporary scaffolds. One study reported that these ma-
terials provide structural support during the early healing phase
and safely degrade over time, reducing the need for follow-up
surgeries>*. PEEK components, such as the one shown in Figure
4, are designed for high wear resistance and improved imaging
compatibility. Though not yet widely adopted for load-bearing
orthopedic use, they remain promising for specific applications
in hip implants®®. Figure 5 further summarizes comparative me-
chanical and biological properties of common materials, show-
ing titaniums superior tensile strength and biocompatibility.

Implant Design and Clinical Fit

Several clinical studies directly compared standard implants to
3D-printed custom implants. One study found that 3D-printed
implants resulted in significantly improved conformity with
patient-specific anatomy, reducing intraoperative modifications
and improving initial fit>*. Another study concluded that the use
of patient-matched implants led to shorter operating times, fewer
complications, and better patient mobility in follow-ups=>. Re-
sults from multiple trials showed high patient satisfaction scores
specifically with 3D-printed custom implants, which researchers
attributed to improved post-surgical comfort, enhanced range of
motion, and a more natural anatomical fit=°.
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Fig. 4 Example of a hip implant using a polyether ether ketone (PEEK)
acetabular cup and femoral head, designed for biocompatibility and
reduced wear. PEEKSs radiolucency and low weight make it suitable
for applications requiring frequent imaging and patient-specific
customization. Source: KYON. Total Hip Replacement Implant with
PEEK Components.
https://www.kyon.ch/products/total-hip-replacement

3D Printing Technology Types

Selective laser melting (SLM) and electron beam melting (EBM)
were the dominant 3D printing technologies used for hip im-
plant production®®3U33, These techniques allow for precise
fabrication of dense, load-bearing components with complex
geometries. In contrast, methods like fused deposition modeling
(FDM) and stereolithography (SLA) were primarily used for
surgical planning models. They were not suitable for permanent
orthopedic implants due to lower material strength=’.

Drawbacks and Gaps Identified in the Literature

Despite promising clinical and lab results, multiple studies noted
limitations in the current body of evidence. One comprehen-
sive review highlighted the lack of long-term follow-up studies
tracking 3D-printed implant survivorship and functional out-
comes>®. Several studies emphasized that costs associated with
design, material processing, and equipment remain barriers to
widespread adoption®”. In addition, one lab study found that
certain additive manufacturing processes could lead to surface
roughness and porosity, potentially impairing bone ingrowth®’.
Lastly, without standardized guidelines for design and manu-
facturing, inconsistencies across providers could undermine the

reliability of custom 3D-printed solutions®!.

Discussion

Real-World Application of 3D Printing in Orthopedics

3D printing in orthopedics is evolving from a theoretical concept
to a real-world application. The increasing number of exper-
imental studies demonstrates that 3D printing is transitioning

toward mainstream use in orthopedic surgeries>®. The shift from
review articles to empirical and clinical studies, especially after
2016, reflects growing confidence in 3D printing as a viable
tool in patient care?”. This trend highlights a broader shift from
innovation to implementation. The number of publications on
3D-printed hip implants has steadily increased since 2016, with
significant growth observed in 2020 and 2023. These spikes in
publications indicate advancements in both the technology and
its application in clinical trials, reinforcing confidence in the
real-world viability of this technology. This steady shift from
review-based research to more experimental and clinical studies
marks a significant transition from theoretical exploration to
practical, real-world applications of 3D printing in orthopedic
surgery=". This increase in publication volume is indicative of
both technological advancements and expanded clinical appli-
cations, highlighting the growing confidence in 3D printings
real-world potential.

Titanium Alloys are the Most Effective Material for 3D-
Printed Hip Implants

Titanium alloys, especially Ti-6Al-7Nb, are consistently re-
ported as the most effective materials for 3D-printed hip im-
plants. These materials are favored for their superior mechan-
ical strength, resistance to corrosion, and compatibility with
human tissue“Z. They show high survivorship under long-term
stress and are associated with reduced revision rates>*. Based
on this research, titanium remains the most reliable material
for load-bearing, custom hip replacements>>. The mechani-
cal performance and biocompatibility of materials used in 3D-
printed hip implants are summarized in Figure 5, which draws
on peer-reviewed data comparing titanium alloys, PEEK, and
biodegradable metals 211023127531

Material Tensile Strength (MPa)
Titanium Alloys 600-1,200

PEEK 90-100
200-300

50-100

Modulus of Elasticity (GPa)
100-110

36-4.1 Good

4145

20-25 Low

Biocompatibility Rating

Excellent

Magnesium Alloys Moderate

Calcium Alloys

Fig. 5 Comparative mechanical and biological properties of common
materials used in 3D-printed hip implants. Titanium alloys exhibit the
highest tensile strength and biocompatibility, while emerging materials
like PEEK and biodegradable metals (e.g., magnesium and calcium
alloys) offer advantages in imaging compatibility and resorbability,
respectively.

Emerging Materials for Hip Implants

Although titanium dominates, alternative materials such as
PEEK and biodegradable metals are gaining attention. PEEK
is appreciated for its radiolucency and manufacturing flexibil-
ity. PEEK has yet to match titaniums performance under high
mechanical loads®%. Biodegradable metals like magnesium and
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calcium offer innovative temporary solutions that support heal-
ing before safely degrading in the body=2. Although this sounds
promising, these options require more long-term validation in
clinical settings. While titanium remains the gold standard, fur-
ther biomechanical testing and comparative clinical studies are
needed to validate the safety, durability, and effectiveness of
emerging materials before they can see widespread use.

High Patient Satisfaction with Customized Implants

The data suggests that high patient satisfaction rates observed
in some studies involving 3D-printed hip implants may be in-
fluenced by multiple factors, including implant customization,
surgical expertise, and careful patient selection. These fac-
tors, along with the potential for improved anatomical fit, likely
contribute to the positive outcomes reported>*. A key factor
contributing to the high satisfaction rates was the customization
of the implants, which were specifically designed to match the
unique anatomical features of each patient>>. Figure 6 visu-
ally compares patient satisfaction rates for conventional versus
3D-printed hip implants over a five-year period, highlighting
the higher satisfaction reported in several studies. This figure
illustrates how customization may contribute to improved out-
comes, while recognizing that these results are likely influenced
by multiple factors. Custom implants allowed for a better fit, re-
ducing post-surgical discomfort and enhancing overall function,
making them a more appealing option for patients compared
to traditional implants. The personalized approach to surgery,
made possible by 3D printing, was frequently cited as a major
factor in improving patient outcomes~%.Some studies employed
standardized clinical outcome measures to evaluate recovery
and implant performance. For example, St. John et al. reported
an average Harris Hip Score improvement from 62.4 to 89.1
after surgery with 3D-printed acetabular cups2. This validated
metric demonstrated improved joint function, mobility, and pain
reduction, supporting the clinical efficacy of custom implants.
However, across the broader literature, standardized outcome
reporting remains inconsistent, limiting the ability to perform
meta-analysis or directly compare treatment approaches.

Lower Revision Rates with Custom Implants

Some studies report that 3D-printed hip implants may be associ-
ated with lower revision rates compared to traditional implants.
However, these outcomes are likely influenced by multiple fac-
tors, including improved anatomical matching, surgical tech-
nique, and patient selection. Additional high-quality studies
are needed to confirm whether customization alone significantly
reduces revision rates>. Multiple clinical studies reported that
the customization inherent in 3D printing technology provided
a better fit, leading to fewer post-surgical complications such as
dislocation or loosening>Z. As a result, patients who received

Patient Satisfaction with Traditional vs. 3D Printed Hip Implants (Based on Research)
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Fig. 6 Comparison of patient satisfaction rates between traditional and
3D-printed hip implants over a five-year period. Studies consistently
report higher satisfaction in patients who received custom 3D-printed
implants, attributed to improved anatomical fit and reduced
post-surgical discomfort2430

3D-printed implants required fewer follow-up surgeries, con-
tributing to better long-term outcomes and reduced healthcare
costs™%. While these findings are promising, they remain prelim-
inary; further longitudinal and multicenter trials are necessary
to validate whether 3D-printed implants consistently reduce
revision rates across diverse patient populations.

Technological Developments in 3D Printing

Recent advancements in 3D printing technologiesparticularly in
resolution, fabrication techniques, and material compatibility-
have significantly enhanced the precision and efficiency of cus-
tom implant production“Y. These improvements are especially
impactful for titanium-based implants, which remain the gold
standard for 3D-printed hip replacements due to their superior
mechanical strength and biocompatibility. The accuracy of mod-
ern 3D printers enables the creation of detailed, patient-specific
designs that closely match complex anatomical structures, im-
proving implant fit and biomechanical function. Additionally,
faster production speeds have reduced the turnaround time from
digital modeling to surgical implantation, making personalized
titanium implants increasingly viable in clinical settings. These
technological developments are directly linked to better sur-
gical outcomes and lower complication rates, reinforcing the
expanding role of 3D printing in orthopedic practice®!.

Technical, Regulatory, and Infrastructure Barriers

Despite these advances, several challenges remain. Studies
noted issues such as surface porosity, residual stress, and mi-
crostructural inconsistencies in 3D-printed implants, which may
compromise long-term durability*!. Additionally, the lack of
standardized global regulatory frameworks and quality control
measures continues to hinder widespread adoption*?. Even in
well-resourced facilities, integrating in-house 3D printing ca-
pabilities requires significant investments in equipment, skilled
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personnel, and regulatory compliance infrastructure*’. These
limitations restrict access to the technology, particularly in
lower-resourced clinical environments. Regulatory and ethi-
cal considerations surrounding 3D-printed hip implants remain
underexplored in current literature. Although this review briefly
mentions the lack of standardized guidelines, it does not fully
address how these gaps affect device approval pathways, pa-
tient safety protocols, or legal liability in different healthcare
systems. For instance, implantable devices like 3D-printed hip
prostheses are subject to rigorous oversight by agencies such as
the FDA and EMA, which require evidence of long-term safety,
biocompatibility, and manufacturing consistency. The absence
of globally harmonized standards for additive manufacturing
processes and materials increases the risk of inconsistent device
quality and delays in regulatory approval, ultimately impacting
patient outcomes and the scalability of these technologies®=.
Failure to elaborate on these dimensions may understate the true
challenges of clinical translation.

Data Gaps and Review Limitations

The majority of studies reviewed had short follow-up peri-
odsoften under five yearslimiting the ability to draw conclu-
sions about long-term survivorship and delayed complications=?.
Moreover, this meta-analysis included only 63 open-access ar-
ticles from PubMed. Relevant studies published behind insti-
tutional paywalls or within cost required databases could not
be reviewed, potentially omitting key findings. Future analy-
ses with broader access and longer-term data may offer a more
comprehensive evaluation of the fields maturity and risks. Addi-
tionally, this review did not systematically compare 3D-printed
hip implants with conventional implants using matched cohorts
or randomized controlled trials. This limits the ability to draw
definitive conclusions about comparative clinical effectiveness.
Future studies should aim to include controlled comparisons to
strengthen the evidence base for clinical decision-making. This
review also did not include a systematic quantitative evaluation
of biomechanical testing data, such as stressstrain relationships
or fatigue testing results, for 3D-printed hip implant materials.
Instead, these mechanical properties were summarized qual-
itatively based on the reported ranges where available. This
limits the depth of the material comparisons and the ability to
draw standardized conclusions about mechanical durability. Fu-
ture reviews should systematically compile and compare biome-
chanical performance data to strengthen the evidence base for
selecting optimal implant materials.

Future Directions for Personalized Orthopedic Solutions

Although this review provides a comprehensive overview of cur-
rent evidence, it did not formally assess study design strength.
As a result, all included studies were treated equally, which may

limit the reliability of the conclusions. As the field of orthope-
dic 3D printing continues to advance, future research should
aim to expand the clinical applicability of custom hip implants
by addressing the specific challenges identified in this review.
Studies should explore broader patient demographics, including
pediatric and elderly populations, as well as individuals with
rare or highly complex hip deformities, to assess the adaptability
of 3D-printed implants across varied anatomical cases. Given
that titanium alloys emerged as the most effective material in
this study, future materials research could investigate methods
to further enhance titaniums performance or develop hybrid
materials that combine strength, biocompatibility, and imaging
compatibility.

Cost-effectiveness and scalability also remain crucial. Future
investigations should assess how custom implant production
can be made economically viable across different healthcare
systems, particularly in under-resourced settings. This includes
analyzing the cost-benefit ratio of reduced revision surgeries and
improved long-term outcomes compared to traditional implants.

Moreover, integrating artificial intelligence (Al) into the pre-
operative planning process could optimize surgical outcomes
by automating implant design based on patient-specific imag-
ing. When combined with additive manufacturing, Al-driven
workflows may significantly reduce planning time, increase
implant accuracy, and standardize custom care. Moreover, inte-
grating artificial intelligence (Al) into the preoperative planning
process could optimize surgical outcomes by automating im-
plant design based on patient-specific imaging. When combined
with additive manufacturing, Al-driven workflows may signif-
icantly reduce planning time, increase implant accuracy, and
standardize custom care. Despite the promise of 3D-printed
implants, several socioeconomic and logistical barriers hinder
their widespread clinical adoption. One major limitation is the
high production cost, particularly for custom-made implants that
require personalized imaging and design workflows. These costs
are often not reimbursed under traditional healthcare billing sys-
tems, which limits accessibility for patients in both public and
private hospitals. Additionally, hospital infrastructure plays a
key role; many institutions lack access to the specialized soft-
ware, additive manufacturing equipment, or sterilization proto-
cols necessary for in-house 3D printing. Furthermore, advanced
imaging requirements, such as high-resolution CT scans, may
be unavailable in rural or low-resource settings, limiting patient
eligibility. In low- and middle-income countries, the challenges
are even more pronounced due to budget constraints, a shortage
of trained orthopedic surgeons familiar with new technologies,
and a lack of centralized production hubs. Addressing these
real-world barriers is essential to realizing the full translational
potential of 3D printing in orthopedics. In parallel, regulatory
and ethical considerations must be addressed to ensure safe and
equitable deployment of 3D-printed implants. In the United
States, the FDA has published guidance on additive manufac-
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tured medical devices, outlining technical considerations such
as device design, material characterization, and post-processing
requirements %3 However, the lack of harmonized international
standards continues to pose challenges, particularly for cross-
border clinical implementation and manufacturing consistency.
In the European Union, CE marking requirements for 3D-printed
implants remain under refinement, with significant variability de-
pending on the device classification and intended use®*. These
regulatory gaps can delay clinical translation, raise liability con-
cerns, and complicate surgeon and hospital adoption of novel
implant designs.

In conclusion, 3D printing holds substantial promise in ad-
vancing personalized orthopedic care, especially in anatomi-
cally complex hip replacement cases. However, while early
studies suggest favorable outcomes, the evidence base is still
maturing. Many of the reviewed studies feature small sample
sizes, limited follow-up durations, and a lack of randomized
controlled trials, which limits the generalizability of findings.
Therefore, although the technology is transformative in concept,
its widespread clinical adoption should proceed with cautious
optimism. Future research must include rigorous trial designs,
long-term evaluations, and broader patient demographics to val-
idate the safety, efficacy, and cost-effectiveness of 3D-printed
hip implants across diverse clinical settings. However, despite
these advantages, 3D-printed implants may introduce novel me-
chanical risks. For example, layer delamination can result from
incomplete fusion between successive layers during the additive
manufacturing process, potentially reducing implant strength.
Residual stresses, often induced by uneven cooling, can lead
to microcracks or fatigue fractures. Additionally, surface ir-
regularities inherent to some 3D printing methods may impair
osseointegration or increase wear. These unique failure modes
warrant further study and quality assurance measures to ensure
safe long-term use®.
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