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Abstract: Neck and lower back pain, often caused by spinal disorders such as scoliosis and
degenerative disc disease, affects over 80% of the global population, with an estimated from
250,000 to 500,000 spinal cord injuries occurring annually according to the WHO. As the
demand for spinal procedures continues to rise, advancements in implant materials have
become essential. Orthopedic implants play a vital role in restoring mobility and improving
the quality of life of patients with musculoskeletal disorders. Metallic implants, such as
stainless steel, titanium, and its alloys, are commonly used to make fixation devices for
spinal fusion surgery due to their excellent mechanical properties. However, complications
such as stress shielding have been recorded. Polymeric materials offer new prospects
as an alternative to metal-based materials such as those based on Polyaryletherketone
(PEAK). Among the advanced materials used in these implants, PAEK has emerged as the
preferred choice due to its exceptional mechanical strength, thermal stability, and chemical
resistance. Polyetheretherketone (PEEK) and Polyetherketoneketone (PEKK) offer notable
advantages, such as radiolucency and mechanical properties resembling those of natural
bone, reducing stress shielding and facilitating postoperative imaging. Although PEEK and
PEKK are considered as bioinert, it has been demonstrated that adding bioactive agents
such as hydroxyapatite (HA) into the matrix to make composites solves this problem and
can help with aiding direct bone apposition. Furthermore, PAEK’s compatibility with 3DP
enables the creation of patient-specific implants with intricate geometries, enhancing the
surgical outcomes. In addition, the lattice structures of orthopedic implants can alleviate
stress shielding, provide an enhanced surface area for the release of bioactive agents (or
antimicrobial materials), and eliminate more imaging artifacts compared to that of simple,
solid metal implants. PAEK/HA composite implants represent a transformative solution,
addressing the psychological, social, and economic burdens of spinal disorders, while
enhancing the surgical outcomes. With continuous technological evolution, PAEK/HA
composites are poised to play a pivotal role in modern spinal care.

Keywords: polyaryletherketone; PEEK; PEKK; 3D printing; spinal implants; lattice structures;
advanced manufacturing; bone

1. Introduction

Orthopedic implants are the cornerstone of modern medicine, offering critical solutions
to restore mobility and improve the quality of life of patients with musculoskeletal disorders.
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Among the materials used in these implants, Polyaryletherketone (PAEK) has emerged
as the leading choice due to its remarkable combination of properties. PAEK stands out
for its exceptional mechanical strength, high thermal stability, and resistance to chemical
degradation, making it particularly suitable for long-term orthopedic applications [1].
Polyetheretherketone (PEEK) and Polyetherketoneketone (PEKK) belong to the PAEK
family. The key advantage of PAEK is its compatibility with advanced manufacturing
techniques such as 3D printing. This capability allows for the creation of highly precise,
patient-specific implants with complex geometries, which are difficult to acquire using
the traditional manufacturing methods [2]. PAEK implants are especially valuable in
orthopedic surgery, where tailored designs can enhance the patient outcomes by ensuring
a better fit and function. Unlike metallic implants, PAEK’s radiolucency makes it easier
for surgeons to monitor healing progress postoperatively using imaging techniques. The
traditional metallic implants have been widely used in orthopedic surgery, but they come
with notable limitations, including stress shielding, poor bioactivity, and compromised
postoperative imaging quality. Stress shielding occurs when metallic implants, which are
much stiffer than natural bone tissues, bear too much load, potentially leading to bone
resorption and the weakening of the surrounding tissue. Additionally, the non-radiolucent
nature of metals often interferes with the imaging techniques, making it difficult to monitor
healing post-surgery. PEEK and PEKK offer a promising alternative to these metallic
implants by addressing many of the shortcomings of metallic implants.

Unlike metals, PEEK and PEKK are radiolucent, allowing for clear imaging, and
their mechanical properties more closely resemble those of natural bone, reducing the
risk of stress shielding. However, with these advantages, they present their own set of
challenges. Among them is their hydrophobic nature, which limits cell adhesion and
impairs osseointegration, making it difficult for the implant to effectively bond with the
surrounding bone tissue. To overcome this issue, other researchers have explored the
incorporation of bioactive agents such as hydroxyapatite (HA) into PEEK and PEKK. HA
is a calcium phosphate-based biomaterial that is widely recognized for promoting bone
growth and osseointegration, and it has been successfully used in coatings for hip and
knee replacement implants [3]. When HA particles are evenly distributed within the PEEK
matrix, the implants can benefit from the bioactivity of HA, while maintaining the structural
advantages of PEEK. This composite design allows for HA to be exposed on the implant
surface, facilitating better integration with the bone and promoting faster healing [4].
In addition to the use of HA, implant design, such as the creation of porous scaffolds,
is showing promise in improving PEEK’s performance in orthopedic applications [5].
Porous scaffolds encourage tissue regeneration by allowing soft tissues to grow into the
implant, further enhancing the integration of PAEK implants within the body. Together,
these innovations are helping circumvent the limitations of the traditional PAEK implants,
pushing the boundaries of what is possible in orthopedic surgery and improving patient
outcomes [6].

Neck and lower back pain has significant psychological, economic, and social burdens,
which can be caused by several factors, such as accidents, injuries, or spinal disorders
like scoliosis, congenital deformities, and degenerative diseases, affecting over 80% of the
population [7-9]. These conditions strain healthcare systems like the National Health Ser-
vice, which spends GBP 26 million annually on spinal fusion surgeries aimed at improving
patients” quality of life [7]. According to a World Health Organisation (WHO) report, there
are from 250,000 to 500,000 spinal cord injuries every year around the world [10]. Factors
like spine degeneration, fractures, and conditions such as a herniated disc contribute to
nerve compression [10]. Spinal fusion surgery, first performed in 1911 by Dr. Russell Hibbs,
is now a common orthopedic procedure worldwide [11]. The rise in spinal fusion surgeries



Appl. Sci. 2025, 15, 1804

30f28

has driven the spinal implant market due to the aging population and advances in technol-
ogy. For instance, between 2005 and 2015 in the UK, we saw a 63% increase in spinal fusion
surgeries, while those in the US experienced a 77% rise from 2002 to 2011 [12]. In Australia,
the incidence of spinal fusions increased by 169% between 1997 and 2006 [11]. The global
spinal implants market, valued at USD 13.3 billion in 2023, is projected to grow at a CAGR
of 5.4% until 2032, with similar growth rates forecasted by market intelligence platforms.
As the demand for spinal procedures, particularly spinal fusion surgeries, continues to
rise, advancements in implant materials have become essential to improve patient outcomes.
PAEK implants represent a significant advancement in spinal surgeries, improving the
quality of life of patients and reducing the psychological, social, and economic burdens of
spinal disorders. As technology continues to evolve, the adoption of PAEK materials will
further enhance the surgical outcomes, solidifying their importance in modern spinal care.

2. Natural Bone, Spinal Anatomy and Spinal Fusion

The two types of tissue that comprise bones are compact (cortical) and cancellous
(trabecular or spongy) bones. Compact bone, which forms the outer layer of bone, is a
dense and durable tissue that makes up around 80% of adult bone mass. It forms the dense
outer shell of the vertebrae and has a porosity of between 5 and 15%. Cancellous bone, on
the other hand, makes up the remaining 20% of bone and is characterized by its lighter and
less-dense nature, as well as its network of rod-like structures known as trabeculae [13].

When designing scaffolds, it is critical to consider the hierarchical structure of bones,
their ability to bear mechanical stress, and factors like cell proliferation, adhesion, and
osteogenic differentiation. Table 1 below shows the mechanical properties of human bones.

Table 1. Mechanical properties of compact and trabecular bones.

Material Elastic Modulus (GPa) Compressive Strength (MPa) Tensile Strength (MPa)
17-30 (L) 130-224 (L) 78-151 (L)
Compact bone [14] 6-13 (T) 106-131 (T) 50-66 (T)
Trabecular Bone [14,15] 0.05-0.5 4-12 -

(L): longitudinal; (T): transverse.

The spine serves as the central support structure for the human body, linking various
components of the musculoskeletal system. The spine enables fundamental movements,
such as sitting, standing, walking, twisting, and bending. However, conditions such as
spinal cord disorders, back injuries, and other issues can harm the spine and result in back
pain [16,17].

Spinal fusion surgery is a major surgical process, and the decision to undergo it is
typically considered only after conservative treatment, including medications and ther-
apy, have been explored, considering the patient’s overall health. A typical spinal fusion
procedure involves the joining of two or more vertebrae together so that there is no move-
ment between them, and over time they heal to form a solid unit. The process involves
the bones between two adjacent vertebrae being roughened, and then a graft is placed
between them [18]. Plastic or metal spacers may be used to replace the disc materials. Until
fusion or the bone regrows, rods and screws are placed to create an internal cast that holds
and supports the vertebrae [18]. The primary concern associated with any spinal fusion
surgery is the inability to alleviate back pain, a scenario observed in at least 20% of spinal
fusion surgeries conducted in both the UK and the USA [18,19]. Another postoperative
risk involves the potential failure of the vertebrae to successfully fuse via the bone graft,
potentially leading to pseudoarthrosis. From approximately 5 to 10% of spinal fusion
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surgery patients experience suboptimal outcomes despite the application of contemporary
techniques [18,19].

The biomaterials used in spinal surgeries must meet several criteria, including suffi-
cient strength, excellent corrosion resistance, bioadhesion, biofunctionality, biocompatibility,
high wear resistance, and low friction. Some of the biomaterials which have been developed
do not satisfy all the requirements mentioned above due to the nature of the materials.
Corrosion and wear are two major issues that have been reported as the primary reasons for
failure. Metallic implants, such as titanium (Ti), stainless steel, and cobalt (Co)-chromium
(Cr) (Co-Cr) alloys, are commonly used to make fixation devices for spinal fusion surgery
due to their excellent mechanical properties. The properties of biomaterials compared with
those of natural bone are detailed in Table 2.

Table 2. Mechanical properties of biomaterials [20].

Material Young’s Modulus (GPa) Yield Strength (MPa) Tensile Strength (MPa) Fatigue Limit (MPa)
Stainless steel 190 221-1213 586-1352 241-820
Co-Cr alloys 210-253 448-1606 655-1896 207-950
Titanium (Ti) 110 485 760 300
Cortical Bone 15-30 30-70 70-150 -

Complications such as stress shielding were observed due to materials such as titanium
being stiffer than natural bone. Metal debris circulates in the body and accumulates in the
organs, which can be fatal [21]. In revision procedures for individuals who have undergone
posterior lumbar instrumentation, and subsequently developed pseudoarthrosis, metal
debris has been discovered in soft tissues surrounding the paraspinal area [22]. The
failure of implants can arise from various factors, including wear and corrosion, fibrous
encapsulation, inflammation, low fracture toughness, and a mismatch in the modulus of
elasticity between the implant and the surrounding bone. These issues can compromise the
structural integrity and biomechanical compatibility of the implant, leading to long-term
complications. Over time, these problems may result in mechanical failure, such as the
cracking or fracturing of the implant. Such failures often necessitate revision surgery, which
poses additional challenges for patients, including prolonged recovery times, increased
medical costs, and a higher risk of complications. Ensuring that implants are designed with
optimal materials and mechanical properties is critical to minimize these risks and improve
their long-term success rates [23].

Elements such as Nickel (Ni), chromium (Cr), and cobalt (Co) in both Co-Cr alloys
and stainless steel have been found to have toxic effects. Ni toxicity in the body can
cause dermatitis, and carcinogenic effects are caused by using Co [24]. Additionally, a
high friction coefficient and wear debris formation can produce an inflammatory reaction,
leading to the loosening of implants due to osteolysis. Metallic implants can cause signal
artifacts in Magnetic Resonance Imaging (MRI), Computed Tomography (CT), and X-ray
images. In CT and X-ray images, this primarily occurs because X-rays are attenuated by the
metal along the beam path [24]. In MRI imaging, artifacts are introduced due to interference
with the magnetic field, which can cause distortions and affect the quality of the scan [25].

3. Polyaryletherketone

A new alternative to metal-based materials is polymeric biomaterials such as those
based on PAEK [26]. PAEK is a semicrystalline, thermoplastic polymer that contains both
ether and ketone groups. Its structure gives it a glass transition temperature of around
157 °C and a melting point of 370 °C. The physical properties of PAEK are affected by the
ratio and arrangement of ether and ketone groups, with a greater number of ketone groups
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leading to increased polarity and stiffness. As a result, both the glass transition temperature
and the melting point are higher [1].

Polyetheretherketone (PEEK) and Polyetherketoneketone (PEKK) are two materials
that belong to the PAEK family. Both the materials have high-temperature resistance,
fatigue resistance, and have the ability to be sterilized, making them perfect candidates
for healthcare applications [27-29]. In contrast to metals, PAEKs do not cause artifacts
in CT/MRI scans. However, their material composition can lead to differences in certain
characteristics, such as their degree of crystallinity and the speed of crystallization [30].
Figure 1 shows the structures of PEEK and PEKK.
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Figure 1. Structures of PEEK and PEKK [1].

As described by Labdhi et al. and Syazwani et al., PEEK is a semicrystalline,
thermoplastic, polycyclic, aromatic polymer synthesized through the reaction of 4,4'-
difluorobenzophenone with disodium hydroquinone at 300 °C, with a melting point of
335 °C [1]. PEKK, on the other hand, is synthesized from diphenyl ether and terephthaloyl
chloride, with aluminum chloride and nitrobenzene used as catalysts. The key difference
between PEKK and PEEK lies in the presence of an additional ketone group in PEKK’s
aromatic ring. This structural variation increases the polarity and backbone rigidity of the
material [1,31].

PEEK and PEKK share physical and mechanical characteristics that resemble those of
bone, resulting in high impact resistance [1]. Tables 3 and 4 compare the properties and
differences of PEEK and PEKK.

Table 3. Properties of PEEK and PEKK [1].

Properties PEEK PEKK
Biocompatible, minimal plaque Biocompatible, shock absorbance,
Phvsical Properties affinity, aesthetics, dimensional aesthetics, flexibility,

4 P stability, good polishability, and microporosity, and

wear resistance hydrophilic nature
Tensile Strength (MPa) 101 115
Elastic Modulus (GPa) 35 5.1
Flexural Strength (MPa) 164 200
Compressive Strength (MPa) 118-169 246

Melting Temperature (°C) 334-350 363-386

Water Absorption (mg/mm?) 0.1-0.5 8.7
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Table 4. Differences between PEEK and PEKK [1].

PEEK PEKK
Contains two ether groups and one keto group Contains two keto groups and one ether group
Higher extrusion temperature (almost 400 °C) Lower extrusion temperature (340 °C-360 °C)
Lower glass transition temperature (143 °C) Higher glass transition temperature than PEEK (159 °C)
Low modulus of elasticity than PEKK Greater modulus of elasticity than PEEK
80% straight and 20% kinked segments melt at 360 °C 60% straight and 40% kinked segments melt at 305 °C

3.1. Polyetheretherketone (PEEK)

PEEK has gained attention for its potential use in orthopedic implants due to its
exceptional biocompatibility, chemical resistance, sterilizability, and mechanical properties,
such as stiffness and strength, which closely mimic those of human bone [28,30]. Addition-
ally, PEEK does not present the same issues, with local inflammation and stress shielding
commonly associated with metallic implants, making it a promising biomaterial [28]. PEEK
has already been applied in various fields, including spinal fusion cages, dental implants,
and maxillofacial reconstruction [27]. PEEK demonstrates exceptional mechanical strength,
largely attributed to its polymer structure, which provides rigidity and resilience under
stress [32]. This makes PEEK particularly well suited for applications in spinal implants,
where it must endure significant mechanical loads over time without deforming or breaking
down. Its durability allows for PEEK implants to effectively support the spine, even in
cases of high-level stress or strain, such as those experienced during movement or physical
activity [32,33]. In addition to its mechanical robustness, PEEK’s radiolucent nature sets it
apart from the traditional metallic implants. This property allows for clearer radiographic
imaging, which is crucial for evaluating bone fusion after spinal surgery. Unlike metallic
implants that can obscure the imaging results, PEEK enables surgeons to closely monitor
the healing process and assess the effectiveness of spinal fusion procedures without in-
terference. It is particularly valuable in postoperative care, as it allows for more accurate
diagnostics and timely interventions if needed [26,29,32,33]. The combination of high
mechanical strength and radiolucency makes PEEK an ideal material for spinal implants,
where both the load-bearing capacity and the ability to monitor bone healing are critical
to patient outcomes [34,35]. Ongoing advancements in PEEK-based technologies, such
as surface modifications and bioactive coatings, continue to enhance their performance,
making them an increasingly popular choice in spinal and orthopedic surgeries [4,36,37].

PEEK is considered bioinert due to its poor integration with surrounding tissues [27,28].
However, various methods have been proposed to make PEEK bioactive [28,38,39]. Several
methods have been proposed to improve the bioactivity of PEEK, such as chemical or
plasma treatment to modify the surface, coating with plasma spraying or sputtering, and the
direct fabrication of composite materials with bioactive agents through injection molding
or 3D printing [27,39,40]. One such method involves the manufacturing of composite
materials and the addition of bioactive agents such as hydroxyapatite (HA) into PEEK.
It has been demonstrated that this approach could provide a suitable solution [27,41,42].
HA belongs to the apatite family, a group of crystalline compounds with a hexagonal
lattice structure [43]. The primary applications of synthetic HA Caj¢(PO4)s(OH); are bone
graft material to fill bone defects, bioactive implant coatings, dental surgery materials, and
craniofacial and maxillofacial reconstruction materials particularly [44]. It is considered that
synthetic HA has similarities to bone apatite in terms of chemical composition, structure,
and size, and these features can provide exceptional osteoconductive and osteointegrative
characteristics [41,45-47]. Compared to those of other bioactive ceramic glasses (such as
Bioglass®) or A-W glass-ceramics, the primary advantage of employing HA as a biomaterial
or bioceramic is its chemical resemblance to the inorganic constituents of bone and teeth [41].
It is primarily utilized in the repair of hard tissues such as bones and can be employed
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in bone augmentation procedures; as coatings for implants, like total hip replacement
(THR) or total knee replacement (TKR); as fillers for bones or teeth; as matrices for drug
release control; and in the production of scaffolds suitable for tissue engineering (TE)
applications [48]. The presence of porous HA coatings on metallic implants facilitates and
enhances tissue ingrowth, resulting in the improved mechanical stability of the implant
in the surrounding bone [49]. Others have stated that orthopedic implants made from
additively manufactured PEEK possess several advantages, such as biocompatibility and
similar density and mechanical properties to those of natural bone [50]. The successful
use of PEEK implants relies on the integration of both bone tissue and soft tissue with the
implants [51]. Some studies have investigated a variety of bioactive agents as additives
for composites based on PEEK: HA [36,37,52-55], strontium (Sr)-substituted apatites [56],
fluoro-hydroxyapatite [52,57], 3-tricalcium phosphate [3-TCP Caz(POy4);] [52], calcium
silicate [36,53], Bioglass® [54], and titanium dioxide (TiO2) [55]. While adding bioactive
agents to the PEEK matrix to create composite materials has clear advantages, it is important
to note that these additives have the potential to alter bone homeostasis and could be toxic
to osteoblasts, depending on their concentration and size (micro- versus nanoparticles).
Therefore, the potential risks associated with using these biomaterials should be carefully
considered when selecting a composite material [36,52-56]. While HA is biocompatible
and osteoconductive, it exhibits poor rates of resorption and low mechanical strength. Its
stoichiometry is variable, and it can undergo various cationic substitutions to enhance its
biological and physical properties [49].

3.2. Polyetherketoneketone (PEKK)

Polyetherketoneketone (PEKK) is an advanced, high-performance polymer that has
garnered widespread attention for its exceptional properties and versatility, particularly
within the biomedical field [58]. Initially introduced by Bonner in 1962 [59], PEKK was first
employed in the industrial and military fields due to its robust mechanical and thermal
characteristics [58]. In recent years, however, significant advancements in material science
and manufacturing technologies have shifted the focus toward its potential as a biomaterial,
driving innovation in medical and dental applications [58,60]. What sets PEKK apart
is its outstanding mechanical strength, excellent chemical resistance, and high thermal
stability, all of which position it as a leading material among thermoplastic composites. This
methacrylate-free thermoplastic offers remarkable shock absorption and fracture resistance,
making it a reliable choice for demanding environments. With an elastic modulus of
5.1 GPa, PEKK outperforms its counterpart, PEEK, offering enhanced strength and elasticity
that are critical in load-bearing applications [61]. A notable feature of PEKK is its similarity
to human bone in terms of density and elastic modulus, which significantly reduces the
risk of bone resorption when used in implants [62]. This unique compatibility makes it
particularly well suited for orthopedic and cranial applications [63]. Furthermore, the
presence of an additional ketone group in its molecular structure provides an avenue for
enhanced surface chemical modifications, enabling tailored interactions with biological
environments and expanding its scope of application [58].

In the fields of orthopedics and dentistry, PEKK has emerged as a transformative
material, demonstrating its value in restorative, prosthetic, and implant procedures. Its
biocompatibility, combined with exceptional mechanical properties, has established it
as an ideal material for cranial reconstruction and mandibular implants [59,60,64]. The
integration of AM technologies such as 3D printing has further amplified its potential [65].
These methods facilitate the creation of intricate, patient-specific implants, such as custom
bone analogues designed for mandibular reconstruction, offering a level of precision and
adaptability previously unattainable [64]. PEKK’s adoption in spinal fusion procedures
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underscores its growing role as a reliable, implantable-grade material [59]. Its superior
thermal stability, mechanical resilience, and ease of surface modification have made it
the preferred choice for high-demand biomedical applications [58,65]. As the demand
for advanced biomaterials continues to rise, PEKK is poised to play a pivotal role in
the developing next-generation medical devices and implants [58]. Table 5 shows the
mechanical properties of PEEK, PEKK, and Ti.

Table 5. Mechanical properties comparing PEEK, PEKK, and titanium [30,60,66].

Properties PEKK PEEK Ti Reference

Tensile strength (MPa) 115 100.69 240-890 [30,60,66]
Elastic modulus (GPa) 5.1 35 103-114 [30,60,66,67]

Compressive strength (MPa) 246 118-169 130-170 [30,60,66]

Melting temperature (°C) 363-386 334-350 1650-1670 [30,60,66]

Flexural strength (MPa) 200 164 65 [30,60,66]

Density (g/cm?) FEFF1.3 1.3 4445 [30,60,66]

4. Additive Manufacturing—3D Printing and 3D Printers

Additive manufacturing (AM), commonly known as 3D printing (3DP), is a process
that creates a customized, three-dimensional (3D) object layer-by-layer from digital data
created using Computer-Aided Design (CAD) Software [68]. This transformative technol-
ogy has received significant attention across diverse industries due to its flexibility, speed,
and ability to produce complex geometries that were previously challenging or impossi-
ble with the traditional manufacturing methods [50]. AM offers numerous advantages
compared to the traditional subtractive manufacturing. The layer-by-layer process not
only yields environmental and lean manufacturing benefits by minimizing material waste,
but also allows for design freedom, enabling the production of complicated geometries
and customization that would be considered “‘unmanufacturable’ using the conventional
methods. Additionally, AM boasts rapid prototyping capabilities and material versatility
and reduces the use of costly equipment such as molds [2]. Over the last decade, significant
advancements in material diversity, design flexibility, printing techniques, speed, and
cost within the realm of 3DP have played a catalyzing role in propelling Industry 4.0 and
personalized medicine forward [69]. This transformative progress has revolutionized the
healthcare sector by transitioning pharmaceutical manufacturing from mass production to
an on-demand, personalized model [70].

AM encompasses various types of 3D-printing technology, each employing unique
techniques to create 3D objects. Stereolithography (SLA), developed by Charles Hull in
1986, was one of the first methods and marked the beginning of modern 3D printing. SLA
utilizes ultraviolet (UV) light to cure liquid photopolymer resin layer-by-layer into solid
objects [71]. Since then, numerous advancements have been made, resulting in technologies
tailored for diverse applications [72]. Inkjet printing uses print heads to deposit binder
or material droplets onto a powder bed or directly into the layers, enabling high-speed
production and multi-material capabilities. Selective Laser Sintering (SLS) employs a laser
to fuse powdered materials like polymers or metals layer-by-layer, producing durable
and intricate components widely used in aerospace and automotive industries. Fused
Deposition Modelling (FDM), also known as Fused Filament Fabrication (FFF), is one of the
most cost-effective methods, involving the extrusion of thermoplastic filament through a
heated nozzle to build objects layer-by-layer [73,74]. Digital Light Processing (DLP), similar
to SLA, uses a digital light projector to cure entire layers of resin at once, offering faster
print speeds. Binder Jetting, involves selectively depositing a liquid binding agent onto a
thin layer of powdered material, such as metal or ceramic, to produce components with
complex geometries that are later sintered or post-processed. Figure 2 provides a schematic
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representation of these diverse 3D-printing technologies, each contributing to the ongoing
evolution of additive manufacturing and its expanding range of applications [75].

A. Inkjet Printing B. Selective Laser Sintering (SLS) C. Fused Deposition Modelling (FDM)

Material reel
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Figure 2. Schematic diagram of different 3D printers.

FFF is one of the most cost-effective methods of 3D printing worldwide. This process
involves the use of materials which are heated and extruded layer-by-layer to create a
3D object [76,77]. PAEK and HA powders are carefully blended to ensure the uniform
distribution of particles, resulting in a composite material with enhanced mechanical and
thermal properties. This mixture is then processed into a continuous filament, which serves
as the raw material for the 3D printing process. During printing, the filament is fed into the
extruder of the 3D printer, where it is heated to its melting point. The molten composite
material is then pushed through a precision nozzle and deposited onto the build platform
layer-by-layer, following the predetermined path defined by the CAD model. As each
layer is deposited, the material cools and solidifies, gradually forming the desired 3D
structure [78]. This method is particularly advantageous for fabricating PAEK composites
due to its ability to produce complex geometries with high precision and minimal material
wastage [77]. Figure 3 below provides a schematic representation of the FFF process
for PAEK composites, illustrating the key steps involved in transforming the composite
filament into the final printed object.

Several factors and parameters must be carefully considered when 3D printing to
ensure a successful outcome. Each parameter, such as the print speed and the nozzle
temperature, plays a critical role in determining the final quality of the print, the printing
time, and the overall cost [79]. These parameters need to be configured accurately to achieve
a high-quality, functional 3D-printed object. The key considerations include layer height,
which affects resolution and surface smoothness, with smaller heights offering finer details
but increasing printing time. The print speed influences both quality and production time,
as slower speeds improve precision, while higher speeds can compromise detail [80]. The
nozzle temperature must be set appropriately for the material being used to ensure smooth
extrusion and prevent clogging or under-extrusion [81]. The bed temperature is equally
important for maintaining proper adhesion of the first layer, especially for materials like
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PAEK, which are prone to warping [82]. Support structures are necessary for overhangs
or complex geometries to prevent failure during printing, while adhesion to the bed can
be improved using a heated bed, adhesive materials, or techniques like adding a raft
or a brim [83]. Additionally, the flow rate must be finely tuned to avoid over-extrusion,
which leads to blobs and rough surfaces, or under-extrusion, which results in weak and
incomplete prints [80,84]. By carefully calibrating these factors based on the material,
printer model, and design requirements, you can optimize the process and produce a
high-quality, 3D-printed object.

RESH \ )
N/ N

PAEK powder HA powder

Air cooling Twin-screw extruder

Filament

PAEK/HA
, Lattice

Figure 3. Schematic diagram showing FF process of PAEK composite.

As detailed by in the literature and Table 6, orthopedic implants made through AM
using PAEK exhibit notable advantages, including exceptional biocompatibility and proper-
ties such as density and mechanics comparable to those of natural bone [50]. The extrusion
process utilizes a heated nozzle to melt thermoplastic filaments, which are then precisely
deposited according to a programmed design. This technique allows for fabricating intri-
cate and customized objects with relative ease and cost-effectiveness. Wittbrodt et al. have
explored the potential of open source 3DP with extrusion-based systems, emphasizing
accessibility and affordability [4,85]. Additionally, the work of Bellini and Gtigeri sheds
light on the material considerations and process parameters involved in extrusion-based
AM [73]. Extrusion-based techniques play a pivotal role in the democratization of manufac-
turing, making it accessible to a wider audience, while contributing to the ever-expanding
applications of AM technologies.

Table 6. Table showing advantages and disadvantages of 3D printing of PAEK implants.

Category Advantages Disadvantages References
. . Lightweight, mimicking the strength of May have weaker load-bearing properties
Mechanical Properties human bone and reducing stress shielding. ~ compared to traditional metals like titanium. (4,671
Biocompatibility Minimal inflammatory, enhances Risk of poor integration or delamination [50,36]

tissue integration. over time in some cases.
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Table 6. Cont.
Category Advantages Disadvantages References
Patient-specific implants tailored to Producing consistent and high-quality
Customization anatomical structures, improving fit and customized implants requires advanced [87]
surgical outcomes. equipment and expertise.
Imagin Radiolucent, enabling clear CT, X-ray, and Nonspecific, but metals may still be [65,88,39]
g MRI imaging for postoperative evaluations.  preferred for some high-load imaging cases. T
- Achieving optimal porosity and mechanical
Porosity 3D printing allows porous structures, properties can be challenging [65,88-91]

promoting bone ingrowth and spinal fusion. and time-consuming.

Surface Modifications

Allows customized surface textures or
coatings to enhance tissue bonding
and bioactivity.

Surface modifications may not always

Q
prevent delamination or poor integration. [63,91]

Advancements in AM are paving the way to produce more complex, patient-specific
implant designs, while also improving cost-efficiency. One notable development is the
emergence of new 3D printer designs, such as those from the New Dimension 3D printing
company, which offer enhanced capabilities for producing intricate, personalized im-
plants [92]. These advancements enable more precise control over the material properties,
allowing for the creation of implants tailored to a patient’s unique anatomical requirements.
In addition to these technological improvements, the cost-benefit analysis conducted by
Lee et al. highlights the economic advantages of AM in healthcare settings, particularly
for cranial implants [93]. Despite the higher initial cost of 3D printing, another study
found that the overall cost was reduced due to factors such as shorter surgical times, fewer
postoperative complications, and quicker recovery periods [93]. Specifically, the use of
AM reduced the average cost per patient by 15%, considering the savings in operating
room time, anesthesia use, and hospital stays [93]. These findings suggest that while the
upfront investment in AM technology may be higher, the long-term savings from reduced
healthcare resource use make it a cost-effective solution for patient-specific implants.

To accommodate the rapid evolution of 3D-printed implants, while ensuring both
safety and innovation, the regulatory standards must evolve to address the unique chal-
lenges and opportunities presented by this technology. For high-risk devices, such as
orthopedic implants classified as Class III under the EU Medical Device Regulation (MDR),
compliance typically requires extensive technical documentation and clinical trials reviewed
by a notified body, which can take years [94]. However, customized or patient-specific
devices produced via 3D printing often fall under more flexible frameworks, such as
annex XIII of the MDR [94]. These frameworks allow for deviations from the standard
safety and performance requirements when sufficient justification is provided, enabling
the development of bespoke implants for individual patients without compromising the
regulations [94].

Globally recognized standards such as ISO 13485 Medical Devices (ISO—International
Organization for Standardization, n.d.; ISO—ISO 13485-Medical Devices, n.d.), which
outline requirements for quality management systems in the design and manufacture
of medical devices, play a critical role in ensuring consistency and safety in 3D-printed
implants [95]. For example, ISO 13485 certification ensures that every step of the manu-
facturing process from material selection and design considerations to risk analysis and
labelling adheres to strict quality control protocols [95,96]. Incorporating these standards,
particularly in point-of-care manufacturing, is essential to maintain traceability, minimize
the contamination risk, and uphold device quality. In the United States, the FDA regulates
3D-printed devices under its Quality System Regulation (QSR), which is aligned with the
ISO 13485 principles [95,96]. The FDA has issued specific guidance on submissions for
3D-printed devices, emphasizing material traceability, design optimization, and adherence
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to good manufacturing practices [94,96]. To keep pace with innovation, regulators must
streamline approval pathways for patient-matched devices and develop specific guidelines
for point-of-care manufacturing facilities to implement ISO 13485-compliant systems. Col-
laborative efforts between regulators, manufacturers, and healthcare providers are crucial
to foster innovation, while ensuring safety [96-98]. By integrating global quality standards,
leveraging emerging technologies such as Al and addressing the gaps in oversight, regula-
tory frameworks can support the growth of 3D-printed implants, while maintaining high
standards of patient care and safety [97].

5. Lattice Structures in Medical Devices and Applications
5.1. Lattice in Bone Structures

Some of the key reasons for using lattice structures in bone implants comprise mitigat-
ing stress shielding, facilitating drug release, reducing and removing radiographic artifacts,
and promoting osseointegration for fixation. Stress shielding occurs when a bone is inade-
quately loaded, typically because the load is diverted by a rigid implant. This condition
can result in bone resorption, ultimately leading to the implant loosening [99]. Utilizing
lattices can help mitigate stress shielding by diminishing the stiffness of the implant [100].
As mentioned above, metals are still, to this day, used for spinal fusion implants. This
can cause artifacts in MRI, CT, and X-ray images. Substituting solid implants with lattice
structures decreases the total volume of metal, thereby eliminating the artifacts in both
the cases. Osseointegration is established when there is direct contact between the bone
and the implant, creating mechanical stability and forming a structural and functional
connection [101]. Several factors associated with implant geometry impact osseointegra-
tion. These factors encompass the size of the pores within the structure, although there is
limited consensus on the optimal size, with various sources citing anything from 100 to
1000 pum [86,102-104]. The connectivity of pores impacts the availability of vascularization,
gas exchange, and the conveyance of nutrients and waste [104,105]. Pores arranged in
a structured design, as seen in the reticulating lattice shown in Figure 4, contribute to
superior osseointegration compared to that of tortuous ones, while compact pores are
prone to becoming occluded [106].

\

Figure 4. Reticulated lattice image (A) vs. stochastic structure image (B).

A lattice refers to a cellular framework consisting of solid material intertwined with
pores. The cell structure can exhibit either an open or closed configuration, determined by
the interconnectedness of the pores with the external environment [6]. According to Dong
et al., a lattice structure is characterized as a truss-like configuration with interconnected
struts and nodes within three-dimensional space [107,108]. According to Tao et al., a lattice
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structure is characterized as an architectural arrangement composed of an array of spatially
periodic unit cells, encompassing edges and faces [5].

Open cell lattices are often used in medical applications due to their suitability for
fabrication using powder bed fusion techniques. This is attributed to the absence of internal
voids, which eliminates the challenge of powder entrapment during the manufacturing
process [109]. Additionally, these lattices yield a less rigid structure, which proves advanta-
geous for osseointegration and vascularization, effectively mitigating the impact of stress
shielding [110]. The utilization of lattice structures in a lightweight design is common, aim-
ing to reduce material waste and energy consumption during the manufacturing process.
Effectively designing and optimizing lattice structures can lead to significant savings in
energy, materials, and manufacturing time [108].

A structure with a recurring design can be termed reticulated, whereas structures
with a random design are referred to as stochastic, as shown in Figure 4 [111]. Stochastic
structures are frequently characterized by heterogeneity, posing challenges in predicting
mechanical behavior [112]. These structures may not always align with the design con-
straints of the printing process. Consequently, reticulating lattices are more commonly
employed as implants [113]. Reticulated lattices can be established on a repeating unit
known as a unit cell, which can be either surface-based or strut-based [113].

Instances of strut-based lattices encompass those derived from crystal structures like
body-centered cubic (BCC) and diamond. Surface lattices, on the other hand, consist of pat-
terns such as gyroid and Neovius sheets [114]. Strut-based lattices can be categorized into
structures dominated by bending and stretching, guided by Maxwell’s stability criterion.
This criterion offers valuable insights into anticipated failure mechanisms [107].

5.2. Stochastic Cellular Structures

Stochastic, open cellular structures apply biomimetic principles to create random pore
shapes, sizes, and distributions without a clear, repetitive pattern [115]. These structures
aim to mimic the natural variability found in biological tissues, particularly in trabecular
bone, which has an irregular and anisotropic architecture [116,117]. The randomness in
pore geometry allows for stochastic designs to exhibit anisotropic mechanical responses,
meaning their strength and stiffness can vary depending on the direction of the applied
load. This characteristic is beneficial for mimicking the load-bearing behavior of trabec-
ular bone, which naturally adapts to directional stresses in the body [115]. Despite these
advantages, there are significant challenges associated with the design and manufacturing
of stochastic scaffolds, which limit their practical application in orthopedic implants. The
complexity of producing these irregular structures, particularly through AM or the tradi-
tional fabrication techniques, can lead to inconsistencies in the mechanical properties of
the final product. Since the pores and struts of a stochastic structure vary randomly, the
scaffold’s mechanical performance can be heterogeneous, with areas of varying strength
and stiffness [116,118]. This lack of uniformity can compromise the structural integrity of
the implant, making it difficult to predict how it will perform under the physiological loads
encountered in spinal or other orthopedic applications. Moreover, the inherent heterogene-
ity of stochastic structures means that certain regions may be more prone to failure than
others, particularly under repeated stress or in load-bearing environments. This limitation
has hindered the widespread adoption of stochastic designs in orthopedic implants, as
their mechanical performance must be reliably consistent to ensure long-term success in
clinical applications [115,116].

To address these challenges, other researchers have proposed improving stochastic
designs by introducing a hierarchical order into the structure. A hierarchical approach
would involve organizing the random pores into multiple levels of scale, like how natural
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bone is structured at both the micro and macro levels [119]. This could improve the overall
mechanical properties of the scaffold by providing additional layers of support and load
distribution, while still retaining the benefits of a biomimetic, anisotropic design. By orga-
nizing pores in a controlled, yet random manner along different scales, the scaffold could
achieve greater strength and durability, making it more suitable for spinal implants and
other orthopedic devices [119]. Hierarchical stochastic designs may also allow for more
precise control over critical parameters, such as pore size, distribution, and interconnec-
tivity, which are essential for promoting tissue ingrowth, vascularization, and nutrient
flow [119,120]. With these improvements, stochastic cellular structures could overcome
their current limitations, providing a more effective solution for mimicking natural bone
properties and enhancing the mechanical performance of orthopedic implants.

5.3. Reticulated Cellular Structure

Orthopedic implants often incorporate reticulated structures due to their versatile
and adaptable isotropic properties, which are achieved through the repetition of unit cell
geometry across the entire scaffold [118-121]. These structures are characterized by their
regular and predictable architecture, which repeats a consistent pattern along multiple
axes. This uniformity provides a reliable mechanical performance and makes reticulated
structures ideal for applications, where consistent load distribution and mechanical strength
are critical [118].

Reticulated topologies can be designed with various geometric shapes, ranging from
simple forms like cubic, triangular, and honeycomb patterns to more complex shapes, such
as dodecahedral and diamond configurations [118,121]. Each geometric shape influences
the scaffold’s overall compressive strength and mechanical properties. For example, hon-
eycomb and triangular designs are known for their high stiffness and strength, making
them suitable for load-bearing applications, while more intricate shapes like dodecahedral
and diamond structures may offer enhanced flexibility and better adaptability to different
mechanical demands [122,123].

The ability to tailor mechanical properties by adjusting the porosity and orientation of
the unit cells is one of the key advantages of reticulated designs. Increasing the porosity
of the scaffold can reduce its stiffness, making it more flexible and better aligned with the
mechanical behavior of natural bone [124,125]. This reduction in stiffness helps alleviate
stress shielding. However, increasing porosity or altering the orientation of unit cells to
lower stiffness may also lead to a decrease in the scaffold’s ability to withstand compres-
sive forces [124]. This trade-off between flexibility and compressive strength is a critical
consideration in the design of reticulated structures for orthopedic implants, particularly in
weight-bearing applications like spinal fusion or joint replacement.

The compressive strength of a reticulated scaffold is highly dependent on the geome-
try of the unit cells and how they are oriented relative to the applied load. For instance,
cubic and honeycomb structures may provide higher strength in specific directions, while
more complex shapes like dodecahedral structures might offer a more even distribution
of forces [118,126]. This flexibility in design allows for engineers to customize the me-
chanical properties of the implant to meet the specific demands of different anatomical
locations [118,124].

5.4. Design Criteria for Cellular Scaffolds in Spinal Implants

For a spinal implant to successfully integrate with surrounding bone tissue and pro-
mote vascularization, it must closely mimic the properties of the extracellular matrix (ECM)
found in natural tissue. This involves achieving a delicate balance between the implant’s
functional, morphological, and structural characteristics [88,89]. The ECM provides a
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biological framework that supports cell attachment, differentiation, and tissue growth, all
of which are crucial for osseointegration. To replicate the ECM, a spinal implant must
first meet specific mechanical and structural requirements. It must offer sufficient strength
and stability to support the spinal column under physiological loads, ensuring that the
implant can bear weight without causing stress shielding [88,89]. At the same time, the
implant should possess a porous microstructure that mimics the natural morphology of
bone, facilitating the migration of bone cells (osteoblasts) into the scaffold, promoting tissue
regeneration. Morphologically, the implant’s surface texture and porosity play key roles
in encouraging cell adhesion and proliferation. A porous structure not only enhances me-
chanical interlocking between the bone and the implant, but also allows for the infiltration
of blood vessels, essential for delivering nutrients and removing waste products during
the healing process [88,89,127]. Vascularization is a critical factor in bone regeneration, as
it supports the formation of new bone and ensures the long-term stability of the implant.
Moreover, the implant must also achieve a functional balance, wherein it supports both
the mechanical load of the spine and the biological processes necessary for healing. This
includes ensuring that the material used for the implant is biocompatible, promotes bone
growth, and minimizes the risk of adverse reactions such as inflammation or infection.
Advanced materials like PEEK and bioactive coatings such as HA have been explored to
address these challenges, providing implants with both the mechanical strength required
for spinal support and the biological compatibility needed for integration with bone tissue.
The successful design of spinal implants requires a comprehensive approach replicating
the ECM'’s functional, morphological, and structural roles. Achieving this balance is the
key to promoting the effective osseointegration, vascularization, and long-term stability of
the implant. Ongoing advancements in biomaterials and 3DP technologies further enable
the development of implants that better replicate the natural ECM, improving patient
outcomes after spinal fusion and other orthopedic surgeries.

The key characteristic in scaffold design is biocompatibility, which supports natural cell
growth on the implant’s surface. Biocompatible materials enable cells to adhere, proliferate,
and differentiate, forming new tissue around the implant [127]. Equally important is
the mechanical alignment of the implant with the surrounding bone, as the mechanical
properties directly affect how the load is distributed [128]. If the implant is too stiff, it
can lead to stress shielding, where the implant bears too much of the load, causing the
nearby bone tissue to weaken and resorb. Conversely, if the implant is too flexible, it
may not provide the structural support needed for healing. Thus, optimizing mechanical
compatibility is essential not only for load transmission, but also for facilitating tissue
regeneration [88,127,128].

Porosity is another critical factor for the long-term success of spinal implants. A
suitable level of porosity allows for cell ingrowth, creating channels that support the
transportation of nutrients and waste [106,129,130]. This feature is vital for promoting
vascularization and the overall health of the newly formed tissue. Additionally, the porosity
of the implant enhances its osseointegration capabilities [129]. Implants with an open
cellular structure provide more surface area for cells to attach, which encourages bone
growth [130]. At the same time, a porous design can reduce implant stiffness, helping to
alleviate stress shielding and reduce the degree of bone resorption around the implant
site [106].

To achieve these goals, open cellular structures are increasingly used in orthopedic
implants due to their increased surface area and capacity to support bone ingrowth. These
structures are designed to reduce the implant’s stiffness, promote better load sharing be-
tween the implant and the bone, and enhance the biological integration of the implant into
the body [129,130]. By carefully designing the topological characteristics of the scaffold,
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such as porosity, pore size, strut thickness, shape, and overall mechanical properties, im-
plant developers can create devices that not only support bone regeneration, but also reduce
the risk of long-term complications, such as bone resorption and implant loosening [89,129].

The pore size plays a particularly important role, as it must be large enough to allow
cells and blood vessels to infiltrate the scaffold, while still providing sufficient mechanical
stability [87]. Strut thickness and pore shape are also important design considerations, as
these factors influence both the implant’s structural integrity and its ability to interact with
surrounding bone tissue [104,106]. Together, these variables affect the mechanical perfor-
mance of the implant and its capacity to support the regeneration of healthy bone tissue.

Scaffold designs for orthopedic applications must effectively perform under prolonged
physiological loading, while accommodating variations in bone healing rates, which differ
significantly with age [131,132]. In younger individuals, bone fractures may take up to six
weeks to support weight-bearing and approximately one year for full integration, while
elderly individuals often experience much slower repair rates [132]. This variation necessi-
tates the careful consideration of scaffold properties tailored to different patient profiles. A
critical challenge lies in managing the balance between mechanical properties and structural
functionality. Scaffolds that demonstrate promising mechanical performance in vitro often
fail in vivo due to poor vascularization and insufficient cell infiltration [132]. Achieving
efficient vascularization and cellular integration requires an optimal porous architecture
that supports both mechanical stability and biological activity. Advanced testing proto-
cols are essential to evaluate scaffold designs under conditions that replicate real-world
physiological loading. These protocols should simulate cyclic loading, nutrient perfusion,
and in vivo biochemical conditions to predict scaffold behavior accurately [132-134]. By
addressing these challenges and integrating innovative materials, lattice designs can better
support vascularization, cell infiltration, and prolonged physiological loading, ultimately
improving outcomes in tissue engineering applications [131,133].

The success of spinal implants relies on a carefully balanced combination of functional,
morphological, and structural design elements. Using advanced materials and open cellular
structures in orthopedic implants allows for an improved biomechanical performance,
enhanced osseointegration, and better patient outcomes [135]. Continued research into
scaffold design, including the optimization of porosity and mechanical properties, will
further advance the development of next-generation implants that better replicate the
natural ECM and improve the success rates of orthopedic surgeries.

5.5. Topological Design of Cellular Scaffolds in Spinal and Other Orthopedic Implants

The design of cellular structures in orthopedic implants can vary significantly to
replicate the characteristics of the natural bone ECM [89]. One of the most significant
features in this design is the permeability of a porous scaffold, which plays a crucial
role in facilitating blood flow through the implant. Adequate blood flow is essential for
delivering nutrients and removing waste, processes that are vital for tissue regeneration
and the overall success of osseointegration. Pore shape is the key factor influencing
permeability and the implant’s performance. For example, altering the pore shape from
spherical to cylindrical can enhance the permeability of the scaffold, promoting better
blood circulation and improving nutrient flow [89]. However, this design modification
comes with disadvantages. Increasing permeability by altering the pore shapes often leads
to a reduction in the implant’s stiffness [135]. Reduced stiffness may compromise the
structural integrity of the implant, making it less able to support mechanical loads, which is
a concern, particularly in weight-bearing applications like spinal fusion. In addition to pore
shape, the porosity and pore size of the scaffold significantly impact the degree of bone
ingrowth [129,135]. The size and distribution of pores determine how deeply bone tissue
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can infiltrate the scaffold and how much new bone can form within the implant. According
to the literature, the optimal pore size for bone ingrowth has been reported to range from
50 to 1500 pm, with corresponding porosity levels between 40% and 70% [129,130]. These
ranges reflect the diversity of materials and structures used in different implants, as well as
variations in the specific anatomical requirements of the implant site. While smaller pore
sizes may promote faster cell attachment and initial bone growth, larger pores are generally
more favorable for long-term vascularization and deeper tissue integration, as shown in
Figure 5.
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Figure 5. Shows comparison of smaller pore size (A) vs. larger pore size (B).

However, increasing the pore size can negatively affect the mechanical properties of the
scaffold. For example, doubling the pore size has been shown to reduce the elastic modulus
of the scaffold by over threefold [88,89]. This reduction in stiffness can weaken the scaffold’s
ability to bear physiological loads, highlighting the challenge of balancing mechanical
strength with biological functionality. The ideal pore size and structure for achieving
both biocompatibility and mechanical strength remains a topic of ongoing debate in the
literature, as different materials and scaffold designs, whether stochastic or reticulated,
exhibit varying responses to changes in pore size and shape [129]. Another aspect of
the cellular structure design is the interplay between pore interconnectivity and scaffold
architecture. A highly interconnected network of pores promotes not only bone ingrowth,
but also vascularization, as the interconnected channels allow for the formation of new
blood vessels [88]. This is critical for the long-term success of the implant, as adequate
blood supply ensures continued bone remodeling and maintenance. However, balancing
pore interconnectivity with sufficient mechanical stability remains a significant design
challenge, as higher interconnectivity typically results in decreased stiffness. In conclusion,
the topological design of cellular structures in orthopedic implants is a complex and
finely tuned process. Designers and researchers must carefully consider factors, such
as pore shape, size, porosity, and interconnectivity, to optimize both the biological and
mechanical performances of the scaffold. While advances in 3DP and biomaterials have
allowed for greater customization and control over these variables, further research is
necessary to fully understand the ideal design parameters for different clinical applications.
Achieving the right balance between permeability, stiffness, and bone growth will continue
to be the key focus in the development of next-generation orthopedic implants. Synthetic
HA with a stoichiometric Ca/P molar ratio of 1.67 has been formulated to imitate the
main inorganic component of the bone ECM—Dbone apatite. Nonetheless, bone apatite is
non-stoichiometric with a Ca/P molar ratio of less than 1.67 and called calcium-deficient
carbonated hydroxyapatite. Moreover, bone apatite includes various trace elements, such
as Mg, Zn, and Sr, that replace some of the lattice’s components, resulting in bone apatite
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with beneficial impurities present in small quantities. The process of ion substitution occurs
when an ion that has been introduced into a crystal lattice structure replaces an atom or
ion that was already present in the lattice. This can happen when the introduced ion is
of a similar size and charge as the ion replaces, allowing it to fit into the lattice without
disrupting its overall structure. Doping involves attaching an extra ion to the crystal lattice’s
surface structure, which does not incorporate into the lattice itself, nor modify the unit
cell parameters. This is unlike the case when a larger or smaller ion is directly substituted
within the crystal lattice, which results in changes to the unit cell parameters. Determining
whether substitution or doping has occurred is crucial, and analytical techniques such
as X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) can confirm the
mechanism that has taken place.

5.6. Lattice Structures Using PAEK/PAEK Apatite Composites

PAEK composite lattice structures play a key role in advancing spinal and other ortho-
pedic implants by combining mechanical strength, biocompatibility, and design flexibility,
all of which are crucial for effective function and recovery [115]. The porous lattice design,
often enhanced with bioactive fillers like HA, closely resembles natural trabecular bone,
improving osseointegration and tissue integration. The integration of HA into PAEK matri-
ces to enhance osseointegration is a challenging, yet promising area of research. Achieving
the uniform distribution of HA within these polymer matrices is critical for optimizing
their performance in biomedical applications, particularly in implants where bone integra-
tion is essential [41,136]. The traditional methods, such as injection molding, have been
considered for this purpose, but they present limitations in ensuring homogeneity and
stability of the composite material. Currently, there are insufficient data to pinpoint specific
formulations or techniques that consistently deliver optimal results. The initial insights
from the work of others suggest potential pathways for improvement, but these findings
are preliminary and require further validation through systematic experimentation [28,137].
Additionally, understanding the influence of HA content, particle size, and distribution on
the mechanical properties and biological performance of PAEK and PAEK/HA composites
will be vital to achieving reliable and reproducible outcomes [128]. The ability to precisely
control the pore size, shape, and interconnectivity within the lattice allows for structures
that mimic the bone’s microarchitecture, facilitating efficient bone growth and enhancing
implant integration with the surrounding tissue [138]. This is particularly critical in spinal
implants, as it improves implant stability and accelerates healing, significantly reducing
the risk of implant failure. PAEK’s mechanical properties, when reinforced with agents
like HA or carbon fiber, can be finely tuned to replicate the stiffness and flexibility of
natural bone [41,136]. The lattice structure optimizes these properties by better distributing
mechanical loads, reducing the risk of stress shielding [139]. Optimizing the scaffold mi-
crostructure to balance bioactivity and mechanical strength without compromising either
property is expected to involve a targeted series of experiments designed to evaluate these
attributes. Given the lack of existing literature on this specific issue, employing Design
of Experiment (DOE) methodologies or artificial intelligence (Al) could provide valuable
guidance in identifying and refining an effective experimental approach [140-144]. These
techniques may help determine optimal formulations or lattice structures to achieve the
desired balance. The bone-like mechanical response of the lattice helps to prevent this,
supporting natural bone remodeling and promoting long-term implant success [5,145].
Surface modifications, such as coating or texturing, can significantly enhance the bioactivity
and mechanical interaction of implants with the surrounding tissue by improving cell adhe-
sion, promoting osseointegration, and enhancing mechanical stability at the implant-tissue
interface [146]. These techniques are particularly effective in line-of-sight applications,
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where the uniform application of coatings or textures to the implant surface is feasible.
However, in more complex structures such as lattice designs, the challenge of uniformly
modifying internal surfaces arises [147]. In such cases, dip coating is one of the few vi-
able methods, as it enables surface modifications to be applied uniformly across both the
external and internal surfaces of the lattice [148]. This capability is critical for ensuring
that the bioactivity and mechanical properties are consistently enhanced throughout the
structure, particularly in areas where other methods may fail to reach or provide adequate
coverage. Additionally, the customization possibilities afforded by 3D printing allow for
implants to be tailored to the specific anatomical requirements of each patient. By cre-
ating lattice structures that match the patient’s spine, implants are able to provide more
effective support for spinal loads, reduce the likelihood of complications, and speed up
recovery [149]. Another significant advantage of lattice structures is their ability to reduce
the weight of spinal implants, without compromising strength or performance [5,6]. Spinal
implants need to balance strength, flexibility, and minimal added weight [64]. Lattice
structures allow for reduced material usage, while still maintaining the necessary structural
integrity. This makes the implants lighter and more comfortable for patients, as well as
reducing the production costs, particularly when manufactured through 3D printing. By
optimizing both material efficiency and the performance, lattice-based PAEK composite im-
plants offer a cost-effective solution that maintains the high standards required for medical
devices [138]. PAEK composite lattice structures represent a promising advancement in
spinal implant technology, enhancing biocompatibility, the mechanical performance, and
customization, while reducing the weight and costs [118]. These innovations are paving
the way for next-generation spinal surgeries, improving patient outcomes through more
effective, personalized, and sustainable implant solutions.

6. Current Innovations in the Medical Device Industry Using PEEK
and PEKK

Numerous companies manufacture spinal implants using PAEK polymers, capital-
izing on their biocompatibility, mechanical strength, and imaging transparency. The key
manufacturers are summarized in Table 7 below.

Table 7. Key manufacturers of spinal implants.

Company Key Offerings Special Features Reference
S . . . . Supports bone integration; artifact-free

Invibio Biomaterial Solutions PEEK-OPTIMA polymers for spinal fusion imaging for CT, X-ray, and MRI [150]

. . One20ne™ system and other PEKK-based Exceptional me:ch.a nical strength;
Zimmer Biomet . . Lo advanced 3D-printing technologies; [151]

solutions for cranial and spinal implants . . .
patient-customized implants
. Inspire™ 3D Porous PEEK HAFUSE™ 3D-printed porous PEEK implants;
Curiteva . improved spinal fusion outcomes [90]
Cervical Interbody System . o
and biocompatibility
Oxford Performance OsteoFab® technology using PEKK for Biocompatibility; surface modifications for
. . . [152]
Materials (OPM) spinal implants optimal performance
Prodorth PROCORAL™ cervical disc prosthesis Motion prgservatlonl for cervical [153]
disc surgeries.

Excellent mechanical properties;

® i i prop /
Evonik Industries . VESTAKEEP . PEEK fqr spmgl fusion biocompatible; FDA-approved for [154]

implants, including K7C™ Cervical Spacer . e
spinal applications
. Collaborates with OPM; 3D-printing

Vy Spine Products like OsteoVy PEKK Lumbar IBF technology for customized and innovative [155]

made using OXPEKK™ material

spinal solutions
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These companies employ cutting-edge materials and advanced manufacturing tech-
nologies such as 3D printing to develop spinal implants optimized for individual patients’
needs. Their innovative approaches play a pivotal role in advancing orthopedic and spinal
care. By integrating PEEK and PEKK polymers, these manufacturers create implants that
not only comply with rigorous regulatory requirements, but also enhance patient outcomes
through an exceptional performance, biocompatibility, and customization. The unique
combination of these polymers’ properties has solidified their status as preferred materials
for the development of next-generation medical devices.

Compared to titanium and Co-Cr alloys, which have long been the preferred materials
for spinal implants, PAEK materials offer several key advantages. While titanium and
Co-Cr alloys are valued for their strength and durability, they can present challenges
with imaging, often causing artifacts in X-rays, CT scans, and MRIs [22]. In contrast,
PEEK and PEKK polymers are transparent in these images, allowing for clearer and more
accurate diagnostics and monitoring. Moreover, titanium and Co-Cr alloys are relatively
stiff, which can lead to stress shielding and negatively impact bone tissue [21,34]. PAEK
materials, however, have mechanical properties similar to those of bone, fostering better
integration and reducing the risk of implant failure [29]. Their superior biocompatibility
further improves patient outcomes by lowering the likelihood of adverse reactions or
inflammation, making them the increasingly favored choice in spinal implant and other
orthopaedia development. PAEK/HA composites promise a long-term performance, offer
excellent biocompatibility, and promote bone integration due to the HA component. The
low density and fatigue resistance of PAEK make it suitable for orthopedic applications,
particularly in medium-load situations [61,139]. However, its mechanical properties such as
stiffness are worse than those of titanium, which may limit its use in high-load-bearing areas.
Despite this, PAEK/HA implants generally exhibit good osseointegration and stability over
time, with minimal wear or degradation under stress [63,91]. This makes them a viable
option for applications requiring reduced weight and enhanced osteointegration, though
titanium remains the preferred material for high-load implants.

7. Conclusions

This review explored the potential of 3D-printed PEEK and PEKK as promising
alternatives to titanium as orthopedic implants, with a particular focus on spinal fusion
applications. This review evaluated multiple aspects, including porous scaffold designs,
advanced AM techniques, and the incorporation of bioactive agents such as HA into
PEEK and PEKK. The primary objective was to understand how these factors contribute
to improving the biological and mechanical properties of spinal fusion implants, with the
goal of enhancing the patients’” outcomes. This review identified significant progress in
the development of PEEK/HA and PEKK/HA composites. HA, known for its ability to
support bone growth and promote osseointegration, has shown potential in enhancing
the bioactivity of PEEK and PEKK implants. The integration of HA into these polymers
improves their compatibility with bone tissue, addressing one of the key limitations of
the traditional polymers. Additionally, advances in additive manufacturing, particularly
3DP, have enabled the creation of complex porous scaffold designs. These scaffolds are
critical for facilitating tissue integration and bone regeneration, both of which are vital for
achieving successful spinal fusion.

The porous scaffold designs discussed in the review are essential for enhancing the
interaction between the implant and surrounding bone tissue. By allowing for improved
tissue ingrowth and bone formation, these designs are helping to overcome challenges
associated with osseointegration. However, despite these advancements, this review
emphasized the need for a deeper understanding of how the scaffold microstructure affects
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the balance between bioactivity and mechanical strength. While porous structures can
promote tissue integration, they may also compromise the mechanical stability of the
implant. Striking the right balance between bioactivity and a good mechanical performance
remains a critical challenge in the design of PEEK/HA and PEKK/HA implants. To
ensure the long-term success and durability of these implants, more research is needed
to address the gaps in knowledge, particularly regarding the mechanical performance of
PEEK/HA and PEKK/HA scaffolds under physiological loads. In-depth studies focusing
on the interplay between the scaffold microstructure, bioactivity, and mechanical strength
are crucial for refining implant design. These studies should involve a combination of
biological research, including in vitro and in vivo experiments, as well as comprehensive
mechanical testing. The results will provide valuable insights into the clinical performance
of 3D-printed PEEK and PEKK scaffolds, helping to optimize their use in spinal fusion and
other orthopedic applications.

Moving forward, continued innovation in scaffold design and material composition
will be the key to ensuring that 3D-printed PEEK and PEKK implants meet the stringent
biological and mechanical requirements needed for successful orthopedic procedures. As
research in this field progresses, these materials hold the potential to further transform
spinal fusion and other orthopedic surgeries, providing more effective and personalized
treatment options for patients.
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