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Poly(aryl-ether-ketone) materials (PAEKS), a class of high-performance polymers comprised of
polyetheretherketone (PEEK) and polyetherketoneketone (PEKK). PEEK is a restorative dental material widely
used for prosthetic frameworks due to its superior physical, mechanical, aesthetic, and handling features.

Meanwhile, PEKK is a semi-crystalline thermoplastic embraced in the additive manufacturing market.

additive manufacturing dental materials dentistry high-performance polymer (HPP)

polyetheretherketone (PEEK) polyetherketoneketone (PEKK)

| 1. Introduction

A polymer can be defined as a substance which has a molecular structure built up from a large number of similar
units (called monomers) bonded together. The simplification type of polymer is depicted as in Figure 1, which
identifies three major categories of polymers in dental material, i.e., standard plastics polymer, engineering plastics

polymer, and advance engineering polymer.
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Figure 1. Polymer pyramid listing high performance polymers used as dental materials organized from high-

performance polymers plastics to low cost in term of amorphous and semi-crystalline.
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According to the polymer pyramid, high-performance polymers (HPPs) belong to the uppermost class of plastics,
being much more difficult to produce, based on more complex monomers, and generally more expensive as a
result of possessing better temperature and chemical stability and mechanical properties than the commodity
plastics, but typically being manufactured in lower volumes. Polyaryletherketone (PAEK) is a crystalline polymer
formed by linking phenylene rings through oxygen bridges and carbonyl groups (ketones). According to different
structures, PAEK mainly includes polyetherketone (PEK), polyetheretherketoneketone (PEEKK),

polyetherketoneetherketoneketone (PEKEKK), polyetherketoneketone (PEKK), and polyetheretherketone (PEEK)
[

| 2. Properties of High-Performance Polymers (HPPs)

According to the polymer pyramid in Figure 1, a high-performance polymer (HPP) is an advance engineering
polymer that varies from ultra-high molecular weight polyethylene (UHMWPE) in terms of development, properties,
and average molecular weight and chain length. High-performance polymers are located at the top of the polymer
pyramid. The process of making HPP is much more difficult, based on the need for more complex monomers
providing advantages, including low potential to deduce an allergy, low water solubility, superior biocompatibility,
high thermal and chemical resistance, moderate biofilm formation, and excellent mechanical properties, which
makes them more expensive B, HPPs are also made up of repeating units of macromolecules that give rise to
long polymeric chain structures in three dimensions. Figure 2 shows the reiterating units of PEEK, PEKK, from

PAEK that build up their respective polymer structures.
- PEEK -
(o)
sasBeg
| SAGWE)
oC
o

B

Figure 2. Reiterating unit construction of (A) Polyether ether ketone (PEEK), (B) Polyether ketone ketone (PEKK),
from (n) Polyaryletherketone (PAEK).

In contrast to restorations made of metal, HPPs are naturally radiolucent, making them easier to image using

diagnostic imaging modalities such as X-ray, computed tomography, and magnetic resonance imaging 4. In the
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field of dentistry, HPPs find use in various applications, including those on healing and transitional abutments .,
Dental implants €, clasps for dental implants, alternative inflexible materials for the frames of removable partial
dentures [, and fixed dental prostheses [ are also examples of this type of innovation. The acronym HPP stands
for high-performance polymer belonging to the polyaryletherketone (PAEKSs) family of polymers. Thermo-pressing
processes, such as those utilized by BioHPP®, Bredent, and Senden, can produce HPP devices. Alternatively,
computer-aided design and manufacturing (CAD/CAM) techniques can mill HPP devices 2. Consequently, HPPs
are unsuitable for monolithic cosmetic dental restorations due to their low translucency and opaque coloration that
can be described as either greyish or pearl-white. A veneer constructed of resin composite may be required to

achieve an acceptable level of visual quality [,

Polyaryletherketones (PAEKS) are an entire family of thermoplastics polymers that consist of aromatic rings joined
by ether or ketone linkages, as shown in Figure 2. There are no branches in these highly aromatic polymers, which
exemplifies the order of nature characteristic of PAEKs polymers and adds to their exceptional resistance to
chemicals, radiation, heat, and other desired physical qualities typical of high-performance polymers. Despite their
reputation as rigid polymers, PAEK exhibits some degree of flexibility due to alternating ketone and ether linkages
in their structure. As mentioned, PEEK and PEKK are the two most significant chemical components of the

polymer.

In 1990, polyetheretherketone (PEEK) was the first biomedically relevant high-performance polymer (HPP). It is a
homopolymer having a single monomer 29, The chemical composition and structure (branching of polymer) of
PEEK render its stability that facilitates its processing at high temperatures 3. It is used in engineering medical
applications because of its excellent thermal properties, superior wear resistance, outstanding processability,
inertness, corrosion resistance, high strength, and modulus of elasticity 12, Soon after PEEK synthesis, it was
increasingly used in orthopedic, traumatic surgery, and spine implants 22, In dentistry, PEEK could be advocated
for use in oral implantology. According to the study, PEEK implants have become an alternative for patients with
bruxism or even allergies to metal 24l PEEK was introduced in many applications due to its unique physical
properties. It is extensively applied as a substitute for metal in various contexts due to its improved performance
compared to typical polymeric resins. PEEK’s advantageous characteristics include excellent biocompatibility, high
mechanical and thermal qualities, chemical resistance, white color, and low specific weight. PEEK'’s high elasticity
enabled it to function while minimizing stress and distal torque on the abutment teeth. The reinforced variant of

PEEK has a similar Young modulus (18 GPa) to human cortical bone, making it an “isoelastic” implant material 15,

Other HPPs on the market comprise polyetherketoneketone (PEKK). Recently, the trend of utilizing PEKK in the
medical and dental field has increased due to its desirable and promising biomechanical properties, such as
compressive, tensile, and flexure strength. Apart from that, the addition of ketone groups within its molecular
structure makes the material more versatile in surface modifications, bonding and improved melting temperature
compared to PEEK 8. The sulfonation reaction shown in Figure 3 present a -SO3H on the phenyl rings attached
to ether and ketone group [17. More ketone groups in PEKK increases the ability of surface chemical modification
since the presence of -SOzH will be greater on PEKK than PEEK [28. The elastic modulus of PEKK is also

considerably similar to bone and has shock absorbance properties in a simulated intraoral environment 18I,
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Meanwhile, PEEK is an otherwise unclassified thermoplastic material. It can have a moderately high tensile

strength among the thermoplastics in the database 19,

ool = ool
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Figure 3. Sulfonation reaction on PAEK.

There is a significant association between the surface roughness and surface free energy of the processed surface
and the ensuing color stability. Thermoplastic high-performance polymers (HPP) have sparked a resurgence in
interest in dentistry. Nevertheless, the pressed and milled PEKK'’s color is significant because of its remarkable
properties. Food dyes like nicotine, anthocyanidins, tannins, and caffeine are examples of outside forces that can
cause discoloration 22, As described by A. Wildburger in his 2013 article “Colour Stability of Different Composite
Resin Material”, diverse internal and external variables might cause discoloration of dental prosthesis. Internal
factors include the type of resin matrix, percentage and filler size, composition and polymerization procedure,

restorative material chemical interactions, age, and restoration processing mode.

These materials were invented to replace conventional metal alloys and ceramics to fabricate various fixed
restorations and removable prostheses. Subjectively, PEEK materials are more appealing than metallic frameworks
because of their greyish-brown or pearl-white opaque shade; metallic frameworks as fixed restoration frameworks
necessitate veneering with composite resin (21, Therefore, it is challenging to evaluate optical characteristics and
color stability after artificial ageing and staining due to surface processing and finishing. The crystallinity of PEEK is
higher than the crystal structure of PEKK [22. PAEK polymers tend to crystallize as a consequence of chain
packing induced by the ether and ketone linkages depicted in Figure 4. Compared to the ether linkages, the
ketone linkages are less flexible and slow the packing of chains. Moreover, the crystallization. PEEK contains less
ketone compared PEKK and the crystallinity of the material is higher. The focus of this research will encompass an

investigation of the development of HPPs, emphasizing their application, particularly in dentistry, as material uses.
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Figure 4. Chain packing in PEEK and PEKK as reported in literature.

| 3. Properties of PEEK

PEEK’s outstanding qualities have made it “a wonder material” for use in various applications, including those in
dentistry and medical. PEEK belongs to the ketone polymer subgroup. As illustrated in Figure 4, it is a semi-
crystalline thermoplastic with a linear, highly aromatic molecular backbone that includes ether and ketone bonds.
Because of their crystalline nature, PEEK resins have a great mix of physical qualities, including strength, chemical
resistance, and hydrolytic thermal stability, due to their crystalline structure. PEEK is frequently utilized in the

medical field, where it has been identified as a superior alternative to titanium in orthopedics 23],

Synthesis of PEEK involves the alkylation of bisphenol salt and aromatic nucleophilic substitution. The addition of
hydrochinon salt to 4,4'-difluoro benzophenone caused a widespread response. Specific rigidity is provided by the
presence of aromatic rings (benzene). The presence of an ether (-0-) bond demonstrates a second feature: the
molecule is free to rotate about its axis in this orientation. When a molten molecule is gradually cooled, two
different microstructure phases emerge. The material is stable at high temperatures (above 300 °C), resistant to
chemical and oxidative deterioration, more powerful per mass, and compatible with reinforcing agents like glass
and carbon fibers due to its chemical composition 24, PEEK is unique since it can be supported with various
materials, such as glass or carbon fibers. However, PEEK is applied in medical and dental applications due to its

radiolucency, stability, biocompatibility, and mechanical properties since PEEK does not absorb radiation.

All of the excellent properties have elevated PEEK'’s appeal in dentistry. Still, its hydrophobic and chemically inert

surface limits its clinical uses, notably bonding with dental resin composites. The most general biomedical
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applications of PEEK materials include structural modifications and surface functionalization. Furthermore, due to
its good biomechanical and stable chemical properties, PEEK is an intriguing synthetic polymer for use as an
endoprosthetic material for ligamentous replacement. Hence, PEEK-based materials are rapidly emerging as a
significant class of biomaterials used in various medical applications, including the replacement of bone and

cartilage.

On the other hand, polyetheretherketone, also known as PEEK, is a polymer that is non-toxic and has an elastic
modulus comparable to that of human bone. Compared to metal implants, PEEK implants provide several benefits,
the most notable of which are good performance, a color analogous to teeth, and the absence of a stress-shielding
effect. This material is less heavy than conventional ones, can adjust to a wide range of retentive forces, and can
be easily retrieved through CAD/CAM manufacture. Incorporating these materials into the 3D printing process will

help the technology find more widespread use.

| 4. Properties of PEKK

Polyetherketoneketone (PEKK) is a newly evolving polymeric material. The remarkable features of PEKK have
captivated the interest of researchers due to its excellent properties in many applications, such as in oral
implantology and prosthodontics [2. Figure 3 depicts the structure of PEKK, which has a second ketone group that
enhances the glass transition and melting temperature, increasing polarity and backbone rigidity 231, In addition,
the additional ketone group in PEKK possesses robust polymer chains and demonstrates improved physical and
mechanical qualities, such as compressive strength 281, Polyetherketoneketone (PEKK) is a helical semi-crystalline
thermoplastic polymer comprising a series of ether or ketone groups bonded to a benzene ring, as depicted in the

figure.

Furthermore, PEKK possesses both amorphous and crystalline behavior, allowing it to produce various products.
Since PEKK resins are polymorphic, the crystal structure might vary from PEEK'’s, depending on the conditions
under which it is crystallized. Two different isomeric forms are included as repeating units along the polymer chain
when the second ketone group is added to the polymer backbone of PEKK polymers. Recently,
Polyetherketoneketone (PEKK) has been introduced in dentistry and has been used to make prosthetics and
implants that work well. The remarkable biocompatibility of this material has led to its development as a potential
long-term orthopedic replacement for titanium. A study by Stawarczyk B. et al. states that PEKK has an appropriate
level of fracture resistance, and its ability to spread stress and absorb shock points to its potential for development
as a new restorative material to replace metals and ceramics 2. The fracture resistance, adequate strength (65
MPa), and stress absorption capabilities of PEKK boost its potential for use as a restorative material. Compared to

dentin, the PEKK has a comparable compression strength but a lower modulus of elasticity.

In terms of chemistry, the second ketone group in PEKK makes it easier to change surface chemical modification
than PEEK [28 A novel strategy involves preparing bioactive surface-porous PEKK developed by a unique
combination of the addition of HA microsphere porogen, with subsequent acid sulphonation treatment and

biomimetic mineralization via simulated body fluid (SBF) incubation [22. Although achieving some improved
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properties, a single physical or chemical treatment method in previous studies could struggle to improve the
osteointegration property and bone ingrowth of porous PEEK scaffolds significantly 2%, Regarding crystal structure,
PEKK varies from PEEK since it is polymorphic and can crystallize in various crystalline unit cells depending on the
crystallization technique. Since PEKK is a strong material, it can be used as a biomaterial for dental implants.
Alsadon et al. have recently looked at how PEKK bilayer crowns wear over time and compared them to zirconia

and nickel-chromium crowns.

In term of digital manufacturing, PEKK offers more printable polymers than PEEK due to the position of the ketone
bonds in the aromatic ring being able to change, allowing for melting temperature and crystallization rate changes.
It has a more pleasing aesthetic appearance and better wear and friction. In PEKK polymers, adding a second
ketone group to the polymer backbone creates repeat units of two isomeric forms. As a result, it will be less
affected by cooling, allowing for better adhesion to the tray and less warping. Regarding antibacterial activity,
compared to PEEK, which is used in the orthopedic industry, PEKK exhibits less bacterial adherence on its
surface. Without antibiotics, they an approximately 50% reduction in Pseudomonas aeruginosa adhesion and
growth was observed on PEKK following five days of incubation. Other than that, the adherence to Staphylococcus
epidermidis was 37% less on the surface of PEKK 14, Multiple studies have shown the anti-inflammatory action of
PEKK and fewer bacteria adhesion compared to conventional polymethylmethacrylate (PMMA) and
polyetheretherketone (PEEK) 131311,

5. Application of High-Performance Polymer (HPPs) in
Dentistry

Aesthetics become a great concern for patients undergoing dental procedures. In order to improve patient
satisfaction, aesthetic factors must be taken into account while designing dental procedures, particularly prosthetic
treatments. Patients who, for aesthetic reasons, prefer RPDs with non-metal clasps using thermoplastic resin-
based removable partial dentures (RPDs), face the drawback of metal elements lacking rigidity and inadequate
support on the abutment teeth. In order to incorporate a metal framework into non-metal clasp dentures, the
dimensional accuracy of the thermoplastic denture base resins should be equivalent or greater than the precision
required for conventional acrylic resin. A previous study investigated the fitting accuracy of thermoplastic denture
base resins used for non-metal clasp denture compared to a conventional acrylic resin. The results state that
incorporating metal framework into thermoplastic RPD still suffers from a lack of support on abutment teeth, even
though thermoplastic resin RPDs were originally developed in the 1950s for patients with allergies to acrylic resin
(32 This is because the thermoplastic resins, such as polymethylmethacrylate (PMMA), polycarbonate, and
polyethylene terephthalate resin, have low elastic modulus for non-metal clasp in RPD. Hence, this research
recommends HPP incorporation into thermoplastic to get a better result in terms of biological and mechanical
properties based on the PEEK and PEKK.

However, in preliminary research and application, PEEK and PEKK are extensively utilized as dental implants,
temporary abutments, obturators, clasps for dentures, and others due to their excellent biological, mechanical,

cosmetic, and handling features. 338, More than 1300 dental implant systems with various sizes, shapes, and

https://encyclopedia.pub/entry/44329 7/13



Poly(aryl-etherketone) Materials for Application in Dentistry | Encyclopedia.pub

surface properties are accessible on the dentistry market B4, Over the past two decades, researchers and dentists
have worked to perfect metal-free alternatives to traditional dental implants, abutments, and restorations. Zirconium
dioxide is one such material 3238l Unfortunately, this material has low-temperature deterioration and a high

Young’s modulus B7(E8],

In depth studies of cutting-edge approaches for enhancing PEEK'’s use in dental im-plants, prosthodontics, and
orthodontics have been conducted. PEEK has been used in implant material, removable protheses and their
components, and as a framework in fixed prostheses B8, PEEK is a “isoelastic’ implant material because it
possesses an elastic modulus of 3-4 GPa and a Young modulus (18 GPa) comparable to human cortical bone 131,
Meanwhile, with a partial denture framework made of PEEK, patients are more comfortable due to its strength and
digital design which prioritizes individual anatomy. Thus, PEEK frameworks represent an excellent shock absorbent
during mastication while offering resistance to decay and abrasion. Since PEEK is chemically inert, numerous
techniques have been utilized to establish a strong bond with veneering materials. PEEK can construct clasps and
dentures by CAD CAM systems because of its lightweight, superior biological, aesthetic, and mechanical

properties 34, However, PEEK has less of a stress shielding effect on the surrounding bone than contemporary
metal alloys [B40[411[42][43]

However, PEEK has the disadvantage of an opaque or greyish color (44, Because of its inferior coloration, it cannot
be used to restore the front teeth for the sake of aesthetics 4226l PEEK’s high mechanical strength has led to its
employment in a variety of applications, including as an implant material, CAD/CAM material, coating material, and
abutment material 44, A good feature of this material was that it could be mixed with other substances 48, For
restoration purposes, PEEK showed higher fracture resistance than all aesthetic post materials 42, In order to
prove the ability of fracture resistance of PEEK polymer, a comparative study was performed between polymer-
infiltrated ceramic, fiber-reinforced composite post, and PEEK. Incorporating carbon fibers into PEEK composites
led to a greater elastic modulus (18 GPa) (CFR-PEEK) Y, making them comparable to human cortical bone and
dentin B4,

These techniques, however, pose additional hurdles. Given PEEK’s low surface energy and inertness, achieving
sufficient binding strength to resin composites remains difficult 5253l The reinforcements of the PEEK polymer
into 3D printed denture base resin were shown to improve the overall mechanical properties of the structure.
Nevertheless, PEEK is less aesthetic and rarely has an optical appearance that can blend well with an intraoral
profile. It is also inert to bonding and relatively expensive compared to the other high-performance polymer
alternative PEKK group B4l This research discussed the advances polymer (PEEK and PEKK) based biomaterials
for dental applications, including novel properties and innovative engineering methods for the preliminary study of

HPPs properties and surface modifications, which are significant in prosthetic dentistry.
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