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Abstract

Cranioplasty remains associated with significant intra- and postoperative 

complications, with infection as the leading cause of implant failure. Autologous bone 

grafts, in particular, may fail in up to 50% of cases due to bone resorption. These clinical 

challenges highlight the need for implants that combine mechanical reliability, 

biocompatibility, and patient-specific precision. Among candidate materials, polyether 

ether ketone (PEEK) has gained increasing attention, especially when fabricated via 

Fused Deposition Modeling (FDM). The first successful cranioplasty using an FDM 

3D-printed PEEK implant was reported in 2022, demonstrating recent clinical 

translation of this technology. Despite well-documented structural differences between 

cranial and femoral bones, as well as intra-/interpersonal cranial bones variation, the 

mechanical properties of 3D-printed PEEK are often benchmarked against femoral 

bone or averaged values. While the effects of FDM process parameters have been 

extensively studied, knowledge gaps remain regarding less-explored parameter 

combinations, printer variability, and their effects on implant performance. Surface 

functionalisation and drug-loading strategies offer potential to enhance PEEK’s 

bioactivity and antimicrobial properties, yet their mechanical consequences are not 

fully understood. This mapping review highlights current limitations in the 

understanding of PEEK cranial implants, and emphasises the need for region-specific 

bone data, systematic evaluation of printing parameters, and integrated 

functionalisation approaches to optimise implant performance and improve clinical 

outcomes.

Key words: cranioplasty; prostheses; PEEK; FDM; 3D printing; surface modification
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1. Introduction

Modern regenerative medicine has achieved remarkable success in treating a wide 

spectrum of injuries, from severe traumas caused by residential, industrial, and traffic 

accidents to military-related wounds, by enabling the restoration of missing bone 

fragments or components through surgical implants. Patient-specific implants tailored 

to each patient’s unique anatomy dramatically accelerate recovery, reduce 

complications, and improve quality of life, especially in cases of complex cranial 

injuries [1, 2].

Cranioplasty, the surgical reconstruction of cranial defects, has evolved from early bone 

grafts to advanced alloplastic materials. Among current implant options, titanium 

remains the clinical gold standard due to its strength and biocompatibility, while 

polymers such as polymethylmethacrylate (PMMA), porous polyethylene, and 

polyether ether ketone (PEEK) and polyether ketone ketone (PEKK) both from the 

polyaryletherketone (PAEK) family are increasingly applied. PEEK, in particular, has 

gained attention because of its radiolucency, favourable thermal properties, and 

mechanical compatibility with bone. With the advent of additive manufacturing, three-

dimensional (3D) printing, especially FDM1, offers the possibility of fabricating highly 

customised, patient-specific PEEK cranial implants. Although the mechanical 

properties of other PAEKs are promising (i.e. PEKK) [3, 4], PEEK remains the most 

widely studied and clinically adopted material for cranial reconstruction owing to its 

established printability and clinical evidence base.

Despite these advances, cranioplasty still faces significant challenges. Reported 

complication rates range from 12% to 37% [5-16] with infection as the leading cause 

[17], and mortality rates ranging from 0.5% to 3.2% [5, 12, 13]. PEEK implants, while 

clinically established, are limited by their bioinert and hydrophobic nature, which 

hinder osseointegration and increase infection risk. Strategies such as surface 

modification and localised drug delivery are being investigated, but their effects on 

implant performance, particularly in relation to FDM 3D printing, remain insufficiently 

understood. Moreover, there is no standardised protocol for the design, processing, or 

1 Fused Deposition Modelling – an additive manufacturing technique where thermoplastic material is 
extruded layer by layer to create 3D objects.
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clinical implementation of FDM 3D-printed PEEK implants, with current practices 

relying on local regulations [18], trial-and-error, and surgeon expertise.

Therefore, the aim of this review is to map the current state of knowledge on FDM 3D-

printed PEEK cranial implants, with a focus on: (i) mechanical and physical properties 

of PEEK compared to cranial bone and titanium; (ii) optimisation of FDM 3D printing 

parameters; (iii) surface modification techniques for improved bioactivity and 

osseointegration; (iv) sterilisation methods; (v) drug-loading approaches for infection 

control. By mapping and critically summarising the available knowledge on PEEK-

based cranial implants, this review aims to contribute to the identification of prospective 

strategies that may lower mortality and complication rates, enhance mechanical 

performance, and ultimately improve patient quality of life.

2. Methodology

A structured mapping review as a literature search strategy was conducted to assess the 

current state of knowledge regarding FDM 3D-printed PEEK cranial implants. 

Literature was identified using PubMed, Web of Science/Scopus, and the Google 

Scholar search engine.

Search terms included combinations of “cranioplasty”, “cranial implant”, “fused 

deposition modelling”, “fused filament fabrication”, “PEEK”, “mechanical properties”, 

“physical properties”, “titanium”, “cranial cortical bone”, “surface modification”, 

“osseointegration”, and “drug loading”, including abbreviations and synonyms. Studies 

were included if they provided information on FDM 3D-printed PEEK cranial implants 

or related properties, processing methods, surface modifications, sterilisation, or drug-

loading techniques. Studies were excluded if they focused solely on non-cranial 

applications of PEEK and did not involve FDM or patient-specific implants. Data were 

synthesised to identify trends in implant performance, ‘processing ‒ property’ 

relationships, and surface engineering strategies relevant to clinical outcomes, 

including infection control and mechanical compatibility.

3. Systematised Findings

3.1. Genesis and Anatomy of Cranial Bones

Understanding the developmental origin, structure, and healing patterns of cranial 

bones is fundamental for designing successful implants. Unlike other skeletal sites, 
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cranial bones possess unique embryological derivation, microarchitecture, and 

vascularisation patterns that directly affect their mechanical performance, integration 

with grafts or synthetic materials, and response to surgical reconstruction. Without 

accounting for these differences, even advanced biomaterials may fail to replicate the 

natural biomechanics and regenerative capacity of the cranial vault.

Human cranial bones differ not only by anatomical locations (Figure 1), but also among 

individuals due to morphological variations [19]. The also differ significantly from the 

femoral bone because of their distinct embryological origins, vascularisation, and 

microstructure [20, 21]. These factors lead to variations in their physical and 

mechanical properties.

Figure 1. The anatomy of the human cranial vault (in accordance with [22]).

Bone formation in humans involves the condensation of mesenchymal cells2 [22]. The 

mesenchymal cells responsible for the formation of the cranial bones are derived from 

neural crest cells (i.e. frontal, temporal, sphenoid, ethmoid, lacrimal, nasal, zygomatic, 

2 A multipotent stromal cell capable of differentiating into bone, cartilage, muscle, and fat tissue.
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maxilla, mandible) and paraxial mesoderm3 (i.e. parietal, occipital), which undergo 

intramembranous ossification4, forming flat membranous bones directly [22], a tri-

laminar structure with outer and inner cortical layers sandwiching a porous diploë layer 

[20, 23]. In contrast, the mesenchymal cells forming the femoral bone are derived from 

the lateral plate mesoderm which undergo chondrification5 to form a cartilage 

template6. Endochondral ossification then replaces the cartilage with bone [24]. The 

intramembranous ossification pathway results in a more diffuse and spatially regulated 

vascular network, in contrast with the denser, more centralised vascular architecture of 

endochondral bones such as the femur [22, 24]. Recent studies demonstrate that cranial 

bone vascularisation during healing is temporally uncoupled from osteogenesis: 

vascular sprouting precedes the migration of bone-forming cells. By contrast, in 

femoral bone repair, where angiogenesis7 and osteogenesis8 are closely synchronised 

[25]. This highlight region-specific differences in vascular architecture and 

regenerative strategies, which must inform implant design and evaluation. 

Experimental data (discussed later) further demonstrates the differences between 

cranial and femoral bone properties.

3.2. History of Cranioplasty: From Xenografts to PEEK and Contemporary 

Challenges

The unique embryological origin, morphology, and healing characteristics of cranial 

bones have always presented challenges for their surgical reconstruction. Unlike long 

bones, which regenerate more predictably, cranial defects require careful protection of 

the brain while restoring both mechanical stability and cosmetic appearance. 

Additionally, the situation is complicated by the fact that cranial bones are relatively 

thin. These demands explain why cranioplasty, performed to restore the shape and 

integrity of the cranial bones after various pathologies, injury, previous surgery, or 

congenital defects, has one of the longest and most diverse histories in surgical practice. 

3 A region of the embryonic mesoderm that gives rise to somites, which develop into skeletal muscle, 
vertebrae, and dermis.
4 The direct formation of bone from mesenchymal tissue without a cartilage intermediate.
5 The process by which mesenchymal cells differentiate into cartilage-forming chondrocytes.
6 A temporary cartilaginous structure that guides bone development during endochondral ossification.
7 The physiological process through which new blood vessels form from pre-existing vasculature.
8 The formation and development of bone tissue.
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This is accompanied by continuous refinement of materials and techniques aimed at 

reproducing the structural and functional properties of native cranial bone.

The earliest documented description of cranioplasty was given in 1505 by the military 

surgeon Ibrahim bin Abdullah, describing the repair of a human cranial defect by 

transplanting bone tissue from non-human species (xenograft) [26]. However, the first 

successful cranioplasty was reported in 1668 by the Dutch surgeon Job Janszoon van 

Meekeren, who described the case of a nobleman whose cranial defect, inflicted by a 

sword wound, had been repaired by an unnamed surgeon xenografting bone tissue from 

a deceased dog [27].

The advancement in cranioplasty continued in 1821, when Philipp Franz von Walther 

reconstructed a part of cranium post-trepanation with bone tissue harvested from the 

patient’s own body (autograft) [28]. Since then, autologous bone grafts have been used 

and harvested from various locations within the body, such as the tibia, ribs, scapula, 

ilium, and sternum [29]. Cadaveric implantation of allografts was introduced between 

1915 and 1919 [29]. Xenografts and allografts are no longer preferred in modern 

cranioplasty due to poor integration, immune reactions, infection risks and inferior 

outcomes compared to autografts [30]. However, since autograft also presents 

challenges, such as a variable resorption rate among patients, the advancement in 

cranioplasty has shifted towards bone substitutes and synthetic materials [30-33].

Historically, major advancements in cranioplasty occurred during times of war, as large 

numbers of traumatic cranial injuries required urgent surgical innovation [34-36]. The 

increased volume of head trauma cases during World War 1 and 2 catalysed the 

development and testing of new surgical methods and materials, including the 

introduction of allografts and metals such as tantalum [34, 37]. Wartime exigencies led 

to rapid experimentation, standardisation, and documentation of surgical approaches to 

meet the complex needs of traumatic cranial defects caused by blasts and ballistic 

injuries [34, 35]. Subsequently, peacetime adopted and refined these innovations, 

allowing for more gradual, patient-specific refinements and the integration of newer 

technologies [36].

Metallic bone substitutes were used for cranioplasty including aluminium, gold, 

stainless steel, platinum, silver, lead, vitallium (Co-Cr-Mo alloy), as well as tantalum. 

However due to various disadvantages, technical difficulties, and side effects, most of 
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the metals were unsuccessful [29, 38]. While tantalum was most commonly used for 

cranioplasty during World War II [37], it fell into disuse due to its high thermal 

conductivity9 (57.6 W m-1 K-1 at 20 ℃, linearly increasing with temperature to 61.4 W 

m-1 K-1 at 1527 ℃ [39]). The first metal to show consistently satisfactory results was 

titanium, which has been in use since 1961 [40]. Today, the most commonly used 

titanium for cranioplasty is grade 5 surgical titanium Ti-6Al-4V alloy [41, 42] with a 

thermal conductivity of 6.8 W m-1 K-1 at 23 ℃ (and 7.5 W m-1 K-1 at 75 ℃) [43]. 

Titanium and its alloys remain the clinical gold standard and are currently the only 

metallic materials in routine use for cranioplasty [44].

Alongside the development of bone substitutes and synthetic/alloplastic materials, non-

metallic options were also explored, such as celluloid in the late 19th century. These 

were later replaced by acrylics due to its popularisation [33], such as 

polymethylmethacrylate PMMA [45], which began to substitute tantalum after 1954 

[46]. In addition to titanium, other materials widely used in current practice include 

ceramics, such as porous hydroxyapatite (HA) [47], CaP-formulations with 

pyrophosphate (monetite-based) [48], and polymers, such as porous polyethylene [49] 

and polyether ether ketone (PEEK; Figure 2) [44]. The first cranioplasty using the 

semi-crystalline thermoplastic polymer PEEK was reported in 2007 [50], in which the 

PEEK cranial implant was prepared via binder jetting10. Since then, PEEK has been 

increasingly applied in clinical practice [14]. In 2022, a successful cranioplasty was 

reported using a patient-specific PEEK cranial implant fabricated via FDM 3D-printing 

[51].

Figure 2. Molecular structure of PEEK.

9 Thermal conductivity is a material property that describes how well heat is transferred through a 
substance. Materials with high thermal conductivity transfer heat quickly and efficiently.
10 Binder jetting is an additive manufacturing technique where an inkjet-style print head selectively 
deposits a liquid binding agent onto a layer of powder, fusing the particles together to form a three-
dimensional object layer by layer.
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Nowadays alloplastic materials have become the preferred choice for cranioplasty [52], 

owing to their superior aesthetic outcomes, particularly in cases of overlying scalp 

atrophy [53]. Before the use of PEEK, cranioplasty underwent a long developmental 

pathway involving technologies and materials (Figure 3).
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Figure 3. Cranioplasty timeline.

Consequently, modern implant selection is guided by a set of critical properties that 

dictate clinical outcomes (Table 1).

Page 11 of 56 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 1

2:
47

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5MA01194A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01194a


12

Table 1. Key properties for cranioplasty implants and their clinical relevance.

Category Implant property Clinical relevance Target / benchmark Ref.

Implant curvature & 

contour

Ensures anatomical fit and aesthetic 

outcome

Patient-specific CAD design 

based on 3D CT

[42]

Thickness Provides mechanical protection and 

mimics native skull anatomy

Match native skull thickness 

(site dependent)

[54]

Geometrical

Defect topology 

replicability

Enables precise fit for complex 

defects

High-resolution CT imaging [55]

Mechanical strength Prevents fracture under impact or 

physiological loading

[56]

Young’s modulus Minimises stress shielding, optimises 

load transfer

[57]

Poisson’s ratio Influences deformation under load [58]

Mechanical

Yield stress Determines limit before permanent 

deformation

Similar to cranial bone 

(site/patient dependent)

[54]

Density Affects implant weight and 

mechanical compatibility

Similar to cranial bone 

(site/patient dependent)

[59]

Coefficient of 

thermal expansion

Minimises mismatch with bone to 

prevent interface stress

[60]

Specific heat capacity Maintains thermal equilibrium with 

surrounding tissues

Similar to cranial bone

[61]

Thermal conductivity Ensures matching heat transfer with 

bone to avoid local hot/cold spots

Similar to cranial bone or 

lower

[37]

Physical and 

Thermal

Thermal stability Maintains structural integrity during 

sterilisation and surgical handling

Tg > sterilisation and 

handling temperature

[62]

Biocompatibility Prevents adverse immune or 

inflammatory reactions

ISO 1099311 compliant [63]

Osseointegration Promotes long-term stability through 

bone ingrowth

Porous surface and bioactive 

coating

[64]

Biological

Antimicrobial options Reduces risk of implant associated 

infection

Antimicrobial coatings [65]

Radiolucency Facilitates clear post-operative 

imaging (CT/MRI)

Non-metallic materials 

preferred

[66]Imaging-

related

Electrical resistivity Ensures MRI safety and prevents 

artefacts

High resistivity [67]

Sterilisation Sterilisability Required for surgical application Compatible with accepted 

sterilisation method

[68]

11 The ISO 10993 set entails a series of standards for evaluating the biocompatibility of medical devices 
to manage biological risk.
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3.3. PEEK as a Cranial Implant Material & Physical Properties of PEEK

PEEK is widely regarded as a particularly promising material for patient-specific 

cranial implants, owing to its distinctive combination of physical and mechanical 

properties. These properties confer an advantageous balance of strength, low density, 

and biomechanical compatibility with native cranial bone. The ensuing sections will 

provide a detailed examination of these characteristics.

The density of conventionally manufactured PEEK is typically around 1.3 g/cm3 [60, 

69-73]. Since density contributes to material stiffness, achieving biomechanical 

compatibility requires the implant’s density to closely match that of the patient’s native 

cranial cortical bone [59], which ranges from approximately 1.468 to 1.922 g/cm3 [20, 

74, 75]. This range varies depending on individual factors such as age, sex, and the 

anatomical location within the cranial vault [20, 74, 76].

The density of PEEK changes with varying 3DP processing parameters [77]. Cranial 

implants that have higher stiffness12 than the surrounding bone tissues absorb more 

stress, resulting in osteopenia13 of the surrounding bone tissues (stress shielding) [78, 

79]. PEEK with a density value closer to the range of cranial cortical bone, shows better 

biomechanical compatibility14 than Ti-6Al-4V with a density of 4.43 g/cm3 [43].

The thermal properties of PEEK have been widely studied, with a glass transition 

temperature (Tg) in the range of 143 – 151 ℃ [73, 80-82], a melt temperature (Tm) 

between 335 – 343 ℃ [60, 80-83], and a theoretically calculated melting enthalpy of 

100% crystalline PEEK of 130 J/g [81]. The onset degradation temperature (Td) has 

been reported in the range of 564 – 580 ℃ [60, 84]. Variations in these values can be 

attributed to variations in differential scanning calorimetry (DSC) as well as weight, 

degree of crystallinity15 (DOC), and processing history. DOC is commonly calculated 

12 Stiffness refers to a material’s resistance to deformation under an applied load. It is commonly 
represented by Young’s modulus.
13 A condition characterised by lower-than-normal bone mineral density, often a precursor to 
osteoporosis.
14 Biomechanical compatibility describes how closely the mechanical properties of an implant material 
match those of the host biological tissue.
15 DOC in a polymer like PEEK refers to the proportion of its molecular chains that are arranged in a 
highly ordered, crystalline structure, as opposed to an amorphous (disordered) phase.
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using DSC as the ratio of the sample’s measured melting enthalpy to the theoretically 

calculated melting enthalpy of 100% crystalline PEEK16 [81, 85, 86].

It is important to ensure that the cranial implant has a relatively low thermal expansion 

[60], ideally similar to that of the human cranial cortical bone to avoid disproportional 

changes in thickness between the cranial implant and the surrounding bone tissues 

during temperature fluctuations, thereby reducing implant failure risks, such as 

loosening of the implant or pain. The coefficient of linear thermal expansion (CLTE) 

of PEEK between room temperature (RT) and its Tg has been reported in the range of 

40 - 60 x 10-6 K-1 [87, 88]. Although data on the thermal properties of human cranial 

cortical bone are limited, comparisons are often drawn to femoral cortical bone, which 

shows a CLTE of 27.5 x 10-6 K-1 between RT and 65 ℃ [89]. Notably, DOC 

significantly affects the CLTE of PEEK above its Tg but has minimal influence below 

it [90]. As a reference, Ti-6Al-4V exhibits a CLTE of 8.6 x 10-6
 K-1 between 20 ℃ and 

100 ℃ [43].

The specific heat capacity17 of cranial implant materials plays a critical role in 

maintaining thermal equilibrium with surrounding bone tissues by minimising 

temperature fluctuations [61]. The specific heat capacity of PEEK increases from 1.05 

to 1.125 J g-1 K-1 as the temperature rises from 19 ℃ to 48 ℃ [91]. In comparison, 

human femoral cortical bone shows a specific heat capacity of 1.14 to 1.64 J g-1 K-1, as 

determined using hot water calorimetry18 [92]. This measurement reflects the heat 

exchange between bone samples initially at approximately 20 ℃ and water initially near 

70 ℃, with specific heat calculated based on the resulting equilibrium temperature 

(typically between 30 ℃ and 50 ℃). The specific heat capacity of Ti-6Al-4V increases 

from 0.544 to 0.569 J g-1 K-1 between 20 ℃ and 95 ℃ [43, 93]. It should be noted that 

these measurements were performed over different temperature ranges, therefore, direct 

comparison between PEEK, human femoral cortical bone, and Ti-6Al-4V values may 

not fully reflect their relative thermal behaviour under identical physiological 

conditions. Nonetheless, PEEK’s specific heat values are generally closer to those of 

16 100% fully crystalline PEEK refers to the theoretical state in which all polymer chains are perfectly 
ordered in a crystalline structure.
17 Specific heat capacity is the amount of heat energy required to raise the temperature of one gram of 
a material by one degree Celsius.
18 A thermal analysis method that measures the heat of a reaction or material by observing temperature 
changes in water.
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bone, suggesting it may help maintain thermal equilibrium with the surrounding bone 

tissues more effectively.

The importance of thermal conductivity was highlighted via a clinical outcome and 

complications study on the use of tantalum in cranioplasty [37]. It was found that the 

high thermal conductivity of tantalum (57.6 W m-1 K-1 at 20 ℃, linearly increasing with 

temperature to 61.4 W m-1 K-1 at 1527 ℃ [39]) led to patient discomfort due to heat or 

cold sensitivity at the implant site [37]. In contrast, PEEK shows lower thermal 

conductivity, increasing from 0.244 to 0.277 W m-1 K-1 between 28 ℃ and 250 ℃ [91]. 

Femoral cortical bone, by comparison, exhibits a thermal conductivity of 0.16 to 0.24 

W m-1 K-1 between 30 ℃ and 55 ℃ [92], placing PEEK within a similar range. 

Meanwhile, Ti-6Al-4V exhibits a significantly higher thermal conductivity of 6.8 W m-

1 K-1 at 23 ℃ and 7.5 W m-1 K-1 at 75 ℃ [43], which may contribute to greater thermal 

sensitivity when used in cranial applications [94].

The electrical resistivity19 of an implant material should be considered regarding 

imaging compatibility [67]. Magnetic Resonance Imaging20 (MRI) scans can induce 

eddy currents21 in metallic implants due to the low electrical resistance of metals, 

causing localised hotspots from where the heat may transfer to the surrounding tissues, 

potentially causing burns [67]. Compared to Ti-6Al-4V, which has a reported electrical 

resistivity of 1.469 x 10-8 Ω cm at 19.65 ℃ increasing to 1.501 x 10-8 Ω cm at 75.75 ℃ 

[43], PEEK offers greater imaging compatibility due to its excellent insulating 

properties, demonstrated by its electrical resistivity of 1016 Ω cm [73].

3.4. Mechanical properties of PEEK

Injection moulded pure PEEK has reported Young’s modulus22 values in the range of 

3.7 – 4.15 GPa [73, 95-99], however, this range widens with the lower range reaching 

2.415 GPa upon FDM-3DP of PEEK with various factors, such as the nozzle 

19 Electrical resistivity is a measure of a material’s resistance to the flow of electric current.
20 A non-invasive imaging method that uses strong magnetic fields and radio waves to produce 
detailed images of soft tissues.
21 Eddy currents are circulating electrical currents induced in conductive materials when exposed to 
changing magnetic fields, such as during MRI scanning.
22 Young’s modulus (also known as elastic modulus) is a measure of a material’s stiffness – how much 
it resists deformation under tensile or compressive stress.
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temperature, printing speed, bedplate23 and chamber24 temperature, and layer height25 

[100]. Furthermore, even broader ranges were obtained by varying the infill angle26 

(2.53 – 4.27 GPa), applying additional heat treatment (2.53 – 4.74 GPa), and reducing 

the nozzle diameter (i.e., from 0.6 mm to 0.4 mm increased the Young’s modulus from 

4.74 to 8.06), for heat-treated samples that were FDM 3D-printed with an infill angle 

of 180° [98].

The Young’s modulus of PEEK is comparable to that of human cranial cortical bone, 

which ranges from 2.032 to 21 GPa [19, 74, 75, 101, 102], depending on age, sex, and 

anatomical location. Biomechanical compatibility – the extent to which an implant 

mimics the mechanical properties of the surrounding bone tissues – is a critical 

requirement in cranioplasty. A mismatch in stiffness can lead to stress shielding, 

potentially resulting in bone resorption, implant loosening, or long-term failure. 

Compared to conventional Ti-6Al-4V, which has a much higher Young’s modulus (110 

– 114 GPa) [43, 103, 104], PEEK offers superior biomechanical compatibility, 

promoting more natural load distribution and improved long-term integration.

It is important to characterise deformation properties of cranial implants, such as 

Poisson’s ratio27 and yield stress28, because these properties determine how the material 

responds under physiological loads and deforms in relation to surrounding bone tissue. 

Prior to the fabrication of cranial implants via FDM 3D printing with the precise shape 

of the cranial defect, a low yield stress was advantageous for effective shaping of the 

cranial implant during surgery [57]. However, these deformation properties of the 3D-

printed cranial implants have been neglected, justified by the assumption of low 

physiological loads on the cranial bone in everyday life. Regardless, the cranial bone 

may be subjected to physiological load either accidentally or through numerous 

recreational activities, which highlights the importance of such properties. Ideally the 

implant should have a Poisson’s ratio close to that of the surrounding bone tissue to 

23 The bedplate, or build plate, in FDM 3DP is the surface on which the printed object is constructed.
24 An enclosed environment surrounding the build area of a FDM printer, designed to maintain 
controlled temperature and airflow for optimal print quality and material performance.
25 Layer height in FDM 3DP refers to the vertical thickness of each deposited layer of material.
26 The infill angle in FDM 3DP refers to the orientation of the internal fill pattern relative to the print 
direction.
27 Poisson’s ratio is a material property that describes how much a material deforms in directions 
perpendicular to the applied force, relative to the deformation in the direction of the force.
28 Stress (pressure) at which the material begins to deform plastically, usually related to the maximum 
allowable load.

Page 16 of 56Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 1

2:
47

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5MA01194A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01194a


17

improve biomechanical compatibility by minimising interfacial stress concentrations 

[58]. PEEK’s Poisson’s ratio has been reported in the range of 0.380 – 0.388 for 

filaments [97, 105], 0.385 for injection moulded forms [106], and 0.375 to 0.38 for 

extruded samples [107, 108]. In comparison, Ti-6Al-4V shows a range of 0.26 – 0.36 

[43]. While the human cranial bone has a mean Poisson’s ratio of 0.19 [109], studies 

have reported a statistically significant variation in the Poisson’s ratio of the human 

cranial cortical bone depending on the anatomical location in the cranial vault (e.g. 

parietal, frontal, occipital, temporal, zygoma; Figure 1) [20, 110]. The yield stress is 

usually measured under tension for metals and polymers (uniform materials), whereas 

under shear for bones and composites. The tensile yield stress29 of PEEK ranges from 

100 – 110 MPa [97, 99, 106], though it can fall below 100 MPa after FDM 3D printing 

[111]. For Ti-6Al-4V, the tensile yield stress was reported in the range of 724 – 938 

MPa [43]. In contrast, the shear yield stress30 of human cranial cortical bone is much 

lower, reported in the range of 51.3 – 65.3 MPa [112]. In order to evaluate the structural 

performance of cranial implants, Finite Element Analysis31 (FEA) is commonly used 

[99, 113-115] for the simulation of various physiological loads and the calculation of a 

theoretical value known as the von Mises stress. The properties of the implant material, 

its dimensional parameters, the anatomical characteristics of the human skull, and the 

applied loading conditions are input into the FEA model to perform this analysis. The 

resulting von Mises stress is then compared to the yield stress obtained from mechanical 

testing to assess the risk of permanent deformation. If the von Mises stress exceeds the 

material’s yield stress, it indicates likely permanent deformation. In cranioplasty, it is 

essential to ensure that von Mises stresses in both the implant and the surrounding bone 

remain below their respective yield stress to avoid complications such as structural 

failure, implant loosening, or bone resorption. However, stress-based criteria alone may 

not fully describe failure risk in complex biological structures such as the skull. Cortical 

bone is an anisotropic composite material, and failure often occurs through crack 

initiation and propagation rather than uniform yielding, as demonstrated in fracture 

resistance studies of human cortical bone [116, 117]. Therefore, advanced FEA 

29 Tensile yield stress is the amount of uniaxial tensile stress required to cause a material to begin 
permanent (plastic) deformation.
30 Shear yield stress is the stress level at which a material begins to plastically deform under shear 
loading.
31 A computational technique used to simulate how structures respond to external forces, heat, and 
other physical effects.
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approaches that incorporate fracture mechanics principles such as, extended finite 

element methods for crack growth simulation [118] may provide deeper insight into 

crack formation. A critical observation has been made regarding the material properties 

used in FEA studies. As highlighted previously, PEEK properties change upon 3D 

printing; however, properties of untreated PEEK and/or values from previous research 

are often applied in FEA studies [114, 115, 119]. Likewise, although differences have 

been documented in cortical bone properties across various anatomical locations of the 

cranial vault, between individuals, and between cranial and femoral bone, many studies 

still use either average skull property values, femoral proxy values, or values of 

unspecified origin [114, 115, 119, 120]. To achieve reliable simulation outcomes, the 

input material properties must accurately represent the actual, site-specific, and 

processing-dependent characteristics of both the implant and the surrounding bone.

Table 2. Summary of physical and mechanical properties.

Property PEEK Human Cranial 
Cortical Bone

Human Femoral
Cortical Bone Ti-6Al-4V

Density, g/cm3 1.3 1.468 – 1.922 1.834 – 2.027 
[121] 4.43

Tg, ℃ 143 – 151 N/R N/R N/A
Tm, ℃ 335 – 343 N/A N/A 1605 – 1635 [43]
Td, ℃ 564 – 580 220 [122] N/R N/R

CLTE, 10-6 K-1 40 – 60
(RT – Tg)

N/A ≈27.5
(RT – 65 ℃)

8.6
(20 ℃ – 100 ℃)

Specific Heat Capacity,
J g-1 K-1

1.05 – 1.125
(19 ℃ – 48 ℃) N/A 1.14 – 1.64

(30 ℃ – 50 ℃)
0.544 – 0.569
(20 ℃ – 95 ℃)

Thermal Conductivity,
W m-1 K-1

0.244 – 0.277
(28 ℃ – 250 ℃) N/A 0.16 – 0.24

(30 ℃ – 55 ℃)
6.8 – 7.5

(23 ℃ – 75 ℃)
Electrical Resistivity,

Ω cm 1016 N/A 108 [123, 124] 1.469 x 10-8 – 1.501 x 10-8

(19.65 ℃ – 75.75 ℃)
Young’s Modulus,

GPa 2.415 – 8.06 2.032 - 21 9.55 – 19.9 [125-
127] 110 – 114

Poisson’s Ratio 0.375 – 0.388 0.19 0.37 [125] 0.26 – 0.36
Tensile Yield Stress,

MPa 100 - 110 N/A 50 – 107.9 [126, 
127] 724 – 938

Shear Yield Stress,
MPa N/A 51.3 – 65.3 N/A N/A

N/A: Not Available, N/R: Not Relevant
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3.5. FDM 3D Printing of Patient-Specific Cranial PEEK Implants

Three-dimensional (3D) printing, a form of additive manufacturing, has revolutionised 

the creation of patient-specific implants [2, 41]. While 3D bioprinting has been 

predominantly applied to the fabrication of soft tissue constructs [128], FDM – also 

known as Fused Filament Fabrication (FFF) and originally developed by Scott Crump 

in 1988 [129] – has primarily been employed for the additive manufacturing of hard 

tissue implants. FDM enables the layer-wise extrusion of thermoplastics directly from 

Computer-Aided Design32 (CAD) models, based on data obtained from the Computed 

Tomography33 (CT) / MRI scans [130].

Although PEEK has been used clinically in cranioplasty since 2007, the recent shift 

toward additive manufacturing (3D printing) has renewed interest in PEEK, owing to 

its exceptional thermal, physical, and mechanical properties. The preparation of PEEK 

cranial implants typically begins with patient-specific imaging, such as CT scans, 

followed by the generation of a 3D digital model of the defect and surrounding skull 

anatomy. The work up and design are discussed in collaboration between the treating 

surgeon and medical engineers/designers, with all clinical contributing data at hand. 

Based on this model, the cranial implant is then fabricated using various methods. 

Traditionally, subtractive manufacturing has been predominantly used to produce 

PEEK cranial implants, such as computer numerical control34 (CNC) machining where 

a solid block of PEEK is milled (i.e., material is gradually removed by a rotating cutting 

tool) to match the required geometry [1, 50, 131]. Although injection moulding – where 

the molten material is injected into a mould under high pressure – has been employed 

to produce cranial implants [132, 133], to the best of our knowledge, it has not been 

reported specifically for PEEK cranial implants, likely due to the material’s high 

processing temperature, extended cycle times, and associated costs regarding PSI. 

Since 2012, additive manufacturing techniques such as 3D printing have gained 

increasing attention for the development of medical implants [134], including the 

fabrication of cranial implants using PEEK via FDM-based 3D printers [51, 135, 136] 

32 The use of computer software to create, modify, and optimise detailed design models of objects or 
structures.
33 An imaging technique that uses X-rays and computer processing to generate cross-sectional views of 
the body.
34 A subtractive manufacturing process where computer-guided tools shape materials into precise 
forms.
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along with its clinical application [51]. FDM-based 3D printing requires the material 

feedstock to be in filament form, which for PEEK is commonly produced through 

extrusion35 [137, 138]. This technique is particularly advantageous in cranioplasty, 

since each implant must conform precisely to patient anatomy in terms of curvature, 

thickness, and defect topology among other properties (Table 1).

The first successful cranioplasty carried out with FDM 3D-printed PEEK was reported 

in 2022 [51]. Prior to the clinical application of the FDM 3D-printed PEEK, it was 

tested for Young’s modulus (3.45 GPa), tensile strength (96 MPa), flexural strength36 

(154 MPa), and impact toughness37 (80 kJ/m2), which were compared to the average 

values of a skull from previous studies, without distinguishing between different 

regions of the cranial vault. Although the authors paid great attention to the thickness 

of the cranial implant, in order to achieve optimal biomechanical compatibility with the 

surrounding bone tissues, one must consider the differences in the physical and 

mechanical properties of the human cranial cortical bone at different regions of the 

cranial vault [20].

In addition to literature analysis, process parameters were documented from a 

representative case example. In this workflow, a 3D model of the cranial defect is 

designed from patient CT data, with edge thickness measured at approximately 1 mm 

intervals to replicate the cortical–diploë–cortical structure, and the implant’s central 

thickness matched to the contralateral skull. Fixation holes are integrated for 

intraoperative convenience under corresponding surgeon guidance. Printing employs 

dried PEEK filament (4 hours at 120 ℃ followed by a retained temperature of 60 ℃ 

until printing), fed through a heated oven to an FFF printer with a calibrated perforated 

bedplate (170 ℃ first layer, 180 ℃ subsequent layers), controlled chamber temperature 

(90 – 150 ℃), nozzle at 485 ℃ (0.4 mm diameter), 2000 mm/min print speed, 45 ° 

printing angle, 100% infill (0°/90°). Given the two approaches of surgical fixation of 

cranial implants, integrated and non-integrated, with potential benefits of each approach 

35 A process where heated thermoplastic is forced through a die to form continuous filaments used in 
3D printing.
36 Flexural strength is the material’s ability to resist deformation or fracture when subjected to bending 
forces.
37 Impact toughness is the material’s ability to absorb energy and resist fracture when subjected to 
sudden or dynamic forces, such as accidental head trauma or impact injuries.

Page 20 of 56Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

0/
20

26
 1

2:
47

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5MA01194A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01194a


21

[139], surgical fixation employs non-integrated titanium plates (<0.5 mm) and screws, 

with approximately one cranioplasty procedure conducted in Latvia every 3 – 4 months.

It has been demonstrated that FDM printing parameters influence the properties of the 

3D-printed PEEK. For instance, the tensile strength and density of PEEK were shown 

to increase rapidly as the nozzle temperature rose from 380 ℃ to 420 ℃, with a slower 

increase until 440 ℃ [140]. At lower temperatures such as 380 ℃, incomplete melting 

and limited molecular diffusion led to the formation of voids and visible filament 

outlines (higher surface roughness) in Scanning Electron Microscopy images. In 

contrast, printing at 440 ℃ resulted in improved fluidity, better interlayer bonding, and 

fewer voids, contributing to increased apparent density and mechanical performance. 

Increasing the crystallinity increased the Young’s modulus and the yield strength of 

PEEK [140, 141]. Furthermore, increased chamber temperature (from 25 ℃ to 200 ℃) 

was shown to raise the DOC of PEEK from 17% to 31%, thereby improving mechanical 

properties such as peak force38, Young’s modulus, and tensile strength [86]. In contrast, 

increased bedplate temperature (from 100 ℃ to 130 ℃) enhanced interlayer adherence 

and encouraged a greater crystallisation rate, also contributing to improved mechanical 

performance [142]. Additionally, the large size of cranial implants requires additional 

focus on homogenous heat distribution to achieve isothermal crystallisation of PEEK 

[142]. These studies show clear effects of thermal control during and after printing, 

allowing the tailoring of PEEK crystallinity, and thus the mechanical properties of 

PEEK cranial implants.

The most common nozzle diameter used in FDM 3D printing is 0.4 mm [77]. While the 

nozzle diameter does not affect the temperature distribution of the printing head 

(measured at 380 ℃), it can influence how the printing speed affects the quality of 

printed PEEK [140]. A layer thickness of 0.15 mm is recommended for good surface 

quality [143], that is, to minimise surface roughness, characteristic lines created by each 

filament path, gaps, overlaps, and inconsistencies in deposited material pattern. 

Furthermore, the printing orientation was demonstrated to affect the mechanical 

properties of the 3D-printed PEEK due to different degree of interfacial adhesion [144-

146]. Additionally, the importance of printing speed and filling direction was 

38 Peak force is the maximum load or force the implant can withstand before failure or fracture occurs 
during mechanical testing, such as compression or impact tests.
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highlighted through the comparison of two studies [77], showing that 3D-printed PEEK 

had a higher apparent density and tensile strength with a lower printing speed (1200 

mm/min as compared to 2400 mm/min), likely due to the additional time each deposited 

layer had to bond and crystallise.

The annealing temperature during processing and time influence the crystallinity 

content of PEEK and therefore its thermomechanical properties [90, 147]. 3D printing 

process parameters, such as printing temperature, speed, and nozzle diameter, impact 

PEEK phase composition (amorphous-to-crystalline state ratio) and thus the physical 

properties, such as density and surface roughness, and mechanical properties, such as 

elasticity, plasticity, and tensile strength [140, 142].

3.6. Post-processing – Surface modification

The surface modification of PEEK is an important process for the proper integration of 

PEEK implants with the surrounding tissues [148]. Surface-modifying processing, such 

as polishing/abrasion and plasma treatment, necessitates to make them properly interact 

with body tissues that has the potential to alter the qualities of the final medical device. 

Since the cranial bone is very thin, with thickness in the range of 4.43 – 8.61 mm [19, 

149], positioned directly over the delicate brain tissue, designing the cranial implants 

with mechanical compatibility is crucial. Due to this intimate proximity and limited 

thickness, even minor deformations or mechanical failures in the implant or 

reconstructed bone can transmit stress to neural structures, posing a risk of causing 

injury or impaired neurological function. Additionally, given the mechanical properties 

of cranial implants at such small thicknesses, it is especially important to closely mimic 

the cranial bone’s mechanical properties to prevent stress shielding or damage. If the 

implant is too stiff, it can cause stress concentrations leading to bone resorption or 

implant loosening [150], whereas overly flexible implants may not offer sufficient 

protection against impact. Furthermore, the thickness of the cranial bone changes due 

to aging [151], therefore it may be important to consider the changing nature of the 

skull.

Various surface modifications of PEEK have been investigated to enhance its 

bioactivity for improved osseointegration, as well as to introduce antimicrobial 

functionality for cranial implants. Highly roughened surfaces – most likely due to the 
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increased surface area – support the metabolic activity and proliferation of osteoblasts39 

[152], which accelerates bone ingrowth and osseointegration [153]. Due to 

osseointegration resulting from the mechanical interlocking between the implant and 

the surrounding bone tissues, the implant is often beneficially designed to be porous, 

either porous-coated or fully porous for cranial implants [64].

Two significant drawbacks of PEEK as a cranial implant material are its lack of intrinsic 

antibacterial properties [14, 154] and its bioinert and hydrophobic nature, leading to 

poor osseointegration [155]. Therefore, it is essential to develop bioactive PEEK 

implants that enhance integration with both soft and bone tissues, promote 

vascularisation, reduce the risk of microbial contamination, and ultimately improve 

clinical success rates. A wide range of surface modification techniques have been 

developed. Common techniques include sandblasting, which creates an irregular 

surface [156], and increases the surface roughness to enhance physical bonding strength 

[157] and shear bond strength [156, 158]. Plasma treatment, which grafts atoms or ions 

– based on the gases used – onto the substrate (PEEK) to increase hydrophilicity and 

physical bonding strength [159-161].

Most surface modification of PEEK is based on the cleavage of the C=O bond in the 

polymer backbone, followed by the formation of new functional groups, such as –OH, 

COO-, and –COOH [148, 162]. This process requires significant energy; therefore, 

conventional  ultraviolet (UV) treatment using a mercury lamp is insufficient to achieve 

effective modification [162]. Variations in the atmosphere, UV light intensity, photon 

energy and gas partial pressure are key parameters for effective surface modification. 

The PEEK surface can be effectively oxidised by using a combination of vacuum 

ultraviolet radiation and an oxidising gas [163]. Although UV irradiation has been 

applied to increase adhesive bond strength [164, 165], UV-based methods require 

specific equipment, and have limitations regarding the oxidation of large PEEK 

surfaces.

Accelerated Neutral Atom Beam (ANAB) technology has been employed to enhance 

the bioactivity of PEEK by creating nano-textured surfaces that improved its 

hydrophilicity, osteoblast adhesion, proliferation, and differentiation40 without altering 

39 The cells that form new bones and grow and heal existing bones.
40 The process by which osteoblast precursor cells develop into mature bone-forming cells with 
specialised functions, such as producing bone matrix and mineralising.
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the chemical composition of the surface and the mechanical properties of PEEK [166, 

167]. These findings suggest that ANAB-modified PEEK surfaces can promote better 

integration with bone tissue, potentially improving the performance of PEEK-based 

cranial implants.

Sodium hydroxide etching introduces hydroxyl anions to enhance the hydrophilicity 

and provide nucleation and coating development sites [168, 169]. Acid etching can 

introduce various functional groups depending on the acid used, such as fluorination 

with hydrofluoric acid [170], or sulphonation with sulphuric acid [171]. Sulphonation 

not only corrodes the surface of PEEK but also increases surface roughness and 

generates interconnected nanoporous networks, thereby enhancing shear bond strength 

[156, 172]. Sulphonation is typically performed by brief exposure of PEEK to 

concentrated sulphuric acid. X-ray diffraction analysis showed no changes in the 

crystalline structure of FDM 3D-printed PEEK after sulphonation [172]. The contact 

angle41 of sulphonated PEEK increased slightly from 65° to 74°, while the mechanical 

properties remained unaffected. The high porosity of sulphonated PEEK improved 

biocompatibility despite the higher contact angle. X-ray Photoelectron Spectroscopy42 

(XPS) and Fourier Transform Infrared Spectroscopy43 (FTIR) confirmed the 

incorporation of –HSO3 groups into the PEEK structure [173]. However, the anticipated 

improvement in wettability was not achieved, indicating that sulphonation should be 

combined with other oxidation methods.

Laser-based methods are effective for modifying the morphology of PEEK surfaces 

[174, 175]. Interaction with the laser beam induces surface etching and ablation, 

resulting in highly roughened morphologies [174, 175]. CO2 laser machining has been 

reported to engrave surface lines to improve cell adhesion and proliferation [171], while 

Nd:YVO4 laser groove treatment enhances shear bond strength [176]. Laser parameters, 

particularly pulse duration and energy, play critical roles in determining surface 

properties [177]. For example, ultrashort femtosecond laser treatment enabled the 

41 The angle formed at the interface where a liquid droplet meets a solid surface.
42 A surface sensitive technique that measures the elemental composition and chemical states of 
atoms by detecting electrons emitted after X-ray irradiation.
43 A technique that identifies chemical bonds and functional groups by measuring absorption of 
infrared light at characteristic wavelengths.
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formation of micropatterns on PEEK surfaces, although without substantial 

improvement in wettability [178, 179].

PEEK treated with a nanosecond laser (1065 nm, 10 W, 4 ns pulse duration) exhibited 

an enhanced surface roughness (from 0.63 µm to 19.08 µm) [180], without detectable 

changes in chemical composition. Subsequent integration of HA with particle size of 

≈30 nm into the laser-treated PEEK surface resulted in a contact angle of about 1.3°, 

and the resulting HA-PEEK demonstrated significantly improved properties for cell 

growth and bone regeneration [180].

The effect of laser wavelength on the properties of PEEK has been investigated using 

pulsed nanosecond lasers at 355, 532, and 1064 nm [181, 182]. Due to differences in 

the absorption coefficient of PEEK, laser ablation44 was observed at 532 nm. Treatment 

at 1064 nm produced a porous surface morphology, while 355 nm irradiation did not 

markedly alter the surface structure of PEEK. However, improved wettability was 

achieved with both 1064 nm (through morphological changes) and 355 nm (likely 

through the formation of polar groups) [181, 182].

The effects of laser power on the properties of PEEK have also been investigated [183, 

184]. PEEK treated with a nanosecond laser (355 nm, 0 – 5 W, 10 ns pulse duration) 

showed that increasing power (in the range of 0 – 5 W) significantly influenced surface 

roughness and wettability. Indeed, higher laser power resulted in the formation of 

smaller surface features, enhanced roughness, and reduced contact angle. X-ray 

diffraction analysis revealed the formation of an amorphous phase, while XPS indicated 

a crystalline-to-amorphous transition accompanied by the generation of surface –OH 

groups. FTIR spectra displayed peaks at 1183, 1216, and 1650 cm-1, corresponding to 

–O–, C–O and C=O functional groups, respectively. Both structural and chemical 

modifications account for the reduced contact angle. The key factor for improved 

wettability is the inner hydrophilic surface.

HA has been successfully hydrothermally grown on laser-treated PEEK. It was 

observed that laser treatment improved the growth of HA during hydrothermal 

synthesis and its active surface area [183].

44 A process in which high-intensity laser irradiation removes material from a solid surface through 
melting, evaporation, or sublimation.
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Therefore, laser treatment of the PEEK surface can effectively alter its morphology and 

wettability. Laser treatment may serve as an alternative to sulphonation; however, to 

increase the surface concentration of the oxygen species, it is recommended to combine 

laser treatment with plasma treatment.

Plasma treatment is a well-established method for modifying PEEK surfaces [185]. 

This modification method mainly involves thermal effects, the substitution of the 

polymer atoms by atoms from the plasma, the alteration of polymer chains, polymer 

etching and cross-linking. These processes result in changes to the surface morphology, 

variations in mechanical properties such as elasticity, and a reduced water contact 

angle, thereby increasing surface hydrophilicity [185].

The effects of temperature on PEEK stability during plasma treatment have been 

investigated [186]. When PEEK is treated with high-power plasma at temperatures 

exceeding 151 ℃ a reduction in crystallinity can occur from the surface to the core (up 

to 300 µm). Such changes may pose a risk of significant mechanical weakening of the 

PEEK material.

The effects of plasma treatment under different oxidising atmospheres were 

investigated, where PEEK was treated using H2, O2 and H2/O2 plasma atmospheres 

[187]. PEEK samples exhibited low contact angles (~0 – 3°) after plasma treatment in 

O2 and H2/O2 atmospheres. Chemical changes on the PEEK surface were characterised 

by FTIR and XPS:

• In H2 plasma, the oxygen double bond was converted into OH- groups.

• In O2 plasma, -COO- surface bonds have formed.

• In H2/O2 plasma, -COOH surface bonds have formed in addition to the -COO- 

groups.

It was reported that plasma treatment did not alter the mechanical properties of the 

treated PEEK surface [187]. Specifically, treatment in O2 plasma reduced the contact 

angle from 76 to 6°, with FTIR analysis confirming an increase in surface hydroxyl 

group concentration [188]. Lower contact angles with a hydrophilic threshold of 40° 

are generally preferred [189].

Another study demonstrated that the hydrophilic properties of plasma-treated PEEK are 

reversible, with the contact angle increasing up to 74° after 7 days [188]. The 
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underlying mechanisms of this recovery are complex. One conclusion from the 

published results is that the –OH groups on the plasma-treated surface become 

passivated45 during storage. FTIR analysis showed a decrease in the absorption peak 

intensity corresponding to the –OH groups. The primary explanation for this recovery 

is the diffusion of hydrophobic oligomers from the PEEK bulk to the surface [190].

Another innovative solution to maintain the hydrophilic properties of plasma-treated 

PEEK is surface functionalisation through cross-linking groups or polymer [188]. In 

one study, a PEG-silane coating was applied to plasma-treated PEEK, with the PEG-

silane molecules attached to the –OH groups on the surface. The resulting PEEK-PEG-

silane surface exhibited a contact angle of approximately 28°, which changed by less 

than 20% after 48 days of storage.

Two competing processes were observed in the PEEK-PEG-silane samples:

1. A rapid increase in –OH and –NH2 surface groups after plasma treatment and 

functionalisation.

2. A rapid decrease in –CH2/-CH3 groups of hydrophobic complexes after plasma 

treatment and functionalisation.

3. A decrease in –OH and –NH2 surface group concentrations during storage.

4. An increase in –CH2/-CH3 group concentrations during storage.

XPS analysis of both plasma-treated PEEK and PEEK-PEG-silane samples showed a 

reduction in the C/O ratio. After long-term storage, XPS also revealed decreases in C-

O, O-C=O, and C-OH groups. Overall, the use of a silane coupling agent effectively 

helped preserve the hydrophilic properties of PEEK over time [188].

A novel approach for PEEK functionalisation by polydopamine46 (PDA) and 

chlorhexidine47 (CLX) has also been developed. Initially, the PEEK surface was treated 

with O2 plasma [190], and then the samples were immersed in an alkali solution 

containing a dopamine/chlorhexidine mixture. The resulting PEEK-PDA-CLX surfaces 

were characterised by contact angle measurements, FTIR, and XPS. FTIR analysis 

45 A process by which reactive surface sites become chemically stabilised, often through the formation 
of a thin protective layer or by bonding with functional groups, reducing surface reactivity over time.
46 A bioinspired polymer derived from dopamine, used to functionalise surfaces and enhance 
biocompatibility.
47 A cationic antimicrobial agent commonly used in medical and dental applications, effective against 
a broad spectrum of bacteria.
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showed variations in peak intensities; however, it indicated no structural changes in 

PEEK. XPS analysis revealed the formation of –C=O and –OH groups after plasma 

treatment, while the N 1s and Cl 2p peaks confirmed the formation of a PDA layer and 

its crosslinking with CLX. Surface roughness increased progressively after each 

treatment step, with the PEEK-PDA-CLX surface exhibiting a roughness of 390 nm, 

approximately double that of untreated PEEK (190 nm). The contact angle decreased 

to 24°, representing a threefold reduction compared to untreated PEEK, and remained 

highly stable over time. Furthermore, the controlled release of CLX enhanced the 

antimicrobial properties of the functionalised PEEK samples [190].

Based on the advantages and limitations of sulphonation, laser, and plasma treatments 

for PEEK surface modification, it is clear that each method has specific constraints. 

Sulphonation and laser treatment primarily modify PEEK surface morphology while 

causing only minor changes to mechanical properties, surface chemistry, and 

wettability. In contrast, plasma treatment induces significant changes in surface 

chemistry but may also risk mechanical weakening of the PEEK surface. The improved 

wettability achieved through plasma treatment typically requires stabilisation via 

subsequent functionalisation. A combined approach using laser or sulphonation 

together with plasma treatment, followed by polymerisation/functionalisation appears 

to be a promising strategy for producing stable, bioactive PEEK surfaces for biomedical 

applications. Recent studies support the effectiveness of such combinations [191, 192]. 

Sulphonation created a microporous PEEK surface with a low contact angle due to 

etching in sulphuric acid [191]. Similarly, combining laser and plasma treatments 

enhanced both wettability and adhesion properties of PEEK [192]. XPS analysis 

revealed that samples prepared using these combined methods exhibit the highest 

concentrations of –OH and –O-C=O groups, indicating improved surface 

functionalisation [191, 192]. It is notable that while plasma treatment has been shown 

to improve wettability, in the case of Ti6Al4V it was found that steam sterilisation 

performed after plasma treatment led to rapid wettability loss over time without a 

change in surface roughness [193].

Beyond these modifications, further surface functionalisation strategies have been 

developed to introduce specific chemical groups or bioactive layers. Examples include 

amination (PEEK-NH2) and cyanation (PEEK-NCO) to provide reactive sites for 

biochemical coupling; fibronectin functionalisation (PEEK-FN) to promote cell 
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adhesion; thin hydroxyapatite coatings (PEEK-HA) for osteoconductivity; titanium or 

zirconium alkoxide/tert-butoxide layers; Ti/TiO2 coatings to enhance osseointegration; 

and diamond-like carbon coatings to improve wear resistance and reduce bacterial 

adhesion [194].

3.7. Antimicrobial functionalisation of implant surface

One of the significant drawbacks of PEEK as a cranial implant material is its lack of 

intrinsic antibacterial properties, increasing the risk of bacterial infection after 

implantation [14, 154]. Even with substantial material and technological improvements, 

cranioplasty today remains associated with intra- and postoperative complications, 

including infection and implant rejection, wound dehiscence and poor soft tissue 

healing, implant failure due to mechanical stress or bone resorption48, suboptimal 

osseointegration and bone flap resorption, neurological complications such as seizures 

and new or worsening deficits, intracranial complications such as hydrocephalus49, 

intracranial haemorrhage, cerebral oedema50, external fluid collections, and subdural 

hygromas51 [195-197]. Most studies report complication rates ranging from 12.1% to 

36.6% [5-16] with infection as the leading cause [17], and a mortality rate ranging from 

0.5% to 3.2% [5, 12, 13]. However, complication rates as high as 50% have been 

observed for autografts due to bone resorption [198]. While the most common route of 

antibiotic administration in cranioplasty is intravenous [199] and is highly effective, 

and the success rate is independent of the type of antibiotics [199], long-term use of 

systemic antibiotics can lead to serious complications, including acute hepatic failure 

[200], nephrotoxicity [201], bacterial resistance [202], and in severe cases fungal 

infection like candidiasis [203], among others. In situ sustained-release antibiotic 

delivery systems can ensure the release of the drug in the desired place of action. 

Delivery systems can maintain therapeutically effective drug levels at the possible 

infection site, minimising systemic side effects while effectively localising and 

decreasing  the infection level [204].

48 Bone resorption is the gradual loss or breakdown of the bone tissue that was implanted, leading to 
weakening or failure of the graft.
49 A condition characterised by an abnormal accumulation of cerebrospinal fluid within the brain’s 
ventricles.
50 Swelling of brain tissue caused by the accumulation of excess fluid.
51 A fluid-filled cavity, typically resulting from trauma or surgery.
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Infection remains a major reason for complications following cranioplasty, particularly 

when bioinert implants such as PEEK are used. Bioinert materials lack intrinsic 

antibacterial properties and may promote bacterial adhesion and biofilm formation. To 

mitigate this risk, diverse antimicrobial strategies have been developed to functionalise 

the surfaces of bioinert implants. These strategies can be broadly categorised into eight 

types; drug-loaded surface, noble metal-implanted surface52, polymer-functionalised 

surface53, anodised/oxidised/ion-implanted surface54, UV-activatable surface55, 

nanoscale surface56, nitride surface57, and antimicrobial peptides surface58 [205].

The incorporation of drugs into/onto PEEK remains challenging due to its chemical 

inertness, hydrophobicity, high crystallinity, and non-porous structure. Additionally, 

the high melting temperature of PEEK (>220 ℃) precludes melt-based loading without 

drug decomposition, consequentially forcing the drug-loading of PEEK to be carried 

out after 3D printing. To overcome these challenges, the surface of PEEK after 3D 

printing can be modified by plasma treatment59, sulphonation, or acid etching60 to 

increase the surface affinity towards osseointegration, drug molecules and various 

coatings [206]. Various surface modifications of PEEK have been carried out to create 

an antibiotic sustained-release system [207-210] and to enhance osseointegration [153, 

207, 209, 210]. However, there has been little focus on the potential alteration of the 

polymer’s mechanical properties, which could result from drug-polymer interactions, 

changes in the amorphous-to-crystalline ratio, the influence of auxiliary materials such 

as solvents, or variations in coating thickness, etc. For instance, it has been 

52 Involves embedding noble metals such as silver into the surface to exert bactericidal effects.
53 Utilises antimicrobial polymer coating such as chitosan and polyethylene glycol to resist bacterial 
adhesion.
54 Modified with bioactive ions (e.g., Zn, F, Cu) via anodic oxidation or implantation to enhance 
antibacterial activity through ion release.
55 Coated with photocatalytic materials (e.g., TiO2) that, upon ultraviolet light exposure, generate 
reactive oxygen species that kill bacteria.
56 Engineered with nanostructures or nanoparticles (e.g., Ag) to enhance antimicrobial activity.
57 Modified with nitride compounds (e.g., TiN), which may exhibit antibacterial properties by reducing 
bacterial adhesion through low surface reactivity.
58 Functionalised with covalently bound peptides (e.g., GL13K) that disrupt bacterial membranes, 
inhibit biofilm formation, and offer broad-spectrum antimicrobial activity.
59 Plasma treatment is a surface modification technique that uses ionised gas (plasma) to alter the 
surface properties.
60 Acid etching is a surface treatment method where strong acids are applied to chemically roughen 
and modify the surface.
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demonstrated that the thickness of the cranial implant influences the mechanical 

performance of the implant-skull system [54].

As discussed earlier, replacing long-term systemic antibiotic use – associated with 

complications such as toxicity and resistance – with sustained-release antimicrobial-

loaded implants is highly desirable. While drug-loading is one of the most effective 

strategies, its clinical efficacy is often limited due to the rapid burst release of antibiotics 

[211-213] which can evoke bacterial resistance. Furthermore, the onset of post-

cranioplasty infection has been reported up to 174 days post-surgery, with a median 

onset at 24 days [214], highlighting the need for antimicrobial strategies with long 

duration of efficacy. This sets an additional limitation to the clinical efficacy of drug-

loaded implants due to the rapid decline of antibiotic release (e.g., amikacin, 

amoxicillin, cefazolin, cephalothin, gentamicin, minocycline, tetracycline, tobramycin, 

and vancomycin)61 below the minimal inhibitory concentration62 within days [205, 211, 

212, 215, 216]. A possible solution might involve the development of interactive 

implant surfaces capable of pH-dependent or infection-triggered drug release.

Direct soaking63 of unmodified PEEK in antibiotic solutions typically results in poor 

drug loading [217, 218]. To overcome this, a variety of coating techniques – applied 

with or without surface modification – have been investigated. These vary in both the 

choice of antibiotic and the application method [207-209]. For example, natural 

antibacterial totarol64 coating has been successfully applied on FFF 3D-printed PEEK 

implant surface [219]. Bioactive composite coatings such as hydroxyapatite-silica65 can 

be applied via spin-spray-coating66 to enhance osseointegration [220]. Alternatively, 

rod-like ZnO nanoarrays can be grown on the PEEK surface (covered with layers of 

61 Aminoglycosides – Amikacin, Gentamicin, Tobramycin. β-lactams – Amoxicillin (penicillin class), 
Cefazolin (1st gen. cephalosporin), Cephalothin (1st gen. cephalosporin). Tetracyclines – Minocycline 
(semisynthetic), Tetracycline (natural). Glycopeptide – Vancomycin.
62 The lowest concentration of an antimicrobial agent that prevents visible growth of a microorganism 
after a specified incubation period.
63 A surface modification method where implant materials are immersed in antimicrobial solutions to 
enable passive drug adsorption onto the surface.
64 A natural diterpenoid phenol extracted from the heartwood of Podocarpus totara and related 
species, known for its broad-spectrum antibacterial and antioxidant properties.
65 A composite biomaterial combining hydroxyapatite and silica, enhancing bioactivity and mechanical 
strength in implants.
66 A surface modification technique where a liquid coating is sprayed onto a spinning substrate for 
uniform thin-film deposition.
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TiO2) to enable direct absorption of antibiotic agents for antimicrobial functionality 

[208].

Sustained-release antibacterial coatings have been demonstrated on PDA-modified 

PEEK – prepared via soaking – by loading them with combinations, such as 

carboxymethyl chitosan – minocycline [221], chondroitin sulphate – levofloxacin 

[222], and osteogenic growth peptide - moxifloxacin hydrochloride in which case the 

PEEK surface was additionally modified by sulphonation67 [207]. Dip coating the 

PEEK surface was demonstrated with ampicillin and vancomycin which were 

previously mixed with a binder (i.e. poly lactic-co-glycolic acid) [223].

Although drug release profiles and antimicrobial efficacy are frequently reported, the 

effects of such surface modifications on the mechanical and physical properties of 

PEEK have been either minimally investigated or remain entirely unexplored. This 

represents a critical gap in the literature, particularly considering the mechanical 

demands of cranial implants.

In situ sustained-release antibiotic delivery in cranioplasty can be broadly classified 

into three categories: release from the bulk material, release from surface coatings, and 

release from porous surface fillings. Although incorporating drugs directly into the bulk 

of PEEK is not feasible, drug loading into a post-processed porous surface or into 

applied surface coatings remain promising. Because of the novelty of in situ antibiotic 

release strategies for PEEK cranial implants and the limited available data, insights can 

be drawn from established orthopaedic practice. One such example is CERAMENT® 

BONE VOID FILLER, developed by BoneSupport (Sweden), a biphasic injectable 

composed of 40% HA and 60% calcium sulphate with a liquid component forming a 

paste. This product has been shown to be a viable alternate to autografts and allografts 

for the treatment of solid benign tumours and bone cysts in both animals and human 

patients [224-226]. Two antibiotics have been incorporated into this paste, namely 

gentamycin (CERAMENT® G) and vancomycin (CERAMENT® V), which were 

evaluated via drug release in patients with hip fracture [227, 228]. The drug release was 

governed by microporosity, diffusion and dissolution, reaching local concentrations 

500 times greater than the MIC (2 mg/L for vancomycin, 4 mg/L for gentamycin) 

67 A chemical surface modification technique that introduces sulphonic acid groups onto implant 
materials, enhancing surface hydrophilicity, chemical reactivity, and increasing surface porosity to 
promote better bone integration.
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during the first six hours post-surgery, and 200 times greater for at least 60 hours with 

probable effective levels above the MIC sustained for weeks. Importantly, systemic 

concentrations remained below toxic thresholds at all times (below the MIC). 

Furthermore, various ceramic biocomposites as biodegradable antibiotic carriers in the 

treatment of bone infections were compared, and CERAMENT® G was reported with 

one of the lowest infection recurrence (4/100) and the lowest wound leak rate (4%) 

[229]. Translating such approaches to cranioplasty, coating PEEK cranial implants with 

similar biphasic mixtures could provide effective local antimicrobial protection. 

However, these systems remain relatively uncontrolled, with limited flexibility to adapt 

antibiotic release kinetics to the variable timelines of cranial bone healing, particularly 

beyond the initial burst phase. To address this, emerging biomaterials research is 

exploring more sophisticated strategies for in situ antibiotic delivery systems. Stimuli-

responsive hydrogel systems have gained traction because of their injectability, 

conformability, and the possibility to achieve spatiotemporally tunable release profiles 

[230, 231]. Such systems can be engineered to respond to microenvironmental cues 

such as pH shifts, enzymatic activity, or bacterial metabolites, enabling “on-demand” 

release of antibiotics when infection risk is highest. For example, these hydrogels could 

be integrated into sulphonated porous PEEK surfaces or applied as functionalised 

coatings. While this strategy may reduce unnecessary exposure and preserve antibiotic 

efficacy, an open question remains regarding the fate of unreleased antibiotics if 

complete release does not happen. Ideally, hydrogel carriers should be engineered to 

degrade over time to ensure that any residual antibiotic does not remain trapped within 

the implant interface.

3.8. Sterilisation

Prior to cranioplasty, cranial implants must undergo sterilisation to prevent 

postoperative infections. Commonly used methods include chemical sterilisation using 

ethylene oxide, gamma irradiation, and steam sterilisation via autoclaving. Other 

techniques under investigation include hydrogen peroxide gas plasma, peracetic acid, 

ozone treatment, and electron beam sterilisation [232, 233]. Different materials respond 

differently to these methods depending on their thermal, chemical, and structural 

properties, so the selection of the sterilisation technique must be matched to the implant 

material. For instance, clinically applied 3D-printed PEEK cranial implants have been 

successfully sterilised using ethylene oxide and steam autoclaving [51]. Due to PEEK’s 
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high thermal stability and excellent chemical resistance, it tolerates autoclaving 

conditions well – typically performed at 121 ℃ or 134 ℃ and approximately 2 or 3 bar 

pressure, respectively [232] – with clinically acceptable accuracy of under 1.00 mm 

dimensional deformation [62]. Furthermore, PEEK has demonstrated exceptional 

resistance to radiation, withstanding gamma and electron beam exposure up to 600 kGy 

[194, 234], making it a viable candidate for these sterilisation methods as well. While 

the type of sterilisation is important, the number of sterilisation cycles should also be 

considered. For instance, it has been demonstrated that multiple steam sterilisation of 

3D-printed surgical items may lead to the statistical divergence of important mechanical 

properties such as, the hardness and Young’s modulus [235].

Sterilisation is typically the final post-processing step before a cranial implant is 

surgically implanted. However, the emergence of antimicrobial and antibiotic coatings 

for PEEK implants introduces a challenge, as many of these coatings are sensitive to 

heat, radiation, or chemicals used in conventional sterilisation processes. To address 

this, some studies have applied coatings under aseptic conditions following implant 

sterilisation [209], thereby avoiding a second sterilisation step that might degrade the 

coating. An alternative approach could involve the development of sterilisation-

compatible, drug-loaded formulations, in which antibiotics are embedded within heat-

stable or radiation-resistant matrices – allowing antimicrobial functionality to be 

retained following sterilisation. Despite this, many publications do not specify whether, 

or how, the coated implants were sterilised prior to in vivo application, which presents 

a translational limitation. Ensuring coating efficacy while maintaining sterility remains 

a critical hurdle in the clinical adoption of antibiotic-coated PEEK cranial implants.

3.9. Outlook and Future Perspectives

With herein described properties for PEEK cranial implants, being characterised and 

tested throughout the whole production line into being a potential candidate for human 

use, other new ideas for functionalisation of PEEK keep emerging as we speak. 

Osteogenic properties may e.g., be enhanced by a substitution of PEEK and fluorine 

gas resulting in a fluorinated PEEK surface, possibly replicating a since long used 

technique with hydrofluoric acid etching of dental implants [236, 237]. Altered 

properties of the PEEK implant may serve as a ground structure for new tissue 

engineering initiatives. The combination of materials with PEEK is an exciting and 
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promising way forward to functional materials as shown in a recent paper where the 

metatarsophalangeal joint of the foot was addressed [238]. Ultrahigh-molecular-weight 

polyethylene (UHMWPE) was combined with hyaluronic acid into a 3D-printed PEEK 

scaffold. In this potential small prosthesis, wear problem was addressed as the constant 

lubrication from emerging hyaluronic acid within the UHMWPE matrix onto the 

surface of the prosthesis joint. This example serves a fine example where additive 

manufacturing of PEEK implants may come to be important in the future of 

reconstructive medicine.

Looking ahead, the development of PEEK-based cranial implants is moving beyond 

simply replicating the mechanical properties to the skull. The key challenge – and 

opportunity – lies in designing implants that actively interact with the biological 

environment, supporting bone regeneration, reducing the risk of infection, and 

responding to changes in the patient’s skull over time. Future implants are expected to 

integrate multiple surface engineering strategies, such as micro- and nano-scale 

texturing via laser or chemical treatments combined with plasma-induced chemical 

functionalisation. This approach could make implants to be both mechanically 

compatible and biologically active, providing surfaces that facilitate cell adhesion, 

proliferation, and tissue integration.

Antimicrobial strategies will also be an important consideration. Conventional drug-

loaded implants often release antibiotics too rapidly, leaving patients at risk of infection 

once local concentrations decline. Next-generation implants may include responsive 

coatings that release antibiotics in a controlled manner in response to specific infection-

related cues, such as changes in pH or bacterial metabolites. When combined with 

osteoinductive coatings, like hydroxyapatite or bioactive peptides, these implants could 

simultaneously promote bone growth and limit infection.

Another promising direction is the use of advanced monitoring and predictive tools. 

High-resolution imaging, surface chemistry analysis, and computational modelling can 

guide the design of implants tailored to each patient’s specific skull anatomy and 

mechanical environment. Over time, such strategies may allow implants to better 

accommodate post-surgical bone remodelling or age-related changes, moving closer to 

truly personalised cranial reconstruction.
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For these innovations to be translated successfully into clinical practice, 

functionalisation methods must be compatible with sterilisation and long-term storage, 

and coatings must remain stable over the implant’s lifetime. Addressing these 

challenges could result in cranial implants that are not only mechanically reliable but 

also biologically active, capable of supporting tissue integration, reducing infection 

risk, and assisting in the healing process. The convergence of surface engineering, 

biomaterials science, and responsive drug-delivery systems points to a new generation 

of cranial implants that go beyond structural restoration, offering active support for 

patient recovery.

Conclusion

Developing cranial implants that combine favourable antimicrobial release with 

optimal mechanical performance represents a highly promising avenue for treating 

cranial bone defects and infections. Although, to date, no clinical cases of cranioplasty 

using such multifunctional PEEK implants have been reported, current research 

highlights their strong potential.

This review underscores the crucial importance of matching the mechanical and 

physical properties of cranial implants to those of cranial bone and surrounding soft 

tissues, as mismatches can lead to stress concentrations, implant failure, or impaired 

healing. A persistent limitation in the field is the frequent comparison of FDM 3D-

printed PEEK cranial implant properties with those of femoral cortical bone rather than 

cranial cortical bone – primarily due to the scarcity of comprehensive cranial bone data. 

Given that femoral bone differs markedly in structure and loading behaviour, future 

studies should prioritise region-specific mechanical characterisation of cranial bone.

Even when cranial bone properties are used for comparison, they are typically averaged 

across the cranial vault or derived from unspecified regions, overlooking significant 

regional variations in mechanical characteristics.

Furthermore, while extensive research has investigated how FDM printing parameters 

influence PEEK’s mechanical properties, key knowledge gaps remain – particularly 

across less-studied parameter combinations and printer-specific variations. Similarly, 

the mechanical implications of surface modification and drug-loading strategies remain 

insufficiently explored.
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Future work should therefore focus on:

• Comprehensive, region-resolved mapping of cranial bone mechanics;

• Systematic evaluation of how FDM parameters affect PEEK’s anisotropy and 

reproducibility;

• Mechanical and physicochemical testing of surface-modified and drug-loaded 

PEEK implants;

• Integration of adaptive and multifunctional design principles, including smart 

antimicrobial coatings and osteoinductive surface.

Addressing these gaps will advance PEEK-based cranioplasty from structural repair 

toward bioactive, patient-specific reconstruction – a key step in the evolution of 

personalised, regenerative cranial implants.
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