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A B S T R A C T

This study introduces Amanita, a pioneering bionic design for a fully 3D-printed cranial implant made of 
polyether-ether-ketone (PEEK) functionalized with bioactive glass granules. The mechanical integrity of cranial 
implants is crucial for effective brain protection. The primary aim was to evaluate the mechanical resistance of 
this innovative implant to validate its functionality for cranial protection. We employed a standardized 
biomechanical testing protocol to assess the mechanical properties of the Amanita implants. The implants were 
subjected to impact forces that simulated real-life blunt trauma scenarios to test their performance under stress. 
The Amanita implants exhibited significant resilience under compressive forces, withstanding over 100 N at a 2 
mm deflection and effectively absorbing more than 1000 mJ at a 6 mm deflection. Furthermore, these implants 
maintained structural integrity without catastrophic failure at deflections up to 10 mm. The findings validate the 
design and manufacturing approach of the Amanita implants, demonstrating their potential for clinical use in 
cranioplasty. The implants showed adequate impact resistance, potentially lowering the risk of injury from 
falling objects or blunt trauma. Additionally, the adoption of additive manufacturing techniques enables the 
production of these implants on-site at hospitals, promoting socially and environmentally sustainable healthcare 
solutions.

1. Introduction

Cranioplasty, an established surgical procedure aimed at the recon
struction of cranial defects typically resulting from trauma, tumor re
sections, infections, or congenital anomalies (Aydin et al., 2011; Mah 
and Kass, 2016). This procedure restores brain protection and addresses 
aesthetic outcomes. The durability of implants is critical to prevent 
breakage from impacts (Jaberi et al., 2013; Di Cosmo et al., 2025). 
Moreover, a major concern is the risk of infection (De Bonis et al., 2012; 
Khalid et al., 2022; Magni et al., 2024), highlighting the importance of 
selecting appropriate materials and designs to reduce this risk 
(Kauke-Navarro et al., 2024).

While additive manufacturing (AM) is well-established for creating 
patient-specific implants (PSIs), particularly in cranial reconstructions, 
where simple geometries are prevalent, its capabilities extend signifi
cantly beyond these applications (Pöppe, Johannes P. et al., 2024). AM 
allows for the fabrication of structurally complex implants and the 
integration of diverse materials. This technique has been effectively 
employed in fields such as orthopedics and dental implantology, where 
multifaceted designs and material composites are used to enhance 
functionality and biocompatibility (Cong and Zhang, 2025). Such 
advanced applications of AM have not yet been fully utilized in the 
development of cranioplasty implants, presenting a promising area for 
innovative research and application. The adoption of bionic designs in 
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cranioplasty implants, however, remains underexplored and represents 
a promising area for innovative research and application (Sharma et al., 
2021b).

In this work, we present a concept for a cranial implant that in
tegrates bionic principles and AM, using a combination of PEEK 
(Punchak et al., 2017; Van De Vijfeijken et al., 2018; Zhang et al., 2018; 
Sun et al., 2022) and bioactive glass S53P4 (BAG). The design aims to 
provide mechanical strength and biological integrity with soft tissues 
(Miguez-Pacheco et al., 2015; Zhao et al., 2008) and bone (Lindfors 
et al., 2010b; Välimäki and Aro, 2006), with the potential for antibac
terial properties attributed to the BAG (Lindfors et al., 2010a; Munukka 
et al., 2008). However, this paper focuses primarily on the mechanical 
properties of the design. Additionally, our manufacturing process is 
designed to be material-efficient, printing the implant flat and shaping it 
post-production, which may reduce both time and costs.

2. Materials and methods

2.1. Predicate devices

The primary predicate device was Glace (Skulle Implants Oy, 
Finland), a glass-fibre reinforced composite pouch consisting of lami
nated layers of woven glass fibre fabrics embedded in a bisphenol A 
glycidyl methacrylate (BisGMA)–triethylene glycol dimethacrylate 
(TEGDMA) matrix (Aitasalo et al., 2014). The implant features an 
impervious outer surface interfacing with the skin and a porous inner 
surface interfacing with the dura. The pouch is filled with BAG granules 
to enhance osteointegration (Piitulainen et al., 2017; Vallittu et al., 

2020). Another predicate device was OSSDESGN cranial implant 
(OssDsign AB, OSSDSIGN Cranial PSI, (510(k))., 2021), which in
corporates a unique design with a 3D-printed titanium skeleton 
embedded within calcium phosphate (CaP) ceramic tiles Persson et al. 
(2018); (OssDsign AB, OSSDSIGN Cranial PSI, (510(k))., 2021). Both 
devices, functionalized with BAG and CaP respectively, are onlay types 
and have a substantial history of clinical use, making them relevant 
benchmarks in this study. Moreover, both devices are expected to 
exhibit antibacterial properties due to the well-documented efficacy of 
BAG and the potential for doping CaP with antibiotics, as described by 
Sundholm et al. (Sundblom et al., 2019)

2.2. Design and methodology

Implant Design Overview: The Amanita cranial implant is an “on- 
lay” type that covers both the bone defect and a strip of adjacent cranial 
bone. It combines AM techniques and material science, featuring a bi
onic design inspired by the Amanita mushroom. This design mimics the 
mushroom’s curved cap and spotted pattern, which enhances its func
tionality and aesthetic appeal. The implant facilitates ease of use for 
surgeons and integrates aesthetically with patient anatomy.

Mechanical Design: The implant includes a lattice structure with 
BAG granules, providing structural integrity and impact dissipation 
(Fig. 1A). The hexagonal Truchet pattern, arranged at a 60-degree angle, 
reduces rigidity and allows for shaping flexibility (Fig. 1B). It also in
cludes 12 screw holes for secure fixation and is adaptable to both 
standard and patient-specific variations (Fig. 1C).

Manufacturing Process: Produced through 3D printing in a flat 

Fig. 1. Design and dimensions of the Amanita implant: A) Design of the implant based on the underlying lattice; B) The lattice design features a pattern of circles 
arranged at a 60-degree angle. When modeled as a hexagonal Truchet pattern these circles can be merged to form clusters of up to four circles (adapted from Kulkova, 
2023); C) Dimensions and arrangements for screw fixation, tested with screws fixed in three configurations: ’12’ - all holes used, and alternately in two patterns, ’6 
odd’ (1, 3, 5, 7, 9, 11) and ’6 even’ (2, 4, 6, 8, 10, 12), with the other holes left empty.
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configuration, the implant undergoes post-production shaping through a 
specialized forming process. This approach supports rapid custom
ization to fit various cranial shapes and reduces manufacturing time and 
material use.

Biological Performance: The lattice design enhances mechanical 
strength while promoting biological integration. BAG granules are 
incorporated within the cavities of the lattice and are secured by the 
mesh at the outer surface of the implant (Fig. 1). Unlike the Glace im
plants, Amanita implants are designed to isolate BAG granules from the 
dura, interfacing instead with the skin flap through a meshed outer 
surface. This arrangement is intended to promote the integration of soft 
tissues into the implant (Zhao et al., 2008), potentially facilitating 
attachment to the vascularized tissue flap. Additionally, considering that 
the primary route of infection, such as in surgical site infections, typi
cally originates from the outer surface that interfaces with the skin and 
not the side facing the dura and brain, strategically exposing BAG 
granules on the skin-facing side may offer greater benefits. The 
osteointegration potential of PEEK doped with biphasic calcium phos
phate (Evonic CaP-Loaded Vestakeep) could enhance the osteo
conductive properties of Amanita implants. The design’s potential for 
better soft tissue integration remains to be empirically verified.

Design Aesthetics and Functionality: Reflecting natural forms, the 
bionic design of the Amanita implant is tailored to merge functionality 
with aesthetics. The flexibility to adapt from flat to curved forms mirrors 
the natural variability found in mushroom caps. This approach focuses 
on patient aesthetics and simplifies surgical procedures, blending nat
ural inspiration with medical functionality.

Development Stages: In the first stage, the mechanical properties of 
3D-printed PEEK specimens were evaluated through three-point 
bending tests to establish parameters for simulation models in Finite 
Element Analysis (FEA). These tests were then simulated using FEA to 
develop a working model for subsequent simulations of actual implant 
shapes. In the second phase, FEA was utilized to screen potential 
Amanita implant designs by simulating their performance under impact 
conditions. In the third phase, once a single implant design was selected, 
it was 3D-printed and underwent physical mechanical testing.

2.3. Assessment of mechanical properties for FEA

Mechanical properties of 3D-printed PEEK specimens were evaluated 
in three-point bending tests, following the standards outlined in ISO 
178:2019. Specimens, measuring 65 mm in length, 10 mm in width, and 
3.3 mm in thickness, were 3D-printed using Apium P220 3D printer 
(Apium Additive Technologies GmbH, Germany), equipped with a 0.2 
mm nozzle, utilizing PEEK filament (Evonik), and layer thickness at 0.1 
mm. During printing, the filament was maintained at 120 ◦C in a fila
ment dryer.

Two types of specimens (N = 5 for each type) were tested: one with a 
completely solid structure and another featuring a 65 % grid infill 
pattern, intended to mimic the implant’s mesh structure. The grid infill 
consisted of intersecting lines at 90◦ to each other. A universal me
chanical testing machine (Lloyd Instruments, UK) was used for testing. 
The specimens were positioned with a span of 50 mm between supports 
with the loading applied at a speed of 1 mm/min. Load-deflection curves 
were subsequently used to inform FEA parameters.

2.4. Screening of Amanita implant designs by FEA

Three-point bending tests were recreated in SolidWorks (Dassault 
Systèmes). In this simulation, mechanical properties and settings 
derived from physical tests were applied, including a bending modulus 
of 2900 MPa for solid PEEK and 800 MPa for grid-infilled PEEK, com
plemented by a Poisson’s ratio of 0.4, aligning with values reported in 
recent studies (Liaw et al., 2021; Wang et al., 2021). These parameters 
were assumed to be linear elastic and isotropic as validated by previous 
research (Huys et al., 2021).

Four implant designs were selected for screening as illustrated in 
Fig. 2: Solid PEEK, a uniformly solid structure; Amanita O, featuring a 
lattice of cavities; Amanita I, incorporating a transverse reinforcing 
element; and Amanita X, which included two cross-linked diagonal 
reinforcing elements. All reinforcing elements were comprised of solid 
PEEK. The implant designs were based on the kidney-shaped design 
introduced by Piitulainen et al. (2017) to allow direct comparison to 
their data. The Amanita designs were created using Rhinoceros 7 CAD 
software (Robert McNeel & Associates, USA) with parametrization by 
Grasshopper for their implementation as PSIs.

FEA was performed to simulate the mechanical test described by 
Piitulainen et al. (2017) by applying a static load perpendicular to a 30 
mm-diameter circular area at the implant’s geometric centre, simpli
fying real-life scenarios. Essentially, this test is similar to the FEA setup 
used by Persson et al. (2018). Screw fixation configurations were also 
evaluated, with implants featuring 12 screw holes arranged like a clock 
face. Configurations tested included all 12 screws, and two alternating 
patterns using 6 screws each: ‘6 odd’ (1, 3, 5, 7, 9, 11) and ‘6 even’ (2, 4, 
6, 8, 10, 12). The goal was to identify a design that performed well, 
regardless of the screw fixation pattern. The yield stress for PEEK was set 
at 94 MPa (Evonic Vestakeep I4).

2.5. Mechanical testing of Amanita implants

The implants were 3D-printed using the equipment materials 
described above for printing the specimens. The printing process, per
formed layer by layer, started from the meshed outer surface of the 
implant that interfaces with the skin, progressing towards the inner 
surface interfacing with the dura. After printing the lattice structure, the 
process was paused and BAG granules (S53P4, fraction 300–500 μm, 
BonAlive Biomaterials Oy, Finland) were inserted into the cavities using 
a purpose-made tool. Printing was resumed to create a solid PEEK bar
rier between the BAG granules and the inner surface of the implant. 
Subsequently, the implants underwent post-treatment at 150 ◦C to 
achieve spatial shaping into the desired 3D curvatures.

Mechanical testing followed the protocol and equipment outlined by 
Piitulainen et al. (2017), facilitating direct comparison with the study’s 
findings. Amanita implant was directly compared with glass-fibre rein
forced Glace implants. Amanita X implants (N = 5) were secured with six 
screws to a custom aluminum jig replicating a typical cranial defect and 
subjected to compression at a constant speed of 1 mm/min using a 
universal testing machine (LR30K, Lloyd Instruments Ltd, UK). Force 
measurements were recorded up to a 10-mm deflection across five 
samples. Compressive force and energy absorption were calculated from 
the force-deflection curves using Origin 2016 (OriginLab Corp., USA). 
Statistical analysis was conducted with IBM SPSS Statistics v26, starting 
with a Kolmogorov-Smirnov test for normal distribution, followed by an 
ANOVA and Tukey post-hoc test to compare results with those of by 
Piitulainen et al. (2017), considering a significance level of P < 0.05.

3. Results

3.1. Screening of Amanita implant designs by FEA

Based on FEA analysis, Amanita X was selected for implementation 
in physical form for actual mechanical testing due its lower sensitivity to 
variations in screw fixation patterns and its ability to withstand loads up 
to 300 N without exceeding the yield stress of PEEK. Fig. 3 shows the von 
Mises stress distribution for different Amanita designs under a 300 N 
load, highlighting non-uniform stress distribution with areas of high 
stress concentration that could precipitate failure. Fig. 4 presents graphs 
of maximum von Mises stress and strain against loads ranging from 100 
N to 400 N. Under a 300 N load, Amanita O and Amanita I exhibited 
potential failure points in ’6 even’ and ’12′ screw configurations, while 
Amanita X maintained structural integrity. Notably, ’6 even’ configu
rations showed higher stresses and strains compared to ’6 odd’ and ’12′, 
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Fig. 2. Four implant designs selected for screening: A) Solid PEEK; B) Amanita O with a lattice of cavities; C) Amanita I with a lattice of cavities with a transverse 
reinforcing element; D) Amanita X with a lattice of cavities with two cross-linked diagonal reinforcing elements.

Fig. 3. von Mises stress patterns for various Amanita implant designs under a load of 300 N tested with screws fixed in three configurations. The mesh on the outer 
surface of the implant is not shown for clarity.
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Fig. 4. Maximal von Mises stress and strain as functions of the applied load.

Fig. 5. Compressive testing of Amanita implants. A) Prior to the test, B) Plunger penetrating the surface to a displacement of 10 mm and C) View of the implant after 
the removal of the plunger.
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influenced by screw positioning and implant geometry.

3.2. Mechanical testing of Amanita implants

The mechanical performance of the novel Amanita implants was 
analyzed and compared with Piitulainen et al.’s study, which evaluated 
the equivalents of glass-fibre reinforced Glace implants, specifically 
focusing on their Group 4 due to its identical experimental setup to ours 
and thus serving as a control group in our study. However, we extended 
the analysis beyond the original scope to include energy absorption 
alongside compressive force, measuring both at incremental 1 mm de
flections up to 6 mm.

During testing, the Amanita implants exhibited partial delamination 
at a 10 mm deflection; however, this did neither result in catastrophic 
failure of the implant nor the escape of the bioactive glass granules from 
the cavities Fig. 5 provides a visual illustration of Amanita implants 
under compression testing. The compressive force results are repre
sented in Fig. 6 using a boxplot, a standardized method of displaying 
data distribution.

Following the confirmation of a normal distribution through the 
Kolmogorov-Smirnov test, the data was evaluated using a parametric 
ANOVA test. Statistically significant differences between the data from 
Piitulainen et al. and the data for the Amanita implants were observed at 
2 mm (P = 0.048), 3 mm (P < 0.001), 4 mm (P < 0.001), 5 mm (P <
0.001), and 6 mm (P < 0.001) deflection steps.

The same approach was applied to assess absorbed energy, with re
sults represented in Fig. 7 in a boxplot format. Following the affirmation 
of a normal data distribution by the Kolmogorov-Smirnov test, a para
metric ANOVA test was performed. This test revealed statistically sig
nificant differences between the Glace implants and the Amanita 
implants at 3 mm (P < 0.026), 4 mm (P < 0.001), 5 mm (P < 0.001), and 
6 mm (P < 0.001) deflection steps.

4. Discussion

The primary objective of this study was to introduce a design of a 
novel cranial implant that incorporates bionic principles and AM uti
lizing a combination of PEEK and S53P4 bioactive glass. This integration 
aimed to combine durability, antibacterial properties, and on-site 
manufacturing capabilities within a single device. From a mechanical 
standpoint, Amanita implants demonstrated the ability to withstand 
considerable compressive forces and absorb significant energy before 
failure. These properties meet the essential requirements for patient 

safety and effectiveness in cranial reconstructive surgery, as assessed 
from regulatory, biomechanical, and comparative implant perspectives.

Mechanical testing is a crucial part of the implant certification pro
cess, as per the regulations of health authorities. Frequently, a pre- 
existing or ’predicate’ device is used as a benchmark to certify a new 
device, a process commonly seen in regulatory pathways like the 510(k) 
clearance with U.S. Food and Drug Administration (FDA). For example, 
OSSDSIGN Cranial PSI successfully passed FDA certification, assessing 
its ability to withstand dynamic loads, resist high forces, absorb sub
stantial energy, and maintain shape under force (OssDsign AB, OSSD
SIGN Cranial PSI, (510(k))., 2021).

The Maximum Force Test required the PSI to endure forces greater 
than 100 N, simulating protection against impacts like falling objects 
and blunt trauma. The Energy Absorption Test demonstrated the PSI’s 
ability to absorb more than 1000 mJ of energy before failure, offering 
another measure of protective capacity. The Resistance to Deformation 
Test assessed the PSI’s structural integrity, allowing no more than 6 mm 
deformation under a force of 100 N. These benchmarks were integral to 
our study.

The compressive testing results show that Amanita implants can 
withstand compressive forces exceeding 100 N at a 2 mm deflection, and 
over 200 N at a 3 mm deflection. Despite early signs of delamination at a 
3 mm deflection, these implants did not fail catastrophically, even at a 
deflection of 10 mm. At 6 mm, Amanita implants are capable of 
absorbing more than 1000 mJ of energy, in accordance with the 
Maximum Force Test requirements described previously.

It is important to note that Piitulainen et al. did not originally 
perform calculations for energy absorption; this analysis was added by 
us, utilizing the available raw data as co-authors of the study. Both 
Amanita and the control Glace implants are “on-lay” types filled with 
BAG granules and underwent similar testing procedures. Given the 
extensive clinical use and successful implantation of over 2000 Glace 
implants, comparing them with Amanita is clinically relevant. The 
testing affirmed that Amanita implants withstand significantly higher 
compressive forces and absorb more energy than the control implants, 
starting from a deflection of 2 mm.

To understand the clinical relevance of our findings, we must 
consider previously reported force-deformation characteristics and en
ergy absorption measurements associated with human skulls and cranial 
implants from the literature. As per Van Lierde et al. (2003), the average 
values were 1975 ± 703 N for peak force, 4.17 ± 0.81 mm for maximum 
deformation, and 3.95 ± 1.18 J for absorbed energy to fracture, 
reflecting the natural variability in individual skulls. Amanita implants’ 

Fig. 6. Comparison of Amanita implants and control implants in terms of 
compressive force measured at 1 mm deflection step.

Fig. 7. Comparison of Amanita implants and control implants in terms of 
absorbed energy measured at 1 mm deflection step.

D. Coyle et al.                                                                                                                                                                                                                                   Journal of Cranio-Maxillo-Facial Surgery 53 (2025) 1647–1655 

1652 



performance metrics are within these ranges.
Ono et al. (1998) suggested that cranial implants should resist at 

least 200 N of force to prevent failure, a threshold our Amanita “on-lay” 
implants meet at a 3 mm deflection. However, this comparison must 
consider design differences, as Amanita “on-lay” implants, which cover 
the defect and adjacent bone, are structurally distinct from the “in-lay” 
hydroxyapatite implants of their study which fill the bone defect and 
receive less structural support. Additionally, “on-lay” implants are 
usually thinner (1–3 mm) than “in-lay” ones (3–6 mm), making direct 
mechanical testing comparisons potentially speculative.

Sharma et al. (Sharma et al., 2021a) tested mechanical properties of 
in-lay PEEK cranial implants, typically measuring 3–5 mm in thickness, 
produced with a 3D printer similar to ours. Their method involved a 
spherical plunger with a 10 mm diameter and resulted in catastrophic 
failure at 798.38 ± 211.45 N force and 2.54 ± 0.56 mm displacement. 
However, these results are not directly comparable to our Amanita 
implant data due to differences in implant types and test setups.

Berretta et al. (2018) conducted mechanical testing on “in-lay” PEEK 
cranial implants, fabricated using a high-temperature laser sintering 
additive manufacturing process in varied orientations. They used a 
testing setup similar to ours, albeit with a spherical plunger of unspec
ified diameter. The implant failure was observed at around 7 mm 
displacement, with force ranges from approximately 150 to 720 N 
depending on the manufacturing orientation. The force values at various 
displacements were observed to be around 25 N at 2 mm, 50 N at 3 mm, 
100 N at 4 mm, 150 N at 5 mm, and 280 N at 6 mm. The reported energy 
absorption prior to failure was roughly between 1200 and 2400 kJ, an 
amount that appears exceedingly high compared to typical requirements 
and may likely be a reporting error in the order of magnitude, possibly 
intended to be mJ instead of kJ. However, a direct comparison of these 
results with those of our Amanita implants isn’t feasible due to the 
differences in implant types and testing methodologies.

The statistical significance of the results suggested that the Amanita 
implants differed from the predicate implants tested in their ability to 
withstand compressive forces and absorb energy under experimental 
conditions.

We did yet not attempt complex FEA simulations as reported (Huys 
et al., 2021; Marcián et al., 2019; Moiduddin et al., 2023) our goal was 
screening, applying FEA in preliminary design stages for screening po
tential implant designs. It allows for rapid visualization of stress and 
strain distributions without the need for physical prototypes at every 
iteration. This aspect is crucial for eliminating designs that clearly do not 
meet mechanical requirements or optimizing configurations before 
expensive and time-consuming physical tests are conducted. One of the 
main challenges with FEA in this context is accurately simulating the 
complex interactions within a dynamic biological environment. An 
implant isn’t just a static object; it’s part of a system that includes the 
varied anatomy of human bone, the variability in surgical placement, 
and the mechanical interactions with fixation devices like screws. 
Moreover, the physical act of loading an implant during testing (e.g., 
with a plunger) introduces additional variables that are difficult to 
model accurately. These include interaction between the implant, 
screws, and jig during physical tests can lead to localized stresses that 
are hard to precisely replicate in FEA due to the complexities of accu
rately modelling contact forces and friction. There is a risk that the 
pursuit of perfectly aligned virtual and physical test results becomes an 
academic exercise, detracting from the goal of improving clinical out
comes. While academic exploration of these technologies is valuable, it 
is crucial to maintain a focus on their practical, clinical implications.

In critical applications, working strains must remain well below the 
yield point to ensure reliability and prevent plastic deformation. For 
PEEK, where yield stress of 94 MPa is close to its tensile strength of 94 
MPa, and stress at break of 76 MPa (Evonic Vestakeep I4), material 
failure may occur immediately upon exceeding these limits, as indicated 
by FEA analysis (Fig. 4). In Amanita cranial implants, however, high 
stresses and strains were localized at screw fixation points. This does not 

suggest catastrophic failure of the implant but rather localized failure at 
the screws, which is less critical and does not compromise the implant’s 
ability to protect the brain. This observation was corroborated by actual 
mechanical tests.

The X-shaped reinforcement (Fig. 3) improves load distribution and 
impact resistance, though its effectiveness depends on impact direction 
and location. FEA results also highlight the critical influence of screw 
fixation patterns on implant stability, offering valuable insights for cli
nicians regarding mechanical performance in cranial implants.

Trends in cranial reconstruction include on-site 3D printing of PSIs in 
hospitals (e.g., Skåne University Hospital, Sweden, and University 
Hospital Basel, Switzerland) (Ebel et al., 2023), bio-inspired generative 
design (Sharma et al., 2021b), designer biomaterials (Zadpoor, 2020; 
Elshazly et al., 2024), and automated implant reconstruction algorithms 
(Li et al., 2020). Amanita implants incorporate these advances with a 
bio-inspired, parametric design that supports on-site manufacturing and 
seamless integration with automated systems. The lattice structure 
(Fig. 3) plays a dual role: housing BAG and enhancing deformation 
under load, which aids impact absorption and ensures better compliance 
with cranial bones (Kulkova, 2023). A bio-inspired cranial implant 
structure, conceptually similar to ours, was reported by (Sharma et al., 
2021b). However, they faced significant challenges in extrusive printing 
of a spatial 3D structure, ultimately suggesting powder-based methods 
as more suitable (Sharma et al., 2021b). In contrast, our approach 
reverse engineers the 3D implant shape into a 2D form for flat printing, a 
method first proposed by the same group (Sharma et al., 2021c). This 
eliminates some of the reported challenges, facilitates the incorporation 
of BAG granules during printing, and allows reformation into the orig
inal 3D shape via adaptive moulding. This method is particularly 
effective for Amanita “on-lay” implants, which have higher tolerance 
margins than “in-lay” types. Examples of 3D-printed Amanita implants 
are shown in Fig. 8.

5. Conclusion

This study introduced the design of a novel cranial implant inte
grating bionic principles and AM with PEEK and S53P4 bioactive glass. 
The Amanita implants demonstrated promising mechanical perfor
mance, exceeding baseline requirements for patient safety and effec
tiveness in cranial reconstructive surgery, though further studies and 
clinical trials are needed to confirm their full potential.
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