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Additive manufacturing (AM) or three-dimensional (3D) printing is rapidly gaining 
acceptance in the healthcare sector. With the availability of low-cost desktop 3D printers and 
inexpensive materials, in-hospital or point-of-care (POC) manufacturing has gained 
considerable attention in personalized medicine. Material extrusion-based [Fused Filament 
Fabrication (FFF)] 3D printing of low-temperature thermoplastic polymer is the most 
commonly used 3D printing technology in hospitals due to its ease of operability and 
availability of low-cost machines. However, this technology has been limited to the 
production of anatomical biomodels, surgical guides, and prosthetic aids and has not yet been 
adopted into the mainstream production of patient-specific or customized implants.  
 
Polyetheretherketone (PEEK), a high-performance thermoplastic polymer, has been used 
mainly in reconstructive surgeries as a reliable alternative to other alloplastic materials to 
fabricate customized implants. With advancements in AM systems, prospects for customized 
3D printed surgical implants have emerged, increasing attention for POC manufacturing. A 
customized implant may be manufactured within few hours using 3D printing, allowing 
hospitals to become manufacturers. However, manufacturing customized implants in a 
hospital environment is challenging due to the number of actions necessary to design and 
fabricate the implants. 
 
The focus of this thesis relies on material extrusion-based 3D printing of PEEK patient-
specific implants (PSIs). The ambitious challenge was to bridge the performance gap between 
3D printing of PEEK PSIs for reconstructive surgery and the clinical applicability at the POC 
by taking advantage of recent developments in AM systems.  
 
The main reached milestones of this project include: 
(i) assessment of the fabrication feasibility of PEEK surgical implants using material 

extrusion-based 3D printing technology,  
(ii) incorporation of a digital clinical workflow for POC manufacturing,  
(iii) assessment of the clinical applicability of the POC manufactured patient-specific PEEK 

scaphoid prosthesis,  
(iv) visualization and quantification of the clinical reliability of the POC manufactured 

patient-specific PEEK cranial implants, and 
(v) assessment of the clinical performance of the POC manufactured porous patient-specific 

PEEK orbital implants. 
 
During this research work, under the first study, we could demonstrate the prospects of FFF 
3D printing technology for POC PEEK implant manufacturing. It was established that FFF 
3D printing of PEEK allows the construction of complex anatomical geometries which cannot 
be manufactured using other technologies. With a clinical digital workflow implementation at 
the POC, we could further illustrate a smoother integration and faster implant production 
(within two hours) potential for a complex-shaped, patented PEEK patient-specific scaphoid 
prosthesis.  
 
Our results revealed some key challenges during the FFF printing process, exploring the 
applicability of POC manufactured FFF 3D printed PEEK customized implants in craniofacial 



 
 

Summary 

iii 
 

reconstructions. It was demonstrated that optimal heat distribution around the cranial implants 
and heat management during the printing process are essential parameters that affect 
crystallinity, and thus the quality of the FFF 3D printed PEEK cranial implants. At this stage 
of the investigation, it was observed that the root mean square (RMS) values for dimensional 
accuracy revealed higher deviations in large-sized cranial prostheses with “horizontal lines” 
characteristics.  
 
Further optimization of the 3D printer, a layer-by-layer increment in the airflow temperature 
was done, which improved the performance of the FFF PEEK printing process for large-sized 
cranial implants. We then evaluated the potential clinical reliability of the POC manufactured 
3D printed PEEK PSIs for cranial reconstruction by quantitative assessment of geometric, 
morphological, and biomechanical characteristics. It was noticed that the 3D printed 
customized cranial implants had high dimensional accuracy and repeatability, displaying 
clinically acceptable morphologic similarity concerning fit and contours continuity. However, 
the tested cranial implants had variable peak load values with discrete fracture patterns from a 
biomechanical standpoint. The implants with the highest peak load had a strong bonding with 
uniform PEEK fusion and interlayer connectivity, while air gaps and infill fusion lines were 
observed in implants with the lowest strength. The results of this preclinical study were in line 
with the clinical applicability of cranial implants; however, the biomechanical attribute can be 
further improved. 
 
It was noticed that each patient-specific reconstructive implant required a different set of 
manufacturing parameters. This was ascertained by manufacturing a porous PEEK patient-
specific orbital implant. We evaluated the FFF 3D printed PEEK orbital mesh customized 
implants with a metric considering the design variants, biomechanical, and morphological 
parameters. We then studied the performance of the implants as a function of varying 
thicknesses and porous design constructs through a finite element (FE) based computational 
model and a decision matrix based statistical approach. The maximum stress values achieved 
in our results predicted the high durability of the implants. In all the implant profile 
configurations, the maximum deformation values were under one-tenth of a millimeter (mm) 
domain. The circular patterned design variant implant revealed the best performance score. 
The study further demonstrated that compounding multi-design computational analysis with 
3D printing can be beneficial for the optimal restoration of the orbital floor. 
 
In the framework of the current thesis, the potential clinical application of material extrusion-
based 3D printing for PEEK customized implants at the POC was demonstrated. We 
implemented clinical experience and engineering principles to generate a technical roadmap 
from preoperative medical imaging datasets to virtual surgical planning, computer-aided 
design models of various reconstructive implant variants, to the fabrication of PEEK PSIs 
using FFF 3D printing technology. The integration of 3D printing PEEK implants at the POC 
entails numerous benefits, including a collaborative team approach, quicker turnaround time 
of customized implants, support in pre-surgical and intraoperative planning, improved patient 
outcomes, and decreased overall healthcare cost. We believe that FFF 3D printing of 
customized PEEK implants could become an integral part of the hospitals and holds potential 
for various reconstructive surgery applications. 
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1.1 Background 

 
This chapter outlines the preliminary background information about additive manufacturing 
(AM), patient-specific implants (PSIs) in reconstructive surgery, and the concept of point-of-
care (POC) manufacturing. The area of the research is discussed, highlighting the relevance 
and aims of this study, followed by an outline of the remaining chapters of the thesis.   
 
Additive manufacturing – a disruptive innovation 
 
In 1750, John Hunter, a leading anatomist of the day, vividly depicted surgery as “a 
humiliating spectacle of the futility of science” and the surgeon as “a savage armed with a 
knife.” [1,2]. Today, due to technological and scientific discoveries, tremendous progress has 
been made in the healthcare sector, resulting in a revolution in surgical practices [3,4]. 
Medical technology has evolved dramatically in the last 30 years, from open procedures to 
minimally invasive surgery, from creating sophisticated prostheses to using high-tech 
simulations in training. The modern surgeon has a plethora of technological inventions at his 
disposal to achieve precise and predictable patient outcomes [5-9]. 
 
One of the innovations in digital medical technologies is AM, also known as three-
dimensional (3D) printing, which has emerged in recent decades and has the potential to 
transform the current era of personalized medicine [10-13]. The International Organization for 
Standardization (ISO) and the American Society for Testing and Materials (ASTM) define 
AM as “the process of joining materials to make parts from 3D model data, usually layer by 
layer, as opposed to subtractive and formative manufacturing methodologies [14]. Over the 
years, 3D printing has become an emergent and disruptive innovation influencing how 
surgeons treat their patients [15-20]. The term disruptive innovation was coined by Clayton 
Christensen and is defined as “a process through which an invention (product or service) that 
is viewed at the start of its life cycle as inferior in terms of appealing to the demands of an 
underserved consumer group becomes more and more appealing to mainstream customers 
over time, as a result of incremental improvements” [21-22].  
 
Since its inception in the late 1980s, 3D printing has grown robustly and significantly 
impacted the healthcare sector [23-25]. The key driving forces for AM, as opposed to 
subtractive manufacturing (in which 3D objects are formed by cutting, drilling, computer 
numerical control (CNC) milling, and machining that subtract material), were the ability to 
create complex geometric shapes with a high degree of functionality as well as the capacity to 
create highly customized solutions [26,27]. When reflecting on the course of AM in medicine, 
it becomes clear that at the start of its life cycle, AM was viewed as limiting owing to the high 
production lead times and manufacturing cost in contrast to traditional manufacturing [28]. 
However, as the processes and technology evolved, more cost-effective AM applications in 
medicine have emerged, notably in the last several years [29-31].  
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Patient-specific implants in reconstructive surgery 
 
Reconstructive surgeries are exceedingly challenging, even for the most experienced 
surgeons, due to the complexity, sensitivity, and uniqueness of the affected anatomical region 
[32-34]. Significant bone defects caused by a tumor, trauma, congenital abnormalities, or 
treatment of malunion or non-union need a multidisciplinary approach and represent one of 
the most demanding areas of reconstructive surgery [35,36]. Autografts are the gold standard 
for bone defect repair; however, these are frequently linked with unexpected resorption and 
donor site morbidity rate. Moreover, osteogenesis is hindered by immunogenic responses 
from the recipient host tissues when allografts are used [37-40]. On the other hand, pre- or 
intraoperative sculpting of alloplastic materials can be challenging, time-intensive, and 
increases the operative time, thereby restricting the utilization of these modalities [41-44].  
 
For surgeons to improve surgical outcomes and patient well-being, it is crucial to reconstruct 
the anatomical defect in the best possible method while minimizing the surgical exposure and 
duration of the intervention. The need to reconstruct the anatomical defect tailored to each 
patient’s anatomy has resulted in several medical advances and technological developments 
[45-47]. Clinicians have long sought to enhance surgical outcomes by using pre-fabricated 
implants in reconstructive operations. However, these implants provide only a limited number 
of alternatives for resolving patient-specific difficulties [48,49]. On the other hand, patient-
specific or customized implants are made to exactly match the patient’s anatomical 
abnormalities or deformities. These PSIs are driven by surgeons’ urgent need to address 
difficult reconstructive situations that require a one-of-a-kind patient-centric approach 
[50,51]. Compared to off-the-shelf and pre-fabricated implants, the use of PSIs provides 
greater precision, better site adaptability, and a shorter operating time [52-54]. 
 
Due to an array of limitations observed with metallic and ceramic biomaterials, more recently, 
the use of polymers as a viable alternative is being explored [55-57]. Among the various 
polymer alloplastic materials, polyetheretherketone (PEEK) has emerged as an attractive 
option for bone replacement purposes as orthopedic and load-bearing implants [58-60]. PEEK 
first became available for use in medical implants in 1998. Since then, extensive research has 
been carried out with its application in the craniomaxillofacial, spine, orthopedic, and trauma 
surgeries [61,62]. The biocompatibility of PEEK has also resulted in its use in sensitive 
anatomical locations like pacemaker housings and vertebral surgery as inter-body fusion cage 
implants [57,63]. Moreover, PEEK is radiolucent in x-rays imaging with no relevant artifacts, 
providing computed tomography (CT) and magnetic resonance imaging (MRI) compatibility 
[57-60,63,64]. 
 
Until now, PEEK customized implants are mainly manufactured by external MedTech 
companies using computer-aided design and computer-aided manufacturing (CAD/CAM) 
machining technologies like injection molding and, specifically, milling. This method is time-
consuming, expensive, and with substantial waste generation. Besides, this production method 
sometimes takes several weeks and requires numerous meetings between clinicians and 
biomedical engineers. Furthermore, the expenses related to the manufacturing of customized 
PEEK cranial implants are increasing the overall healthcare cost [65,66]. 
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Point-of-care additive manufacturing 
 
Healthcare demand and expenses grow each year due to various factors; in fact, global 
healthcare spending is projected to reach nearly $9 trillion by 2021 [67]. To address this, 
clinicians in the healthcare sector continue to seek quality-enhancing improvements for 
patient care at a reasonable cost. Today, the manufacturing industry is a vital partner, 
particularly promising potential centered on medical AM or 3D printing. AM advances had 
transformed the practice of modern medicine and established a vital position in the medical 
implant manufacturing sector when it coincided with a paradigm shift from the previous mass 
production system of medical implants to a personalized implant production system [61,68]. 
AM has provided a method for precisely reconstruct the patient’s operative anatomy with 
patient-specific or customized implants. 
 
POC AM is a relatively new and non-traditional kind of manufacturing process that refers to 
the just-in-time fabrication of anatomical models, surgical guides, splints, prostheses, medical 
tools, instruments, and other 3D printed applications at the point of patient care, based on 
patient-specific medical imaging datasets [69-71]. 
 
The University Hospital Basel established its first POC 3D printing lab in 2016; additionally, 
a formalized partnership also exists between the Swiss Medical Additive Manufacturing 
(Swiss MAM) research group at the Department of Biomedical Engineering (University of 
Basel, Switzerland) and University Hospital Basel (USB, Basel, Switzerland), Cantonal 
Hospital Aarau (KSA, Aarau, Switzerland) and Cantonal Hospital Liestal (KSBL, Liestal 
Switzerland). 
 
The 3D print lab was started with the aim of producing world-class research outputs and 
clinical practice advancements. The 3D print lab combines the technical and academic 
research expertise; with the clinical expertise from the Radiology and Oral and 
Craniomaxillofacial Surgery departments at the University Hospital Basel (USB, Basel, 
Switzerland) along with Trauma and Hand Surgery departments at the Cantonal Hospital 
Liestal (KSBL, Liestal, Switzerland). For the partner organizations, this collaboration has 
several advantages, including formal and informal exchange of knowledge, grounding 
research activity in pragmatic clinical scenarios, reciprocal access to view clinical and 
biomedical engineering contexts, as well as a mutual commitment of resources (Figure 1). 
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Figure 1: An illustration of a POC 3D printed anatomical biomodels for a craniofacial tumor 
case – Swiss MAM collaboration In Operating Room at University Hospital Basel. 
 
Digital medical imaging technologies serve as the foundation for POC AM workflow by 
tailoring surgical techniques to patients before surgery. The development of more detailed 
patient-specific anatomical models has been made possible by recent improvements in 
imaging modalities [72,73]. Furthermore, advances in segmentation software have made it 
easier to automatically or semi-automatically extract the surface of structures of interest from 
medical imaging. Advanced medical imaging technologies, such as CT, MRI work with AM 
methods and create PSIs tailored to a patient’s defect [74,75]. It can be construed that the 
adoption of POC AM in hospitals appears to be driven by technological advancements in 
digitalization, such as advanced medical imaging, CAD software, and 3D printing 
technologies. 
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1.2 Relevance and aims 

 
Material extrusion-based 3D printing of low-temperature thermoplastic polymer is the most 
commonly used AM technique in hospitals due to its ease of operability and availability of 
low-cost machines. However, this technology has been limited to the production of 
anatomical biomodels, customized surgical tools, and prosthetic aids and has not yet been 
adopted into the mainstream production of patient-specific implants.  
 
With advancements in AM systems, prospects for customized 3D printed PEEK surgical 
implants have emerged, increasing attention for in-hospital or POC manufacturing. A 
customized implant may be manufactured within few hours using 3D printing, allowing 
hospitals to become manufacturers. However, manufacturing customized implants in a 
hospital environment is challenging due to the number of actions necessary to design and 
fabricate the implants.  
 
The acceptance of a technology is determined by the level of confidence associated with its 
usage. How well does it address the clinical need? What is the degree of repeatability and 
reproducibility of the results? What are the outcomes? In many circumstances, the gap 
between a technology’s research stage and its clinical application is significant, and in some 
cases, it is never bridged. To establish that elusive but crucial bridge, the present study was 
conducted. 
 
The present work aimed to assess the effectiveness and applicability of material extrusion-
based 3D printing technology to fabricate PEEK patient-specific implants in reconstructive 
surgery at the point-of-care.  
 
To achieve the goal mentioned above, we had to answer several questions: 
1. Is material extrusion-based 3D printing technology capable of manufacturing PEEK 

customized implants? 
2. How can be the AM workflow of PEEK implant manufacturing implemented and 

integrated at the point-of-care? 
3. What are the optimal printing parameters and design considerations for the fabrication of 

PEEK customized implants? 
4. Do the 3D printed PEEK customized implants have clinical acceptability? 
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1.3 Outline 

 
This cumulative thesis included five publications, summarizing the project´s main parts:  
 
Chapter 2 [the assessment of the fabrication feasibility of PEEK surgical implants using 
material extrusion-based or fused filament fabrication (FFF) 3D printing technology] 
This chapter describes the implementation of a material extrusion-based 3D printing 
technology to fabricate PEEK surgical implants. In this study, a desktop FFF 3D printer was 
utilized to assess the fabrication feasibility of customized PEEK implants. The idea was 
realized by implementing a digital clinical workflow, and the successful results were 
demonstrated by printing various patient-specific surgical implants in non-implantable, 
industrial-grade PEEK material. This study promising results demonstrated the future 
potential of FFF 3D printing technology for POC implant manufacturing and contributed 
towards the progression of an FFF PEEK 3D printer solely designed for medical PEEK 
applications. 
 
Chapter 3 [incorporation of a material extrusion-based desktop 3D printer at POC and 
assessment of the clinical applicability of the 3D printed patient-specific PEEK scaphoid 
prosthesis]  
This chapter describes implementing a material extrusion-based 3D printer explicitly designed 
for PEEK medical additive manufacturing in a hospital setup. The upgraded 3D printer was 
intended to produce PSIs in a cleanroom or a hospital environment under the International 
Organization for Standardization (ISO) 10993 series of standards for the biological evaluation 
of medical series. In this study, a customized scaphoid prosthesis for reconstructive hand 
surgery applications was designed, and the successful results were realized by printing in a 
medical-grade PEEK material. This proof-of-concept study demonstrated the ability to 
additively manufacture biocompatible and implantable polymers such as PEEK, in this 
instance a complex anatomical shape with several joint surfaces in a hospital setting. 
Furthermore, the fabrication of complex structures such as the curved channel in the 
(patented) scaphoid prosthesis was realized, which is not possible using conventional 
manufacturing techniques. 
 
Chapter 4 [the assessment of the qualitative and quantitative characteristics of POC 
manufactured patient-specific PEEK implants for craniofacial reconstruction]  
This chapter is divided into two sections 
(i) assessing the quality characteristics and clinical relevance of POC manufactured 

customized PEEK implants for craniofacial reconstruction and,  
(ii) a quantitative assessment of the clinical reliability of POC manufactured customized 

PEEK cranial implants.  
The general aim of the studies was to investigate the clinical relevance and reliability of POC 
manufactured 3D printed PEEK PSIs for cranial reconstruction by understanding the 
relationship between the printing process parameters and their quality characteristics, and 
secondly to understand the geometrical, morphological, and biomechanical characteristics of 
the FFF 3D printed PEEK cranial implants. This study demonstrated some key challenges 
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during the FFF printing process of PEEK cranial implants. Furthermore, it was realized that 
although the results are in line with cranial implant’s clinical expectations; however, specific 
biomechanical attributes have scope for further improvement. 

 
Chapter 5 [a multi-criteria assessment strategy for 3D printed porous patient-specific PEEK 
implants for orbital wall reconstruction]   
This chapter discusses a multi-criteria assessment strategy for 3D printed porous PEEK PSIs 
for orbital wall reconstruction. In this study, the FFF 3D printed PEEK orbital mesh 
customized implants were evaluated with a metric considering the relevant design, 
biomechanical, and morphological parameters. Furthermore, the performance of the implants 
was studied as a function of varying thicknesses and porous design constructs through a finite 
element (FE) based computational model and a decision matrix based statistical approach. 
The study demonstrated that compounding multi-design computational analysis with 3D 
printing can be beneficial for the optimal restoration of the orbital floor.  
 
The thesis is completed by conclusions and outlook on future research in Chapter 6. 
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1.4 Contributors 

 
While the main work was done by the author of the present thesis (N.S.), experienced 
multidisciplinary scientists and medical doctors also made valuable contributions, namely, 
PD. Dr. Dr. Florian M. Thieringer (F.M.T.), PD. Dr. Philipp Honigmann (P.H.), Dr. Soheila 
Aghlmandi (S.A.), Dr. Shuaishuai Cao (S.C.), Prof. Dr. Dr. Christoph Kunz (C.Z.), Prof. Dr. 
Dr. Hans-Florian Zeilhofer (H.-F.Z.), Prof. Dr. Brando Okolo (B.O.), Uwe Popp (U.P.), Dr. 
Dr. Bilal Msallem (B.M.), Dipl.-Ing. Ralf Schumacher (R.S.), Jasmine Rueegg (J.S.), Dr. 
Mathias Haefeli (M.H.), Dr. Federico Dalcanale (F.D.), Daniel Seiler (D.S.), Dennis Welker 
(D.W.), Michaela Maintz (M.M.), and Prof. Dr.-Ing. Thomas Seifert (T.S.). 
 
N.S. made significant creative contributions in the following phases: the study design and 
implementation, experiment design and execution, data analysis, figure preparation, and 
manuscript writing. In addition to that, the contributions of other co-authors are listed for each 
chapter below. The order of the authors corresponds to the order in the published or submitted 
articles. All authors discussed the findings, contributed to the final manuscript, and critically 
appraised the related manuscripts. 
 

Chapter 2 

P.H. Assistance with the data acquisition. Assistance with the data interpretation and 
figure preparation. Critical reviewing of the manuscript for content. 

B.O. Assistance with writing the "Materials and Methods" section. 
U.W. Assistance with writing the "Materials and Methods" section. 
B.M. Critical reviewing of the manuscript for content. 
F.M.T. Initiation of the study. Assistance with the study design. Assistance with the 

writing of the "Introduction" and "Results and Discussion" sections. Critical 
reviewing of the manuscript for content. Suggestions for the graphical 
representation of figures. 

Chapter 3 

P.H. Initiation of the study. Assistance with the study design. Assistance with the data 
interpretation and figure preparation. Critical reviewing of the manuscript for 
content. 

R.S. Assistance with the data acquisition. 
J.R. Critical reviewing of the manuscript for content. 
M.H. Critical reviewing of the manuscript for content. 
F.M.T. Assistance with the data acquisition. Critical reviewing of the manuscript for 

content. Suggestions for the graphical representation of figures. 
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Chapter 4 

Section 1 
S.A. Assistance with writing the "Materials and Methods" section. Assistance with the 

study design and statistical analysis. Assistance with the data interpretation and 
figure preparation. Critical reviewing of the manuscript for content. 

S.C. Assistance with the data acquisition. Critical reviewing of the manuscript for 
content. 

C.Z. Critical reviewing of the manuscript for content. 
P.H. Initiation of the study. Assistance with the study design. Critical reviewing of the 

manuscript for content. Suggestions for the graphical representation of figures. 
F.M.T. Initiation of the study. Assistance with the study design. Critical reviewing of the 

manuscript for content. Suggestions for the graphical representation of figures. 
Section 2 
S.A. Assistance with the data interpretation and figure preparation. Assistance with the 

statistical analysis. Critical reviewing of the manuscript for content. 
F.D. Assistance with the data acquisition. Critical reviewing of the manuscript for 

content. 
D.S. Critical reviewing of the manuscript for content. 
H.F.Z. Critical reviewing of the manuscript for content. 
P.H. Initiation of the study. Assistance with the study design. Critical reviewing of the 

manuscript for content. Suggestions for the graphical representation of figures. 
F.M.T. Initiation of the study. Assistance with the study design. Critical reviewing of the 

manuscript for content. Suggestions for the graphical representation of figures. 

Chapter 5 

D.W. Assistance with the data acquisition. Assistance with the data interpretation. 
S.A. Assistance with the statistical analysis. Critical reviewing of the manuscript for 

content. 
M.M. Assistance with the data interpretation. 
H.F.Z. Critical reviewing of the manuscript for content. 
P.H. Critical reviewing of the manuscript for content. 
T.S. Assistance with the data interpretation. Critical reviewing of the manuscript for 

content. 
F.M.T. Initiation of the study. Assistance with the study design. Critical reviewing of the 

manuscript for content. Suggestions for the graphical representation of figures. 
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Additive manufacturing (AM) is rapidly gaining acceptance in the healthcare sector. Three-dimensional (3D) virtual surgical
planning, fabrication of anatomical models, and patient-specific implants (PSI) are well-established processes in the surgical fields.
Polyetheretherketone (PEEK) has been used, mainly in the reconstructive surgeries as a reliable alternative to other alloplastic
materials for the fabrication of PSI. Recently, it has become possible to fabricate PEEK PSI with Fused Filament Fabrication
(FFF) technology. 3D printing of PEEK using FFF allows construction of almost any complex design geometry, which cannot
be manufactured using other technologies. In this study, we fabricated various PEEK PSI by FFF 3D printer in an effort to check
the feasibility of manufacturing PEEK with 3D printing. Based on these preliminary results, PEEK can be successfully used as an
appropriate biomaterial to reconstruct the surgical defects in a “biomimetic” design.

1. Introduction

Reconstructive surgeries can be extremely challenging even
to the most experienced surgeon especially due to complex
anatomy, sensitivity of the involved systems, and uniqueness
of each defect [1]. The need to reconstruct the defect in
the best possible way along with time minimization for
the surgical procedure is of crucial importance to surgeons
for improving patient outcomes and well-being [2]. Patient-
specific implant (PSI) can be an effective solution in this
situation designed to fit precisely in the anatomical defects or
malformations.The need to fabricate the PSI has led to many
innovations and technological advancements in the field of
medicine [3, 4].

The technologies, such as additive manufacturing (AM)
also known as rapid prototyping (RP) or three-dimensional
(3D) printing, are robustly growing and have positively influ-
enced the biomedical sector over the last decade allowing the

surgeons and researchers to utilize them in manufacturing
objects [5, 6].

With its introduction in the late 1980s, along with a
paradigm shift from the old mass production system of
medical implants to customized implant production system,
AM has attained a significant place in medical implant
manufacturing industry [7]. Several organizations worldwide
are manufacturing PSI using various AM technologies with
computational tomography (CT) scan data [8]. Recently, the
US Food and Drug Administration (FDA) increased their
approval of 3D printed implants under the 510k (premarket
notification) approval system. This will allow the healthcare
providers to use the parts manufactured by AM in routine
and for complex surgical procedures [2, 9].

AM works by building a model from the ground up,
depositing the material in a layer-by-layer manner using dig-
itally controlled and operated material laying tools [10]. AM
is thus fundamentally different from traditional formative
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or subtractive manufacturing in that it is the closest to the
“bottom up” manufacturing where we can build a structure
into its designed shape using a “layer-by-layer” approach.
This layer-by-layer manufacturing allows an unprecedented
freedom in manufacturing complex, composite, and hybrid
structures with precision and control that cannot be made
through traditional manufacturing routes [11, 12].

Good initial image capture is imperative for creating
accurate 3D printed models. The recent strides in imaging
modalities have made it possible to create patient-specific
anatomical models with greater precision. In addition,
advances in segmentation software have made it increasingly
easy to automatically or semiautomatically extract the surface
of structures of interest from 3D medical imaging data [13,
14].

With all these advances, AM has emerged as a main-
stream manufacturing technology in medicine for the fab-
rication of anatomical models, surgical implants, surgical
guides, external aids, and biomanufacturing [15–25]. Various
studies have been published suggesting the use of AM in 3D
printing of cells, blood vessels, vascular networks, bones, ears,
windpipes, and dental prosthetics including a jaw bone, and
in future, even in corneas [26]. Surgeons can now fabricate
3D printed hand-holdable models (called biomodels) for the
surgical task that can be used to educate the patient, plan the
surgical approach, and act as an intraoperative surgical guide.
These 3D printed medical models are being extensively used
in orthopedic, cardiac, dental, and craniomaxillofacial surg-
eries with a potential to optimize patient treatment [27–31].

Currently, there are several technologies for AM like
stereolithography (SLA), photopolymer jetting, selective
laser sintering (SLS), electron beam melting (EBM), direct
metal laser sintering (DMLS), and fused deposition mod-
elling (FDM), which is also known as fused filament fab-
rication (FFF) [32, 33]. These technologies have emerged
as a valuable tool for surgeons in reproducing anatomical
objects as 3D physical models and are being used in the
reconstruction of PSI [34].

Various alloplastic materials, such as metals, ceramics,
polymers, and composites, are fabricated byAM technologies
and are used in reconstructive and orthopedic surgeries. Due
to their abundant availability, there are no concerns about
the donor site morbidity, which is a huge disadvantage for
autologous grafts [35].

Metallic implants including gold, tantalum, stainless steel,
shape memory alloy, titanium alloy, and cobalt chromium
alloy have been widely used in the hospitals either as per-
manent prostheses such as knee and hip prosthesis, cranial
prosthesis, and dental implants or as temporary implants
such as plates, pins, screws, and rods for the fixation of
bone fractures. These implants have favorable mechanical
strength and excellent friction-resistance and are the most
preferred alloplastic material in AM for the manufacturing
of orthopedic implants [36, 37]. However, their high strength
and elastic modulus do not match to the normal human
bone tissues and thus can cause a stress shielding effect
leading to prosthetic loosening. In addition, the strong X-ray
absorption of metals with respect to the surrounding tissues
usually results in streak artifacts in the CT scan images.

Further, as many metals are magnetic resonance imaging
(MRI) incompatible, the possibility of examining the patient
with MRI is limited. The long-term presence of metals in
vivo can also trigger hypersensitivity reaction and initiate
osteolysis [38]. These limitations also led to the exploration
of ceramics as an alternative biomaterial.

Among ceramics, metallic oxides, calcium phosphate,
and glass ceramics are commonly used. These materials
exhibit favorable toxicity profile, good biocompatibility, and
bioactivity. However, their low fracture toughness and ductil-
ity along with highmodulus of elasticity and brittleness make
them unacceptable for load-bearing applications [39].

Due to an array of limitations observed with metallic
and ceramic biomaterials, more recently the use of polymers
as a viable alternative is being explored. A large number of
polymers, such as ultrahigh molecular weight polyethylene
(UHMWPE), polymethyl methacrylate (PMMA), polylac-
tide (PLA), polyglycolide (PGA), and polyhydroxybutyrate
(PHB), are also widely used in various biomedical applica-
tions. However, only a limited number of polymers have been
used for bone replacement purposes because they tend to be
too flexible, and too weak for orthopedic and load-bearing
implants applications [40].

Among the various alloplastic materials, polyetherether-
ketone (PEEK) has emerged as an attractive option for the
PSI. PEEK is a semicrystalline linear polycyclic aromatic ther-
moplastic belonging to a family of linear aromatic polymers
containing ether and ketone linkages [38].

PEEK was first developed by a group of English scientists
in 1978 [41]. In the 1980s, PEEK was used as aircraft and
turbine blades and, by the late 1990s, PEEK was used to
replace metal implant components, especially in orthopedic
and trauma specialities. PEEK has since been used in a wide
range of applications owing to its excellent combination of
high-temperature performance, chemical resistance, fatigue
resistance, lightweight, high yield strength, stiffness, and
durability [38].

Although manufacturing and 3D printing of PEEK poly-
mer have been widely investigated in different industries, its
use in the medical field is challenging due to its physical
properties [42, 43].

In this article, we present the preliminary results and
technical aspects on thematerial extrusion (FFF, 3D printing)
based fabrication process of PEEK parts with a focus on PSI
for surgical applications.

2. Materials and Methods

2.1. PEEK Filament. For the printing process, Apium PEEK
450 Natural 1.75mm filament produced from medical grade
PEEK granules was used (Supplier: Apium Additive Tech-
nologies GmbH, Karlsruhe, Germany; Manufacturer: Evonik
Industries AG, Germany). This filament is a semicrystalline
polymer with density of 1.30 g/cm3 and tensile strength of
97MPa (Figure 1). With excellent chemical resistance, it
is a perfect combination of strength, toughness, and stiff-
ness. Additionally, it is very tolerant to gamma radiation,
is extremely stable against hydrolysis, and is suitable for
sterilization.
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Table 1: Performance specifications of the FFF 3D printer.

Parameter Performance specifications
Print bed volume (𝑤, 𝑑, ℎ) 155 × 155 × 155mm
Print volume (𝑤, 𝑑, ℎ) 140 × 135 × 148mm
𝑥/𝑦 resolutions Product resolution: 0.5mm, machine resolution: 0.0125mm
𝑧 resolution Product resolution: 0.1mm, machine resolution: 0.05mm
Reproducibility 0.1mm
Minimum layer thickness 0.1mm
Maximum layer thickness 0.3mm

Figure 1: Medical grade PEEK filament. https://apiumtec.com/de/
new-peek-printing.

Figure 2: PEEK FFF 3D printer (Model P220).

2.2. PEEK FFF 3D Printer. The FFF 3D printer used in our
study was a prototype of the ApiumP220 (Figure 2), based on
the FFF technology (Apium Additive Technologies GmbH,
Karlsruhe, Germany). The printer uses Apium Controlling
Software (ACS) with 65 adjustable parameters utilizing Stan-
dard Tessellation Language (STL) format files.

The performance and technical specifications of the FFF
3D printer are mentioned in Tables 1 and 2.

Table 2: Technical specifications of the FFF 3D printer.

Parameter Technical specifications
Number of extruders 1
Nozzle diameter 0.4mm
Filament diameter 1.75mm
Print head temperature Up to 520∘C
Print bed temperature Up to 160∘C
Size (𝑤, 𝑑, ℎ) 590 × 620 × 680mm
Slicing software compatible slic3r and Simplify3D

2.3. FFF 3D Printing Process. FFF starts with a 3D computer-
aided design (CAD)model of the implant, exported as an STL
file from a CAD modelling software program. The STL file is
sliced by the computer slicing software into horizontal layers
that are as high as the layers in the 3D printermachine. A rod-
shaped filament is supplied to the machine through a feeding
tube. The molten thermoplastic material is extruded through
one nozzle (diameter 0.4mm, computer controlled) and
deposited layer-by-layer following a specific laydown pattern.
Thenozzle follows a raster pattern in the𝑋,𝑌plane and forms
a layer. Later, a layer deposition is finished, the working bed
in the 𝑍 direction is lowered, and the new layer is extruded.
With complex anatomical geometries, support structures are
incorporated and the 3D object including support structures
is printed layer-by-layer fusing the layers together. A special
fixative (DimaFix, DIMA 3D, Valladolid, Spain) spray was
applied to the “cold” print bed for adhesion before printing.
The entire chamber was enclosed so that recommended bed
temperature of about 100∘C and print temperature of about
400∘C can be achieved.

2.4. Digital Data Acquisition and Preparation. For the anato-
mical data modelling, the representative models of the
patient’s anatomical data were constructed based on radio-
logical raw data of the patient obtained in a Digital Imaging
and Communications in Medicine (DICOM) format from
CT scan data. In DICOM format, the data was presented in a
series of slices through the patient’s anatomy, with slice thick-
ness between 0.3 and 0.6mm depending on the anatomical
region. A medical modelling software program (Mimics;
Materialise, Leuven, Belgium) was used to compile the
DICOM data into axial, sagittal, and coronal planes. Follow-
ing this, threshold selection was done, in which the inbuilt

https://apiumtec.com/de/new-peek-printing
https://apiumtec.com/de/new-peek-printing
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Figure 3: Workflow to generate a 3D model.Thieringer FM.

Figure 4: 3D printed PEEK osteosynthesis plates.Thieringer FM et
al. AMPA 2017.

greyscales for bone are selected to mark a particular anatom-
ical tissue type. Using segmentation, a virtual 3Dmodel of the
anatomical regionwas thus created.The 3Dvirtualmodel cre-
ated inMimics was exported to 3-Matic (Materialise, Leuven,
Belgium) for further processing, design, and construction of
PSI.Thefinal data sets were converted and exported as an STL
file and sent to the 3D printer, which finally fabricated the PSI
by FFF.The overall sequential process is displayed in Figure 3.

3. Results and Discussion

3.1. Results. During this preliminary evaluation, five different
PEEK structures were fabricated as follows.

(i) Osteosynthesis plate (Figure 4)

(ii) Cranioplasty PSI for repair of defects in the cranial
vault (Figure 5)

(iii) Lightweight midface-zygomatic bone PSI with sup-
port structures for immediate replacement (Figure 6)

(iv) Small fragment PSI osteosynthesis plates (Figure 7)
(v) Prosthetic implant for scaphoid bone replacement

(Figure 8)

The fabrication results showed that the 3D printed PEEK
PSI were of a smooth finish without any irregularities. No
black-specks formation nor discoloration (improper crys-
tallization) was detected in the test parts. All of the 3D
printed parts passed a certified sterilization test without
any deformation. Thus, these preliminary tests confirm the
possibility of fabricating 3D printed PEEK in the desired way
(extrusion through nozzle) by FFF.

4. Discussion

Over the past few years, PEEK has attracted a great deal of
interest from material scientists and orthopedists. It is suit-
able for load-bearing implants because of its favorable bio-
mechanical properties, radiolucency, MRI compatibility, and
chemical inertness [44, 45]. PEEK has primarily been used in
spine surgery for interbody fusion cages. PEEK has also been
used in combination with other materials such as reinforced
carbon fiber (CF/PEEK), for fracture fixation and prosthesis
(e.g., artificial hip joints) [46–49]. Various studies conducted
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Figure 5: 3D printed PEEK cranioplasty PSI for repair of defects in
the cranial vault.Thieringer FM et al. AMPA 2017.

Figure 6: Lightweight midface-zygomatic bone PSI with support
structures for immediate replacement. Thieringer FM et al. AMPA
2017.

with PEEK in reconstruction of complexmaxillofacial defects
and calvarial defects have also shown excellent postoperative
esthetic and functional results without any complications
[41, 50–52]. Hence, PEEK is a suitable biomaterial and
an appropriate alloplastic material for reconstructive and
orthopedic surgeries.

Until now, PEEK medical implants can only be manu-
factured by traditional subtractive manufacturing methods,
with the use of Computer Numerical Controlled (CNC)
machine. This technique usually starts with a blank block
of PEEK material that is slowly shaped into the final part.
The computer controls the tools needed for fabrication of
the part by controlling the lathes, mills routers, and grinders
used in the process. Furthermore, additional postprocessing
work needs to be done after fabrication.This technique is time
consuming resulting in substantial waste generation and is
far more expensive than AM [53]. Additionally, as mentioned
earlier the use of PEEK polymer in 3D printing is challenging
due to its physical properties [42, 43].

Technological advances have recently provided tech-
niques such as 3D printing of PEEK using FFF, which can
create various CAD forms. FFF, being a low-cost technique
with a short start-up time, provides a major advantage over
other manufacturing techniques. In this technique, the PEEK
polymer material in the solid state is thermally brought to a
flow regime and then solidified through a thermal gradient.
As rheology and heat transfer characteristics are two impor-
tant properties of FFF thermoplastic materials, the interplay

Figure 7: PSI small fragment osteosynthesis plates.With permission
of Apium GmbH.

Figure 8: Prosthetic implant for scaphoid bone replacement (green
body), patent pending (EP15195745.1 PCT).

between cooling rate and material flow behavior needs to be
fullymoderated in this technique in order to create parts with
an appreciable high dimensional accuracy [54].

With the introduction of CAD and computer-aidedman-
ufacturing (CAM) techniques in surgery, it is now possible
to fabricate implants in various forms and designs with
biocompatible materials. The 3D printed PSI are used in a
wide range of applications in the medical field. Our research
focused on the surgical fields in which PEEK is already being
used and fabricated either by milling or by injection molding
techniques. However, as these manufacturing techniques are
expensive and material-consuming, with the introduction
of FFF 3D PEEK printers, fabrication of PSI is conceivable,
providing substantial benefits to the surgical fields.

Osseous integration of PEEK depends on the surface
composition, surface energy, surface roughness, and topog-
raphy [55]. With the standard production techniques, the
surface structure of PEEK is inert and smooth [38]. However,
with FFF 3D printing, PEEK surface properties can be
modified and fabricated to yield either rough or smooth
surfaces.

Osteosynthesis materials made out of PEEK are already
being used in hand and trauma surgeries especially for
treating distal radius fractures. With FFF, 3D printed PEEK
patient-specific plates (Figure 7) can be produced in a short
period at a very low cost. This plays an important role in
general trauma and orthopedic surgeries as 3D printed PEEK
PSI can be readily available for use within 24 hours after
admission in the hospital. As a proof of concept, we also
test printed a standard osteosynthesis plate (Figure 4) and a
scaphoid bone replacement prosthesis (Figure 8).

Until now, the reconstructive surgeries for congenital
and acquired defects of the skull and facial regions are
reconstructed with standard manufactured PEEK implants
[56]. However, with FFF, 3D printing of these PSI is now
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possible (Figures 5 and 6) and defects can be easily treated in a
short period of time with this low-cost and in-house printing
facility at the hospitals [57].Our results, thus, suggest that FFF
has the ability to manufacture complex implant structures
with unlimited geometries that could not have been possible
with traditional milling techniques.

Conversely, manufacturing PEEK by FFF itself is quite
complex and various parameters interactions have to be con-
sidered. Formation of black-specks can potentially develop
in the printed parts or at the regions of the printer where
the melt exits, such as the nozzle as well as areas around
the nozzle. These deformations suggest uncontrollable ther-
modynamically driven changes within the melt. Possible
sources of black-specks in FFF 3D printed PEEK are (1)
degradation of the molten filament at the joint of the heat-
break and nozzle, (2) degradation of the melted filament
inside the nozzle shaft, (3) poorly designed nozzle tip-area
such that the melt collects at the exposed surface and then
degrades, (4) irregular thermal loading of the melt by the
heating elements, (5) melt degradation due to presence of
foreign particles interfacing with the melt, (6) prolonged
residency of a melt-batch in the nozzle shaft/barrel, and
(7) too high processing temperature. Therefore, one of the
critical factors for 3D printing of PEEK by FFF is contin-
uous maintenance of high temperature for material extru-
sion.

With the introduction of an all metal hot-end extruder
in the printer used in our study, it is possible to attain
uniform temperatures up to 540∘C, and the enclosed cham-
ber provides an efficient heat management for continuous
printing. The bed temperature and the print temperature of
the printer are maintained high enough to provide a good
thermal control over the entire build chamber leading to good
layer bonding and thereby prevents “specking” in PEEKparts.
This was evident from the various structures created during
the present study where such black-specks were not observed
[53].

The preliminary findings from our study suggest that
anatomically complex PSI can be printed using an FFF 3D
printer. The authors strongly believe that FFF has a huge
potential and can provide various advantages such as less
wastage of material, cost-effectiveness, low investment on
machine, easy operator training, faster in-house implant pro-
duction, and a better personalized patient care approach. All
these factors have a potential effect in reducing the financial
burden on the overall healthcare sector.

4.1. Study Limitation. Along with a requirement of support
structures in complex geometries, another important aspect
that needs to be addressed is the effect of anisotropy on
FFF 3D printed parts. In FFF, a mechanical adhesion (not
chemical) is created within the layers of the polymer and,
thus, the printed objects have different mechanical properties
based on the direction of mechanical stress applied on them.
Thismeans that along a particular line deposition pattern, the
part will be stronger in the direction of the deposited line
and relatively less strong along the axes that are primarily
composed of interfiber bonding regions, namely, the two
spatial axes orthogonal to the line axis.

As in many spinal and craniomaxillofacial applications,
the mechanical stresses are essentially directed along a spe-
cific axis and an anisotropic response from the implant can be
advantageous, and future experiments to address this behav-
ior are needed. Further, the part testing needs to be done
according to International Organization for Standardization
(ISO)/American Society for Testing and Materials (ASTM)
standards to make FFF 3D printed PEEK usability beyond
PSI.

5. Conclusion

Personalized medicine is poised to revolutionize the modern
practice of medicine where “one size does not fit all” and
implants must be tailored to individual patient’s needs, which
are the ultimate goal.The refinement of imaging technologies,
coupled with the capabilities to fabricate PSI, has given
rise to a proliferation of alternatives to traditional off-the-
shelf implants. With the availability of inexpensive compact
desktop 3D printers, the surgeons in near future can manu-
facturemedically certified 3D PSI in their own hospitals.This
would have a major advantage for surgical planning, thereby
reducing an enormous amount of time compared with the
off-site implant production by third-party providers leading
to a more cost-effective healthcare management. Although
few regulations specifically targeting AM for medical devices
currently exist, regulation by the FDA and other bodies is
expected to increase in the coming yearsmaking the approval
and manufacturing of new device classes at companies or at
hospitals a lengthy process.

From the requirement of clinical trial data, pre- and
postmarketing approvals, vigilance reporting timelines, data
transparency, and unique device identification (UDI), to
name a few, various regulatory measures will be needed to
be adhered to, so as to make the medical device available to
the patients.

Though this article presents only a small amount of
the research done in the project to fabricate 3D printed
PEEK PSI using FFF, it indeed opens up a huge scope for
innovation and future development in the surgical applica-
tions.

6. Further Steps

Future development is planned to improve the mechanical
properties, so somemore tests with appropriate or additional
knowledge on part orientation and equipment parameters
will be done.

Within the framework of the cooperation of the institu-
tions listed above, a medical version based on the P220 of this
PEEK FFF printer (Figure 9), which has been introduced to
the industrial market for some time, is currently undergoing
the certification process for medical applications. The test
specimens required for the certification were prepared, eval-
uated, and passed through other test methods (e.g., cleaning,
sterilization).

Additionally, the integration of 3Dprinting is additionally
examined from the medico-legal point of view in the clinical
environment.
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Figure 9: Medical version of the PEEK FFF printer (Model M220).
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Recently, three-dimensional (3D) printing has become increasingly popular in the medical sector for the production of anatomical
biomodels, surgical guides, and prosthetics. With the availability of low-cost desktop 3D printers and affordable materials, the in-
house or point-of-care manufacturing of biomodels and Class II medical devices has gained considerable attention in personalized
medicine. Another projected development in medical 3D printing for personalized treatment is the in-house production of patient-
specific implants (PSIs) for partial and total bone replacements made of medical-grade material such as polyetheretherketone
(PEEK). We present the first in-hospital 3D printed scaphoid prosthesis using medical-grade PEEK with fused filament
fabrication (FFF) 3D printing technology.

1. Introduction

Additive manufacturing, also known as three-dimensional
(3D) printing, is a growing trend in the medical field. Even
though 3D printing technology is over 30 years old. This
aspect is distinctly evident with an exponential increase in
the number of publications on 3D printing in the medical
specialties, especially in the orthopedic field [1, 2].

Medical 3D printing has entirely transformed the current
era of personalized medicine with its state-of-art usefulness
and applications. With the utilization of consumer-level
desktop 3D printers in hospitals, 3D printing offers several
medical and clinical applications including, but not limited
to, anatomical, pathological fracture, and tumor biomodels,

customized surgical tools, and prosthetic aids [3–8]. This
technology can build a 3D object by creating complex, cus-
tomized anatomical and medical structures as defined in a
computer-aided design (CAD) digital file. In a basic technical
setup, the two-dimensional (2D) Digital Imaging and Com-
munications in Medicine (DICOM) medical imaging data-
sets are converted into 3D data, which are transferred to a
3D printer. An illustration of an in-house 3D printed biomo-
del for a distal intra-articular radius fracture case, fabricated
via a fused filament fabrication (FFF) 3D printing technology
using cone-beam computed tomography (CBCT) DICOM
dataset, is shown in Figure 1 [9].

While the fabrication of biomodels is easily conceivable at
the point-of-care, the production of Class II medical devices
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such as surgical guides that come in contact with the patient’s
blood was usually outsourced to external sources. These medi-
cal devices need to be printed with certified biocompatible
materials requiring expensive professional certified 3D printers,
which were not affordable to many hospitals, and therefore,
these products were often printed externally by certified compa-
nies [2]. However, recently with the availability of in-house 3D
printing setups and affordable desktop 3D printers, the fabrica-
tion of surgical guides has slowly shifted from external service
providers to the hands of the clinicians. Another projected
development in medical 3D printing for personalized treatment
is the in-house fabrication of patient-specific implants (PSIs)
such as osteosynthesis plates and prosthesis.

With a significant change from the old mass-production
system of medical implants to the PSI production system,
3D printing has attained an essential place in the medical
implant manufacturing industry. In consideration of the
evolving technological trends in personalized medicine, we
investigated the printing feasibility of medical-grade poly-
etheretherketone (PEEK) biomaterial, especially for the pro-
duction of PSIs in a hospital environment. Our preliminary
results were promising, which contributed towards the pro-
gression of an FFF PEEK 3D printer solely designed for med-
ical PEEK applications [10]. Later in 2018, Honigmann et al.
presented the first cadaveric results of a patented 3D printed
titanium patient-specific scaphoid prosthesis [11]. This
patient-specific prosthesis was designed for cases of nonre-
constructable scaphoids because of nonunion or trauma.

More recently, the use of polymer as an alternative to
metallic biomaterials is being explored. PEEK meets the per-
fect criteria for the orthopedic field as a printable material for
PSIs [12]. It is a lightweight, biocompatible, nontoxic, and
noninflammable biomaterial exhibiting excellent mechanical
strength [13]. The osteoconductive properties of PEEK sup-
port the bone integration process [14]. Moreover, PEEK is
radiolucent in X-ray imaging with no relevant artifacts, pro-
viding computed tomography (CT) and magnetic resonance
imaging (MRI) compatibility. These inherent advantageous
characteristics of PEEK, along with the capability to print
medical-grade PEEK in a certified 3D printer, make this

material an attractive option suitable for 3D printed PSIs at
the hospital or point-of-care manufacturing [10]. Therefore,
in this article, we present the preliminary results on the first
in-house 3D printed scaphoid prosthesis made of medical-
grade PEEK fabricated via material extrusion (FFF) 3D
printing.

2. Materials and Methods

2.1. Computer-Aided Design Modeling of the Scaphoid
Prosthesis. The anatomical department provided a Thiel con-
served wrist with no degenerative changes or posttraumatic
changes. A multislice CT scan (Biograph mCT Flow™, Sie-
mens Medical Solutions USA Inc., Malvern, USA) was used
to acquire the DICOM dataset. The DICOM files were proc-
essed in a medically certified image processing software
(Mimics®, Materialise, Leuven, Belgium) to generate a 3D
volumetric reconstruction model of the scaphoid. The native
surface of the generated 3D model was smoothened, and
mesh repairing procedures such as fixing holes were executed
in a CAD software (3DS Geomagic Freeform®, Rock Hill,
USA) (Figure 2). Finally, a curved channel was designed
inside the scaphoid 3D model in accordance with the pat-
ented design (Figure 3) [15, 16]. The CAD file of the designed
prosthesis is finally converted and saved in a standard tessel-
lation language (STL) file format.

2.2. FFF PEEK 3D Printer. The FFF 3D printer used for
fabrication of scaphoid prosthesis was an Apium M220, a
third-generation desktop printer explicitly designed for
PEEK medical additive manufacturing (Apium Additive
Technologies GmbH, Karlsruhe, Germany) (Figure 4). It is
intended to produce PSIs in a hospital environment accord-
ing to the biocompatibility standard ISO 10993 [17]. The
printer incorporates an advanced temperature management
system, which controls the temperature during the printing
process in a layer-by-layer fabrication manner. In addition,
to prevent contamination, a constant influx of hot airflow is
integrated into the printer which filters the atmosphere
around the 3D printed part during the fabrication process.
The technical specifications of the PEEK FFF 3D printer are
listed in Table 1.

2.3. PEEK Filament. Due to the physical properties of PEEK
biomaterial, FFF 3D printing is a challenge, and it usually
requires an iterative process to print the test samples [13,
18]. Therefore, from an economic perspective, the printing
feasibility of PEEK scaphoid prosthesis was initially con-
ducted with an industrial-grade 1.75mm PEEK filament
(Apium 4000 natural, Apium Additive Technologies GmbH,
Karlsruhe, Germany). Once established, a medical-grade
1.75mm diameter PEEK filament developed from Vesta-
keep® i4 G resin (Evonik Vestakeep®i4 G resin, Evonik
Industries AG, Essen, Germany) was used for the fabrication
of scaphoid prosthesis. This filament is an implant-grade
material that meets the ASTM F2026-17 guidelines—Stan-
dard specification for Polyetheretherketone (PEEK) Poly-
mers for Surgical Implant Applications [19, 20]. It is a
natural-colored, high-viscosity, and high-performance PEEK

Figure 1: In-house printed fracture model using an FFF consumer-
level desktop 3D printer (MakerBot Replicator+, MakerBot
Brooklyn, New York City, New York, USA).
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polymer widely used for long-term implantable medical
devices. The material is supplied either directly as a filament
on a spool or as cylindrical pellets, which is used for extrusion
(FFF) processing technologies to manufacture the PEEK fila-
ment. The medical-grade PEEK filament has a density of
1.30 g/cm3, a melting temperature of ~340°C, and a glass
transition temperature of ~135-155°C. Besides, the material
is very tolerant to gamma radiation, stable against hydrolysis,
and suitable for autoclave sterilization process.

2.4. FFF PEEK 3D Printing Process Parameters. The STL file
of the scaphoid prosthesis was imported into a commercially
available slicing software (Simplify 3D version 4.0, Cincin-
nati, USA). To prevent collapse and ensure optimal printing,
temporary support structures were generated underneath the
prosthesis in this software (Figure 5(a)).

Finally, the STL file was digitally sliced with the respective
printing parameters to generate a g-code file (Figure 5(b)),
which was later on sent to the 3D printer software for print-
ing. The printing parameters used for the light-colored
industrial PEEK (Apium PEEK 4000, Apium Additive Tech-
nologies GmbH, Karlsruhe, Germany) were similar to the
darker medical-grade PEEK filament (Evonik Vestakeep®i4
G resin, Evonik Industries AG, Essen, Germany). The print-
ing parameters selected for the fabrication process are listed
in Table 2. To increase the adhesion between the scaphoid
prosthesis and the print bed, automatic raft generation func-
tionality integrated into the printer’s software was used.

3. Results

The total printing time for each scaphoid prosthesis was 1
hour and 52 minutes. After printing, the support structures
were manually removed, and the scuff marks were trimmed

(a) (b) (c)

Figure 2: Surface smoothening of the scaphoid prosthesis: (a) native; (b) filled holes; (c) final smoothened surface.

Figure 3: Design of the curved channel in the scaphoid prosthesis.

Figure 4: FFF PEEK 3D printer (Apium Additive Technologies
GmbH, Karlsruhe, Germany).

Table 1: Technical specifications of the FFF PEEK 3D printer.

Parameter Technical specifications

Number of extruders 1

Nozzle diameter (mm) 0.4

Filament diameter (mm) 1.75

Print volume 132mm × 132mm × 120mm

Temperature management
system

Full metal hot end with heating up to
540°C

Controlled airflow temperature up
to 200°C

Print bed material 316L stainless steel

Machine operation software Apium control software

Slicing software compatible Simplify 3D
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off from the prosthesis. The prints of the prosthesis shown in
Figure 6 were not further postprocessed. The scaphoid pros-
thesis on the left (light-colored) was printed with industrial-
grade PEEK filament (Apium 4000), while the prosthesis on
the right was printed in medical-grade implantable PEEK
biomaterial (Evonik Vestakeep®i4 G resin). No black speck
formation or discoloration (improper crystallization) was
detected in the test parts. Unlike the industrial-grade 3D
printed PEEK scaphoid prosthesis, the surface of the
medical-grade PEEK printed version did not display the clas-
sical “FFF stair-stepping” phenomenon. Moreover, the artic-
ular surfaces and the edges at the channel opening had a
smoother finish, which is mandatory to articulate with the
cartilage and guide the tendon graft in a frictionless manner.

4. Discussion

We report on the first results of a medical-grade 3D printed
patient-specific scaphoid prosthesis fabricated at the point-
of-care manufacturing. In recent years, material extrusion-
based 3D printing of PEEK has achieved a considerable
amount of attention for in-house production. The precision
of FFF 3D printers has considerably improved and is almost
equal to industrial 3D printing technologies for polymers
[21]. With the development and availability of medical-
grade PEEK filament, it is possible to use FFF 3D printing
technology for the production of patient-specific Class III
implants for various surgical applications [10]. FFF PEEK
3D printing has certain advantages over other subtractive
manufacturing processes, such as milling or injection
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Figure 5: Orientation of the scaphoid prosthesis on the 3D printer’s build platform in the 3D slicing software: (a) addition of support
structures; (b) g-code generation with selected printing parameters.

Table 2: Printing parameters selected for FFF 3D printed PEEK
scaphoid prosthesis.

Extruder

Nozzle diameter (mm) 0.4

Temperature

Extruder temperature (°C) 485

Airflow temperature (°C) 170

Layer

1st layer height (mm) 0.1

Top solid layers 4

Bottom solid layer 4

Outline/perimeter shells 2

Infill

Internal fill pattern Rectilinear

External fill pattern Rectilinear

Interior fill percentage 80%

Raster angle 45/-45

Support

Support infill percentage 40%

Support pillar resolution (mm) 4

Speed (mm/min)

Printing speed 1500
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molding. In a milling process, the amount of waste genera-
tion is considerably high. Moreover, the fabrication of com-
plex structures such as the curved channel in the patented
scaphoid prosthesis is not possible. The injection molding
technique requires less material; however, the technology is
more suitable for mass production, and its use in patient-
specific or customized implant production is limited [10].

The three major standard organizations that drive the
advancement and innovation in medical devices are the
ASTM International, the International Standards Organiza-
tion (ISO), and the Association for the Advancement of
Medical Instrumentation (AAMI). These organizations
develop consensus technical standards for a wide range of
materials, including PEEK [19]. Besides, the Food and Drug
Administration (FDA) has recognized some standards for
PEEK medical products. It states that by conforming to the
abovementioned technical standards, the manufacturer is
exempt from the fundamental material property submission
reports [20]. In point-of-care manufacturing, maintaining
high efficacy and manufacturing quality of the printed parts
are of paramount importance and one of the fundamental
tasks in compliance with these regulations. Therefore, specific
operational and regulatory standards should be established to
assess whether the intended 3D printed part conforms to its
clinical use. Furthermore, standard organization-based certi-
fication for quality management protocols (ISO 13485)
including a risk-based approach (ISO 14971) for the whole
process, including data conversion, modeling, 3D printing
and all post-processes should be integrated into a hospital
environment.

PEEK is suitable for orthopedic implants, which are in
direct contact with the bone. It is considered as an alternative
material in total hip arthroplasty, to avoid metal-metal debris
and to minimize the risk of particle-induced aseptic implant
loosening [22, 23]. In hand and wrist surgery, PEEK-related
complications, such as foreign body synovitis, can occur in
a total wrist arthroplasty because of the shearing forces on
the implant [24]. Our task as a research lab was to demon-
strate and illustrate the possibility of FFF PEEK 3D printing
in a hospital environment. The study results show a
smoother integration and faster production potential for in-
house PEEK PSI manufacturing. Furthermore, as FFF 3D
printed parts are anisotropic, appropriate orientation of the
scaphoid prosthesis on the 3D printer’s build platform con-
cerning its clinical use should be considered. As adhesion is

made layer by layer, the printed part will be less weak if the
force is applied 90° to the layer and much stronger if the
forces are applied along the layer direction, whereas if the
center of rotation of the scapholunate axis is oriented perpen-
dicular to the printed layers, the forces of transmission will be
in the axial direction. Therefore, we chose the specific orien-
tation of the scaphoid prosthesis for 3D printing [25]. The
suspension of the prosthesis is maintained through a fiber-
wire augmented tendon graft, which is passed through the
curved channel. A rough surface inside the channel could
lead to a better connection between the tendon and the PEEK
surface. The well-known osseointegration abilities of PEEK
into the bone might also contribute to the adhesion between
the tendon and the PEEK surface [23, 26–28].

The in-hospital production of PEEK itself by FFF 3D
printing is technically demanding and requires a lot of expe-
rience especially in the field of FFF 3D printing technology.
The printer needs meticulous inspections and maintenance
to secure a stable, reliable, and reproducible printing envi-
ronment to perfectly maintain the print parameters listed in
Table 2 during the printing process. If not maintained appro-
priately, formation of irregularities, color changes, and
delamination can potentially develop in the printed parts,
which suggest uncontrollable thermodynamically driven
changes during the printing process.

Finally, with this proof of concept, further studies regard-
ing the biomechanical properties of the postprocessed pat-
ented PEEK scaphoid prosthesis to evaluate the joint
cartilage and the channel-tendon graft interface are required.
Investigations on the wear properties of PEEK bearing
combinations in total knee arthroplasties have shown a
cross-shear dependency of PEEK when articulating on hard
surfaces such as metal. Therefore, we have the impression
that the joint cartilage-PEEK interface depends on the
smoothness of the surface of the implant, like in pyrocarbon
or titanium implants for carpal bone replacement [29–31].
These types of cartilage damage due to the surface character-
istics are underinvestigated and require further evaluation.

5. Conclusions

This proof of concept showed the possibility for the additive
manufacturing of biocompatible and implantable polymers
such as PEEK, in our case, a complex geometry with many
joint surfaces in the hospital environment.

(a) (b) (c)

Figure 6: FFF 3D printed scaphoid prosthesis made of industrial-grade (light-colored) and medical-grade (dark-colored) PEEK: (a) radial
aspect; (b) ulnar aspect; (c) proximal pole with exit orifice of the channel.
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Data Availability

Availability of the digital STL and g-code files is restricted
due to the ownership of the patent by Medartis AG. Requests
for a patient-specific scaphoid replacement should be made
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Abstract: Additive manufacturing (AM) of patient-specific implants (PSIs) is gradually moving
towards in-house or point-of-care (POC) manufacturing. Polyetheretherketone (PEEK) has been used
in cranioplasty cases as a reliable alternative to other alloplastic materials. As only a few fused filament
fabrication (FFF) printers are suitable for in-house manufacturing, the quality characteristics of the
implants fabricated by FFF technology are still under investigated. This paper aimed to investigate
PEEK PSIs fabricated in-house for craniofacial reconstruction, discussing the key challenges during
the FFF printing process. Two exemplary cases of class III (Group 1) and class IV (Group 2) craniofacial
defects were selected for the fabrication of PEEK PSIs. Taguchi’s L9 orthogonal array was selected
for the following nonthermal printing process parameters, i.e., layer thickness, infill rate, number of
shells, and infill pattern, and an assessment of the dimensional accuracy of the fabricated implants
was made. The root mean square (RMS) values revealed higher deviations in Group 1 PSIs (0.790 mm)
compared to Group 2 PSIs (0.241 mm). Horizontal lines, or the characteristic FFF stair-stepping
effect, were more perceptible across the surface of Group 1 PSIs. Although Group 2 PSIs revealed no
discoloration, Group 1 PSIs displayed different zones of crystallinity. These results suggest that the
dimensional accuracy of PSIs were within the clinically acceptable range; however, attention must
be paid towards a requirement of optimum thermal management during the printing process to
fabricate implants of uniform crystallinity.

Keywords: additive manufacturing; 3D printing; craniofacial; customized; dimensional accuracy;
fused filament fabrication; patient-specific implants; PEEK; point-of-care; reconstruction

1. Introduction

Craniofacial reconstructions are often time consuming and present a significant challenge for the
surgeon. A typical application is a cranioplasty, which is a standard neurosurgical procedure performed
to reconstruct cranial defects. The critical clinical challenges in the reconstruction of craniofacial
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bone defects are the ability to carry out complex reconstructions with precise implant fit and esthetic
appearance. The cumulative understanding of the surgeon to overcome these clinical challenges have
led to the utilization of prefabricated patient-specific implants (PSIs) for cranioplasty procedures [1–3].

Over the past several years, polyetheretherketone (PEEK), a high-performance biopolymer, has
gained substantial popularity in craniofacial reconstructions [4,5]. PEEK is an aromatic polymer with
ether and ketone bond linkages. It is a high-temperature, semicrystalline thermoplastic material, which
is chemically inert with high thermal stability and mechanical properties. Combining the characteristics
intrinsic properties of PEEK, such as no artifact in medical imaging along with cortical bone-like
modulus, it is an excellent alternative for metallic biomaterials in craniomaxillofacial reconstructive
surgeries [6–8].

To date, the fabrication of PEEK implants is well matched to computer-aided design and
computer-aided manufacturing (CAD/CAM) machining technologies like injection molding and,
specifically, milling [9]. However, the recent advent of additive manufacturing (AM), popularly known
as three-dimensional (3D) printing, is providing a replacement frontier for the design and production
of prefabricated PEEK implants [9]. Schmidt et al. [10] first proposed AM of PEEK parts using the
selective laser sintering (SLS) printing technology. Later, based on SLS technology, the EOS P800 (EOS,
Electro-Optical Systems GmbH, Krailling, Germany) system was launched, which concentrated on AM
of parts from PEEK powders at high temperatures [11]. However, the EOS P800 requires expensive
PEEK powders, and the concentrated laser beam restricts the sintering process in extensive areas [12].

Compared to SLS technology, material extrusion-based fused filament fabrication (FFF) technology
is already integrated into the hospitals for the fabrication of anatomical biomodels, customized surgical
tools, and prosthetic aids [9]. Besides, recent technological advancements in FFF 3D printers have
made it possible to process high-temperature PEEK thermoplastic biomaterial [13]. In the FFF
process, a filament is continuously extruded from a heated nozzle in a viscous state and deposited
in a layer-by-layer manner to form the desired shape of an object. FFF allows the fabrication of
specific complex geometries that is not feasible by other manufacturing techniques such as milling or
injection molding [9,14]. Unlike SLS, FFF offers numerous advantages, including low initial machine
purchase costs, ease of use, less waste generation, and reduced risk of material contamination [15,16].
Considering these aspects, some FFF 3D printers are being explicitly developed for medical PEEK
applications [17]. This technology currently contributes to a new point-of-care (POC) workflow,
implementing how PEEK medical implants need to be designed, developed, and manufactured for
low-volume and on-demand production. Previous studies have demonstrated the feasibility of using
FFF for medical PEEK printing [13,17]. As this technology is recognized as a prospective tool in the
medical sector for in-hospital manufacturing of customized PEEK implants, the extent to which it
affects the geometry and manufacturing quality remain under investigated. Therefore, to implement
POC manufacturing, an understanding of the relationship between the process parameters and the
quality characteristics of the printed parts is crucial.

This paper aimed to analyze PEEK customized implants fabricated at the POC for craniofacial
reconstructions, discussing the numerous challenges during the extrusion AM process. Furthermore,
dimensional characteristics of the extrusion-based anatomically shaped PEEK cranial plates are reported
for the first time in this paper.

2. Experimental Section

We present an investigation on the influence of printing process parameters on the dimensional
accuracy of FFF 3D printed PEEK PSIs in this section. The entire experimental section was established
using a procedural methodology, including two protocols, each involving several steps. Figure 1
displays an overview of the schematic representation of the optimization and the verification protocols.
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Figure 1. An overview of the schematic representation of the optimization and the verification protocols.

2.1. PEEK Filament and FFF PEEK 3D Printer

For the printing process, the filament used was a medical-grade 1.75 mm PEEK filament (Evonik
VESTAKEEP ® i4 G resin, Evonik Industries AG, Essen, Germany). This unreinforced filament is a
natural-colored, high-viscosity material that is specially designed for long-term implantable medical
devices. This grade is often used for material extrusion-based technology. It has a density of 1.30 g/cm3

and a melting temperature of 380 ◦C. The PEEK filament was dried at 80 ◦C for 12 h in a filament
drying unit (Apium Filament Dryer, Apium Additive Technologies GmbH, Karlsruhe, Germany).

The FFF 3D printer used was a desktop FFF PEEK 3D printer (M220, Apium Additive Technologies
GmbH, Karlsruhe, Germany). The printer is equipped with a hot-air filter system designed to maintain
a sterile printing environment following biocompatibility standard guidelines (ISO 10993) for an
in-house or cleanroom POC manufacturing. The M220 is a third-generation Apium series printer with
a closed-loop temperature management system with specific sensors, thermistors, and thermocouples
to control the processing temperature. The technical specifications of the M220 third-generation series
FFF PEEK 3D printer are displayed in Table 1.

Table 1. Technical specifications of the fused filament fabrication (FFF) polyetheretherketone (PEEK)
three-dimensional (3D) printer.

Parameter Specifications

Number of extruders 1
Nozzle diameter 0.4 mm
Build platform 130 mm × 130 mm × 120 mm

Print head temperature Up to 540 ◦C
Controlled airflow temperature Up to 200 ◦C

Print bed material 316L stainless steel
Machine operation software Apium control software

2.2. Optimization Protocol for FFF PEEK 3D Printing Process Parameters

2.2.1. Design of Experiments

Taguchi method is considered a valuable tool that provides a systematic methodology to optimize
various design criteria [18]. The advantages of the design of experiments (DOE) using Taguchi’s
technique are the simplification of the experimental plan and the feasibility to study interactions
between various process parameters [19]. This method proposes an experimental plan using a
particular set of arrays called orthogonal arrays. These standard arrays stipulate the way of conducting
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the minimal number of experiments that provide distinct combinations of parameters and their
levels for each experiment. The protocol is especially vital for PEEK 3D printing, where the cost
to produce prototypes is considerably high due to the expensive PEEK medical-grade material.
Therefore, this parametric design approach was used to optimize the process variables for improving
the dimensional characteristics.

The investigated nonthermal processing parameters selected in this study were the layer thickness,
infill rate, number of shells, and infill patterns. Layer thickness is the thickness of the material deposited
by the nozzle at the successive layer during the printing process. Infill rate is the amount of material
that is deposited inside the object. The number of shells is the number of perimeters printed on each
layer of the object, and the infill pattern is how the filament is deposited inside the object. The selected
four parameters, each at three levels, are illustrated in Table 2.

Table 2. FFF PEEK 3D printing process parameters and levels selected for the experiment.

Process Parameter Symbol Unit Level 1 Level 2 Level 3

Layer thickness A µm 100 150 200
Infill rate B % 60 80 100

Number of shells C – 1 2 3
Infill pattern D – Grid Rectilinear Triangular

Based on the number of factors, levels, and the calculated degrees of freedom, the L9 Taguchi
orthogonal array method was employed. Table 3 illustrates the experimental plan using an L9 (34)
orthogonal array.

Table 3. Taguchi L9 (34) orthogonal array generated for the experiment.

Experiment Number Control Factors

Layer Thickness Infill Rate Number of Shells Infill Pattern

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

2.2.2. Fabrication of PEEK Test Objects

The optimization protocol investigated the influence of four nonthermal printing process
parameters (Table 1) on the dimensional accuracy of 3D printed PEEK samples. A test object
measuring 20 mm × 20 mm × 20 mm, was designed using CAD modeling software (3-matic medical
13.0, Materialise, Leuven, Belgium) and exported in a Standard Tessellation Language (STL) file format
(Figure 2).

Using the L9 orthogonal array (Table 3), nine samples were fabricated. To minimize experimental
error, each sample was manufactured individually in the center of the printer’s build platform.
After fabrication, each sample was measured with a high-precision electronic micrometer (Digital
Micrometers Ltd., Sheffield, United Kingdom); accuracy: ±0.001 mm. Twelve linear measurements
were taken for each sample concerning the printing axis, i.e., x-, y-, and z-axes. To enhance the
experimental reliability of the statistical analysis and eliminate the interference of experimental error,
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each measurement was conducted three times. The percentage change in the dimensions [20] of the
printed test sample was calculated using the following Equation (1):

% CD =
(xm − xr

xr

)
× 100, (1)

where xm is the mean measured value, xr represents the reference CAD value, and CD stands for the
percentage change in the dimensions of the test object.J. Clin. Med. 2020, 9, x FOR PEER REVIEW 5 of 17 
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2.3. Verification Protocol for Dimensional Characteristics of FFF 3D Printed PEEK PSIs

To evaluate the dimensional accuracy and clinical relevance of FFF 3D printed PEEK PSIs in
craniofacial reconstructions, clinical cases were selected. The verification protocol encompassed several
steps. It is described in the following sections.

2.3.1. Data Acquisition and Computer-Aided Design (CAD) Modeling of Cranial PSIs

Two exemplary anonymized cases of craniofacial defects were selected from the hospital’s
database. Ethical approval and patient consent were not applicable. The case selection was based
on the classification of cranial implants on the degree of complexity in computer designing and
manufacturing [21]. The selected craniofacial cases were categorized as class III and class IV cranial
defects. Group 1 was a class III cranial defect case, representing a unilateral defect with a size larger
than 100 cm2. Group 2 was a class IV unilateral cranial defect with orbital involvement, of a size
larger than 5 cm2 and smaller than 100 cm2. High-resolution computed tomography (CT) scan images
(Siemens SOMATOM, Siemens Healthcare GmbH, Erlangen, Germany) with a slice thickness of 1 mm
were acquired in the exemplary cases. The Digital Imaging and Communications in Medicine (DICOM)
datasets were then imported into Materialise Interactive Medical Image Control System (MIMICS)
medical image processing software (MIMICS Innovation Suite v. 21.0, Materialise, Leuven, Belgium).
Using a thresholding-based segmentation protocol for hard tissues, 3D volumetric reconstructions of
the patient’s skull were generated. For the precise reconstruction of the craniofacial defect, a medically
certified CAD modeling software was used (3-matic medical 13.0, Materialise, Leuven, Belgium).
The mirroring function was used to replicate the corresponding contralateral healthy anatomical skull
region. A surface reconstruction algorithm was then applied to generate the overall shape of the
respective PSI (Figure 3). The CAD file of each PSI was converted into a 3D surface mesh and saved in
an STL file format.
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Hangzhou, China). The 3D point cloud data generated by scanning the fabricated PEEK PSIs were
then converted into an STL file format using an automated triangulation algorithm.

Figure 4. Fused filament fabrication (FFF) 3D printed polyetheretherketone (PEEK) cranial PSIs (in situ).
(a) Group 1 PSI and (b) Group 2 PSI.

2.3.3. Registration Protocol of the 3D Surface Meshes

For each cranial defect case, registration of the 3D surface mesh of digitized 3D printed PEEK PSIs
to the 3D surface mesh of virtually designed PSI was done (3-matic medical 13.0, Materialise, Leuven,
Belgium). First, superimposition (n-point registration) was performed with manually controlled points.
Next, the surface-based global point registration function was used to superimpose datasets in the
following steps: planned PSI (as a fixed 3D entity) and printed PSI (as a floating 3D entity) were
subjected to best-fit alignment tool; calculation parameter options selected were: distance threshold,
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number of iterations, and subsample percentage. The distance threshold for registration was set higher
than the average distance error. The number of iterations was defined until an average distance error
of 0.1 mm was achieved. This registration protocol used the iterative closest point (ICP) algorithm to
adjust the position of the floating entity automatically by superimposing it over the fixed entity.

2.3.4. Dimensional Accuracy Assessment of FFF 3D Printed PEEK Cranial PSIs

To evaluate the deviations and assess the accuracy of fabricated PEEK cranial PSIs, a 3D part
comparison analysis was done (3-matic medical 13.0, Materialise, Leuven, Belgium). This comparison
analysis function integrated into the software uses an ICP algorithm to calculate the closed point
distance between the surface triangles of 3D surface meshes (planned and printed). A color-coded
surface distance map was generated, which quantified the measurements as mean, median differences
(positive and negative deviations), standard deviation, and root mean square (RMS). These color
difference images were used to examine the qualitative congruence or incongruence between planned
and printed PEEK cranial PSIs. The algorithm of the software matched and automatically calculated
the deviations between the closest point pairs. The value of RMS was calculated by using the following
Equation (2):

RMS =

√√
1
2

n∑
i=1

x2
i , (2)

If point A in planned PSI surface mesh has the closest point A’ in (digitized) printed surface mesh,
then Xn is the distance between A and A’ and n is the total number of point pairs in both 3D surface
meshes. The RMS value represented the overall 3D deviations and served as a measurement indicator
of how far the deviations vary from zero between the two datasets.

2.4. Statistical Analysis

To analyze the experimental results of the optimization protocol, signal-to-noise (S/N) ratios,
and analysis of variance (ANOVA) statistical methods were used. S/N ratio (η) determines the effect
of each of the process parameters on the desired values and measures the variation of response
to the target value. The objective of the optimization protocol was to minimize the percentage
change in the dimensions. Thus, the S/N ratio (η) was calculated using smaller-the-better quality
characteristics. The mean square deviation (MSD) was used to incorporate the effect of changes in
mean and variation (standard deviation) with equal priority. The S/N ratio (η) was calculated using
the following Equation (3):

η = −10 log (MSD) (3)

where η is the S/N ratio and MSD is the mean square deviation for the output characteristics. To predict
the optimum parameter level settings, the main effect plot for S/N ratio was used. To determine
the effect of individual parameters along with their interactions, ANOVA was used. The level of
significance was set at p < 0.05. This section of statistical analysis was performed in Minitab statistical
software (Minitab 19, State College, PA, USA).

To analyze the results of the verification protocol for dimensional accuracy assessment, descriptive
statistics were used. To summarize, the qualitative characteristics of PEEK cranial PSIs, mean, median,
standard deviation, and interquartile range were calculated for each group. To visually inspect the
accuracy of FFF fabricated PEEK PSIs, histograms were used to compare the mean differences (SD) and
median differences (IQR) to the planned implant. This section of statistical analysis was performed in
R statistical software (R Core Team 3.4.1, The R Foundation for Statistical Computing, Vienna, Austria).
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3. Results

3.1. Optimized Nonthermal Printing Process Parameters

The conversion of percentage change in dimensions to the S/N ratio was carried out using the
smaller-the-better quality characteristic. ANOVA and S/N ratio analysis were conducted to identify
the optimum combination of process parameters. Table 4 displays the response values for the S/N ratio.
The result concludes that the change in dimension was affected mostly by the infill pattern followed by
the layer thickness, number of shells, and lastly, by the infill rate.

Table 4. Response values for signal-to-noise (S/N) ratio.

Parameters Symbol Level 1 Level 2 Level 3 Rank

Layer thickness A 24.29 16.10 26.10 2
Infill rate B 21.46 19.57 25.46 4

Number of shells C 22.84 17.95 25.69 3
Infill pattern D 35.04 10.48 20.97 1

The main effects plot for S/N ratio are shown in Figure 5. The combined analysis of Table 3 and
Figure 5 show that the combination of A2B2C2D2, i.e., layer thickness (A) of 150 µm, infill rate (B) of
80%, number of shells (C) as 2, and infill pattern (D) of rectilinear, were observed as the optimum
parameters for minimum change in dimensions.

Figure 5. Main effects plot for signal-to-noise (S/N) ratio. LT, layer thickness; INFILL%, infill rate;
NSHELLS, number of shells; PATTERN, infill pattern.

The results from ANOVA revealed that the number of shells had a significant influence on
the change in dimensions. Additionally, ANOVA for transformed response displayed statistically
significant interactions between layer thickness, infill rate, and infill pattern (p < 0.05). The contribution
of the infill pattern was significantly higher (77.31%), followed by layer thickness (13.68%) and infill
rate (8.70%).

3.2. Deviation Analysis and Dimensional Accuracy Assessment of FFF 3D Printed PEEK Cranial PSIs

Figures 6 and 7 show the overall descriptive data distribution for the difference between the
planned (reference) and FFF 3D printed PEEK PSIs in Group 1 and Group 2, respectively.
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In Group 1 PEEK PSIs, the comparison analysis revealed a mean difference± SD of 0.731 ± 0.051 mm
and a median difference (Q1 to Q3) of 0.704 (0.699–0.790) mm. On the other hand, the comparative
analysis in Group 2 PSIs revealed a mean difference ± SD of 0.238 ± 0.006 mm and a median difference
(Q1 to Q3) of 0.241 (0.232–0.242) mm.

For the assessment of dimensional accuracy of FFF 3D printed PEEK cranial PSIs, the overall 3D
deviations or RMS values were analyzed. Table 5 outlines the results of a quantitative dimensional
accuracy assessment (RMS values). Higher the RMS value, more significant is the deviation error
between two datasets and lower is the dimensional accuracy of the PSI. Higher deviations were
observed in Group 1 as compared to Group 2 cranial PSIs. The highest RMS value in Group 1 PSIs was
0.790 mm, whereas in Group 2, the highest RMS value was 0.241 mm.
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Table 5. Quantitative assessment of dimensional accuracy of FFF 3D printed PEEK patient-specific
implants (PSIs) regarding root mean square (RMS) values (mm).

Group 1 RMS (mm) Group 2 RMS (mm)

PSI 01 0.699 PSI 01 0.232
PSI 02 0.790 PSI 02 0.241
PSI 03 0.704 PSI 03 0.241

The digitized surface meshes of FFF 3D printed PEEK PSIs were superimposed on the reference
surface meshes of planned PSIs to generate a visual display of the location and magnitude of congruence
or incongruence. Figure 8 shows the color deviation maps (3-matic medical 13.0, Materialise, Leuven,
Belgium) generated for Group 1 and Group 2 PEEK PSIs. The blue areas of the color deviation map
show a negative deviation, whereas the red-colored regions show a positive deviation.

Figure 8. Color-coded deviation maps illustrating the areas of congruence or incongruence between
planned and FFF 3D printed PEEK PSIs. Group 1 PSI: (a) squamous (outer) surface and (b) cerebral
(inner) surface and Group 2 PSI: (c) squamous (outer) surface and (d) fronto-orbital (inner) surface.

In Group 1, a slight negative deviation was observed on the squamous (outer) surface at the
frontotemporal region of the PSI, whereas positive deviations were found on the cerebral (inner)
surface at the anterolateral part of the PSI. In Group 2, a slight positive deviation was observed on the
squamous (outer) surface at the supraorbital region, and negative deviation was seen on the orbital
(inner) surface at the fronto-orbital margin of the PSI. On subjective evaluation, the deviations in
Group 2 corresponded with the areas where the support structures were attached to the PSIs (Figure 3),
whereas in Group 1 PSIs, these deviations corresponded with the areas which had signs of slight
discoloration during the printing process (Figure 9). Moreover, horizontal lines, or the characteristic
FFF stair-stepping effect, were more perceptible across the surface of Group 1 PSIs. The PSIs marginal
fit was assessed subjectively on 3D printed cranial defect anatomical models by a consultant surgeon
and was considered as acceptable.
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Figure 9. Signs of slight discoloration (dark-brownish areas) in Group 1 PSIs.

4. Discussion

Personalized medicine has revolutionized the practice of modern medicine. With advancements
in CAD and AM technologies, the use of customized implants with excellent cosmetics and functional
results has now become widespread [22]. These technological improvements have led to a tremendous
increase in the use of patient-specific alloplastic implants for cranioplasty applications. PEEK has been
used in cranioplasty as a reliable alternative to other alloplastic materials [23,24]. Previous studies have
shown the possibility of printing PEEK by FFF [17,25,26]; however, studies on FFF 3D printed PEEK
cranial implants are limited. Therefore, to investigate the outcome of quality and clinical relevance of
FFF 3D printing technology at POC manufacturing, the present study was conducted. We reported
quantitative assessments of dimensional accuracy characteristics of FFF 3D printed PEEK PSIs using
an in-house PEEK 3D printer.

The results of the dimensional accuracy in the present study revealed that Group 2 PSIs had
comparatively lower deviations than Group 1 PSIs. In the illustrated Group 1 case, the highest RMS
value was 0.790 mm, while in Group 2 case, the highest RMS value was 0.241 mm. The level of accuracy
required in a PSI depends on the clinical application. According to our results, PSIs in Group 1 and
Group 2 were within the acceptable accuracy range required in cranioplasty procedures, with overall
3D deviations under 2 mm [27]. Further analysis of the spatial distribution of variations revealed that
the deviation pattern depended on the size and shape of the cranial defect, which was reflected in the
PSIs fabricated (Figure 8). The more considerable deviations in Group 1 PSIs can be explained due to
the more significant anatomical cranial defect with greater span of the curvature.

The results suggest that the dimensional characteristics of FFF 3D printed PEEK PSIs are a
comprehensive consequence of a multitude of factors, including the thermal and nonthermal printing
parameters of the 3D printer, the crystallinity of the parts, and the bonding interface between the
printed layers. Group 1 PSIs displayed different color zones (Figure 9) compared to Group 2 PSIs.
These color changes can be explained due to varying levels of crystallinity, i.e., dark-brownish areas
have a more amorphous PEEK structure, whereas the lighter areas have a higher degree of crystallinity.
Studies have shown that PEEK mechanical properties are influenced by the level of crystallinity of
the material. Increasing the crystallinity can improve the elastic modulus and yield strength of the
fabricated PEEK part [28]. Vaezi and Yang [29] found that heat management during the FFF 3D printing
process and optimum heat distribution around the part are essential parameters to affect the level
of crystallinity in the 3D printed PEEK object. Jin et al. [30] also showed that crystallinity in PEEK
parts is influenced by the thermal processing conditions, such as the material cooling rate or thermal
gradient. The amorphous regions in the printed parts can be optimized in the FFF printing process if
the deposited materials are cooled down slowly or printed at a higher temperature to allow generation
of crystalline PEEK structure [31].

Although FFF seems like a simple process, the achievement of high efficiency and high-quality
manufacturing results in PEEK printing presents significant challenges. The temperature of the
illustrated FFF PEEK 3D printer used in our study was not user controlled; therefore, nonthermal
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printing parameters were tested to understand the dimensional characteristics. To further understand
the issues with improper crystallinity, two additional cranial plates were printed; one in a horizontal
build orientation and the other in a vertical build orientation positioned slightly away from the center
of the build platform. We found that the test plate printed in a horizontal orientation had a very rough
surface finish (Figure 10b) but with fewer regions of amorphous PEEK. The uneven fabrication lines
were caused because of the combination of the building orientation and complex geometry of the
cranial implant. Moreover, by the end of the printing process, warping or detachment of the implant
from the printer’s build platform was noticed (Figure 10a). This effect can be explained because of
the residual stress buildup that occurs during the printing process and the inability of the printer
to maintain the required high processing temperatures consistently. In contrast, while the implant
printed in a vertical orientation had a smoother surface finish, it also depicted different zones of
crystallization (Figure 10b,c). From the support structure removal perspective, the parts printed in
a vertical orientation provided a much faster support removal than horizontally oriented printed
counterparts. Therefore, it can be inferred that part orientation and usage of support structures affects
the surface finish and dimensional accuracy in complex anatomically shaped PSIs.

Figure 10. Illustrations of the FFF PEEK 3D printing issues in the cranial implants regarding different
orientations. (a) horizontally printed cranial implant showing raft detachment/warping effect (in situ);
(b) horizontally printed cranial implant displaying rough internal surface; (c) vertical printed cranial
implant exhibiting different levels of crystallinity (in situ); (d) 3D printed skull biomodel with the
vertically printed implant after support structure removal; and (e) annealed vertically printed cranial
implant displaying no discolorations.

Several studies have reported that further postprocessing procedures such as annealing [28,32]
could eliminate the dark amorphous regions caused due to irregular crystallization in PEEK parts.
Figure 10d,e illustrates a PSI, before and after annealing postprocessing procedure. We noticed that
the annealed cranial implant had an incomprehensible shrinkage and was, therefore, considered
unfit for its clinical application. We, therefore, believe that although annealing helps to eliminate
the amorphous regions and increases the mechanical strength of a part [33], it also results
in marked dimensional deviations, especially in complex anatomically shaped cranial implants.
However, to further comprehend whether the variations with annealing postprocessing procedure
are influenced by the dimensions and contours of a cranial prosthesis, further studies are required.
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Nonetheless, the issues with recrystallization of amorphous regions and an additional requirement of
high-temperature postprocessing procedures can limit the use of FFF 3D printed PEEK cranial implants
for in-hospital manufacturing.

Unlike Group 2, we printed the PSIs in Group 1 with no drainage holes. We resorted to this
fabrication method, seeing the best-fit option for the illustrated PSI in our study. We learned that the
orientation of the cranial implant profoundly influenced the fabrication feasibility of cranial implants
with holes. As Group 1 PSIs were more extensive in dimensions than Group 2 PSIs, the fabrication of
implant with drainage holes was possible only in a horizontal orientation, which resulted in a very
rough surface finish. Moreover, printing the implant with holes in a vertical orientation resulted in
plate breakage during the fabrication process (Figure 11). In FFF PEEK printing, the printed object
attempts to accommodate these structural design effects, consequently leading to the initiation of
internal stresses within the object. This results in a buildup of residual stresses, leading to crack
propagation in the printed part. Due to the layer-by-layer fabrication method, each new layer is
overlaid on top of the previous layer before material solidification from the melt occurs, resulting in
volume shrinkage in the previous layer. The volume shrinkage contributes to weak interlayer bonding,
and therefore, the structural failures are often confined to the interface between the layers [34]. All these
effects invariably contribute towards a requirement of optimum thermal management during the PEEK
printing process, along with a consideration of the principles of design for additive manufacturing.

Figure 11. Structural failure in the PEEK cranial implant during the FFF 3D printing process.

Until now, PEEK PSIs have been manufactured by external MedTech companies. This production
method sometimes takes several weeks and requires numerous meetings between clinicians and
biomedical engineers. Furthermore, the expenses related to the manufacturing of customized PEEK
cranial implants are high and depend on the defect size and shape [35]. For example, the average cost
for the Group 1 and Group 2 PEEK PSIs procured from external companies is around 7000–10,000 €
and 3000–4000 €, respectively. Nonetheless, the use of 3D printing technology in hospitals would be
very advantageous. This could significantly reduce the production lead times and treatment times,
thereby increasing patients’ satisfaction and surgical outcomes.

As the AM of PSIs is gradually moving towards in-house or POC manufacturing, clinicians need
to understand the various factors that can affect the quality of the fabricated implant. As per the
guidelines published in “Additively Manufactured Medical Products—The FDA Perspective,” like any
external service provider, hospital-based 3D printing set-ups should provide the same efficacy and
manufacturing quality for medical devices [36]. Besides, organizations such as the American Society
for Testing and Materials (ASTM) International, the International Organization for Standardization
(ISO), and the Association for the Advancement of Medical Instrumentation (AAMI) have proposed
standard technical consensus for PEEK medical devices [37]. Furthermore, standardized operational
measures such as quality management protocols should be implemented in the hospital environment
to assess whether the intended 3D printed part conforms to its clinical application [38]. One aspect
of these protocols is part verification, which was analyzed in this study. Although the dimensional
accuracy of PSIs fabricated in both the groups were within the clinically acceptable range; however,
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attention must be paid to the temperature control during the printing process to ensure that it is well
regulated to fabricate implants of consistent crystallinity.

AM processing of PEEK thermoplastic polymer for the fabrication of large-sized, complex cranial
implants presents significant challenges due to the limitations associated with large thermal gradients,
residual stress buildup, and the inability of the 3D printer to provide the required ambient temperatures
consistently. A beta version of an updated software from the FFF PEEK 3D printer’s manufacturer,
which promises a layer-by-layer incremental increase in the airflow temperature, is in the developmental
stage. Therefore, these results will need to be revisited to access the improved performance of the
FFF PEEK printing process for medical implants at the POC manufacturing. Another aspect that
needs attention is the anisotropic behavior of the FFF 3D printed PEEK cranial implants. Due to the
layer-by-layer fabrication method, the specific anisotropic performance needs to be tested in future
experiments addressing the biomechanical properties of the FFF 3D printed PEEK cranial implants.

5. Conclusions

With 3D printing laboratories in hospitals worldwide, the production of anatomical biomodels
has become more tangible. However, 3D printing of PSIs at the POC is still rare. It can be inferred
from this study that although POC manufacturing has a vast potential for PEEK PSIs in craniofacial
reconstructions, however, technological aspects are still in the nascent stage. Further advancement
in this technology will open up enormous scope for innovation and future development in various
surgical applications.
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Abbreviations

3D Three-dimensional
AAMI Association for the Advancement of Medical Instrumentation
AM Additive manufacturing
ANOVA Analysis of variance
ASTM American Society for Testing and Materials
CAD Computer-aided design
CAM Computer-aided manufacturing
CD Change in the dimensions
CT Computed Tomography
DICOM Digital Imaging and Communications in Medicine
DOE Design of experiments
EOS Electro-Optical Systems
FFF Fused filament fabrication
ICP Iterative closest point
INFILL % Infill rate
ISO International Organization for Standardization
IQR Interquartile range
LT Layer thickness
MIMICS Materialise Interactive Medical Image Control System
MSD Mean square deviation
NSHELLS Number of shells
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PATTERN Infill pattern
PEEK Polyetheretherketone
POC Point-of-care
PSIs Patient-specific implants
RMS Root mean square
SD Standard deviation
SLS Selective laser sintering
S/N Signal-to-noise
STL Standard Tessellation Language
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Abstract: Recent advancements in medical imaging, virtual surgical planning (VSP), and three-
dimensional (3D) printing have potentially changed how today’s craniomaxillofacial surgeons use
patient information for customized treatments. Over the years, polyetheretherketone (PEEK) has
emerged as the biomaterial of choice to reconstruct craniofacial defects. With advancements in
additive manufacturing (AM) systems, prospects for the point-of-care (POC) 3D printing of PEEK
patient-specific implants (PSIs) have emerged. Consequently, investigating the clinical reliability
of POC-manufactured PEEK implants has become a necessary endeavor. Therefore, this paper
aims to provide a quantitative assessment of POC-manufactured, 3D-printed PEEK PSIs for cranial
reconstruction through characterization of the geometrical, morphological, and biomechanical aspects
of the in-hospital 3D-printed PEEK cranial implants. The study results revealed that the printed
customized cranial implants had high dimensional accuracy and repeatability, displaying clinically
acceptable morphologic similarity concerning fit and contours continuity. From a biomechanical
standpoint, it was noticed that the tested implants had variable peak load values with discrete
fracture patterns and failed at a mean (SD) peak load of 798.38 ± 211.45 N. In conclusion, the results
of this preclinical study are in line with cranial implant expectations; however, specific attributes
have scope for further improvements.

Keywords: alloplastic implant; biocompatible material; computer-assisted; cranioplasty; fused filament
fabrication; reconstructive surgery; patient-specific modeling; printing; polymer; three-dimensional

1. Introduction

Large cranial bone defects can result from decompressive craniectomy following
cerebral infections, head trauma, or resection of bone-invading intracranial tumors. Cranio-
plasty is a surgical reconstructive procedure that re-establishes the physiological functions
of the neurocranium and restores the structural integrity of cranial defects [1,2]. The goal
of cranioplasty is not only restitution of the cranial defect, but also to improve the esthetics,
quality of life, and psychological wellbeing of the patient [3,4].

With advances in computer-aided design (CAD) and computer-aided manufacturing
(CAM) technologies, cranial reconstructions have witnessed tremendous progress [5–10]. In
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particular, additive manufacturing (AM) or three-dimensional (3D) printing have become
ways of aptly reconstructing the patient’s affected surgical anatomy with patient-matched
implants [11–14]. Patient-specific implants (PSIs), in general, are driven by the imperative
need of surgeons to treat complicated reconstructive cases that demand a unique patient-
specific approach [15–17]. The potential use of 3D printing in these realms as a source of
customizable PSIs that matches each patient’s unique anatomy has piqued great interest
among surgeons.

There have been several reports on applying point-of-care (POC) 3D printing in
numerous avenues, including the fabrication of anatomical biomodels for preoperative
surgical planning, surgical guides, and prosthetic aids [18,19]. Particularly in the context of
cranioplasty, recently published reports have demonstrated the fabrication of customized
acrylic cranioplasty implants in hospitals assisted by 3D-printed molds [20–23]. How-
ever, very few reports have addressed the avenue of POC manufacturing of 3D-printed
personalized implants.

Material extrusion-based 3D printing from thermoplastic polymer filaments usually
referred to as fused filament fabrication (FFF), is the most commonly used AM technique
in hospitals due to its ease of operability and availability of low-cost machines. However,
FFF technology has been limited to the production of anatomical biomodels and has not
yet been adopted into the mainstream production of functional implants [24–26]. With ad-
vancements in AM systems, 3D printing of high-temperature thermoplastic polymers such
as polyetheretherketone (PEEK) and prospects for customized FFF 3D-printed PEEK surgi-
cal implants have emerged, increasing attention for POC manufacturing [27–29]. Although
milled PEEK implants have been used in cranial reconstructions for a long time [7,17,30],
the commercial formulation of medical-grade PEEK filaments for extrusion-based 3D
printing is relatively recent. By definition, any innovative technology is exploratory,
and guidelines for using these novel approaches are needed to reduce the likelihood
of errors [31].

Consequently, investigating the clinical reliability of POC-manufactured implants
in the preclinical phase has become a necessary endeavor. Our previous studies have
demonstrated the feasibility of using high-temperature FFF 3D printers explicitly tailored
to produce customized PEEK implants in hospitals [32,33]. However, this augmented
employment of 3D printing opens up questions regarding effectiveness and safety in the
use of POC-manufactured PEEK biomedical implants.

Therefore, this paper aims to provide a quantitative assessment of the potential clinical
efficacy of POC-manufactured 3D-printed PEEK PSIs for cranial reconstruction. In addition
to the description of the technical digital workflow—from virtual surgical planning (VSP)
to material extrusion-based 3D printing of these PSIs—the objectives of this work are the
presentation and characterization of the geometrical, morphological, and biomechanical
aspects of the FFF 3D-printed PEEK cranial implants for their use as well as to reveal the
difficulties which may occur in clinical application.

2. Results
2.1. Geometric Characteristics of the FFF 3D-Printed PEEK Patient-Specific Cranial Implants

Figure 1A,B illustrate the overall descriptive data distribution of the deviation analysis
for dimensional accuracy between planned (reference) and FFF 3D-printed PEEK PSIs.
For quantitative assessment of the dimensional accuracy of the 3D-printed PEEK PSIs,
RMSE values were analyzed. The comparative analyses revealed a mean RMSE ± SD
value of 0.731 ± 0.013 mm, whereas the median (Q1 to Q3) RMSE value was 0.733
(0.723 to 0.739) mm.
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to Q3) (mm) among 3D-printed PEEK cranial implants. 
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3 0.129 ± 0.079 0.115 (0.076 to 0.138) 
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1 Patient-specific implant; 2 root mean square error; 3 standard deviation. 

In the dimensional repeatability analysis, the Shapiro–Wilk test yielded significant 
results. Combined with the visual inspection of the Q–Q (quantile–quantile) normal plot, 

Figure 1. Descriptive data distribution illustrating the geometric characteristics of the material extrusion 3D-printed PEEK
cranial patient-specific implants (specimen model 1–10): (A) Dimensional accuracy mean difference ± standard deviation
(SD) (mm) between planned and 3D-printed PEEK cranial implants; (B) Dimensional accuracy median difference (Q1 to Q3)
(mm) between planned and 3D-printed PEEK cranial implants; (C) Dimensional repeatability mean difference ± standard
deviation (SD) (mm) among 3D-printed PEEK cranial implants; (D) Dimensional repeatability median difference (Q1 to Q3)
(mm) among 3D-printed PEEK cranial implants.

Figure 1C,D illustrate the overall descriptive data distribution of the deviation analysis
for dimensional repeatability in FFF 3D-printed PEEK PSIs. For quantitative assessment
of the dimensional repeatability of the printed PSIs, RMSE values were analyzed. The
comparative analyses revealed an overall mean RMSE ± SD value of 0.155 ± 0.081 mm,
whereas the median (Q1 to Q3) RMSE value was 0.120 (0.093 to 0.231) mm. A summary of
all statistics concerning RMSE values for dimensional repeatability analysis is illustrated
in Table 1.

Table 1. Quantitative assessment for dimensional repeatability of material extrusion 3D-printed
PEEK patient-specific cranial implants.

PSI 1 Mean RMSE 2 ± SD 3 Median RMSE (Q1 to Q3)

1 0.143 ± 0.075 0.121 (0.092 to 0.143)
2 0.143 ± 0.090 0.123 (0.080 to 0.153)
3 0.129 ± 0.079 0.115 (0.076 to 0.138)
4 0.133 ± 0.087 0.114 (0.096 to 0.120)
5 0.129 ± 0.072 0.109 (0.083 to 0.120)
6 0.219 ± 0.024 0.227 (0.214 to 0.232)
7 0.259 ± 0.038 0.270 (0.259 to 0.278)
8 0.134 ± 0.069 0.118 (0.103 to 0.130)
9 0.133 ± 0.081 0.113 (0.099 to 0.116)
10 0.124 ± 0.074 0.098 (0.087 to 0.119)

1 Patient-specific implant; 2 root mean square error; 3 standard deviation.

In the dimensional repeatability analysis, the Shapiro–Wilk test yielded significant
results. Combined with the visual inspection of the Q–Q (quantile–quantile) normal plot,
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the results displayed a non-normality distribution of data. Therefore, a non-parametric
statistical test was carried out to identify intergroup differences. The pairwise comparison
using Tukey’s post hoc test revealed a statistically significant difference (p < 0.05) between
cranial implant 8 and cranial implant 7 (Table 2).

Table 2. Dimensional repeatability assessment of material extrusion 3D-printed PEEK patient-specific
cranial implants concerning p-values of the Tukey–Kramer post hoc test.

PSI 1 PSI 2 PSI 3 PSI 4 PSI 5 PSI 6 PSI 7 PSI 8 PSI 9

PSI 2 1.00

PSI 3 1.00 1.00

PSI 4 1.00 1.00 1.00

PSI 5 1.00 1.00 1.00 1.00

PSI 6 1.00 1.00 0.51 1.00 0.51

PSI 7 0.29 0.29 0.16 0.22 0.11 0.11

PSI 8 1.00 1.00 1.00 1.00 1.00 0.51 0.03 a

PSI 9 1.00 1.00 1.00 1.00 1.00 1.00 0.22 1.00

PSI 10 1.00 1.00 1.00 1.00 1.00 0.51 0.05 b 1.00 1.00
a,b Within a row, p-values with a common superscript letter indicate a statistically significant difference (p < 0.05)
between the indicated groups. PSI—patient-specific implant.

2.2. Morphological Characteristics of Anatomical Reconstructions with 3D-Printed PEEK
Patient-Specific Cranial Implants

For morphological assessment, the symmetry of 3D CAD cranial reconstructions
was examined. The CAD reconstruction results revealed excellent cranial reconstruction
symmetry with a mean RSI ± SD value of 97.48 ± 0.023% and a median (Q1 to Q3) RSI
value of 97.47% (97.47% to 97.49%).

The morphological similarity was assessed with reconstruction contour conformance
distance mapping. The results show close conformance between the 3D CAD cranial recon-
struction with printed PSI and the planned reconstruction. The quantitative comparative
analyses revealed an overall mean RMSE ± SD value of 0.499 ± 0.032 mm, and a median
(Q1 to Q3) RMSE value of 0.499 (0.494 to 0.514) mm. The morphological fit and contour
continuity of the 3D-printed PSIs on the cranial defect model were mainly rated as “good”
(6; 60%) or “satisfactory” (4; 40%). Figure 2A demonstrates the conformance distance map
for 3D CAD cranial reconstruction with printed PEEK PSI in an exemplary case with a
“satisfactory” morphological fit. The regions of low similarity are shown in red, whereas
areas in green indicate the opposite. The overall conformance distance was approximately
under 2 mm over most of the surface area. Figure 2B,C illustrate the qualitative assessment
for the “satisfactory” morphological fit and contour continuity between the printed PEEK
cranial implants with the 3D CAD cranial defect model in axial and coronal cross-sectional
views. The fit and contour continuity was maintained at the anterior margin near the
frontotemporal region; however, a slight deformation altered the implant’s tangential
fit at the posterior margin near the infratemporal region, as depicted in the magnified
sagittal cross-sectional view (Figure 2D). This slight change in the conformance distance
(≈ 1.5 mm) transformed the implant shape from an onlay-fitting to an inlay-fitting implant
at the infratemporal region.
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Figure 2. Morphological characteristics in an implant with a “satisfactory” fit and contour continuity:
(A) Reconstruction contour conformance distance map; (B) Axial view illustrating the contour continuity
between planned (blue) and 3D-printed (pink) PEEK implant (scale bar, 5 cm); (C) Coronal view illustrating
the contour continuity between planned (blue) and 3D-printed (pink) PEEK implant (scale bar, 5 cm); (D)
Magnified sagittal cross-sectional view of the white circled inset illustrating the slight discrepancy in the
marginal fit between planned (blue), and 3D-printed (pink) PEEK implant (scale bar, 5 cm).

2.3. Biomechanical Characteristics of the 3D-Printed PEEK Patient-Specific Cranial Implants

The findings of the quasi-static mechanical test are presented as force–displacement
curves and as a post-test examination of the cranial implant specimens. Overall, the FFF
3D-printed customized PEEK cranial implants had a mean peak force of 798.38 ± 211.45 N
and occurred on an average displacement of 2.54 ± 0.56 mm. Table 3 illustrates the peak
force and respective displacement at peak force noticed within each 3D-printed customized
PEEK cranial implant.

We observed differences in the damage pattern configurations of implants with an
indication for class 1 (4; 40%), class 2 (4; 40%), and class 3 (2; 20%) fracture patterns
(Figure 3). The implants with class 1 (Figure 3A) fracture pattern had the highest overall
peak force (>800 N), followed by class 2 (Figure 3B) fracture pattern implants (600–800 N),
whereas the lowest peak force was seen in class 3 (Figure 3C) fracture pattern implants
(<600 N). It was noted that the PSIs with a “satisfactory” morphological fit and contour
continuity had a class 2 fracture pattern. In contrast, the PSIs with a “good” fit had a
distribution between class 1 and class 3 fracture patterns.
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Table 3. Peak force (N) vs. displacement at peak force (mm) in material extrusion 3D-printed PEEK
patient-specific cranial implants.

PSI 1 Peak Force (N) Displacement at Peak Force (mm)

1 877.50 2.74
2 1000.31 2.96
3 732.92 2.34
4 626.51 2.59
5 933.93 2.70
6 522.92 1.79
7 541.10 1.87
8 679.72 2.53
9 786.11 2.14
10 1182.91 3.72

1 Patient-specific implant.
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The force–displacement curve responses for the strongest (class 1) and weakest per-
forming (class 3) representative cranial implants are shown in Figure 4A; a typical class 1
response obtained from the uniaxial compressive test is reported in Figure 4A. In particular,
the figure shows the force and deflection acquired during the test with a plateauing force,
referred to as peak force seen at 1183 N, and a shift from elastic to plastic deformation was
noted. The first microcrack initiation was around 293 N, with a second crack propagation
around 660 N (Figure 4A). The post-peak region illustrated a macrocracking semi-brittle
type of failure. On post-test examination, it was observed that the shape of the cranial
implant was retained, and the fracture pattern was confined to the printed intra- and
interlayer interfaces (Figure 4C). The cross-section of the cranial specimen (Figure 4E)
exhibited a strong interlayer bonding after the implant specimen was broken.

In contrast, in the weakest implant case scenario (cranial implant 7), the peak force was
noticed at 541 N, with the first crack initiation at around 410 N (Figure 4B). The post-peak
region depicted a macrocracking brittle-type failure with no plastic deformation. At the
post-test examination, a linear fracture pattern confined to the intralayer interface with
air gaps was observed (Figure 4D), and the cranial implant specimen displayed weak
interlayer bonding strength, as shown in Figure 4F.
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3. Discussion

Over the years, PEEK has emerged as the biomaterial of choice to reconstruct cranio-
facial defects [7,17,34–37]; however, little is known about FFF 3D-printed PEEK implants.
With advances in 3D printing technology, prospects for customized FFF-printed PEEK
surgical implants have emerged [27,33,34]. The current literature relating to the geometric
and morphological characteristics of in-hospital 3D-printed PEEK cranial PSIs is very
limited. Although few studies have evaluated the accuracy of cranial reconstruction with
PSIs fabricated in-hospital, these studies are primarily directed towards molded acrylic
prostheses [20,22,38–40]. One study focused on quantitative assessment of the dimensional
accuracy of patient-specific laser-sintered PEEK cranial implants concerning the build
orientation [41]. The authors stated that transversally (horizontal) manufactured implants
exhibited the slightest deviation from the planned model. Our previous study [33] showed
that the transverse orientation of implants in FFF PEEK printing results in a sub-optimal
surface finish of the implants, which is clinically unacceptable. Therefore, considering the
working principle of FFF, the implants in the present study were fabricated in an axial
orientation with minimal generation of support structures. According to our results, FFF
3D-printed PEEK PSIs were within an acceptable dimensional accuracy range required in
cranioplasty reconstructive procedures, with overall deviations under 1.0 mm. Further-
more, the dimensional precision of the FFF system revealed that the fabricated PEEK cranial
implants had high reproducibility, with overall deviations under 0.5 mm. Even though
statistically significant differences were depicted between cranial implant 8 and cranial
implant 7, the difference was less than 0.2 mm and, therefore, was clinically irrelevant.

The morphological characterization of the FFF 3D-printed PEEK PSIs is essential for
estimating the potential cranial reconstruction accuracy. Therefore, further analysis of
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the spatial distribution of variations concerning the morphological cranial (anatomical)
reconstruction was performed. We applied the symmetrical index method [42] to assess
the symmetry of the 3D cranial reconstruction with FFF 3D-printed PEEK implants. Basu
et al. [39] and Tan et al. [43] reported the reconstruction symmetry in acrylic cranioplasty
with mean values of 94.5% and 96.2%. The symmetry achieved in our study was excellent,
with a mean RSI value of 97.5%. The preclinical results potentially establish the clinically
acceptable restoration of skull defects that can be achieved with intraoperative FFF 3D-
printed PEEK cranial implants.

The morphological conformance of PSIs with cranial defect components is a crucial
element and is often underestimated in clinical studies. Discrepancies noticed in the
morphological fit of the implant onto the bony component can result in postoperative
complications. Few researchers have presented an objective volumetric assessment of the
implant fit with dice similarity coefficient (DSC) and utilizing a matrix-based assessment
to compare implant gaps with native bone at different anatomic regions in postoperative
images [40,44]. Our preclinical results present a colorimetric surface-deviation confor-
mance map established on a numerical index—the RMSE, illustrating point-based as well
as overall conformance distance deviations. Quantitatively, the co-registered cranial re-
constructions showed an overall conformance distance under 1.0 mm throughout most
surface areas. Qualitatively, most of the PSIs revealed “good” and a definite morphologic
similarity concerning fit and contour continuity, translating into a PSI that effectively
restores the cranial anatomical contours with no intraoperative modification. However,
some PSIs displayed a “satisfactory” morphologic similarity, which translates into a PSI
that effectively restores the cranial anatomical contours requiring minor intraoperative
modification. The point-based analysis in these PSIs further revealed that most of the
differences were the lowest (highest congruency) in the squamous area and the highest
(lowest congruency) in the infratemporal area. These slight temporal region discrepancies
can always be camouflaged by overlying soft tissue. The primary value of this analysis is
the quantitative confirmation of our preclinical experience that the FFF 3D-printed PEEK
PSIs provide a close morphologic approximation of the cranial defect.

Clinical studies about individual cases or case series for cranial PSIs often overlook
detailed reporting of the design specifications [7,17]. This could partly be because the fabri-
cation process is outsourced to external service providers and is of relative interest to the
surgical team. However, design considerations are a critical need for surgeons embarking
on the POC manufacturing of customized implants. Design for additive manufacturing
(DfAM) requires expertise in several areas, particularly concerning design specifications,
optimized build orientations, support structures, fixation points, and clinically acceptable
tolerance levels of the fabricated implant. In the context of non-load-bearing patient-
specific PEEK cranial implants, the size, asymmetrical shape, thickness, contour, and edge
profile are the key design elements for consideration. The main (base) cranial implant
(typically 3–5 mm thick) is without fixation tabs and can be attached to the cranial bone
with any commercially available fixation systems (miniplates) to provide a precise fit. The
next design element is the edge profile, categorized into an inlay (drop-in-fit) or an onlay
(overlapping margins resting over the bone defect) fitting implant. Unlike inlay design,
the onlay edge profile fit provides intraoperative flexibility if minor adjustments and alter-
ations of bony margins are needed. Perfusion holes (typically 1.5–2 mm in diameter, spaced
10–25 mm apart) are the design elements that allow the passage of fluid, the attachment of
temporalis muscle, and dura retention. In FFF PEEK 3D printing, perfusion holes need to
be strategically placed because plate fractures might occur during the printing process [33],
or hole reaming after printing can be a solution.

Another aspect that needs consideration is the integrated fixation system—a design
element used to fixate the main implant to the cranial bone. The fixation tabs are typically
4–6 extensions on the base cranial plate design. These extensions can be further prolonged
to accumulate larger-than-estimated surgical resections. The printing of edge profile
extensions can be challenging in FFF PEEK 3D printing, resulting in a suboptimal surface
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finish and stemming post-processing steps. An alternative is to use overlapping margin
fits with angular screw fixation points to provide a more rigid fixation. Furthermore, the
fixation over the infratemporal region depends on the cranial defect size and surgical
exposure needed. In addition, a temporal cutback (an anatomical free space between the
bony defect margin and caudal margin of the implant) is a design element that dictates
the shape of the base implant in the temporal region of the skull to aid in reducing
intraoperative tissue exposure or temporalis muscle damage during surgery. Due to
the inherent printing mechanism of FFF, another aspect that needs to be considered is the
support structures. If printed as one unit, the fabrication of cranial implants for defects
crossing the midline or with orbital involvement needs extensive support structures. These
support structures contribute to many post-processing steps. Therefore, strategies to
minimize post-processing procedures by altering design and manufacturing strategies
can be beneficial. Finally, a multi-part cranial implant—is a beneficial design element if
the implant’s geometry has complex contours and curvatures, such as large-sized cranial
defects crossing the midline or cranial defects with a lateral orbital wall or orbital roof
involvement. This approach is favorable from the FFF PEEK manufacturing point of view
and provides insertion-path autonomy to implant components.

It should be noted that the overall quality of a POC-manufactured PSI is based not only
on its fit, margins, and contours, but also on its function. For this reason, it is pertinent to
assess the biomechanical properties of an implant and evaluate whether the implantation’s
structural integrity is suitable for implantation. Our results demonstrated the load-bearing
capacity of FFF 3D-printed PEEK cranial PSIs in a quasi-static test setup. The implants used
in this study were of the same form as those used clinically in patient-specific or customized
implants. We noticed that the implants failed at a mean (SD) peak load of 798.38 ± 211.45 N.
Motherway et al. [45] experimentally determined the strength for parietal cranial bone in a
quasi-static test setup and reported a maximum load of 793.7 N. Our result for the maximal
load seems to be in line with the experimentally determined parietal cranial bone data.
However, it was noticed that the tested implants in our study had differing peak force
values with discrete fracture patterns and were inconsistent when compared with each
other. This can be partly explained due to the difference in the interlayer bonding strength
of FFF 3D-printed PEEK samples. The implants with the highest peak load had a strong
bonding with uniform PEEK fusion and interlayer connectivity, whereas air gaps and infill
fusion lines were observed in implants with the lowest strength. It was evident that in FFF
3D-printed PEEK PSIs, the process of an early stage of fracture was highly reliant on void
coalescence. A crack initiation area was observed in the major fracture patterns, closely
followed by a striation area. With increasing load, the striations tended to become closer as
the distance from the crack initiation zone increased. Finally, a transition to rapid crack
propagation occurred, eventually breaking the implant. Unlike conventionally available
CAD/CAM milled and laser-sintered PEEK implants [41,46], the FFF 3D-printed PEEK
PSIs in our study retained their shape after structural failure without multi-fragmentation.
From a clinical standpoint, this failure pattern (non-fragmentation behavior) was favored
in failed implant retrieval.

In FFF PEEK printing, thermal processing conditions and printing parameters play a
crucial role. Optimum thermal management and heat distribution around the printed part
is essential to reduce the residual stress and increase the print quality [33,47,48]. When a
larger layer height (above 0.2 mm) is selected, void formation might occur in the samples,
resulting in weak interlayer bonding. Vaezi and Yang [47] stated that air gap formation
is an inherent limitation of the FFF PEEK printing process. Air gaps tend to be formed
either due to the PEEK filament’s geometry, limited deposition of the material, especially
at the perimeters in complex geometries, and temporary variation in the extrusion rate.
Additionally, micro-air bubbles can be entrapped inside the feedstock filament due to
moisture, leading to void formation. All these defects induce porosity into FFF 3D-printed
PEEK parts, consequently leading to decreased mechanical properties. To mitigate these
issues, it is essential to implement an integrated system within the FFF PEEK printer
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that keeps the filament dry during the printing process to avoid entrapped micro-air
bubble formation. In addition, especially in large-sized prints such as cranial implants,
a new and cleaned nozzle should be used for every print to avoid temporary extrusion
issues. Furthermore, support structure optimization surrounding the implant should be
considered for continuous perimeter filling and optimal filament bonding.

Several authors have assessed the biomechanical properties of curvilinear-shaped
cranial implants using a quasi-static test setup, as outlined in Table S1. Two studies
evaluated the structural integrity of selective laser-sintered (SLS) 3D-printed porous PEEK
cranial implants. Depending on cranial implant design and printing process parameters,
peak loads around 600–1000 N were determined [41,49]. Lethaus et al. [46] tested a solid
CAD/CAM milled PEEK cranial implant and reported a failure at a peak load of 24 kN.
The authors also tested a solid titanium cranial implant in the same study, and reported
that no implant damage was noticed at a peak load of 50 kN. However, it should be
noted that the solid implants tested in their study were considerably thicker (6 mm) than
those typically utilized in clinical cases. Ono et al. [50] assessed the structural integrity of
porous hydroxyapatite cranial implants and reported that the implants failed at a peak
load of 165 N. Another study tested porous hydroxyapatite implants covered with silicone
rubber, and a peak load of 726 ± 345 N was detected [51]. On the other hand, the strength
of bioactive glass-fiber-reinforced composite cranial implants was reported at around
175 ± 101 N [52]. In composite material, especially titanium-reinforced calcium phosphate
cranial implants, peak loads in the range of 457–808 N have been reported [53–55].

There is a lack of consensus and standardized guidelines capable of providing research
protocols for mechanical characterization when it comes to cranial implants. This lack
is most likely because high mechanical loads are seldom applied to the skull bone; thus,
cranial implants are considered non-load-bearing implants. Moreover, due to differences
in test specimen shape, geometry, and indenter shape, inter-study comparison becomes
incomprehensible. Nonetheless, another significant clinically applicable criterion was
that the requirement for an initial strength value of at least 20 kg before and immediately
after surgery could be fulfilled [50]. Based on clinical practice, we believe that an ini-
tial strength value of up to 20 kg (196 N) is the bare minimum strength of implants for
cranial reconstruction.

The study limitations include simplification of the test setup. The force applied to
the implant was quasi-static, which may not accurately reflect the loading condition in
a real-life scenario when an external impact force is applied to the implant. Secondly, it
would be interesting to evaluate the fracture pattern in non-fixated and screw-fixated FFF
3D-printed PEEK implants in future studies. Thirdly, there was a lack of quantitative
analysis on the internal configuration of the printed cranial implants. Further studies
involving non-invasive, non-destructive inspection of the printed cranial implants could
help to precisely investigate internal porosity induced due to the printing process.

4. Materials and Methods

The study workflow consisted of the following five protocols: (1) medical image
processing and virtual surgical planning; (2) material extrusion-based FFF 3D printing of
PEEK PSIs; (3) geometrical characterization of FFF 3D-printed PEEK PSIs; (4) morpholog-
ical characterization of the cranial reconstruction with FFF 3D-printed PEEK PSIs; and
(5) biomechanical characterization of FFF 3D-printed PEEK PSIs. Figure 5 illustrates a
graphical flowchart summarizing the study workflow.
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4.1. Medical Image Processing and Virtual Surgical Planning (VSP) Protocol

An anonymized unilateral cranial defect case was selected from the University Hos-
pital Basel database for this study. We selected this case because it was a representative
defect in an average craniotomy. The chosen case was then categorized based on a clas-
sification system of cranial implants, which considered the anatomical location and the
degree of difficulty in designing and manufacturing the implant [56]. The case was a
class III (fronto–temporo–parietal) cranial defect, demonstrating a unilateral defect with
a size larger than 100 cm2. When designing cranial implants, it is crucial to consider the
complicated geometry of the defects. The size of cranial defect has implications on the
implant’s design and manufacturing process—the larger the defect, the larger the span of
curvature that has to be reconstructed.

The detailed workflow for medical image acquisition, segmentation, and anatomical
modeling of customized cranial implants has been described in our previous studies [33,57].
The image acquisition parameters selected for a computed tomography (CT) (Siemens
SOMATOM, Siemens Healthcare GmbH, Erlangen, Germany) scan were: (1) gantry tilt, 0◦;
(2) slice thickness, 1 mm; (3) seed per rotation, 1 mm; (4) matrix of 512 × 512 pixels, with
a pixel size of 0.48 mm; and (5) a high-resolution bone reconstruction algorithm. Briefly,
CT datasets (exported in Digital Imaging and Communications in Medicine, DICOM
format) were processed by the surgeon using MIMICS Innovation Suite software v. 22.0
(Materialise, Leuven, Belgium). This software allowed us to segment the skull with a
semi-automatic algorithm based on bone-specific Hounsfield units (HU). The 3D skull
volumetric reconstruction was saved, and the project was imported into CAD software
(3-matic medical v. 14.0, Materialise, Leuven, Belgium). Based on the 3D skull model, a
mirrored model was created along the midplane defined by anatomically symmetric data
points. Subsequently, using a context-driven surface reconstruction algorithm, an optimally
shaped cranial plate was generated by interpolating the defect outline, and reconstruction
splines designed on intersecting sketches. The CAD file of the designed cranial implant
was finally converted and saved in a standard tessellation language (STL) file format.

4.2. Material Extrusion 3D Printing Protocol of PEEK Patient-Specific Cranial Implants

A material extrusion, FFF desktop 3D printer developed explicitly for PEEK medical
additive manufacturing (Apium M220, Apium Additive Technologies GmbH, Karlsruhe,
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Germany) was used to fabricate the patient-specific cranial implant. The PEEK 3D printer is
intended to produce PSIs in a cleanroom or a hospital environment under the International
Organization for Standardization (ISO) 10993 series of standards for the biological evalua-
tion of medical series [58]. The printer has an advanced temperature management system
that provides an enclosed heated envelope around the part, with an incremental layer-by-
layer airflow temperature build-up during the fabrication process. The cranial PSIs were
fabricated in a medical-grade 1.75 mm diameter PEEK filament (Evonik Vestakeep®i4 3DF,
Evonik Industries AG, Essen, Germany). The filament was extruded from Vestakeep® i4
G resin (Evonik Industries AG, Essen, Germany). This certified implant-grade material
meets the requirement of the American Society for Testing and Materials (ASTM) F2026–17
guideline for PEEK surgical implant applications [59].

Before fabrication, quality control measures were undertaken through the elimination
of errors in the STL file of the cranial implant. This ensured that errors such as intersecting
triangles, bad contours, and overlapping edges were resolved (3-matic medical v. 14.0,
Materialise, Leuven, Belgium). For fabrication, the STL file of the cranial implant was
imported into slicing software (Simplify 3D version 4.0, Cincinnati, OH, USA) to further
process and determine the best orientation for fabrication. A 0◦ orientation (vertical) to
the build platform direction (z-axis) was selected, and support structures were generated
on the overhanging structures of the cranial implant (Figure 6A). The printing parameters
chosen for the fabrication process are listed in Table 4. The generated g-code file (Figure 6B)
with the respective printing parameters was then transferred to the 3D printer software
(Apium Print Control v. 3.4.4, Apium Additive Technologies GmbH, Karlsruhe, Germany).
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support structures (scale bar, 1 cm) (B) G-code generation with the respective optimal printing parameters (scale bar, 1 cm);
(C) Material extrusion 3D-printed PEEK cranial implant (in situ).

Table 4. Printing parameters selected for the material extrusion 3D-printed PEEK patient-specific cranial implant.

Extruder Infill

Nozzle Diameter (mm) 0.4 Internal Fill Pattern Rectilinear
Temperature External Fill Pattern Rectilinear

Extruder Temperature (◦C) 485 Infill Percentage 100%
Airflow Temperature (◦C) 130–280 Raster angle 45/−45

Layer Support

Layer Height (mm) 0.15 Support Infill (%) 40
Top Solid Layers 3 Support Pillar Resolution (mm) 4

Bottom Solid Layer 3 Speed (mm/min)
Outline/Perimeter Shells 2 Printing speed 2000
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The physical production process consisted of the following quality control steps: (1)
humidity level check of the PEEK filament; (2) print bed calibration by a manual bed-
leveling procedure; (3) calibration of the FFF system for the extrusion multiplier value. To
prevent warping of the implant during printing, automatic raft generation functionality
integrated into the 3D printer’s software was enabled. Subsequently, the printing process
was initiated, and the fabrication of PEEK cranial PSIs (n = 10) was completed. To ensure
reproducibility, each PSI was manufactured individually in the center of the build platform
for uniform heat distribution (Figure 6C). After printing, the implants were manually
separated from the printed raft. The raft was then manually cut from the printer’s build
platform. The temporary support material was manually removed using cutting pliers,
and scuff marks were then trimmed off the implant’s surface with high-speed rotary burr
tools. The implants were not post-processed further.

4.3. Geometrical Characterization Protocol for the 3D-Printed PEEK Patient-Specific Cranial Implants

Geometrical characterization of the POC-fabricated implants represents an essential
aspect and consists of a combination of dimensional accuracy (trueness) and dimensional
repeatability (precision). The geometric characteristics were analyzed according to ISO
5725-2 guidelines [60]. The dimensional accuracy is defined as the closeness of an object’s
measured value to a known expected value. In contrast, dimensional repeatability is the
closeness of the results in repetitively printed objects [61].

The FFF 3D-printed PEEK cranial PSIs were digitized with an optical scanning sys-
tem (EinScan-SP, SHINING 3D Tech. Co., Ltd., Hangzhou, China), employing reverse-
engineering principles. The scanner utilizes a structured white-light technology and has
an accuracy of ≤0.05 mm (EinScan-S series software v. 3.1.0.1). A non-textured, colorless,
high-resolution unwatertight scan model of the respective implants was created using
the turntable marker alignment functionality. The 3D coordinates digitization process
was automatically registered to generate a point cloud of the implant. No further post-
processing steps, i.e., smoothing, auto-fill, mesh repair, sharpness filters, were applied.
The resultant 3D point cloud data of the implants were consequently converted into STL
file format utilizing an automated triangulation algorithm. The digitized STL files of the
printed PEEK cranial PSIs were superimposed with the STL file of the planned (reference)
cranial prosthesis. Point-to-point (n-point) registration was used to approximately align
the two dataset entities. The alignment was further refined in global registration using
an iterative closest point (ICP) algorithm. A 3D part-comparison analysis was performed
(3-matic medical v. 14.0, Materialise, Leuven, Belgium). The deviations were automatically
calculated considering the Euclidean distances between the triangles of the 3D surface
meshes. The overall deviations were quantified using the root mean square error (RMSE)
values in millimeters for each comparison. The RMSE is a measurement indicator for
determining the resemblance between two data groups of n-dimensional vector sets at the
same coordinate system. A low RMSE value correlates with high geometric characteristics.

For the assessment of dimensional accuracy, the STL files of the FFF 3D-printed PEEK
cranial implants (n = 10) were compared with the STL file of planned (reference) cranial
implants, and for dimensional repeatability assessments, the STL files of the FFF 3D-printed
PEEK cranial implants were compared (n = 90).

4.4. Morphological Characterization Protocol for the Anatomical Reconstruction with 3D-Printed
PEEK Patient-Specific Cranial Implants

To evaluate the morphological characteristics, assessments of the symmetry and con-
formance mapping of the 3D CAD cranial (anatomical) reconstructions were performed.
Computer-assisted symmetry assessments were computed using a reconstruction sym-
metry index (RSI), expressed as a percentage. A perfectly symmetrical reconstruction
would yield an RSI of 100%, whereas a score of 95% or more indicates symmetry [62]. The
RSI was calculated using the overlap between the 3D CAD cranial reconstruction with
the printed (digitized) PSI to the target (planned) reconstruction. A mirrored model was
created based on the 3D volumetric reconstruction of the cranial defect model (3-matic
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medical 14.0, Materialise, Leuven, Belgium). A midplane or axis of symmetry was used,
which replicated the corresponding contralateral healthy (non-defect) anatomical cranial
region, resulting in a 100% symmetrical 3D CAD cranial reconstruction. The 3D CAD
cranial reconstruction with printed PSI was then superimposed onto the perfect cranial
reconstruction, and the area of overlap was obtained. An RSI value was then calculated
using the following equation:

RSI = O/T, (1)

where O is the total area of overlap, and T is the total area of the 3D CAD cranial recon-
struction with an FFF 3D-printed PEEK PSI.

Computer-assisted conformance assessments were computed using reconstruction
contour conformance distance maps. Briefly, the printed cranial implant and 3D CAD cra-
nial defect model surfaces are represented by triangular meshes. After the superimposition
and optimal co-registration protocol described in Section 2.3, the distance between each
vertex point on the 3D CAD cranial reconstruction with printed PSI (base entity) and the
nearest vertex points on the 3D CAD cranial reconstruction with planned PSI (target entity)
was computed. The resultant conformance distance was presented in a color-coded map,
referred to herein as an overall contour conformance map. For each comparison, the RMSE
conformance value was calculated as a metric for morphologic similarity, as described in
prior studies [63,64]. The RMSE value provided an estimation of how far the deviation
was from zero, and the aberrance of a corresponding data group was represented using a
single scale. In addition, the morphological fit and contour continuity of the printed PSI
with the 3D CAD cranial defect model was also examined in cross-sectional (axial, coronal,
and sagittal) views. This evaluation was further quantified into three distinct criteria: (A)
good—complete overlap and tangential fit maintenance around the cranial bone defect
margins; (B) satisfactory—partial overlap and tangential fit maintenance around the cranial
bone defect margins but acceptable from a clinical point of view; and (C) poor—no overlap
and tangential fit maintenance around the cranial bone defect margins and clinically unac-
ceptable. The percentage distribution in subjective evaluation criteria was measured for
each morphological fit and contour continuity analysis.

4.5. Biomechanical Characterization Protocol for the 3D-Printed PEEK Patient-Specific Cranial Implants

The biomechanical properties of the fabricated FFF 3D-printed PEEK cranial implants
were accessed in a quasi-static mechanical test setup. A skull template, acting as an
underneath support component, was fabricated to allow uniform distribution of the loading
force and maintain boundary conditions during the test. Figure 7A shows a skull 3D CAD
model emphasizing the centroid on the outer surface. To align the implant along the three
coordinate axes, a point on the skull’s normal vector direction was used as a reference focal
point (Figure 7B). Once the orientation of the implant along the cartesian axes was assessed,
a parallel cutting plane perpendicular to the center point of the implant was performed
(Figure 7C). The STL file of the virtually designed skull template was imported into the
slicing software (MakerBot Print v. 4.10.0.2046, MakerBot Industries, Brooklyn, New York,
NY, USA) of a material extrusion 3D printer (MakerBot Replicator+, MakerBot Industries,
Brooklyn, New York, NY, USA). The skull template was printed in polylactic acid (PLA)
filament (MakerBot PLA Filament (grey), MakerBot Industries, Brooklyn, New York, NY,
USA) and mounted to the base plate of the testing machine (Figure 7D).

The skull template and the implant specimen were placed in a servohydraulic testing
machine (Walter + Bai AG Servohydraulic System, Loehningen, Switzerland). The quasi-
static setup is illustrated in Figure 7E. A hemispherical indenter (Ø = 10 mm) was used to
apply uniaxial compressive load on the PEEK cranial prosthesis, and a load to failure test
was conducted. The cranial implant specimens were statically loaded at a constant speed
of 1 mm/min in air. A load cell with a capacity of 5 kN was used, and the load was applied
at the center of the implant.
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After the test, the broken implant or debris was collected, and implants were inves-
tigated for failure analysis. We grouped the implants into three classes according to the
fracture patterns: class 1 included multi-layered intra- and interlayer fractures with fracture
pattern connectivity; class 2 included multi-layered intra- and interlayer fractures without
pattern connectivity; and class 3 included linear intralayer fracture patterns only. The
percentage distribution in classes 1 to 3 was measured for each fracture pattern analysis.

4.6. Statistical Analysis

Descriptive statistics, including the mean, standard deviation (SD), median, interquar-
tile ranges defined as the first quartile to third quartile (Q1 to Q3), and the RMSE values,
were collected for all material extrusion 3D-printed PEEK cranial implants. Then, to
summarize the quantitative attributes and investigate the geometric and morphological
characteristics, RMSE values were computed for each set. Additionally, analyses were
performed to assess the peak load and displacement at peak load for each set. First, a
Shapiro–Wilk test was conducted to assess the normality and the homoscedasticity of
the data. If non-normality of the data was noticed, the Kruskal–Wallis test with pairwise
Wilcoxon Rank Sum (Mann–Whitney U) post hoc tests adjusted for multiple-testing using
a Holm–Bonferroni correction were carried out to identify intergroup differences. If the
interaction was significant, a Tukey’s post hoc test was performed. Statistically significant
differences were corroborated for a probability value p < 0.05. All data were collected and
tabulated in Microsoft Excel 2016, and statistical analysis was performed using R statistical
software (R Core Team 3.4.1, The R Foundation for Statistical Computing, Vienna, Austria).

5. Conclusions

To the best of the authors’ knowledge, this is the first study to assess the potential
clinical efficacy of POC-manufactured FFF 3D-printed PEEK cranial PSIs. Concerning the
geometric characteristics, the FFF 3D-printed PEEK cranial PSIs had high dimensional
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accuracy and repeatability. In addition, the cranial implants revealed clinically accept-
able morphological fit and contour continuity. From a biomechanical standpoint, the
implants had considerable strength for clinical application; however, variability between
the implant’s peak load was noticed. Accordingly, the results of this preclinical study
are in line with cranial implant expectations; however, specific attributes have scope for
further improvements.
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Abstract: Pure orbital blowout fractures occur within the confines of the internal orbital wall. Restora-
tion of orbital form and volume is paramount to prevent functional and esthetic impairment. The
anatomical peculiarity of the orbit has encouraged surgeons to develop implants with customized
features to restore its architecture. This has resulted in worldwide clinical demand for patient-specific
implants (PSIs) designed to fit precisely in the patient’s unique anatomy. Material extrusion or Fused
filament fabrication (FFF) three-dimensional (3D) printing technology has enabled the fabrication
of implant-grade polymers such as Polyetheretherketone (PEEK), paving the way for a more so-
phisticated generation of biomaterials. This study evaluates the FFF 3D printed PEEK orbital mesh
customized implants with a metric considering the relevant design, biomechanical, and morphologi-
cal parameters. The performance of the implants is studied as a function of varying thicknesses and
porous design constructs through a finite element (FE) based computational model and a decision
matrix based statistical approach. The maximum stress values achieved in our results predict the
high durability of the implants, and the maximum deformation values were under one-tenth of a
millimeter (mm) domain in all the implant profile configurations. The circular patterned implant
(0.9 mm) had the best performance score. The study demonstrates that compounding multi-design
computational analysis with 3D printing can be beneficial for the optimal restoration of the orbital
floor.

Keywords: blow-out; biocompatible materials; computer-aided design; finite element analysis; orbit;
implant; orbital fracture; patient-specific modeling; printing; three-dimensional

1. Introduction

Pure orbital blowout fractures, also known as internal orbital floor fractures, occur
within the confines of the internal orbital wall and do not affect the orbital rim or other
facial bones. These fractures are common in individuals who experience blunt trauma to
the facial and skull region [1–3]. The treatment of orbital blowout fractures is challenging
mainly due to the restricted intraoperative view of the intricate and delicate anatomical
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region. Restoration of orbital form and volume is paramount to prevent functional and
esthetic impairment [4,5].

Currently, the conventional methods of orbital floor fracture reconstruction include the
use of permanent, alloplastic non-resorbable biomaterials such as titanium meshes (prebend
or prefabricated), plates, or polymeric implants (polyethylene, with embedded titanium
mesh) [6,7]. Porous polyethylene implants are malleable and allow vascular ingrowth
due to open pore structure. However, if placed close to extraocular muscles, it may form
adhesions [8,9]. When utilizing conventional titanium meshes, pre- or intraoperative
bending and shape adjustment are required, making the correct placement and location
of the implants within the orbit a challenge. A typical issue associated with improperly
positioned pre-bent plates is a lack of distal or medial support caused by damage to the
orbital ledge and/or intra-orbital buttress [10–12]. The placement of orbital implants and
their size and shape conformance to the unique anatomy of the injured components are
critical factors in the overall success rate of orbital reconstruction, which has prompted
surgeons to develop novel treatment options for orbital floor reconstructions [13,14].

With advances in computer-assisted surgery (CAS), orbital reconstructions have wit-
nessed tremendous progress, dramatically improving both the functional and esthetic
outcome of reconstructions with customized implants [15,16]. The customized or patient-
specific implants (PSIs) enable patient-centric surgical plans and achieve precise orbital
reconstructions [17–20]. Along with meticulous virtual surgical planning (VSP) and clinical
examination, another pivotal component in treating orbital floor fractures is selecting the
reconstructive material [21–23].

Over the last years, Polyetheretherketone (PEEK), a high-performance polymer, has
gained significant popularity in reconstructive surgeries [24–27]. PEEK possesses a bone-
like modulus of elasticity, excellent biocompatibility, high yield strength, and fatigue
resistance, making it an appealing biomaterial for personalized implants in craniomax-
illofacial surgery [28–30]. The adoption of PEEK for PSIs production was influenced by
its favorable properties, including radiolucent characteristics with no artifact in medical
imaging, stiffness, lightweight, and conventional computer-aided design/computer-aided
manufacturing (CAD/CAM) procedures, specifically milling [25,30]. Few studies have
reported using custom-made, non-porous, milled PEEK implants in orbital reconstruc-
tions [19,31,32]. However, these non-porous characteristics displaying hydrophobicity and
bio-inertness of PEEK can limit its bioactivity and cause clinical concern in orbital floor
reconstructions [33,34].

Numerous attempts have been carried out to enhance the osseointegration potential
of PEEK with surface coatings. Nonetheless, degradation and inadequate binding of the
coatings to the PEEK implant surface resulting in osteolysis have been reported [35–37]. An-
other strategy is the introduction of porous structures, which has demonstrated promising
results in increasing the osteogenic potential of PEEK [38–40]. The methods of fabricating
three-dimensional (3D) porous structures are limited in conventional manufacturing tech-
nologies, and therefore, the clinical interest in additive manufacturing (AM) or 3D printing
has rapidly grown [35,38,41,42].

The anatomical peculiarity of the orbital region has encouraged surgeons to develop
implants with customized characteristics to restore orbit architecture. This has resulted
in worldwide clinical demand for PSIs designed to fit precisely in the patient’s unique
anatomy. With improvement in AM systems, the potential for customized 3D printed PEEK
customized implants has surfaced, boosting interest in point-of-care (POC) manufacturing.
Material extrusion-based or fused filament fabrication (FFF) 3D printing technology has
previously been confined to low-temperature thermoplastics; however, the latest advances
have enabled printing of high-temperature, implantable-grade thermoplastic polymers
such as PEEK, paving the way for a more sophisticated generation of biomaterials. Im-
plementing FFF at the POC offers numerous advantages such as less material wastage,
easy operator training, faster implant production, increased cost-effectiveness, and patient
specificity [25,26,29,43].
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In orbital floor reconstruction, the implant’s perfusion, permeability, and adequate
mechanical strength are critical for long-term clinical success [21,44]. The characteristics of a
porous implant are crucially dependent on its structure, which can significantly impact the
mechanical response, defining its clinical applicability. Additionally, the design freedom
capabilities of computer-aided design modeling and 3D printing significantly increase the
possible combinations for an implant, resulting in various treatment choices for a specific
case [42]. The design of porous constructs and implant thicknesses can thus affect the
performance of orbital mesh implants. An essential factor to consider in such scenarios
is the load-bearing capability of an implant under physiological conditions. From the
biomechanical point of view, analyzing the implant’s stress and deformation patterns
can help understand better how the PEEK orbital mesh implants might respond to the
orbital floor reconstruction regime. In this regard, computational models and simulations
provide an estimate of the load-bearing capacity of the design before the fabrication
of an implant [45,46]. Lastly, defects arising from the printing process and inadequate
post-processing processes can significantly impact an implant’s structural integrity and
robustness. The printing feasibility and morphological characteristics of the respective
implant dictate its conclusive clinical appropriateness and applicability.

There are currently no studies that provide an insight into the POC FFF 3D printing
of PEEK orbital mesh customized implants. Therefore, this study aims to evaluate the
performance of the FFF 3D printed PEEK orbital mesh implants with a metric considering
the relevant design, biomechanical, and morphological parameters. To provide deeper
insights, the complete in-house digital workflow from the pre-operative VSP to mechanical
characteristics and FFF production of PEEK orbital mesh customized implants is studied
as a function of varying thicknesses and porous design constructs through a finite element
(FE) based computational model and a decision matrix based statistical approach.

2. Materials and Methods

The study workflow consisted of the following five protocols: (1) medical image
processing and modeling of patient-specific orbital implants, (2) construction of PEEK
orbital mesh implant design variants, (3) construction of computational models, (4) AM
processes for PEEK orbital mesh implants, and (5) multi-criteria decision-making (MCDM)—
configuration assessment. Figure 1 illustrates a graphical flowchart summarizing the study
workflow.

Figure 1. Graphical flowchart summarizing the study workflow.
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2.1. Medical Image Processing and Modeling of Patient-Specific Orbital Implants

An anonymized Digital Imaging and Communications in Medicine (DICOM) dataset
of a unilateral orbital floor trauma was selected from the hospital’s database for this
workflow. A standard high-resolution computed tomography (CT) (Siemens SOMATOM,
Siemens Healthcare GmbH, Erlangen, Germany) for trauma protocol with the following
parameters was used (matrix of 512×512 pixels, reconstruction slice thickness 0.75 mm,
seed per rotation of 1 mm, gantry tilt 0◦, bone window setting). The CT dataset was
imported into a medical image processing software (Mimics Innovation Suite v. 22.0,
Materialise, Leuven, Belgium). A 3D volumetric reconstruction of the skull model was
generated using greyscale threshold-based segmentation, and the orbital region of interest
(ROI) was selected (Figure 2).

Figure 2. Medical image processing for the generation of a three-dimensional (3D) volumetric reconstruction of an exemplary
case with left-sided orbital floor fracture. (A) Coronal view. (B) Sagittal view. (C) 3D volumetric reconstruction of the orbital
region of interest.

The 3D virtual orbital model was then imported into certified CAD software for
design modeling (3-matic Medical v. 14.0, Materialise, Leuven, Belgium). The unaffected
(non-fractured) orbit was mirrored onto the contralateral side, i.e., the defect/fractured side.
Due to fragile bony structures in orbit, all the air spaces were digitally reconstructed using
fill hole freeform functionality and a spline-based algorithm (Figure 3A). This resulted in
a virtual model of the orbit with smooth contour continuity. The digital reconstruction
of the orbital floor was subsequently used as a reference to design the customized orbital
implant (Figure 3B). A curve was delineated manually with an extend slightly larger than
the orbital bone defect to have stable implant support. This reconstruction resulted in a
covering of the defect with zero thickness, hereby referred to as a surface model of the
orbital PSI (Figure 3C). This CAD file was saved and exported in the standard tessellation
language (STL) file format.

Figure 3. Virtual surgical planning (VSP) for the reconstruction of the orbital implant. (A) Mirroring the unaffected (blue)
orbit to the contralateral side, i.e., the fractured side (grey), results in a fractured orbital floor’s surface reconstruction. (B)
Digital reconstruction of the orbital implant with smooth contour continuity. (C) Surface model of the customized orbital
implant.
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2.2. Construction of PEEK Orbital Mesh Implant Design Variants

This step’s main objective was to model thin orbital mesh implants in variable thick-
nesses and design variants. The surface model of the orbital PSI was imported in another
CAD software (Autodesk Inventor v. 2020 for Windows, Autodesk Inc., San Rafael, CA,
USA) for the subsequent modeling process. Using “sketch-driven pattern” functionality,
three variable design patterns were selected. A solid (no design pattern) model was chosen
as a reference, and three different porous constructs, herein referred to as “rectilinear”, “tri-
angular”, and “circular”, were modeled onto the orbital implant (Figure 4). Subsequently,
using “mesh enabler” and “convert to freeform” functionalities, the surface model was
extruded with appropriate thicknesses. In total, five thickness configurations were chosen
for the orbital PSI, and implants with a thickness value of 0.5 mm, 0.6 mm, 0.7 mm, 0.8 mm,
and 0.9 mm were modeled. This resulted in a total of 15 orbital PSIs with desired model
configuration profiles. For the sake of brevity, these configurations were systematically
labeled using a two-character code. The first character in the code (an alphabet) denotes
the specific design pattern, and the second character (a number) denotes the thickness of
the implant. For instance, a label R07 denotes an implant with a rectangular design pattern
and a thickness of 0.7 mm.

Figure 4. Construction of PEEK orbital mesh implant design variants. (A) Solid with no design pattern (reference). (B)
Rectilinear pattern. (C) Triangular pattern. (D) Circular pattern.

2.3. Construction of Computational Models

To investigate the structural properties of the configured profiles, finite element (FE)
models of the orbital mesh implants were created. The created geometric models of the
individual profiles were simplified as shell models and constructed in Inventor Nastran
software (Autodesk Inventor Nastran v. 2020 for Windows, Autodesk Inc., San Rafael,
CA, USA). The simulation setup was designed to mimic a worst-case scenario in a pure
orbital blowout fracture, confined within the internal orbital wall with no supporting
bone structure underneath and no fracture involvement of the orbital rims. To design
the simulation with clinically relevant forces, a vertical force of 0.3 N was considered,
corresponding to the weight of an average eye of 30 g. The loading force was distributed
uniformly in a 4 mm diameter circular zone, located in the middle of the implant 10 mm
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away from the infraorbital rim extent [47,48]. Two screw fixation points with a diameter of
1.5 mm were considered at the infraorbital rim region. All degrees of freedom (DOF) of the
nodes around the screw head were constrained. The setup represented a classical cantilever
bending test, and therefore, the rotational DOF around the implant was considered free,
while the translational DOF was constrained along all axes.

The meshing method is an essential aspect of the FE analysis for design validation
since it establishes the accuracy of the investigative results. All models were discretized
using a global element size of 0.2 mm. The elements were defined to be parabolic with
square elements, i.e., each shell element has eight nodes. To avoid singularities, the
configuration models were re-meshed to accomplish regular triangulation. In the area
around the screw fixation points, the number of elements was refined and increased by
50 using an additional mesh control. For the rectangular and triangular pattern profile
configurations, the mesh size was additionally specified with an element size of 0.01 mm.
In contrast, for the circular pattern, a refinement of the mesh size of 0.05 mm was adequate
to avoid singularities. These element sizes were chosen based on the preliminary tests and
convergence calculations. A sensitivity test was also run to find the best mesh size, which
was found when the results showed that the mesh could not be changed by more than 1%
across simulations using different mesh densities. The number of elements and nodes used
for various design pattern profiles are illustrated in Table 1.

Table 1. The number of elements and nodes in various design pattern profiles.

Solid Rectangular Triangular Circular

Number of elements 18,883 26,806 31,915 26,474
Number of nodes 57,124 82,296 97,995 83,036

The material properties were defined to be homogeneous, isotropic, and linearly
elastic. According to the experimental data in a previous study for characterized properties
of PEEK [49], the density of 1.30 g/cm3 with the yield strength of 107.1 MPa was taken,
the Young’s modulus was set to 4100 MPa, and the Poisson’s ratio of 0.38 was used. The
FE analyses were performed, and deformation (in mm) was evaluated along the X, Y, and
Z coordinates. Additionally, the von Mises stress was evaluated for each implant profile
configuration.

2.4. Additive Manufacturing Processes for PEEK Orbital Mesh Implants

The thin orbital mesh implants were fabricated using a material extrusion-based
FFF desktop 3D printer, designed specifically for PEEK medical additive manufacturing.
The PEEK 3D printer (Apium M220, Apium Additive Technologies GmbH, Karlsruhe,
Germany) is designed to generate PSIs in a hospital setting following the International
Organization for Standardization (ISO) 10,993 series of requirements for the biological
assessment of medical series [50]. The printer includes a temperature control system
that offers an enclosed heated environment around the part during the layer-by-layer
manufacturing process. The orbital mesh implants were fabricated using a medical-grade
1.75 mm PEEK filament extruded from Vestakeep® i4 G resin (Evonik Vestakeep®i4 G resin,
Evonik Industries AG, Essen, Germany). This is a high viscosity, natural-colored, and
implant-grade material widely used for long-term implantation and fulfills the requirement
of the American Society for Testing and Materials (ASTM) F2026-17 guideline for PEEK
polymers surgical implant applications [51].

For the fabrication process, the STL files of the designed implant profile configurations
were imported into a slicing software (Simplify 3D version 4.0, Cincinnati, OH, USA)
compatible with the 3D printer. Due to the complex geometry of the implants, the FFF
printing process adds support structures underneath the overhangs and unsupported
features. The initial attempts to print the PEEK orbital mesh implants with support
structures resulted in poor printability and defective parts. Therefore, a different approach
was adopted to fabricate the implants in various design configurations.
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We implemented a reversed-origami approach by converting the 3D CAD implant
shape into a flattened 2D structure (Figure 5). To transfer the model into 2D space, an
angular point on the implant surface was selected, and the “unwrap” functionality was
used (Autodesk Inventor v. 2020 for Windows, Autodesk Inc., San Rafael, CA, USA).
Subsequently, the resulting surface was extruded by the “thickness/offset” function for the
selected thickness profile. The flattened implant profile configurations were then printed
without any support structures. After printing, the implants were manually separated
from the printed raft, and no further post-processing procedures were conducted.

Figure 5. Schematic representation of the workflow implementing a reversed-origami approach for conversion of three-
dimensional (3D) computer-aided design implant shape into a 2D structure and 3D printing processes for conversion into a
patient-specific orbital mesh implant. (A) 3D CAD implant design. (B) Unwrapping of the implant’s 3D surface to 2D. (C)
Thickness offset for the respective implant profile configuration. (D) G-code generation with selected printing parameters.
(E) Thermoforming process. (F) Patient-specific 3D PEEK orbital mesh implant.

A mold and a press box were created to convert these flattened printed implant
configurations back into 3D orbital mesh forms. A lower mold representing the orbital floor
plane as its surface and an upper mold with the negative of the orbital floor plane as its
counterpart were designed. Finally, a rectangular press box with circular fitting connections
was created to assemble the two mold pieces in a rotation- and displacement-free manner.
The two-component mold and press-box were fabricated in 3D printed nylon material
using a FFF desktop 3D printer (Original Prusa i3 MK3S, Prague, Czech Republic).

Each flattened printed implant was then heated with a hot air gun at 250–300 ◦C for
5 min to allow easier thermoforming. To prevent structural damage to the implant, it was
essential to keep the temperature below PEEK’s melting point of 343 ◦C [52]. The heated
implant was then inserted into the 2-component mold, and the press-box was compressed
in a hydropulser at 0.5 MPa. Once cooled down to room temperature, the thin PEEK orbital
mesh implant, now formed into a patient-specific 3D designed shape, was removed from
the press box. An oral and maxillofacial surgeon independently evaluated the overall visual
and tactile fit of the thermoformed PEEK mesh implants in terms of clinical appropriateness
for possible orbital floor fracture repair. This evaluation was further quantified into four
distinct grades: (1) poor, (2) satisfactory, (3) good, (4) excellent.

2.5. Multi-Criteria Decision-Making (MCDM)—Configuration Assessment

To achieve a conclusive result, a performance score for each configuration was devised.
Each implant profile configuration was analyzed in terms of stress intensity, deformation,
and morphological fit. A weighted assessment factor (AF) was developed to combine
the above-mentioned constituent criteria as a metric. This factor was developed using a
multi-criteria decision-making (MCDM) method called as Weight Sum Method (WSM) [46].
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The stress intensity, deformation patterns, and the morphological fit of the implant
were taken as n criteria (C) (Cj for j = 1, 2, 3, . . . n), while the alternatives (A) were formed
by m possibilities (Ai for i = 1, 2, . . . m) according to the pattern profile and thickness value
of the implants. The following equation calculated the WSM-score of the i-th alternative:

AFi =
N

∑
j=1

wj · yij (1)

where AFi is the assessment factor of the i-th alternative, wj is the weighting factor of
the j-th criterion, yij is the value of the i-th alternative for the j-th criterion. As these
criteria have different analysis units, the result values were normalized by a linear max-min
normalization method [53], as illustrated in the following formula:

rmax
j − rij

rmax
j − rmin

j
(2)

where rij describes the score of the i-th alternative for the j-th criterion. rj
max describes the

maximum value of a criterion, and rj
min, the corresponding minimum value. Considering

a linear relationship between the normalized values and the actual values, the worst value
of Cj is assigned a value of 0, and the best value of Cj is assigned a value of 1. After
normalization, a weighting factor (w) was assigned to each criterion, which was defined as:

wj =
1
n

(3)

The value of each criterion is substantial, and the weighting variables were carefully
determined with their total equal to 1. All criteria were deemed to be equally essential, and
therefore, in this study, the weighting factors of 0.33 were considered. Lastly, the assessment
factor for each implant profile configuration was also normalized by the mean value of
all AFs and their standard deviation (SD) for the final comparison using the following
equation:

AF∗
i =

AFi − µ

σ
(4)

where µ is the AF mean value within the implant profile configuration, and σ is the SD of
the assessment factors. The implant profile with the best configuration was represented
with a positive AFi* and the worst configurations were represented with a negative AFi*
value.

3. Results

Various profile configurations for thin PEEK orbital mesh implants were modeled,
simulated, and 3D printed. The results were analyzed for the following quantitative
and qualitative criteria, i.e., stress intensity, deformation patterns, and morphological fit
of the implants. Utilizing the MCDM technique, the normalized AFi* for each implant
profile configuration was then calculated to represent the performance score. The AFi*
value depicted the implant profile configurations, i.e., a higher value of AFi* indicated a
higher performance score. The individual values of the assessed criteria are reported in the
following sections.

3.1. Stress Intensity Patterns in the Thin PEEK Orbital Mesh Implants

The maximum von Mises stress values in the implants ranged from 1.519 to 5.31 MPa.
The typical von Mises stress distribution for the different implant profile configurations is
illustrated in Table 2. The thinnest implant profiles resulted in the highest stress values.
The highest and the lowest values of maximum von Mises stress were observed in R05 and
C09, respectively (Figure 6). The stress intensity plots showed varying levels depending on
the design pattern. The stress distribution in the rectangular patterned implants was most
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pronounced, while in triangular and circular patterned implants, similar distribution was
noticed in all, except 0.5 mm profile implants.

Table 2. Stress and deformation pattern in various implant profile configurations.

Implant Profile Configuration Max. Von Mises (MPa) Max. Deformation (mm)

R05 5.313 0.098
R06 3.821 0.066
R07 3.104 0.047
R08 2.563 0.035
R09 2.147 0.027
T05 4.502 0.093
T06 3.304 0.063
T07 2.522 0.045
T08 1.986 0.033
T09 1.636 0.026
C05 5.267 0.107
C06 3.397 0.072
C07 2.439 0.052
C08 1.904 0.038
C09 1.519 0.030

Figure 6. Maximum von Mises stress intensity (MPa) values within each implant profile configura-
tion.

3.2. Deformation Patterns in the Thin PEEK Orbital Mesh Implants

The deformation values in various implant profile configurations ranged from 0.026
to 0.107 mm, as illustrated in Table 2. Figure 7A illustrates a magnified view displaying the
evident orbital implant deformation in a solid implant (reference) profile. The highest and
the lowest values for deformation were observed in C05 and T09 configurations, respec-
tively (Figure 7B). It was noticed that with increasing implant thickness, the deformation
became less pronounced. All the mesh implants deformed in an anti-clockwise manner
with a downward displacement (Z-direction). The deformation was most pronounced at
the posterior extent of the implant.
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Figure 7. Deformation patterns in the PEEK customized orbital implants. (A) Deformation (mm) in a
solid (reference) PEEK orbital implant. (B) Maximum deformation (mm) within each implant profile
configuration.

3.3. Morphological Assessment of the Thin PEEK Orbital Mesh Implants

The morphological assessment for the overall fit of various implant profile configura-
tions is illustrated in Figure 8. It was noticed that in all the design patterns, implants with a
thickness profile of ≥0.7 mm had a higher grade. R07, T09, and C07 profile configurations
displayed the highest score with a “good” (3; 20%) grade. The morphological fit of most of
the implant profile configurations was rated as “satisfactory” (8; 53.3%) or poor (4; 26.6%).

Figure 8. Polar plot representing the morphological fit score (1 to 4) within each implant profile
configuration.
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3.4. Configuration Assessment Using Multi-Criteria Decision Making (MCDM) Approach

The computed AFi* value for each implant profile configuration is illustrated in
Figure 9. It was noticed that in all the design patterns, implants with a thickness profile
of ≥0.8 mm had a better performance score with a positive AFi* value. All but a 0.5 mm
thickness profile revealed a positive AFi* value in the triangular patterned implants. The
best and worst implant profile configurations, based on AFi* value, were C09 and C05,
respectively. Figure 10 illustrates the stress intensity and deformation plot for the best
implant profile configuration.

Figure 9. Normalized assessment factors (AFi*) within each implant profile configuration.

Figure 10. Orbital implant profile configuration with the best performance score. (A) C09 stress
intensity (MPa) plot. (B) C09 deformation (mm) plot. (C) C09 material extrusion-based 3D printed
PEEK orbital mesh implant.

4. Discussion

The advanced capabilities of 3D CAD modeling and printing technology are changing
a wide range of medical specialties, with craniomaxillofacial surgery being one of the
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most significant benefactors. Custom-made or PSIs are now accessible for various clinical
scenarios, allowing for better functional and esthetic outcomes with less surgical time
and no donor site morbidity [54]. The use of PEEK PSIs in cranial reconstructions is well
documented in the literature, with a trend toward lower implant failure rates with PEEK
versus titanium mesh [55]. Furthermore, PEEK PSIs have also been used in craniofacial
defects reconstruction [56], in midface reconstruction as an alternative to composite free
tissue transfer or maxillary obturators [57,58]. In addition, PEEK onlay implants have been
utilized in zygoma contour augmentation [31,32] and mandibular angle reconstructive
surgeries [59]. While the use of CAD/CAM milled PEEK orbital implants have been docu-
mented in the literature [60,61], the production of porous, mesh-like orbital implants by
FFF is relatively new. With improvement in AM systems, the potential for customized FFF
3D printed PEEK implants has surfaced, boosting interest in POC manufacturing [25,26,30].

The development of PSIs at the POC requires the construction of a complete in-house
digital workflow. Here, we implemented clinical experience and engineering principles
to generate a technical roadmap from preoperative CT datasets, to VSP, to computational
models of various design variants, to the fabrication of PEEK PSIs using FFF 3D printing
technology. More specifically, a clinical case with patient-specific PEEK orbital reconstruc-
tion was evaluated under 0.3 N static load. We then assessed the performance of each
implant profile configuration through the WSM-based assessment criteria.

To evaluate the performance of each implant profile configuration, the mechanical re-
sponse regarding stress and deformation patterns were observed. The maximum von Mises
stresses observed in the configurations were in the range of 1.519 to 5.313 MPa. Different
stress intensity plots were noticed with increasing implant thickness and changing patterns;
however, these differences were not substantial. Although assessing the limit states (e.g.,
yielding, fatigue) was outside the scope of this study, it is worth noting that stress peak
values in all the implant profile configurations were below the assumed material’s yield
(failure) stress value (107 MPa). The maximum stress values achieved in our results predict
the high durability of the implants, and none of the implant profile configurations exceeded
this permissible limit.

In all implant profile configurations, the maximum deformation values were largely
under one-tenth of a millimeter (mm). Only one implant profile configuration showed large
deformation of 0.107 mm (C05). The individual results revealed that the implant thickness
is the most significant factor affecting the stress and deformation patterns in all evaluated
configurations. On the contrary, the design patterns had more effect from the fabrication
point of view affecting the morphological characteristics. Signs of inaccurate pattern shape
were observed in a triangular patterned design. It can be ascertained that the manufacturing
process significantly influences the clinical applicability of an implant. The thinner implants,
i.e., <0.7 mm, had less thermoforming time and all the implants retained their shape after
thermoforming. The assessment factor helped differentiate between configurations and
resulted in a composite assessment based on performance score. Furthermore, it was
noticed that regardless of the implant thicknesses, the thermoformed PEEK mesh implants
maintain the patient-specific shape, and recontouring can only be achieved when re-
heated up to 300 ◦C. As PEEK is a high-temperature thermoplastic biomaterial with good
mechanical strength, rigidity, stiffness, and dimensional stability properties [19,27,29,33],
the insertion process during surgery must prevent deformation of the mesh contour. During
the insertion process, the PEEK mesh implants may require rotation to be adequately
positioned for a stable recontouring of the orbital walls. Therefore, adequate retraction of
the intra-orbital soft tissues, with no orbital fat or muscles entrapment, should be achieved.

Even though FFF appears to be a straightforward procedure, achieving high effi-
ciency and high-quality manufacturing outputs in PEEK printing presents considerable
hurdles [25,43]. Studies have shown that the amount of crystallinity of PEEK material
influences its mechanical characteristics. Increasing the crystallinity of a PEEK component
can enhance its elastic modulus and yield strength [62]. It was noticed that all the implant
profile configurations displayed optimal crystallinity with no visible signs of amorphous
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(dark-colored) regions. Due to the inherent printing mechanism of FFF, another aspect that
needs to be considered is the support structures. The fabrication of thin, complex-shaped
PEEK implants with support structures contributes to extensive post-processing procedures
and results in a rougher implant surface. This aspect can limit the clinical applicability of an
implant. Therefore, an alternative approach was considered in this study to manufacture
implants with minimal post-processing and without any support structures. The results
in our study validate that a straightforward thermoforming procedure can be applied for
PEEK customized mesh implants.

Although AM offers design freedom meaning that very complex designs are feasible
to manufacture, the printing mechanism of the selected AM technology is often a decisive
factor. A specific design for one AM technology might not be suitable for another printing
technology. Therefore, principles of design for AM (DfAM) must always be taken into
consideration. Design for AM (DfAM) methods seek to fully exploit the inherent func-
tionalities of a printing technology resulting in improved performance of biomaterials.
Several unseen combinations with beneficial properties can be generated, resulting in
sophisticated geometrical designs [63–66]. We implemented an “infill-based” approach to
fabricate the PEEK customized orbital mesh implant to comprehend this aspect further. A
g-code based tool path was created using the orbital implant STL file with no pattern. The
in-built infill-pattern functionality in the slicing software was used. Figure 11 illustrates
a 0.7 mm orbital PEEK mesh implant fabricated using the rectangular infill pattern. This
paradigm represents the applicability of in-built printing functionalities and motivates
further research to investigate the intrinsic FFF 3D printing characteristics.

Figure 11. 3D printed biomodel with material extrusion-based 3D printed PEEK orbital mesh implant
(0.7 mm) fabricated using the rectangular infill pattern.

The study limitations include simplification of the FE computational model. The
use of nonlinear analyses and volume elements was initially computed in this study.
However, the results did not reveal significant differences compared to the linear static
analysis. Therefore, considering short computational time, linear static analyses were
used, which is helpful for a faster comparison of various implant profile configurations.
Another significant area of concern is the anchoring capabilities of the fixation screws
and the intrinsic heterogeneity in bone quality [67,68]. Substantial high stresses at the
screw-bone interface can jeopardize the overall implant stability. Such an estimation of
the implant profile configurations would require detailed analysis, particularly at the
component interfaces. Therefore, the FE analysis in our study represents a nominal value.
However, considering the study objective, the simulation setup in this work, on the other
hand, demonstrates an effective technique in the relative evaluation of various design
profiles while avoiding complicated model setup and computational cost. Moreover, the
approach can be further improved by integrating anisotropic material characteristics of
FFF 3D printed parts. Furthermore, we confined the research variables to three criteria;
however, the weighting factors can be further tailored to the unique requirements of the
analysis. Lastly, we evaluated the performance in one clinical scenario case; further studies
are needed to assess the performance in defects with increasing complexity.
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5. Conclusions

With CAD and 3D printing, multiple treatment options can be devised. An implant
for orbital floor reconstruction should minimize the extreme stresses and deformation
under physiological conditions and have optimal printing characteristics from a clinical
perspective. The study provides insights into the concept of POC FFF 3D printing of
PEEK orbital mesh customized implants. Using MCDM, FE-based computational analysis,
and FFF 3D printing can be evaluated in multiple treatment options. This approach
demonstrates that a range of combinations can be assessed to reach the most effective
clinical solution.
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AF Assessment Factor
AM Additive Manufacturing
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CAS Computer-Assisted Surgery
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DfAM Design for Additive Manufacturing
DICOM Digital Imaging and Communications in Medicine
DOF Degree of Freedom
FE Finite Element
FFF Fused Filament Fabrication
ISO International Organization for Standardization
MCDM Multi-Criteria Decision Making
PEEK Polyetheretherketone
POC Point-of-Care
PSIs Patient Specific Implants
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SD Standard Deviation
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VSP Virtual Surgical Planning
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This thesis introduced the concept of POC manufacturing of PEEK customized implants in 
reconstructive surgery applications. In light of the history of AM, material extrusion-based or 
FFF 3D printing technology was chosen as the manufacturing technique. With the first 
preliminary study, we confirmed the applicability and potential of FFF PEEK 3D printing 
technology for POC implant manufacturing. Implementation of a digital clinical workflow 
and the promising fabrication results stemmed the further development of the FFF PEEK 3D 
printer by the industrial partners. A desktop material extrusion or FFF 3D PEEK printer was 
upgraded and solely designed for medical PEEK applications to maximize the benefits of 
seamless integration at the POC while ensuring the usability by surgeons and patients' safety. 
 
As demonstrated, the study revealed a smoother integration and faster production (within 2 
hours) potential for in-house manufacturing of PEEK patient-specific scaphoid prosthesis 
with a complex structure. It should be noted that as FFF 3D printed parts are anisotropic. 
Therefore, selecting optimal printing parameters and appropriate orientation of the scaphoid 
prosthesis on the 3D printer’s build platform concerning its clinical use should be considered. 
The resulting prosthesis revealed promising aspects of the fabrication method, which are not 
conceivable using conventional manufacturing techniques. However, the proposed design and 
fabrication method has distinct features that must be further investigated in future studies, 
especially regarding the biomechanical properties of the post-processed patented PEEK 
scaphoid prosthesis by evaluating the joint cartilage and the channel-tendon graft interface. 
 
Exploring the applicability of FFF 3D printed PEEK customized implants in craniofacial 
reconstructions, the study revealed some key challenges during the FFF printing process. It 
was demonstrated that optimal heat distribution around the cranial implants and heat 
management during the printing process are essential parameters that affect crystallinity in the 
FFF 3D printed PEEK cranial implants. At this stage of the investigation, it was observed that 
this effect was more noticeable in the large-sized cranial prosthesis. The 3D printer was then 
upgraded with a layer-by-layer incremental increase in the airflow temperature functionality, 
which improved the performance of the FFF PEEK printing process for large-sized cranial 
implants. The results revealed that the printed customized cranial implants had high 
dimensional accuracy and repeatability, displaying clinically acceptable morphologic 
similarity concerning fit and contours continuity. However, from a biomechanical standpoint, 
it was noticed that the tested cranial implants had variable peak load values with discrete 
fracture patterns. The implants with the highest peak load had a strong bonding with uniform 
PEEK fusion and interlayer connectivity, while air gaps and infill fusion lines were observed 
in implants with the lowest strength. This variability in the biomechanical properties warrants 
further improvement. These aspects could be realized by implementing an integrated system 
within the FFF PEEK printer that keeps the filament dry throughout the printing process to 
avoid entrapped micro-air bubbles. Furthermore, support structures optimization surrounding 
the implant for continuous perimeter filling must be well matched for a given solution. 
 
It was realized in this study that each patient-specific reconstructive implant needed a 
different set of manufacturing parameters. Due to the inherent printing mechanism of FFF, 
another aspect that needs to be considered is the support structures. While support structures 
were needed to fabricate scaphoid and cranial prostheses, the orbital implants were 
manufactured without any support structures. Due to the thin and complex geometry of the 
orbital implants, the FFF printing process adds support structures underneath the overhangs 
and unsupported structures. The initial fabrication results of these implants with support 
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structures revealed poor printability and a rough surface finish. The experience showed that 
this approach was rather non-conducive for the clinical applicability of PEEK orbital mesh 
implants and should be optimized. Therefore, an alternative reverse-origami approach without 
any support structures and minimal post-processing procedures was devised.  In practice, this 
meant digitally converting the 3D orbital implant shape into 2D forms and reconverting the 
printed 2D forms into 3D complex anatomical orbital implants. We utilized a hybrid approach 
that combined design modeling expertise with 3D printing to achieve a viable clinical 
solution. Using a hybrid method can give surgeons crucial anatomical precision while also 
benefiting from the speed and personalization of 3D printing. The results in our study validate 
that a straightforward thermoforming procedure can be applied for PEEK customized orbital 
mesh implants. From an industry developmental perspective, functionalities for targeted 
cooling of the support structures in the integrated printer’s software can help faster 
detachment and more accessible post-processing procedures. Furthermore, integration of dual-
nozzle functionality in the 3D printer, one for PEEK filament and another for soluble support 
material, can further enhance the scope of applications. 
 
FFF PEEK 3D printing is poised to become a game-changing technology in healthcare, thanks 
to its capacity to create bespoke, unique, and personalized medical implants that can be 
adapted to each patient's specific needs. It can be construed that POC 3D printing of PEEK 
PSIs is driven by the urgent aspiration of surgeons to treat complex surgical cases quickly. 
This inclination demands a novel, patient-centric approach. In addition to saving 
manufacturing lead time and cost, the availability of a 3D printing facility at the POC has the 
advantages of driving training, education, and innovation by immersing clinicians, biomedical 
engineers, and industry partners in a collaborative atmosphere.  
 
Currently, FFF  3D printing contributes to a new POC digital workflow, implementing how 
PEEK medical customized implants must be conceived, developed, and produced for low-
volume and on-demand production. This study shows the conceptual evolution of the 
hospital’s 3D printing workflow toward POC manufacturing. Our results are limited to a few 
clinical applications; however, it is essential to take advantage of this technology and expand 
the application portfolio to other regions such as in partial joint replacement 
(temporomandibular joint and knee region), osteosynthesis fixation plates (trauma, 
maxillofacial, orthopedic), onlay and wedge implants (augmentation and corrective 
osteotomies), dental implants and prosthesis, cervical and spinal cages. Besides, developments 
in novel polymeric materials with printing, structural, and imaging compatibilities can 
provide a unique opportunity to build biomimetic biocompatible customized implants with 
excellent radiological follow-up properties. Likewise, considering design for additive 
manufacturing (DfAM) principles, smart polymeric PSIs with puzzle-like design can be 
manufactured, benefiting minimally invasive surgeries. 
 
Furthermore, integration and implementation of this technology into the hospital’s operating 
room will have a profound effect and bring new dimensions to the POC manufacturing 
concept. Customized implants can then be fabricated in close proximity to the operating room 
and sterilized directly, thereby streamlining the whole production workflow. In the future, the 
techniques for designing and tailoring the implant’s characteristics are likely to significantly 
increase their therapeutic potential and become determinants in creating effective 
reconstructive practices. Using machine learning algorithms, automatic medical image 
segmentation, and customized implant design workflows can be integrated into the futuristic 
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3D printer’s user interface. These advancements will result in a paradigm shift and bring the 
POC manufacturing digital workflow to unprecedented heights. In a nutshell, PEEK FFF 3D 
printing prospects in craniomaxillofacial, trauma, and orthopedic surgery are relatively bright 
with the inclusion of POC 3D printing.   
 
In the framework of the current thesis, the potential clinical application of material extrusion-
based 3D printing for PEEK customized implants at the POC was demonstrated. We 
implemented clinical experience and engineering principles to generate a technical roadmap 
from preoperative medical imaging datasets to virtual surgical planning, CAD models of 
various reconstructive implant variants, to the fabrication of PEEK PSIs using FFF 3D 
printing technology. The integration of 3D printing PEEK implants at the POC entails 
numerous benefits, including a collaborative team approach, quicker turnaround time of 
customized implants, support in pre-surgical and intraoperative planning, improved patient 
outcome, and decreased overall healthcare cost. It is assumed that FFF 3D printing of 
customized PEEK implants could become an integral part of the hospitals and holds potential 
for various reconstructive surgery applications. 
 
In conclusion, this work explores and describes the variables that impede or enable AM in 
reconstructive surgery, laying the groundwork for the POC manufacturing of patient-specific 
or customized implants. As a result, the recent trend of producing implants inside the hospital 
is supported. We believe that the observations we have seen indicate that PEEK as a 
biomaterial, when combined with the FFF 3D printing process, especially in the setup of POC 
manufacturing, would yield substantial healthcare benefits to the patient while providing 
operational ease to the surgeon. 
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