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Abstract 

Objectives: The experiments were designed to optimize the combinations of 3D-printing 

parameters for PEEK with a fused filament fabrication (FFF) process and to quantitatively 

evaluate the quality of 3D printed small parts, with the ultimate objective to 3D print small 

PEEK parts such as personalized dental implants. 

Methods: This research was conducted using an experimental FFF 3D printer and PEEK 

filament. Standard PEEK parts were 3D printed for bending and compression tests. Based on the 

Box-Behnken design, a three factors based experiment was designed using Response Surface 

Methodology (RSM). Nozzle diameter, nozzle temperature and printing speed were involved.  

The density and dimensional accuracy of these printed parts were evaluated, and the bending and 

compression tests were conducted. With the optimized parameters, dental implants were printed 

with the same printing system. 

Results: The nozzle diameter was found to be the most significant parameter affecting the 

bending and compression performance of the printed PEEK samples, followed by printing speed 

and nozzle temperature. The highest accuracy in sample width was obtained with a 0.6 mm 

nozzle while the most accurate diameter was obtained with a 0.4 mm nozzle. A combination of 

0.4 mm nozzle diameter, 430 °C nozzle temperature and printing speed of 5 mm/s was beneficial 

to get the densest samples and therefore the best bending strength; reduced internal defects were 

possible with a 0.2 mm nozzle, a higher nozzle temperature of 440 ℃ and slower printing speed 

thus performed better bending modulus. The best compression properties were achieved with 

0.6mm nozzles, with relatively low influence of the other parameters. Dental implants printed 

with 0.15 mm nozzle were achieved in our experiment. 

Conclusions: Optimal parameter combinations have been found to get the best bending or 

compression properties. The optimized parameters for better dimension accuracy were also 

obtained depending on the shape of the specimens. Dental implants made from PEEK were 

printed for the first time. 
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Zusammenfassung 

Ziel: Die Experimente wurden entwickelt, um die Kombinationen von 3D-Druckparametern für 

PEEK mit einem FFF-Verfahren (Fused Filament Fabrication) zu optimieren und die Qualität 

von 3D-gedruckten Kleinteilen quantitativ zu bewerten, mit dem Ziel, kleine PEEK-Teile wie 

zum Beispiel personalisierte dentale Implantate in 3D zu drucken. 

Methoden: Diese Forschung wurde unter Verwendung eines experimentellen FFF-3D-Druckers 

und eines PEEK-Filaments durchgeführt. Standard-PEEK-Teile wurden für Biege- und 

Drucktests in 3D gedruckt. Basierend auf dem Box-Behnken-Design wurde ein auf drei Faktoren 

basierendes Experiment unter Verwendung der Response Surface Methodology (RSM) 

entworfen. Düsendurchmesser, Düsentemperatur und Druckgeschwindigkeit waren beteiligt. Die 

Dichte und Maßgenauigkeit dieser gedruckten Teile wurden bewertet und die Biege- und 

Kompressionstests wurden durchgeführt. Mit den optimierten Parametern wurden 

Zahnimplantate mit demselben Drucksystem gedruckt. 

Ergebnisse: Es wurde festgestellt, dass der Düsendurchmesser der wichtigste Parameter ist, der 

die Biege- und Kompressionsleistung der gedruckten PEEK-Proben beeinflusst, gefolgt von der 

Druckgeschwindigkeit und der Düsentemperatur. Die höchste Genauigkeit der Probenbreite 

wurde mit einer 0,6 mm-Düse erzielt, während der genaueste Durchmesser mit einer 0,4 

mm-Düse erzielt wurde. Eine Kombination aus 0,4 mm Düsendurchmesser, 430 °C 

Düsentemperatur und Druckgeschwindigkeit von 5 mm / s war vorteilhaft, um die dichtesten 

Proben und damit die beste Biegefestigkeit zu erhalten; Reduzierte innere Defekte waren mit 

einer 0,2 mm-Düse, einer höheren Düsentemperatur von 440 °C und einer langsameren 

Druckgeschwindigkeit möglich, wodurch ein besserer Biegemodul erzielt wurde. Die besten 

Kompressionseigenschaften wurden mit 0,6-mm-Düsen bei relativ geringem Einfluss der 

anderen Parameter erzielt. In unserem Experiment wurden Zahnimplantate mit einer 0,15 mm 

Düse erhalten. 

Schlussfolgerungen: Es wurden optimale Parameterkombinationen gefunden, um die besten 

Biege- oder Kompressionseigenschaften zu erzielen. Die optimierten Parameter für eine bessere 

Maßgenauigkeit wurden auch in Abhängigkeit von der Form der Proben erhalten. Zum ersten 

Mal wurden Zahnimplantate aus PEEK gedruckt.
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Synopsis 

Evaluation of process parameters for the manufacture of tiny biomedical devices via 3D printing 

of PEEK 

1. Introduction / Objectives 

During the last decade, implantology has become an indispensable part of mainstream dentistry, 

helping dentists to improve the life quality of large patient populations. The dental implants often 

take the form of a screw that is composed of titanium, titanium alloy or ceramic, which is widely 

accepted by most implant manufacturers. But the elastic modulus of titanium are 110 GPa, which 

is almost 8 times greater than that of compact bone [1], and case reports as well as clinical 

studies showed that some patients are metal allergic after exposure to titanium [2,3]. Alternative 

implants made of zirconia have been launched which are almost twice as stiff as titanium 

implants (elastic modulus: 210 GPa) and there is still no evidence about their long-term success 

[4]. The high elastic modulus of these materials may cause the stress-shielding phenomenon, 

therefore, leading to marginal bone loss on functional loading at the surgical site [5]. Therefore 

polyether ether ketone (PEEK) dental implants seem to be promising substitutes concerning 

these disadvantages of traditional ones. Being considered as the leading thermoplastic candidate 

for replacing metal implant components, PEEK parts such as spine cages and retaining ring for 

acetabula cup assembly have especially potential in orthopedics [6–8] and trauma [9] due to its 

cortical bone-like elastic modulus. 

PEEK is one of the most important members of the Poly-aryl-ether-ketone (PAEKs), which is a 

family of high-performance thermoplastic polymers, consisting of an aromatic backbone 

molecular chain, interconnected by ketone and ether functional groups [10]. With a melting point 

(Tm) of 334 ℃ and glass transition temperature (Tg) of 143 ℃, PEEK is resistant to high 

temperatures and chemical corrosion. PEEK also possesses superior mechanical properties in 

strength, elastic modulus and fracture toughness when compared to other thermoplastics [11]. 

Many techniques are used to produce implantable devices of PEEK for medical applications. 

Traditional manufacturing process methods include injection moulding, extrusion, compression 

moulding, machining and so on [12]. Additionally, advancements in additive manufacturing are 

providing new opportunities for biomedical applications by enabling the creation of more 

complex architectures e.g. for tissue engineering scaffolding and patient personalized implants. 

SLS technique was used a decade ago in the PEEK 3D printing, which is a type of powder-based 
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AM technology. It is capable of fabricating porous PEEK-based composites with very complex 

architectures, permitting greater freedom of design [13]. Both 3D Systems and EOS have 

commercialized PEEK in their SLS machines. However, the high cost and concentrated laser 

beam restrict it from sintering large areas or laminates. In 2019，Lee et al. [14] reported their 

efforts towards 3D printing of PEEK by direct-ink writing technology at room temperature, 

which was enabled by a unique formulation comprised of commercial PEEK powder, soluble 

epoxy-functionalized PEEK (ePEEK), and fenchone. This combination formed a Bingham 

plastic that could be extruded using a readily available direct-ink write printer.  

 

Figure 1. Schematic diagram of FFF 3D PEEK printer [15].  

Besides the techniques mentioned above, fused filament fabrication (FFF) is currently the most 

widely used 3D printing strategy and a low-cost technology for thermoplastic materials [16]. In 

the FFF process, a filament is extruded from a nozzle continuously while heated to semiliquid 

state, then the filament rapidly adheres with the surrounding material and solidifies, and deposit 

follow a certain routine to form a desired shape [17], the schematic of FFF PEEK printer is 

showed in Figure 1. Many scholars reported their efforts in printing PEEK parts with FFF 

method. Wu et al. [18] investigated layer thickness and raster angle and found that the optimal 

mechanical properties of PEEK parts were achieved in samples with 0.3 mm layer thickness 

formed with a raster angle of 0°/90°. Deng et al. [19] conducted orthogonal array tests of four 

factors and three levels to investigate the effects of printing speed, layer thickness, printing 

temperature, and filling ratio on the tensile properties. Optimal tensile properties of the PEEK 

specimens were observed at a printing speed of 60 mm/s, the layer thickness of 0.2 mm, the 

temperature of 370 ℃, and filling ratio of 40%. A study by Geng et al. [20] demonstrated the 

effects of the extrusion speed and printing speed on the microstructure and dimensions of an 
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extruded PEEK filament in 3D printing. They concluded that higher melt pressure is beneficial to 

reducing surface defects of the extruded filament. The work of Hu et al. [21] suggests a design 

for the improvement of FFF printing of PEEK where the nozzle is augmented by a heat collector 

which attempts to increase the temperature field of the printed material around the nozzle which 

resulted in an increase in overall strength. This design also incorporated a 

two-degree-of-freedom platform to reduce the warping of the build plate caused by the high 

ambient temperature. The articles conducting mechanical tests of 3D printed PEEK show that 

temperature, raster angle, layer thickness, filling ratio and printing speed are the main factors 

influencing the mechanical properties of printed PEEK. The optimal tensile, bending and 

compression properties of 3D printed pure PEEK specimens of the former researches are 

summarized in Table 1.  

However, despite the many articles discussing FFF printing of PEEK, no consensus was reached 

on the optimal parameters for PEEK printing and the best mechanical properties have yet to be 

achieved. To date, there have been many applications of printed PEEK parts in the medical field 

such as spine cages, substitutes for maxillofacial or cranial bones and chest bones, however, no 

efforts have been made to adapt this technique to a smaller scale to print devices such as dental 

implants. Therefore, based on the experiences in former research, the aim of the present study 

was to develop an FFF process with optimal 3D printing parameters to print standard PEEK 

samples, the influences of printing parameters and their combinations on the appearance of 

finished parts were systematically studied through statistical design-of-experiment (DOE), with 

the ultimate objective to 3D print small PEEK parts such as personalized dental implants. 
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Table 1. The optimal results of literature and correspondent parameters [15]. 

Author Most Significant Parameters 

Tensile test Bending test Compression test 

Tensile 

strength 

Tensile 

modulus 

Bending 

strength 

Bending 

modulus 

Compressive 

strength 

Elastic 

modulus 

(Mpa) (Gpa) (Mpa) (Gpa) (Mpa) (Gpa) 

Wu et al. [18] Layer thickness=300μm; raster angel=0/90° 56.60   56.10   60.90   

Vaezi et al. [22] 100% infill rate PEEK 75.06       

/   132.37  2.43  102.38   

Rahman et al. [23] Infill=100%; layer height=0.25 mm; nozzle 

temperature=340 °C; platform temperature=230 °C; 

printing speed=50 mm/s; raster angel=0° 
73.00  2.6-2.8 111.70  1.8-1.9 80.90  2.00  

Yang et al. [17] Nozzle temperature=420℃ 59.00  3.10      

Cooling method- annealing 81.50  3.90      

Ambient temperature=150℃ 85.00  3.90      

Berretta et al. [24] PEEK 450G (380℃） 90.00       

1% CNT PEEK 450G (365℃) 90.00       

5% CNT PEEK 450G (350℃） 94.00       

Cicala et al. [25] / 69.04 ± 7.01 3.53 ± 0.01     

Deng et al. [19] Printing speed= 60 mm/s;  layer thickness= 0.25 mm; 

printing temperature=370 ◦C; filling rate=60% 
40± 4.4 0.50      

Han et al. [26] PEEK 95.21 ± 1.86 3.79 ± 0.27 140.83 ± 1.97 3.56 ± 0.13 138.63 ± 2.69 2.79 ± 0.11 

CFR-PEEK 101.41 ± 4.23 7.37 ± 1.22 159.25 ± 13.54 5.41 ± 0.51 137.11 ± 3.43 3.51 ± 2.12 

Li et al. [27] PEEK   146 ± 3.3 3.44 ± 0.05   

CF-PEEK   146 ± 4.2 3.74 ± 0.09   

Hu et al. [21] PEEK 74.70  1.15  120.20  1.15    

Reference VICTREX® PEEK 450G moulded PEEK 98.00  4.00  165.00  3.80  125.00  3.80  
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2. Material and Methods 

2.1 Materials and printer 

The PEEK filament used in the experiment was VESTAKEEP
®

 (Evonik, Germany) with a 

diameter of 1.75mm. The filament was dried in an oven at a temperature of 105 ℃ for 10 hours 

before printing and was stored in a closed box with desiccant during the experiment. A 

commercially available FDM printer (Orion AM GmbH, Berlin, Germany) designed for 

industrial additive manufacturing was used as the experimental system in our research. We 

created stl. files with Solidworks 2018 (Dassault Systemes, Waltham, MA) and accomplished the 

setting of printing parameters with the software Simplify 3D Version 4.1.1 (Simplify3D, US).  

2.2 Printing procedure and sample design 

2.2.1 Optimal solutions for pure PEEK printing 

In order to reveal the ideal parameter combinations for PEEK 3D printing with respect to the 

mechanical properties, Response Surface Methodology (RSM) was used by creating a 

Box-Behnken design based on three parameters with three levels, namely nozzle diameter (0.2, 

0.4 and 0.6 mm), nozzle temperature (420, 430 and 440 ℃) and printing speed (5, 10 and 15 

mm/s), resulting in 27 groups, whereas due to the Box-Behnken design, 13 different parameter 

combinations, with one combination repeated 5 times, were necessary to evaluate (Table 2). 

Based on these combinations of the printing parameters, specimens were 3D printed for 

three-point bending tests (B) and compression tests (C), resulting in 2 x 17 groups (B1- B17 and 

C1- C17) consisting of n=5 specimens per test specification. The three-point bending tests 

specimens in the shape of small bars (length: 18 mm, width: 6 mm, height: 2 mm) and the 

compression tests cylindrical specimens (height: 10 mm, diameter: 5 mm) were printed from 

PEEK according to the ISO standard 178 and ISO standard 604, respectively. The printing 

direction is shown in Figure 2, other parameters such as layer thickness (0.1 mm), plate 

temperature (250 °C) and infill ratio/ pattern (100 % rectilinear) were not changed. All of the 

samples were printed in a closed chamber and cooled down to room temperature naturally. 
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Table 2. Overview of the different groups due to different combinations of the three parameters. 

Groups Nozzle diameter (mm) Nozzle temperature (°C) Printing speed (mm/s) 

x y z 

1 0.6 440 10 

2 0.6 430 15 

3 0.6 430 5 

4 0.6 420 10 

5 0.4 440 15 

6 0.4 440 5 

7 0.4 430 10 

8 0.4 430 10 

9 0.4 430 10 

10 0.4 430 10 

11 0.4 430 10 

12 0.4 420 15 

13 0.4 420 5 

14 0.2 440 10 

15 0.2 430 15 

16 0.2 430 5 

17 0.2 420 10 

 

Figure 2. Schematic diagram of printing direction with the arrow representing the nozzle (a 

bending test samples, b compression test samples).  

2.2.2 Dental implants 

To pursue the possible design of dental implants by FDM, we also designed special shapes to 

explore the acceptable design. Starting from the cylindrical test specimen, further more complex 
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specimens were designed, whose shape gradually approximated that of dental implants with an 

external and internal thread (Figure 3). Printing conditions were kept same for all the cohorts 

(Table 3), and the printing direction was vertical to the longest edge of the samples. Model “e” 

was tried to print with a commercially available 3D printer for PEEK from Apium (Karlsruhe, 

Germany) as well as a printer from Orion (Berlin, Germany). 

 

Figure 3. Specimens design of experiment (a is the concrete cylinder, b and c is the hollow 

cylinder with wall thickness of 1.2mm or 0.6mm, c is the cylinder with screw of metric die 

M10*1.0 on the surface, d is dental implant, e is dental implant).  

Table 3. Printing settings for FFF implants. 

Extruder  Infill  

Nozzle diameter (mm) 0.15 Internal fill pattern Rectilinear 

Extrusion multiplier 0.98 External fill pattern Rectilinear 

Retraction distance (mm) 5 Interior fill percentage (%) 100 

Retraction speed (mm/min) 1800   

Nozzle temperature (℃) 440 Additions (skirt/brim)  

  Skirt layers 3 

Layer  Skirt offset from part (mm) 1 

1st layer height (mm) 0.1 Skirt outlines 2 

Top solid layers 3   

Bottom solid layer 3 Other  

Outline shells 3 Filament diameter (mm) 1.75 

1st layer height (mm) 0.2 Cooling fan (%) 80 

Bed temperature (℃) 250 Printing speed (mm/s) 5 

2.3 Analysis methods 

The microstructure of the printed devices was analyzed using an optical microscope VHX-5000F 

(Keyence, Osaka, Japan). The density of the samples was measured by an Archimedes density 

measuring instrument (KERN YDB-03, KERN & SOHN GmbH,  Balingen, Germany) and 

compared with the density of PEEK in general (1.32 g/cm
3
) [28]. The width of the bars and the 
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diameter of the cylinders were measured with a digital caliper and compared to the theoretical 

values of 6 mm and 5 mm, respectively. Three-point bending and compression tests were 

conducted using a universal testing machine (Z010, Zwick GmbH & Co, Ulm, Germany) with a 

constant crosshead speed of 1 mm/min and a preload of 1 N. The bars were strained with a test 

fin in the middle vertically to the wide edge of the sample and the cylinders were loaded with the 

test stamp along the long axis. Bending modulus, maximum bending strength, elastic modulus 

and the strength at 0.2 % plastic deformation during compression were recorded. 

Micro-computed tomography (micro-CT) scans were conducted with SKYSCAN 1275 (Bruker, 

Karlsruher, Germany) to detect the inner defects of printed implants.   

For the purpose of revealing significant differences of the results, statistical analyses of variance 

(ANOVA) were performed using the software SPSS 25.0 (IBM SPSS Statistics, New York, 

USA). The level of significance was set at p<0.05. The graphs were made using the software 

Origin 2018 (OriginLab, Northampton, Massachusetts, USA).  
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3. Results 

3.1 RSM experiment 

3.1.1 Density and dimension accuracy 

In Figure 4 the microstructures of the sample surfaces are presented. The samples were chosen 

according to the parameter nozzle diameter. The samples printed with a 0.6 mm nozzle consisted 

of the widest contour, infill lines, and the highest contour/ infill line ratio, while the samples of 

the 0.2 mm nozzle groups had the least (Figure 4A, B and D). The images of surfaces along the 

z-axis showed more homogenous structures of the layers in the 0.6 mm nozzle groups, whereas 

the samples printed with a 0.4 mm and 0.2 mm nozzle showed dislocation and defects (Figure 

4C and E). 

The densities and dimensions of the bars and cylindrical samples are shown in Table 4. The 

highest densities were observed for B6 (1.274 ± 0.003 g/cm
3
) and C1 (1.278 ± 0.003 g/cm

3
) and 

the lowest densities were observed for B14 (1.165 ± 0.009 g/cm
3
) and C15 (1.185 ± 0.010 g/cm

3
). 

The density of these 100 % infilled printed PEEK parts ranged between 88.3 % and 96.5 % for 

the bars and between 89.8 % and 96.8 % for the cylinders compared to the density of PEEK in 

general. The least dimensional deviations was shown for B14 (0.006 ± 0.019 mm, 0.10 %) and 

C9 (0.077 ± 0.005 mm, 1.54 %) and the maximal dimensional deviations could be shown for B6 

(0.245 ± 0.090 mm, 4.08 %) and C2 (0.214 ± 0.024 mm, 4.28 %). 

 



13 

 

 

Figure 4. Microscope pictures of bending and compression samples with Keyence (A: x/y plane 

of bars, showing the deposition patterns, x20; B: close up picture of x/y plane, x50; C: close up 

of z-axis of bending samples, x50; D: close up of x/y plane of cylinders, x50; E: close up of 

z-axis of cylinders, x50) 
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Table 4. The measured density and dimensions of the bending (bars) and compression samples 

(cylinders) 

Group 

numbe

r 

Density 

(B-bending 

samples) 

Density 

(C-compressi

on samples) 

Width 

(B-bending 

samples) 

Deviation of 

the width of 

the bars (%) 

Diameter 

(C-compressi

on samples) 

Deviation of 

the diameter 

of the 

cylinders (%) 

ρB (g/cm
3
) ρC (g/cm

3
) ΦB (mm) ΦB’ ΦC (mm) ΦC’ 

1 1.241 ± 0.004 1.278 ± 0.003 5.948 ± 0.012 0.87 ± 0.20 4.835 ± 0.022 3.30 ± 0.44 

2 1.246 ± 0.009 1.268 ± 0.011 5.956 ± 0.014 0.73 ± 0.23 4.786 ± 0.024 4.28 ± 0.48 

3 1.233 ± 0.003 1.276 ± 0.003 6.110 ± 0.028 1.83 ± 0.47 4.858 ± 0.029 2.84 ± 0.58 

4 1.235 ± 0.003 1.272 ± 0.002 5.954 ± 0.020 0.77 ± 0.33 4.834 ± 0.015 3.32 ±0.30 

5 1.257 ± 0.002 1.242 ± 0.003 6.068 ± 0.017 1.13 ± 0.28 4.874 ± 0.017 2.52 ± 0.34 

6 1.274 ± 0.003 1.271 ± 0.005 6.245 ± 0.090 4.08 ± 1.50 4.862 ± 0.013 2.76 ± 0.26 

7 1.233 ± 0.015 1.218 ± 0.008 6.127 ± 0.017 2.12 ± 0.28 4.905 ± 0.012 1.90 ± 0.24 

8 1.227 ± 0.002 1.224 ± 0.001 6.127 ± 0.021 2.12 ± 0.35 4.907 ± 0.009 1.86 ± 0.18 

9 1.235 ± 0.005 1.229 ± 0.004 6.153 ± 0.019 2.55 ± 0.32 4.923 ± 0.005 1.54 ±0.10 

10 1.237 ± 0.002 1.220 ± 0.003 6.110 ± 0.014 1.83 ± 0.23 4.920 ± 0.008 1.60 ± 0.16 

11 1.226 ± 0.019 1.220 ± 0.008 6.137 ± 0.031 2.28 ± 0.52 4.920 ± 0.016 1.60 ± 0.32 

12 1.251 ± 0.007 1.240 ± 0.005 6.098 ± 0.025 1.63 ± 0.42 4.872 ± 0.023 2.56 ± 0.46 

13 1.267 ± 0.003 1.241 ± 0.006 6.182 ± 0.040 3.03 ± 0.67 4.910 ± 0.018 1.80 ± 0.36 

14 1.165 ± 0.009 1.233 ± 0.006 6.006 ± 0.019 0.10 ± 0.32 4.868 ± 0.022 2.64 ± 0.44 

15 1.233 ± 0.007 1.185 ± 0.010 6.098 ± 0.029 1.63 ± 0.48 4.838 ± 0.026 3.24 ± 0.52 

16 1.252 ± 0.009 1.195 ± 0.017 6.182 ± 0.079 3.03 ± 1.32 4.828 ± 0.007 3.44 ± 0.14 

17 1.181 ± 0.020 1.187 ± 0.012 6.014 ± 0.022 0.23 ± 0.37 4.868 ± 0.012 2.64 ± 0.24 

n=5 
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Figure 5. The densities of the PEEK bending bars and compression cylinders grouped according 

to the parameter nozzle diameter. 

The bending samples printed with a 0.4 mm nozzle showed the highest density, while those 

printed with a 0.2 mm nozzle had the lowest density. The differences between the three groups 

were significant (p<0.05). The compression samples of the 0.6 mm groups were the most 

compact ones, followed by the 0.4 mm and the 0.2 mm groups. For both bar and cylinder 

samples, the values were most scattered in the 0.2 mm groups, indicating that printing speed and 

nozzle temperature had stronger influences on the density of samples printed with the 0.2 mm 

nozzles than on the ones printed with the 0.4 mm and 0.6 mm nozzles (Figure 5). 
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Figure 6. The dimensional accuracy of printed samples grouped according to the parameter 

nozzle diameter (a: widths of the PEEK bars; b: diameters of the PEEK cylinders). 

Compared to the default width of bar samples of 6 mm, and the default diameter of cylindrical 

samples of 5 mm, all samples showed inaccuracy in dimension concerning the theoretical value 

(Figure 6). The bar width showed the least variance when applying the 0.6 mm nozzle of about 

0.1 % on average, and the cylinder diameter showed the least shrinkage of about 2.1 % when 

applying a 0.4 mm nozzle. The differences between the three groups were significant (p<0.05). 

3.1.2 Bending and compression tests 

The design matrix and response (bending and compression performance index) are listed in 

Table 5. The highest bending strength combined with the lowest bending modulus was observed 

when using a 0.4 mm nozzle with a printing speed of 10 mm/s and nozzle temperature of 430℃ 

(B8, B9). The use of a 0.6 mm nozzle resulted in the highest compression strengths between 

81.60 ± 0.62 MPa (C4) and 87.00 ± 1.02 MPa (C1) in combination with the highest elastic 

modulus above 2 GPa. 
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Table 5. Summary of the results of the bending and compression tests. 

Group 

number 

Bending 

strength 

Bending 

modulus 
Group 

number 

Compression 

strength 

Elastic 

modulus 

 σB  (MPa) EB (GPa) F0.2% (MPa) Emod (GPa) 

B1 73.26 ± 13.26 1.290 ± 0.035 C1 87.00 ± 1.02 2.098 ± 0.238 

B2 64.70 ± 11.83 1.248 ± 0.052 C2 82.30 ± 3.58 2.104 ± 0.125 

B3 127.20 ± 7.47 1.248 ± 0.087 C3 83.20 ± 2.70 2.008 ± 0.051 

B4 51.40 ± 14.78 1.230 ± 0.046 C4 81.60 ± 0.62 2.193 ± 0.058 

B5 163.75 ± 10.76 1.165 ± 0.105 C5 68.00 ± 4.04 1.733 ± 0.183 

B6 184.40 ± 6.12 1.190 ± 0.127 C6 72.34 ± 5.81 1.550 ± 0.570 

B7 181.33 ± 9.46 1.157 ± 0.046 C7 61.30 ± 1.84 1.663 ± 0.202 

B8 193.33 ± 7.04 1.049 ± 0.097 C8 65.90 ± 1.63 1.593 ± 0.068 

B9 185.33 ± 2.49 1.045 ± 0.048 C9 65.20 ± 1.02 1.633 ± 0.021 

B10 188.00 ± 0.82 1.127 ± 0.038 C10 63.60 ± 2.05 1.633 ± 0.113 

B11 186.00 ± 1.00 1.070 ± 0.010 C11 62.90 ± 4.30 1.635 ± 0.362 

B12 156.60 ± 18.86 1.128 ± 0.075 C12 71.73 ± 3.99 1.663 ± 0.056 

B13 184.40 ± 11.25 1.174 ± 0.101 C13 75.80 ± 3.49 1.857 ± 0.066 

B14 141.40 ± 11.50 1.252 ± 0.089 C14 64.40 ± 3.66 1.730 ± 0.065 

B15 151.00 ± 8.65 1.476 ± 0.103 C15 46.60 ± 3.42 1.456 ± 0.063 

B16 155.40 ± 12.18 1.474 ± 0.106 C16 50.30 ± 3.90 1.494 ± 0.060 

B17 114.60 ± 25.30 1.370 ± 0.039 C17 50.20 ± 2.30 1.602 ± 0.122 

n=5 

The stress-strain curves resulting from the bending and compression tests are shown in Figure 7 

and the correspondent box-plot was shown in Figure 8. The results are grouped according to the 

parameter nozzle diameter. 
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Figure 7. Representative stress-strain curves resulting from the three-point bending and 

compression tests of samples printed with different nozzle diameters. 

The bending strengths of the samples showed a similar trend like the density, the maximal value 

was obtained with 0.4 mm nozzle for both. In the three-point bending test, all printed samples 

exhibited a linear elastic deformation at the beginning, and then reached a maximum of bending 

stress, whereas they did not break during the entire tests. The samples printed with a 0.6 mm 

nozzle were the stiffest, showing the least deformation, while the samples printed with a 0.2 mm 

nozzle were more flexible compared to the other samples, and the deformation of the force 

application position was the most visible. The curves of samples printed with 0.6 mm nozzle are 

more concentrated while the 0.2 mm and 0.4 mm groups’ curves were more scattered (Figure 7). 

The compression strength and modulus of the cylinders also showed the same trend as density. 

In the compression test, the compactness of samples printed with a 0.2 mm nozzle was the most 

obvious and showed the lowest compression strength and modulus, while the samples printed 

with a 0.6 mm nozzle showed the least deformations and performed the best in the static loading 

test. Therefore, the reduction of the cylinder heights due to the compression tests amounted to 

0.93 %, 5.37 % and 9.58 % for the groups with a 0.6 mm, 0.4 mm and 0.2 mm nozzle diameter, 

respectively. All samples showed initial linear elastic behavior followed by plastic deformation. 

The plastic deformation of samples printed with 0.2 mm nozzle was the longest, while the 0.6 

mm nozzle was the shortest (Figure 7).  
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Figure 8. Results of the bending strengths and bending modules (a) and the compression 

strengths and elastic modulus (b) based on different nozzle diameters. 

The use of a 0.6 mm nozzle caused the lowest bending strength in the bending tests, whereas in 

the compression tests the highest compression strength was obtained with the same nozzle 

diameter. The highest bending modulus was achieved with a 0.2 mm nozzle in the bending tests, 

while this nozzle size caused the lowest elastic modulus in the compression tests (Figure 8). The 

differences between the three groups were significant (p<0.05). 

For the following ANOVA of the regression model of the bending strength, bending modulus, 

compression strength and elastic modulus, the values R
2
, adjusted R², predicted R

2
 and adequate 

precision (adeq. precision) are given. The results are summarized in Tables 6-9. An adjusted R
2

＞0.8 indicates that the simulation of the equation was reliable. A predicted R² in reasonable 

agreement with the adjusted R² showing the difference less than 0.2 indicated the well predicts 

responses of the regression model for new observations. The adequate precision measures the 

signal to noise ratio. A ratio greater than 4 is desirable, indicating an adequate signal. Figures 

9-12 show the surface response of the mechanical tests and the relationship index between 

predicted and actual (predicted vs. actual) values of results. The least significant parameter 

affecting the results of each mechanical property was taken as moderate value in the surface plot. 

The actual vs. predicted plot showed that all developed models were adequate because the 

residuals tend to be close to the diagonal line. 

The regression equations of the established model are shown as follows (x- nozzle diameter, y- 

nozzle temperature, z- printing speed): 

a) b) 
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Bending strength σB= -40886.8625 +1650.58*x +189.44527*y -18.40605*z 

-0.6175*x*y -14.525*x*z +0.03575*y*z - 1741.81875*x
2
 

-0.219602*y
2 
+0.29799*z

2
.                              (1) 

Bending modulus EB=  6.80076- 15.38079*x- 0.008963*y- 0.202557*z+ 0.02225*x*y 

+ 0.3515*x*z+ 4.91349*x
2
+ 0.010052*z

2
- 0.0176*x*z

2       
   (2)

  
 

Compression strength F0.2% = -26.47029+ 76.625*x+ 0.1555*y- 0.326*z.            (3) 

Elastic modulus Emod = 190.61249+ 8.09474*x – 0.865788*y- 0.8229*z- 

0.024125*x*y+ 0.03375*x*z+ 0.001885*y*z+ 4.10658*x
2
 + 

0.000993*y
2
                                          (4) 

Bending strength 

Table 6. ANOVA for quadratic model of bending strength (σB). 

Source Sum of Squares Mean Square F-value p-value 

Model 33705.66 3745.07 70.82 < 0.0001 

x-Nozzle diameter 7554.66 7554.66 142.85 < 0.0001 

y-Nozzle temperature 389.34 389.34 7.36 0.0301 

z-Printing speed 1663.2 1663.2 31.45 0.0008 

Xy 6.1 6.1 0.1154 0.7441 

Xz 843.9 843.9 15.96 0.0052 

Yz 12.78 12.78 0.2417 0.638 

x² 20439.12 20439.12 386.49 < 0.0001 

y² 2030.54 2030.54 38.4 0.0004 

z² 233.68 233.68 4.42 0.0736 

R
2
=0.9891, adjusted R

2
=0.9752, predicted R

2
= 0.8587, adeq. precision=23.8821 
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Figure 9. The analysis of the bending strengths (a: surface response for a nozzle temperature of 

430℃; b: predicted and actual appearance index). 

The coefficients of item x, y, z as well as the p-values showed the significance of parameters’ 

influences. The ranking of parameters affecting bending strength was nozzle diameter (x)＞ 

printing speed (z)＞ nozzle temperature (y). 

Bending modulus 

Table 7. ANOVA for reduced cubic model of bending modulus (EB). 

Source Sum of Squares Mean Square F-value p-value 

Model 0.2572 0.0322 20.94 0.0001 

x-Nozzle diameter 0.0026 0.0026 1.69 0.2293 

y-Nozzle temperature 3.13E-06 3.13E-06 0.002 0.9651 

z-Printing speed 0.0006 0.0006 0.3877 0.5509 

Xy 0.0079 0.0079 5.16 0.0528 

Xz 1.00E-06 1.00E-06 0.0007 0.9803 

x² 0.1631 0.1631 106.24 < 0.0001 

z² 0.0239 0.0239 15.59 0.0042 

xz² 0.0155 0.0155 10.09 0.0131 

R
2
= 0.9544, adjusted R

2
= 0.9089, predicted R

2
= 0.8212, adeq. precision=13.8011 

b) a) 
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Figure 10. The analysis of the bending modulus (a: surface response for a nozzle temperature of 

430℃; b: predicted and actual appearance index).  

The nozzle diameter was related to the bending modulus, while the nozzle temperature hardly 

had effect on this performance. The significance ranking of parameters affecting bending 

modulus was nozzle diameter (x)＞ printing speed (z)＞ nozzle temperature (y). 

Compression strength 

Table 8. ANOVA for linear model of compression strength (F0.2%). 

Source Sum of Squares Mean Square F-value p-value 

Model 1919.44 639.81 23.22 < 0.0001 

x-Nozzle diameter 1878.85 1878.85 68.19 < 0.0001 

y-Nozzle temperature 19.34 19.34 0.7021 0.4172 

z-Printing speed 21.26 21.26 0.7714 0.3957 

R
2
= 0.8427, adjusted R

2
= 0.8064, predicted R

2
= 0.7105, adeq. precision=13.3181 

 

b) a) 
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Figure 11. The analysis of the compression strengths (a: surface response for a nozzle 

temperature of 430℃; b: predicted and actual appearance index). 

The influence of the three parameters was nozzle diameter (x)＞＞ printing speed (z)＞nozzle 

temperature (y). A bigger nozzle diameter and lower printing speed were more favorable to 

achieve higher compression strengths. 

Elastic modulus 

Table 9. ANOVA for reduced quadratic model of elastic modulus (Emod).  

Source Sum of Squares Mean Square F-value p-value 

Model 0.798 0.0998 43.93 < 0.0001 

x-Nozzle diameter 0.5778 0.5778 254.47 < 0.0001 

y-Nozzle temperature 0.0068 0.0068 3.01 0.1207 

z-Printing speed 0.0003 0.0003 0.1165 0.7417 

xy 0.0093 0.0093 4.1 0.0774 

xz 0.0046 0.0046 2.01 0.1944 

yz 0.0355 0.0355 15.65 0.0042 

x² 0.1139 0.1139 50.17 0.0001 

y² 0.0416 0.0416 18.32 0.0027 

R
2
=0.9777, adjusted R

2
=0.9555, predicted R

2
= 0.8125, adeq. precision=21.4086 

a) b) 
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Figure 12. The analysis of the elastic modules (a: surface response for a printing speed of 

10mm/s; b: predicted and actual appearance index). 

The influence of the three parameters was nozzle diameter (x)＞nozzle temperature (y)＞＞ 

printing speed (z). 

3.2 Implant design experiment 

To achieve the dimension accuracy of the sample, nozzle with a diameter of 0.15 mm was 

applied in this part. The other parameters were set as nozzle temperature of 440 ℃, printing 

speed of 5 mm/s, lay height of 0.1 mm and plate temperature of 250 ℃. The samples before and 

after compression test are shown in Figure 13. And the elastic modulus and the compression 

strength by 0.2 % deformation of the specimens are summarized in Table 10 and Figure 14. 

b) a) 



25 

 

 

Figure 13. Comparison of samples before and after compression test. 

Table 10. Compression strength of designed- shape samples. 

 Concrete cylinder Thick wall cylinder Thin wall cylinder Screwed cylinder Implant 

Compression 

strength (MPa) 
68.57 ± 3.92 64.03 ± 0.97 52.47 ± 1.96 72.17 ± 2.77 49.83 ± 3.316 

Compression 

modulus(GPa) 
4.24 ± 0.37 3.66 ± 0.12 3.08 ± 0.07 3.57 ± 0.28 2.89 ± 0.21 

n=5 
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Figure 14. The compression strength and modulus of designed samples 

From the results we can see that both decreasing the thickness of the wall and digging screws on 

the surface reduced the elastic modulus of the printed parts by 14 % to 28 %, compare with the 

full cylinder of the same specifications. The elastic modulus of the implants is 2.89 ± 0.21 GPa, 

which matches well with the alveolar bone. 

3.3 Implant printing 

Based on the experiences from the literature survey and our own, it was tried to print a dental 

implant with an inner and outer structure using a commercial available 3D printer for PEEK 

from Apium (Karlsruhe, Germany) as well as a printer from Orion (Berlin, Germany).  

3.3.1 Implant printed with Apium HPP155 printer 

We printed a magnified dental implant which is almost three times in dimension of a real one; 

applying the optimal parameters we got from others experience as well as our own trials, to 

explore the possibility to produce dental implant with FDM strategy. As we can see from the 

image (Figure 15), both the inner and outer screw depth of the implant is not acceptable and the 

porosity of sample is evident. Implants with smaller dimension were also tried but all of them are 

failed. Since there is not matching substitute nozzle with smaller nozzle diameter for this printer, 

we tried to print the implant with another printer from Orion, which is more flexible in nozzle 

and heater settings.  
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Figure 15. Images of a magnified dental implant produced with Apium HPP155 (a is the printed 

implant, b,c,d is micro CT of sample) [15]. 

3.3.2 Implants printed with Orion printer 

We printed the same dental implant stl. file with the second generation printer of Orion, and get 

better results as showed in Figure 16. The smallest successfully printed implant is with the width 

of 3.6 mm and length of 9.4 mm, which is a little crooked. We get the best specimens with the 

0.15 mm nozzle when printing the x1.2 scale implant, which is acceptable in both the 

reproducibility and surface quality, the parameters for printing are showed in Table 11. However, 

smaller nozzles will inevitably lead to long printing time and are more easily to be clogged. This 

may be ignorable at the research phase, but will increase the cost in manufacturing in mass. 
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Figure 16. Dental Implants printed with Orion Generation 2 (b, c and d is x1.2, x1.5 and x2 scale 

of a separately; a and b is printed with 0.15mm nozzle at the temperature of 405℃, c is printed 

with 0.2mm nozzle at the temperature of 390℃, d is printed with 0.4mm nozzle at the 

temperature of 390℃) [15]. 

Table 11. The parameters used for x1.2 scale dental implant printed with the second 

generation printer of Orion [15]. 

Parameters Value 

Filament diameter 1.75 mm 

Nozzle diameter 0.15 mm 

Nozzle temperature 405℃ 

Chamber temperature 250℃ 

Plate temperature 250℃ 

Layer heater 200℃ 

Printing speed 400 mm/min 

Layer thickness 0.05 mm 

Slicer Simplify 3D 

Printing time 49m 12s 
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4. Discussion 

Maximal bending strength of 193.33 ± 7.04 MPa was obtained using a 0.4 mm nozzle in 

combination with a nozzle temperature of 430 ℃ and a printing speed of 10 mm/s, while 

maximal bending modulus of 1.476 ± 0.103 GPa was obtained using a 0.2 mm nozzle in 

combination with a nozzle temperature of 430 ℃ and a printing speed of 15 mm/s. Maximal 

compression strength of 87 ± 1.02 MPa and elastic modulus of 2.193 ± 0.058 GPa were obtained 

with 0.6 mm nozzle, under the condition of 440 ℃, 10 mm/s and 420 ℃, 10 mm/s, respectively. 

Samples of extruded unfilled PEEK materials subjected to three-point bending tests showed 

bending strengths of 170 ± 19.31 MPa (VESTAKEEP® M4 R, Evonik Industries, Essen, 

Germany) and 182.91 ± 12.59 MPa (PEEK Optima LT1, Invibio Ltd., Thornton Cleveleys, UK) 

and bending modulus of 2.85 ± 0.41 GPa and 2.73± 0.26 GPa, respectively [29]. When subjected 

to  compression in the shape of cylinders with a diameter of 5 mm, these materials showed a 

compressive strength of 122.85 ± 0.59 MPa (VESTAKEEP® M4 R) and 136.94 ± 1.01 MPa 

(PEEK Optima LT1) as well as an elastic modulus of 3.04 ± 0.07 GPa and 3.18 ± 0.02 GPa, 

respectively [30]. Compared to the mechanical properties of the printed specimens of the present 

study, the 3D printed bars showed similar bending strengths, while their bending modulus were 

about 50 % less than the bars of extruded PEEK. The 3D printed cylinders achieved about 70 % 

of the compression strength and elastic modulus of the cylinders of extruded PEEK. It must be 

assumed that the 3D printed test specimens had anisotropic mechanical properties based on the 

printing system. That means that due to the potential risk of delamination at the layer interfaces 

under loading, the test specimens would have shown different mechanical properties under 

different loading directions with regard to the arrangement of the layers. Due to the 

layer-by-layer application in the z-axis, samples would show the highest mechanical properties 

when loaded along the z-axis, e.g. in the case of the samples of the present study, and the lowest 

when loaded along the x-and y- axis [31]. Therefore, a 5-axis printing system allowing an even 

alignment of the layers in all dimensions would help to achieve isotropic mechanical properties. 

In the bending and compression tests, the nozzle diameter was the most significant parameter 

affecting the final performances of the printed parts. The possible reasons might reside in, 

1. Nozzle diameter affects the mechanical properties physically because of different printing 

routines of the samples. The width of the extruded threads is indirectly defined by the set 

nozzle size, but slicers allow to define some corrections to these preset configurations 
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[16][31]. 

2. The internal defects of the samples vary from each other in different diameter of nozzle. 

The bending modulus of the samples printed with 0.2 mm and 0.6 mm nozzles were higher 

while the bending strength was poorer than 0.4 mm nozzle groups, indicating that 0.2 mm 

and 0.6 mm nozzle were favourable choices for better bending modulus. However, possible 

structure and internal defects or micro-bubbles could have affected the bending strength of 

these samples.  

The printing speed was the secondary significant parameter affecting the bending strength, the 

bending modulus and the compression strength. Decreasing the printing speed was more 

significant to improve the bending strength of the samples printed with a 0.6 mm nozzle than a 

0.4 mm nozzle, and did not affect the 0.2 mm nozzle group much. The reason might reside in the 

feed rate limited by the compression on the liquefier side of the feed rollers [16]. When 

increasing the printing speed, the feed rate would have enhanced to compensate for the volume 

of the material extruded from the nozzle. However, the feeding rate might have reached a limit 

for the 0.2 mm nozzle within the printing speed range of 5 – 15 mm/s because of the obstruction 

of the narrow outlet, and therefore limited the quality improvement of the products. For the 

bending modulus, the variance in printing speed had greater influences on samples printed with a 

0.2 mm nozzle, and a printing speed of 10 mm/s was not favorable when applying a 0.2 mm 

nozzle. This indicates that the samples produced with a 0.2 mm nozzle were more likely to 

produce structure defects. In the experiment, we also noticed that a smaller nozzle such as 

0.2 mm became more vulnerable to obstructions in the nozzle outlet due to contaminants 

introduced within the material or during the printing process, so that the printing speed needs to 

be chosen carefully. To achieve higher compression strength of the printed parts, a slower 

printing speed was more beneficial. The reason might be clusters of pore pockets located more 

within the samples while printing at a faster speed. As for the elastic modulus, increasing the 

printing speed led to a decrease in elastic modulus at the temperature of 420 ℃. On the other 

hand, a faster printing speed helped to increase the elastic modulus at the temperature of 440 ℃. 

This could be related to the high viscosity of the PEEK material. Wang et al. [32] investigated 

PEEK within the nozzle ś flow channel in a finite element analysis (FEA) to evaluate the 

influence of the printing temperature. The results showed that a higher temperature in 

combination with a slower feeding speed extended the length of the liquid PEEK column within 

the nozzle. At a temperature of 420 ℃, the viscosity of the material in the nozzle channel was 

high, and a faster printing speed would increase the risk of random formation of air gaps and 
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micro bubbles in the specimens and inconsistency in solidification of the material upon 

deposition. However, at 440 ℃ the PEEK in the channel had sufficiently easy flow, and a faster 

printing speed would decrease printing time, and increase bonding between layers [33]. 

The nozzle temperature affected the density of samples as well as the mechanical performance, 

especially the elastic modulus. As a semi-crystalline thermoplastic polymer, PEEK consists of 

crystalline and amorphous domains. Within the crystalline regions, the macromolecular chains 

align in higher order and have stronger intermolecular forces, which cause higher strength and 

rigidity [34]. Conversely, the macromolecules within the amorphous regions tend to intertwine 

loosely, thus showing a high flexibility [34]. PEEK density could vary between 1.263 g/cm
3
 and 

1.400 g/ml depending on different crystalline/ amorphous ratio, and PEEK can be up to about 

40 % crystalline, though 30- 35 % is more typical [28]. Samples with a higher amount of 

crystalline domains usually exhibit higher density and stronger mechanical performance. In the 

present study, the applied temperature was between 420 ℃ and 440 ℃, which were chosen 

according to pre-test of this brand of filament. Different printing temperature for other brands of 

PEEK were also reported, of which the reason lies in the purity of the filaments [15]. Samples 

printed at 420 ℃ exhibited higher elastic modulus than specimens printed with a nozzle 

temperature of 440 ℃, indicating that the samples formed more crystalline areas when printed at 

420 ℃. Yang et al. [17] found that nozzle temperature strongly influences crystallinity and 

mechanical properties of PEEK, because nozzle temperature can influence the crystal melting 

process, the crystallization process, the interface between printing lines, and the deterioration 

phenomenon of polymer materials. Regarding Yang et al.'s research, the decrease of the 

crystalline proportion due to temperature increase can be explained as an incomplete melting of 

crystalline regions in the nozzle with a lower and non-uniform temperature inside.  

To sum up, a combination of a nozzle diameter of 0.4 mm, a nozzle temperature of 430 °C and a 

printing speed of 5 mm/s were beneficial to get the highest density and bending strength 

considering the printed samples under these conditions showed the least defects. To obtain a 

better bending modulus, a 0.2 mm nozzle should be used, and a higher nozzle temperature of 

440 ℃ as well as slower printing speed reduced possible internal defects. The most compact 

cylinders and the best compression properties can be achieved with a 0.6 mm nozzle. 

As for the dimension accuracy, the least accurate width and the most accurate diameter were 

obtained with a 0.4 mm nozzle. A wider nozzle would have caused fewer lines on the x-y plane, 

so that the effect of die swell and the correction of the slicer of overlapping or gapping would 
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happen less frequently thus causing a smaller error. And the print sequence between the wall and 

infill can also influence the shape of print part and the quantity of the wall also can change the 

accuracy of the shape of samples. What’s more, the printing speed influenced the accuracy as 

well. When printing at a lower speed, the extruded material would have been exposed to the heat 

of the nozzle for a longer time, which would have melted the material sufficiently resulting in 

lower viscosity. When printing straight lines, the influence of extra heat was of secondary 

concern because the nozzle was moving in a relatively wider distance; however, when printing 

round lines such as the contour and infill lines of the cylinders, the nozzle was moving within a 

small area, so the factors slicer and thermodynamics of PEEK should be taken into consideration. 

A 0.6 mm nozzle might have resulted in higher accuracy because of less errors caused by the 

slicer algorithm; a 0.4 mm nozzle together with a printing speed of 10 mm/s would be beneficial 

to obtain more accurate dimensions, which might be because the thermal property of extruded 

material and the algorithm of the slicer strike a balance under this condition.  

Figure 17. The optimized parameters for maximal bending strength and elastic modulus 

assuming these two parameters are of the same importance (within the black square are the most 

desirable combinations). 

The tensile strength of printed parts along the vertical printing plane is usually far less than the 

compressive strength, consequently products made from additive manufacturing are more 

suitable to be used in conditions to withstand compressive stress, such as spine cages and dental 

implants. In the case of 3D printed dental implants, the bending strength vertical to the x-y plane 

and the elastic modulus along with the z-axis are the most important issues related to this 

 
(℃) 
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particular application. The most favourable parameter combinations value areas are shown in 

Figure 17, which are close to the combination of a nozzle diameter of 0.5 mm, a nozzle 

temperature of 420 ℃ and a printing speed of 5 mm/s.  

As for the designed shape of dental implants, regarding the hollow cylinders compared to the 

solid cylinders with a cross sectional area of 12.566 mm
2
, the elastic modulus was reduced by 

14 % and 28 % for the specimens with a wall thickness of 1.2 mm (cross sectional area: 10.555 

mm
2
) and 0.6 mm (cross sectional area: 6.158 mm

2
), respectively, whereas their cross sectional 

areas for the applied forces were reduced by 16 % and 49% compared to the solid cylinder, 

respectively. Reducing the cross sectional area with outer threads, reduced the elastic modulus 

by 16 % compared to the solid cylinder, whereas the cross sectional area of the core amounted 

6.947 mm
2
 and was reduced by 55 % compared to the solid cylinder. The possibility of 

post-processing methods such as annealing or plasma on the surface of PEEK devices could also 

be taken into consideration in the future. Additionally, the compression- shear test and torsion 

test are worthy to be conducted, as well as fatigue loading tests to simulate chewing forces.   
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5. Conclusions and clinical implications 

Patient-orientated therapy model is now drawing efforts to precisely manufactured dental devices 

and attachment in dentistry field. 3D printing is with no doubt an alternative way to accomplish 

this goal. Considering the great mechanical properties and reliable biocompatibility of PEEK, it 

has great potential to be used as substitute of medical devices, and 3D printing strategy offers a 

promising way of process production and manufacture. 

Knowing that for these tests not the last developed machine was used, we could demonstrate the 

limits, which drive us to the conclusion that it is necessary to adjust following parameters: 

1. Statistical analysis indicated that nozzle diameter was the most influential parameter on the 

mechanical properties of printed PEEK parts, among the three printing parameters chosen in 

our experiment related with FDM strategy, followed by printing speed and nozzle 

temperature.  

2. A combination of 0.4mm nozzle diameter, 430°C nozzle temperature and printing speed of 

5mm/s is beneficial to get the best bending strength; 0.2mm nozzle is recommended for 

better bending modulus, a higher nozzle temperature and slower printing speed is favorable 

to reduce possible internal defects. Meanwhile, the best compression property can be 

achieved with 0.6mm nozzle or even wider nozzles. However, wider nozzle diameter 

improved elastic modulus of samples, which is the most concerned index for dental implant, 

but led to deterioration of appearance quality. 

3. Good mechanical properties and fine microstructure of dental implant made from PEEK 

were obtained by FDM strategy. The most popular design for titanium implants such as hole 

inside the bulk or screw on the surface would decrease the elastic modulus however matches 

well with the alveolar bone. 

4. More efforts to optimize the performance of printed dental implants based on PEEK and its 

compounds still worth exploring. 

Until now, printing of reproducible tiny sized PEEK parts has proved to be possible in our 

experiments, which is achieved through optimization of the FDM printing parameters. There is 

still long way as to accomplish the transition from research phase to 3D printed PEEK 

manufacturing, and finally reach the goal of integrating the treatment within clinic. However, 

this trial might lay a basis for the patient- specialized treatment in the field of dental 

implantology. Considering the complexity of chewing forces, systematical mechanical tests are 

needed, simulation based on finite element analysis is necessary in the further research. 
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