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A B S T R A C T   

Extrusion printing based on biocompatible filaments offers a wide variety of targeted medical and dental applications in the area of personalized 
medicine, if combined with bioactive nanomaterials. However, this requires filament to be coated with bioactive nanomaterial. This study in-
troduces a concept of a machine to coat filament with bioactive nanomaterials and its application. A machine was constructed with modules 
manufactured using additive manufacturing. A filament spool of polylactide (PLA) or glycol-modified polyethylene terephthalate (PETG) was 
transported through a copper tube, with the outer surface of the filament heated to the appropriate glass transition temperature to incorporate 
added nanomaterials such as nano-hydroxyapatite (nHA) or nano-fluorapatite(nFA). Coatings with nHA led to an increase in diameter of around 3 
μm, while coatings with nFA increased the diameter by 4 μm. Printing of cubes with a standard extrusion printer platform using PLA or PETG 
filaments with added nHA or nFA has been successfully carried out. Scanning electron microscope (SEM) images of coated filaments and printed 
cubes showed an irregular distribution of nHA or nFA, which could be verified by energy dispersive X-ray analysis (EDX). Adding and adjusting 
bioactive nanomaterials to filament with a coating machine for filament proved to generate printable filaments. With the wide range of possible 
applications by different nanomaterials it is anticipated that extrusion printing can cover needs for personalized medicine and dentistry.   

1. Introduction 

3D printing processes are also suitable for the production of pharmaceuticals [1]. When manufacturing printed tablets using 3D 
printing processes, it is possible to precisely deliver a single or several active pharmaceutical ingredients (API) by individually 
designing separate layers [2]. In addition, 3D printing processes also enable the implementation of personalized medicine [2]. At 
present, the field of activity and objectives of the personalized medicine are defined differently: On the one hand, fields of activity can 
be identified in which comprehensive analyses are used to optimize the administration and dosage of medication for individual pa-
tients [3]. On the other hand, personalized medicine is understood as genomic and phenotypic medicine with a focus on manipulating 
signaling cascades and understanding cell behavior [4]. Different printing methods of drugs offer the possibility of adapting dosage 
and application forms to individual patient needs [2] and can thus meet both definitions of personalized medicine [3,4]. Changes in 
dosage and release of an active substance can be made depending on a patient’s metabolization rate and adverse drug reactions can be 
reduced by coordinating the composition of active substances with other pharmaceuticals [2]. In addition binder jetting [5], drugs can 
also be produced experimentally using stereolithography printing processes [6]. The disadvantages of this method are residual un-
cured methacrylate- or acrylate-based monomers that remain after printing [7] as well as the need for openings in the printed object to 
allow liquid resin to escape [8,6], which can cause allergies [6]. The material extrusion process (MEX), which is extended by hot melt 
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extrusion (HME) and in which biocompatible thermoplastics can be used, is another suitable 3D printing process for pharmaceutical 
production [1]. The production of thermoplastic polymers for MEX printing processes is carried out using the HME process, which 
makes it possible to combine both processes [9]. The advantages of this process lie in the use of polymers approved by the Food and 
Drug Administration (FDA), such as PLA [1]. 

For 3D printing in dentistry, it seems desirable to use the MEX 3D printing process and to combine health-safe, biocompatible 
carrier materials [1] with bioactive, dental nanomaterials such as nano-hydroxyapatite (nHA) or nano-fluorapatite (nFA) [10,11,12]. 
Nano-hydroxyapatite particles are already used in toothpastes for tooth whitening and for the treatment of hypersensitive teeth [11] 
by covering open dentinal tubules through the formation of a mineralized protective layer [13]. They are also able to reduce tooth 
sensitivity after bleaching [14]. In addition, nHA has remineralization effects, especially in initial enamel lesions [15] and in vitro in 
the outer parts of white spot lesions [16]. However, this remineralization potential of HA and fluoride is also viewed controversially 
and its equivalence is questioned [17]. Rather, HA is suitable as a bone replacement material: an osteogenic effect of HA was first 
demonstrated in 1920 by F. H. Albee et al. [18]. Synthetic HA is a complete analog of HA found in bone, which explains its osteo-
cunductive potential and biocompatibility [19]. Accordingly, it is suitable as a filling material for the regeneration of bone defects 
[11], but has a slow degradation rate [19]. Nano-hydroxyapatite also promotes attachment of the periodontal ligament, which enables 
periodontal or implantological suitability [20]. A layer of nHA on the surface of dental implants reduces inflammatory reactions due to 
modulating properties of HA [21]. If a dental implant is coated with HA, this has an increasing effect on osseointegration and 
osteoinduction, resulting in a longer implant life compared to an uncoated implant [11]. This is caused by dipole-dipole interactions of 
HA with water, proteins and collagen, which cause surface adsorption of these substances [22]. 

By replacing the hydroxyl group with fluoride ions, HA with a molecular formula of Ca10(PO4)6(OH)2 [23] is converted into 
fluorapatite (FA) with a molecular formula of Ca10(PO4)6F2 [24,23,11]. Both compounds belong to calcium apatites and have 
bioactive properties without toxic or allergic potential [11]. FA is characterized by increased chemical and physical stability compared 
to HA [25]. It was already successfully used in 1947 by J. F. McClendon et al. to reduce the formation of new carious lesions [26]. In an 
in vitro study, rod-shaped nano-fluorapatite particles were antibacterially effective against Fusobacterium nucleatum and Strepto-
coccus mutans with high cytocompatibility [27]. If fluorapatite is used as an active ingredient in a protective varnish, this leads to an 
increase in fluoride concentration and micro hardness [28]. 

For 3D printing in dentistry HA could be used as a scaffold material and for periodontal regeneration [20]. FA on the other hand is 
suitable for remineralization and prevention of carious lesions [26]. 

As nHA or nFA cannot be used directly for MEX 3D printing printing a carrier material such as PLA or PETG is needed. By this, 
bioactive printing material with dental suitability could be harvested [29]. PLA is approved by the FDA for medical use [1]. It was 
already used in vivo in 1970 for the treatment of jaw fractures in dogs and blow-out fractures in monkeys [30] and in 1971 as a suture 
material in medicine [31]. In the human body, PLA is degraded by hydrolysis of the polymer chains, and this slow process contributes 
to PLA’s three to five year shelf life in vivo [32]. PLA has high mechanical strength and porosity [19]. An increase in the bioactive 
surface area of PLA can be achieved by adding inorganic particles [33]. Hereby, the osteoinductive property of PLA can be improved by 
adding HA [19]. Due to its extracellular degradation, PLA is also suitable as a drug carrier and can be used in dentistry as a scaffold 
material for bone regeneration or as a coating for improved osseointegration of dental implants [32]. 

PETG offers an alternative to PLA, as it has good processing and biocompatible properties in addition to higher temperature 
resistance [34]. PETG is biodegradable and ductile [35]. This can be seen in tensile tests with a higher degree of plasticity and stress 
values compared to PLA [36]. Polyethyleneterephthalate (PET) is already used in medicine as a degradable vascular replacement, but 
is unsuitable for extrusion printing due to its crystallinity [37]. Modification with glycol creates PETG with the same biocompatibility 
compared with PET [37], an amorphous, non-crystalline polymer [35]. In dentistry, PETG is used in the thermoforming process to 
produce dental splints [35]. PLA seems to be a suitable as a carrier material for a bioactive filament due to its wide range of medical 
applications as a bone substitute material [32,38,39] and PETG as a possible material for splints [35] or crowns due to its higher 
temperature resistance [34]. 

As mentioned above a suitable printing process for drug production is extrusion printing, which is enhanced by HME, which existed 
in pharmacy since the 1970s [40]. In this process, polymers with active pharmaceutical ingredients (APIs) are mixed and pressed 
through an extruder [5]. There are two basic types of extruders: a RAM type or a screw type [9]. In the RAM type, heated material is 
pressed through a cylinder with a small opening by means of a piston [9]. In terms of screw type extruders, an extruder can be a single 
screw extruder (SSE) with one screw, a twin screw extruder (TSE) with two screws or a multi screw extruder (MSE) with several screws 
[40]. After material of choice is added via a funnel [9], it is mixed with a polymer by the feed screw in a cylinder and undergoes a feed 
movement according to the principle of an Archimedean screw, which causes the mixture to be extruded through a nozzle [40]. What 
both extrusion processes have in common is that the extruded product strand is further processed in the conventional pharmaceutical 
industry in the form of pellets or thin films [40], or that the extracted product strand is processed into a filament spool for extrusion 
desktop printing [41]. Since thermoplastic polymers for extrusion printing are produced using the HME process, a combination with a 
desktop extrusion printer is possible [9]. For this purpose, polymers with APIs are mixed and pressed through an extruder, resulting in 
a strand of both materials [5]. In addition to the production of pharmaceuticals, printing processes coupled with HME also enable the 
possibility of producing drug-eluting implants [9]. Weisman et al. produced filament using HME processes that releases antibiotics and 
chemotherapeutic drugs against osteomyelitis [42]. Mathew et al. took a similar approach by printing a catheter made of filament 
obtained using the HME process with added tetracycline hydrochloride to protect against bacterial infections [43]. It is also possible to 
produce biomimetic scaffolds [19], which serve as placeholders made of biocompatible materials that can be degraded to restore own 
tissue [44]. W. Wang et al. used a mixture of PLA and nano-hydroxyapatite to produce composite scaffolds using extrusion printing 
processes, which showed potential for repairing femoral defects in vivo [45]. The new bone formation achieved by these scaffolds was 
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superior to scaffolds made of pure PLA [46]. 
Extrusion printing processes coupled with HME has also been investigated in dental research [47,48]. Berger et al. produced 

printed caps made of polycaprolactone, polyvinyl alcohol, and sodium fluoride for fluoride release in an in vitro study, which were 
adapted to the crown shape of extracted human teeth and enabled tooth remineralization [47]. In a first clinical study on volunteers, 
Liang et al. produced individualized mouthguards by using extrusion printing, in which saliva eluted active ingredients [48]. However, 
these mouthgards, which were produced using an extrusion printer with a nozzle diameter of 0.35 mm, proved to be too inaccurate 
[48]. A more precise adjustment can be achieved by changing to a nozzle with a diameter of 0.25 mm [49]. In extrusion printing the 
smaller the nozzle diameter, the less favorably the printing result is influenced by irregularities in the filament diameter. This is due to 
the fact that an average filament diameter is used to calculate the G-code and deviations lead to excesses or deficiencies in the printing 
result and weight [41]. 

For this reason, the previously described methods of admixture using HME processes are not appropriate for precision printing in 
medicine and dentistry, as there are fluctuations in the filament diameter, with deviations of 1.65 mm ± 0.10 mm in Liang et al. [48], 
1.75 ± 0.05 mm in Wang et al. [46,45], 1.75 mm ± 0.10 mm in Weisman et al. [42] or 1.75 mm ± 0.15 mm in the study by Berger et al. 
[47]. 

Another approach to enrich filament with nanoparticles was pursued by Vidakis et al. [50,51] and Petousis et al. [52,53]. Silver 
nanoparticles were successfully added to PLA to achieve an antimicrobial effect [51]. For filament production, the components were 
mixed, dried in a vacuum oven and processed into filament using an SSE, which was then dried [51]. The diameter of the filament 
produced was 1.74 mm with a standard deviation of ±0.04 mm [51]. However, the entire manufacturing process took more than 52 h 
[51]. For the addition of tungsten carbide to PLA to improve mechanical properties, Vidakis et al. mixed these components, which were 
then dried, processed into filament using an SSE and then crushed into pellets [50]. These pellets were again processed into filament in 
a second extrusion process, which resulted in a uniform distribution of tungsten carbide. However, this process also requires more than 
24 h [50]. A similarly time-consuming manufacturing process was also shown in the work of Petousis et al. in the production of 
multifunctional nanocomposite from copper oxide and cellulose nanofibers [53]. For the production of filament from PETG with 
antimony-doped tin oxide, the time required for the manufacturing process was reduced to around 8 h [52]. However, the diameter of 
the filament obtained was between 1.65 mm and 1.85 mm [52]. Further processes such as filament impregnation require subsequent, 
time-consuming drying [54,55], or are only intended for coating with aluminum and copper [56], which is why they are also excluded. 

To date, no method has been published that describes the production of small amounts of individual mixtures of bioactive materials 
for medical or dental purposes and, thus enables the implementation of personalized medicine [3,4] by adapting the dosage of 
bioactive nanomaterials to the individual needs of patients [2]. For this reason, it appears necessary to develop a new process that 
enables the coating of small quantities like PLA and PETG with nHA or nFA to produce filament-based, biomimetic and bioactive 3D 
printing materials. At the same time, this process should also enable the implementation of personalized medicine [3,4], in that the 
dosage of nanomaterials can be adapted to the respective, individual needs of patients [2]. In addition, quantities of just a few grams 
are sufficient for the production of dental splints or individual crowns from patient-specific dental filament. Rapid prototyping (RP) 
can be used as a cost-effective solution [57] to produce a machine suitable for coating filament. In this process, computer aided design 
(CAD) of a prototype is saved in.STL format, which enables later implementation using 3D printing processes [58]. This is also known 
as rapid prototyping manufacturing (RPM) [59]. The goal of this investigation is the design of a functional prototype of this machine, a 
so-called alpha prototype [60], which is referred to as coating machine for filament in this work. 

The concept of interest (COI), a trend-setting concept in the manufacturing process [61], includes the following points for this 
work.  

(i) There should only be slight changes in filament diameter after coating.  
(ii) It should be possible to customize the product to the needs of patients and to produce small quantities of filament should be 

possible.  
(iii) The coating of filament should be carried out with a coating machine for filament.  
(iv) The print quality of coated filaments should be comparable to that of uncoated filaments with coated filaments showing a high 

degree of purity.  
(v) The coating of the filament should take less than 1 h so that a chairside use in dental practice is possible. 

The successful feasibility of the newly developed manufacturing process with the coating machine developed for this purpose was 
subsequently demonstrated with the proof of concept (PoC) [61].Therefore, filament passed through a heated copper tube, whereby 
added nanoparticles adhered to the surface of the filament and coated filament was created. This could be verified by SEM images and 
EDX analysis. 

2. Materials and methods 

2.1. Selection of basic components to produce bioactive filaments 

Nanomaterials such as hydroxylapatite or fluorapatite are suitable for medical and dental purposes [10,11,12]. Hydroxylapatite 
can be used as a scaffold material for periodontal regeneration [20] or as bone replacement material [18,11,19]. In the present study, 
hydroxylapatite was used as a nanopowder from Kalichem (Kalident Powder 100 1ST B (17 kGy), Italy). S&C Polymer GmbH kindly 
provided 10 g nano-fluorapatite powder (Charge: RC2206379; S&C Polymer GmbH, Germany). Fluorapatite is suitable for 
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remineralization and avoiding carious lesions [26] due to antibacterial properties [27]. 
Thermoplastic polymers such as PETG and PLA are suitable as carrier materials for an addition of the nanomaterials mentioned 

above. ColorFabb_HT clear (Colorfabb B.V., Netherlands) was chosen as the PETG filament, since this material has an approval of the 
FDA [62], with a permanent temperature of 100 ◦C [63] and, thus is suitable for possible temperature loads of up to 90 ◦C in the oral 
cavity [64]. This PETG filament (Table 1) is a transparent filament, which facilitate examination of effects of adding mixtures, without 
the possible influence of added dyes. A future use for the production of temporary dental crowns is conceivable, whereby nFA is 
released during abrasion and attrition and remineralization potential is created [65,26,11,27,66]. Usages as bioactive splint material is 
also conceivable, since PETG is already used as a material for retainers in orthodontics [35]. 

In medicine, PLA is used as a suture material [38]. It is also suitable as a scaffold material for bone regeneration [32,38,39], 
whereby osteo-inductive properties can be increased by adding inorganic particles, as nHA [18,21,33]. In this study, extrudr PLA NX2 
white (Extrudr FD3D GmbH, Lauterach, Austria) was used. Despite its white color this filament is certified by the FDA [67]. A colored 
PLA filament (Table 1) has been selected to examine any effects of additions to colored filament. A later use of PLA for crown pro-
duction is not possible due to the low glass transition temperature of a maximum of 60 ◦C [39]. 

Both filaments showed a diameter of 1.75 mm, so that the later used printer (Original Prusa i3 MK3S+, Prusa Research a.s., Czech 
Republic) can process them in the extrusion printing process. For the selected filaments, corresponding print settings are already stored 
in the software required for printing (Prusaslicer version 2.5.0, Prusa Research a.s., Czech Republic). 

Table 1 
Mechanical properties of used filament.  

filament colorFabb_HT clear, 1.75 mm 
(colorFabb B.V., Netherlands) 

extrudr PLA NX2 white (Extrudr 
FD3D GmbH, Austria) 

Prusament PETG signal white, Prusament PETG 
Clear (Prusa Research a.s., Czech Republic) 

usage for coating machine for filament  
- sieve insert 
-pestle 
-mounting for copper tube 
as carrier material/filament for 
coating machine 

coating machine for filament 
-sieve insert 
-pestle 
as carrier material/filament for 
coating machine 

all other components for the coating machine for 
filament 
except 
-sieve insert 
-pestle 
-mounting for copper tube 

FDA approval FDA food contact compliance [62] FDA compliant [67] none 
density (ISO 1183) 1.2 g/cm3 [63] 1.3 g/cm3 [67] 1.27 g/cm3 [68] 
elongation at break (Tensile, 

ASTM D638) 
210 % [63] 

elongation at break (Tensile, 
ISO 527-1A) 

26 % [63] 

elongation at strength (ISO 
527)  

4 % [67]  

elongation at yield point 
(ISO 527-1)   

horizontal: 5.1 ± 0.1 %, vertical: 5.1 ± 0.1 % [68], 

flexural modulus (E- 
Modulus, ISO 178) 

N/A [63] 2650 MPa [67] horizontal: 1700 ± 100 MPa, vertical: 1600 ± 100 
MPa [68], 

flexural modulus (Tensile, 
ASTM D790) 

1,575 MPa [63] 

flexural strength (Charpy 
Notch, ISO 179) 

6.4 kJ/m2 [63]  horizontal: 66 ± 2 MPa, vertical: 70 ± 1 MPa [68], 

flexural strength (ISO 178)  
Izod impact strength (Izod 

Notch, ASTM D256) 
860 J/m [63]  

nominal elongation at break 
(ISO 527-2)  

19 % [67] horizontal: 6 ± 1 kJ/m2, 
vertical: 3 ± 1 kJ/m2 [68], 

notched impact strength (ISO 
179/1eA)  

7 kJ/m2 [67] 

stress at break (ISO 527)  23 MPa [67] 
tensile modulus (E-Modulus, 

ISO 527)  
2600 MPa [67] 

tensile strength (E-Modulus, 
ISO 527) 

50 MPa [63] 47 MPa [67] 46 ± 1 MPa [68] 

tensile strength (Tensile, 
ASTM D638) 

43 MPa [63]  horizontal: 47 ± 2 MPa, 
vertical: 50 ± 1 MPa [68], 

tensile yield strength (E- 
Modulus, ISO 527)  

unnotched impact strength 
(ISO 179/1eU)  

no break [67] 

Youngs Modulus (Tensile, 
ASTM D638) 

N/A [63] 

Youngs Modulus (Tensile, 
ISO 527-1A) 

1500 MPa [63] 

Due to different test standards on the part of the manufacturers, only a limited comparison of the mechanical properties of the filaments is possible. 
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2.2. Selection of process technologies for coating filaments 

In order to coat filament, various process techniques had to be combined: On the one hand, mechanical process techniques were 
used, including the propulsion of the filament, pulverizing of nanomaterials through vibration and uniting of filament and 
nanomaterials. 

On the other hand, a thermal process technology was used to merge filament and nanomaterials. Since deviations of filament’s 
diameter should be as small as possible to increase the printing quality [41], only the surface of the filament was heated. Therefore, 
glass transition temperatures of PETG or PLA were chosen to enable adhesion of nanomaterials, without melting them, yet. This should 
allow particles of nHA or nFA to be incorporated into the surface-heated filament layer. 

2.3. Development of a coating machine for filament 

A coating machine was designed accordingly by segmented designs [69]. Modules were assigned tasks of the process techniques 
previously set up (Fig. 1). Each modules were designed with a skeletonized construction in mind. This design enables material-saving 
work. The individual modules were manufactured using RPM [59] with the aim of assembling them into a functional alpha prototype 
[60]. Each module was drawn with a 3D software (SketchUp, Trimble®, U.S.A) and a G-Code was created with PrusaSlicer 2.5.0 (Prusa 
Research a.s., Prag, Tschechische Republik). The standard settings of the slicing software were retained without minimizing the 
printing time. Minimizing printing time can lead to the application of additional layers, which can have an unfavorable effect on 
mechanical loads [70]. To fill internal structures, PrusaSlicer version 2.5.0 allows a selection of different infills. Here, primarily gyroid 
and partially cubic patterns were chosen, as these have good mechanical properties [71]. The larger the module created, the lower the 
density of the infill was selected in order to reduce the printing time. The G-Code was used to print individual modules with a 3D 
printer (Original Prusa i3 MK3S, Prusa Research a.s., Czech Republic) and an E3D V6 brass nozzle with a diameter of 0.4 mm on a 
double-sided textured PEI powder-coated spring steel sheet (Original Prusa i3 MK3/S/+ and MK2.5/S heatbeds, Prusa Research a.s., 
Czech Republic). Since layer thicknesses and overlaps of printed structures within an object have a significant influence on stiffness 
[72], the printing process was visually monitored. The prints were produced at a room temperature of 18–22 ◦C. Each module was 
checked for functionality after successful completion and assembly. Additive manufacturing of individual modules was carried out to 

Fig. 1. Implementation of various process techniques in modules for a coating machine for filament.  

U.T. Strähle et al.                                                                                                                                                                                                      



Heliyon 10 (2024) e33223

6

assemble a functional alpha prototype [60], and then testing its function on coating PETG and PLA filaments with nHA and nFA. 
Prusament PETG signal white (Prusa Research a.s., Prague, Czech Republic) was chosen as the base material for the modules 

(Table 1), as its heating bed temperature of 80 ◦C ± 10 ◦C [68] correlates with thermal stress resistance. In addition to heat resistance, 
PETG was chosen because it has high chemical resistance and toughness [73]. In terms of its mechanical properties, PETG lies between 
ABS and PLA [74]. PLA was ruled out as a filament because of the glass transition temperature of 60 ◦C [39] is too low to withstand 
thermal stress during the coating process. In addition, PLA loses its mechanical stability due to degradation processes [73]. 

2.3.1. Module 1: supply of filament 
The development of module 1 included a gear housing (Fig. 2b) for the later filament supply, as well as a motor housing (Fig. 2d and 

e), in which a worm gear motor (Fig. 2c) (Miskall, Wuhan Papamao E-Commerce Co., Ltd., Wuhan, People’s Republic of China) with 
matching gear pinions (Bondtech Drive Gear Kit 8 mm Welle, Bondtech, Värnamo, Sweden) was placed. Task of module 1 is providing 
filament. Due to the rotation speed of 12 rpm of the worm gear motor, a desired slow propulsion of the filament takes place for a later 
sufficient contact time of filament and nanomaterials for the surface melting in the copper tube of module 3. Filament is stored on 
shafts with ball bearings (Original Prusa i3 MMU2S Upgrade Kit, Prusa Research a.s., Czech Republic) mounted in filament spool 
holders (Fig. 2g), which were also printed and fastened in the motor housing. 

Subsequent modules were always printed on already developed and assembled modules, whereby these were installed interlocking 
like stairs. For the following module 2 files were composed according to the completed module 1. With this file, the constructions of 
module 2 could be precisely adjusted to module 1. This procedure was also repeated for subsequent construction steps of module 3 and 
4. 

2.3.2. Module 2: Powdering of nanomaterials and merging with filament 
Module 2 supplies nano-hydroxylapatit or nano-fluorapatite to PETG and PLA filament. Moisture from the surrounding environ-

ment led to aggregation of nanoparticles. Thereby, they reached sizes in the millimeter range, that made merging with filament 
impossible. For this reason, a sieve (Fig. 3a–c) and pestle (Fig. 3d) were designed, by which nHA or nFA were sieved and aggregations 
could be dissolved. The same filament was chosen as material for sieve insert and pestle as filament to be coated later. In this way, 
possible abrasion of pestle and sieve insert could not cause contamination of coated filament. As pestle and sieve insert needed a higher 
resolution, a printer nozzle with a diameter of 0.25 mm (nozzle fun pack, E3D-Online, United Kingdom) was used on another 3D 
printer (Original Prusa i3 MK3S +, Prusa Research a.s., Czech Republic). 

The dissolved nanomaterial was passed into a stainless-steel funnel (Fig. 3k) (Exeqianming, Shenzen, People’s Republic of China), 
which was attached to a funnel housing designed for this. In order to keep nanomaterial pourable in the interior of later modules, such 
as ptfe tube (MMU2S buffer ptfe tube, Prusa Research a.s., Czech Republic) and a further funnel, vibration was needed. Therefore, a 
total of six vibration motors (Sourcing Map DC 3 V–6 V, 32 mA, Asia Pacific Elite Ltd, People’s Republic of China) was used. Rubber 
coating of these motors were removed to amplify vibration effects and enable suitable installation into parts manufactured later. 

Fig. 2. Assembly of module 1 
(a) coil springs (Prusa Research a.s., Czech Republic) enable forward and backward movements (see arrows) of the gear housing to compensate for 
production-related deviations of the filament diameter. 
(b) filament supply via pfte tube (Prusa Research a.s., Czech Republic) and push-fit crew connection QSM-M5-4 (Festo Vertrieb GmbH & Co. KG, 
Germany) 
(c) worm gear motor 
(d) view from above on motor housing 
(e) view from below on motor housinge 
(f) 8 square nuts M3nS (Prusa Research a.s., Czech Republic) were inserted in the motor housing (see arrows). The square nuts served the stable 
fastening with module 2. 
(g) filament spool holders mounted in motor housing. 
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During the cabling, braided copper speaker cables (Oehlbach Speaker Wire SP-7, Oehlbach Kabel GmbH, Germany) were used. Pure 
copper tolerates vibrations without increased susceptibility to cable breaks [75]. The cause of this is the plastic deformability of copper 
[75]. Nanomaterial trickled into another, smaller metal funnel (Koskerm GmbH, Germany), through which PETG or PLA filament 
(Fig. 3e) was supplied in the middle through a ptfe tube. In this way, both components were merged. 

2.3.3. Module 3: surface melting of coated filament in order to incorporate nanomaterials 
In Module 3, partial surface melting of PETG or PLA filament with nHA or nFA took place. Filament and nanopowder were merged 

in a 415 mm long copper tube (Fittingteile.de, Germany) with an inner diameter of 2 mm. Whereby heat was provided by two regulated 
peltier elements (Fig. 4h) (PTC heating elements AC DC 12 V, 220 ◦C, 5–28 W, Ovalat, People’s Republic of China) and controlled via 
thermometer (Fig. 4l) (Weber 7581 Q Replacement Thermometer for Grills, Weber-Stephen Products LLC, U.S.A). The copper 
installation tube (Fig. 4i) was mounted vertically so that filament was not compressed or stretched after gravity. In this way, deviations 
in the filament diameter were minimized to increase print quality [41]. 

The copper tube was certified according to DIN EN 1057 for drinking water and heating installation. Therefore, it was expected that 
a passage of the filament through the pipe took place without contamination. The length of the copper tube was calculated based on the 
feeding speed of the filament, whereby a contact time of both components was carried out over a period of at least 60 s. Copper was 
chosen as the material because it has a high thermal conductivity [76]. 

Hereby, distributed nanomaterials were able to adhere to superficially heated filament. At the same time nanomaterials prevented 
an unwanted adhesion between filament and tube, as they formed an interfacial separating layer. The coating quantity could be 
regulated by manual additions of nHA or nFA. In the test phase, a maximum supply of nanopowder was established to determine 
maximal possible incorporation of nanomaterials on one hand and to avoid clogging of the tube on the other hand. For peltier ele-
ments, brackets printed with ColorFabb_HT clear (Fig. 4e) were manufactured because it withstands a permanent temperature load of 
100 ◦C [63]. The copper tube was attached to a printed bracket with glass holders (Fig. 4f) (onpira GmbH, Germany), which in turn 
were attached to a module bracket (Fig. 4b). On their underside there were recesses (Fig. 4d) to mount stainless steel tubes (Fig. 4m) 
(H.-Hugo Brenschede GmbH, Germany) by which cable management took place. After cabling, module 2 was placed in the recess of 
module 3 and connected with four cylinder screws ISK M3X30 (MDG Service GmbH, Germany). 

2.3.4. Module 4: base of coating machine 
In addition to the base for connecting modules 1, 2 and 3 via stainless steel tubes (Fig. 5g), module 4 also includes a connection 

device for laboratory power supply units and a container to collect coated filament. There are two separate cable shafts in the base that 
run towards the frontal side. They serve for cable management of peltier elements (Fig. 5b) and motorization (Fig. 5c). The wiring 
passed through stainless steel tubes into the cable shafts of the base. The cables were installed on four banana plug sockets with a 
diameter of 4 mm (KUOQIY 4 mm banana plugs, Jincheng Qiyun Trading Co. Ltd., People’s Republic of China) on the connection 
device for laboratory power supply units (Fig. 5i). Filament feeding and powder vibration were supplied with electricity via left banana 
plug sockets. For this purpose, three vibration motors were connected in series. Two of these series circuits were switched in parallel to 
the worm gear motor for filament feeding. In this way, a uniform, continuously adjustable voltage of 9–12 V could be provided for both 
operations, for filament feeding and vibration. 

Banana plug sockets on the right provided power supply of both peltier elements. They were also switched in parallel. Due to the 
different connections an independent regulation of heat supply and filament feeding was possible. PETG or PLA filament coated with 
nHA or nFA cooled down by ambient air and could be harvested in a container (Fig. 5g) without contamination. The container (Fig. 5g) 
was printed with transparent Prusament PETG Clear (Prusa Research a.s., Prague, Czech Republic) (Table 1) to enable visual inspection 
of coated filament later. In the recesses for the hanging of the container (Fig. 5e) there was a square opening, of which filament could be 
later fed in an extruder of a 3D printer. 

2.3.5. Initial commissioning and calibration of the filament coating machine 
After final assembly, first peltier elements on the copper tube were checked for functionality. For this purpose, a laboratory power 

supply unit (Basetech BT-305, Conrad Electronic SE, Germany) was connected to banana plug sockets on the left side. A total of 10 
series of measurements were carried out with different current intensities (Table 2). By this a suitable selection of current intensities 
was possible depending on the filaments used later. Since the temperature of the thermometer used ranged from 66 ◦C, temperatures 

Fig. 3. Assembly of module 2 
(a) sieve insert made of ColorFabb_HT clear 
(b) sieve bracket made of Prusament PETG signal white 
(c) counter fixation for sieve bracket made of Prusament PETG signal white 
(d) pestle made of ColorFabb_HT clear 
(e) funnel cover with the course of the filament supplied later according to arrow 
(f) funnel cover with the course of the nHA or nFA supplied later according to arrow 
(g) funnel cover 
(h) conneting housing 
(i) funnel housing 
(j) module 1 
(k) stainless steel funnel for later added nHA or nFA in funnel housing. 
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were only recorded once this threshold was exceeded. All series of measurements from a current strength of 3.5 A had in common, that 
a temperature peak was reached after 270 s, which formed a plateau. For this reason, the time for reaching a constant temperature 
could be set to 300 s after the peltier elements were put into operation. Thereby, it could be ensured that a superficial fusion process of 
the filament with the added nanoparticles could take place. A current of 5.0 A with a target temperature of 100 ◦C was chosen for 

Fig. 4. Assembly of module 3 
(a) module holder with anchoring elements for module 2 
(b) module holder 
(c) openings in module holder for cable management that flow into (d) 
(d) recesses for stainless steel tubes 
(e) mounting for copper tube, made of ColorFabb_HT clear 
(f) glass holders 
(g) power supply of peltier element 
(h) peltier element 
(i) copper tube 
(j) power supply for peltier elements via right opening 
(k) power supply for worm gear motor and vibration motors via left opening 
(l) thermometer 
(m) stainless steel tube 
(n) mounting for thermometer. 
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coating of PETG while a current of 2.0 A was chosen for coating of PLA, as this allowed a constant temperature nearby measurable 
66 ◦C to be achieved. 

After testing the peltier elements, the filament feeding was tested with a PETG filament spool: For this purpose, a further laboratory 
power supply unit was connected to the right sockets with a voltage of 12 V and a current of 0.5 A. The left laboratory power supply 
unit providing the peltier elements was switched off. After filament passed through the copper tube, the power supply was briefly 
turned off to mark the protruding end of the filament with a waterproof universal pen (STAEDTLER Lumocolor® Pen 313, STAEDTLER 
Mars GmbH & Co. KG, Germany). This was followed by commissioning lasting 60 s, after which the power supply was briefly 

Fig. 5. Assembly of module 4 
(a) neodymium magnet in base for later secure seating of the container 
(b) shown course of wiring of peltier elements in base 
(c) shown course of wiring for motorization in base 
(d) base 
(e) overhang of the container with printed recesses for frame-mounting on a 3D-printer 
(f) cutouts for neodymium magnets for a later secure fit on base 
(g) container 
(h) stainless steel tubes 
(i) pestle on the storage area of connection device for the laboratory power supplies 
(j) connection device for the laboratory power supplies 
(k) connected laboratory power supply with presets: 2.0 A and 12.0 V. 

Table 2 
Temperature increase of the peltier elements depending on the supplied current.  

time in s 0 30 60 90 120 150 180 210 240 270 300 

current in 
0,5 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 
1,0 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 
1,5 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 
2,0 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 
2,5 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 66 ◦C 
3,0 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 68 ◦C 68 ◦C 
3,5 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 68 ◦C 70 ◦C 70 ◦C 
4,0 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 68 ◦C 70 ◦C 75 ◦C 75 ◦C 
4,5 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 70 ◦C 75 ◦C 80 ◦C 85 ◦C 85 ◦C 
5,0 A 0 ◦C 0 ◦C 0 ◦C 0 ◦C 66 ◦C 75 ◦C 83 ◦C 90 ◦C 95 ◦C 100 ◦C 100 ◦C 

All values are rounded values. The ambient temperature was a constant 22 ◦C throughout the entire series of measurements. 
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interrupted again and the filament was marked. In total, this process was repeated ten times and each section was measured (Table 3), 
with the average being 415 mm. During operation, vibrations were tactilely noticeable in the area of the sieve holder and the funnel 
housing due to the vibration motors, which were also powered via this connection. 

A second test run lasting 30 min was then carried out, in which the peltier elements were additionally supplied with a voltage of 12 
V and a current of 5 A, resulting in a temperature of 100 ◦C. After 30 min, the total length of the filament was determined to be 12,300 
mm. The average measurement of the filament path was 410 mm. This was 5 mm less than without the peltier elements switched on. 
Friction on the heated copper tube could be responsible for that, although this effect could be reduced by adding nHA or nFA later. The 
intended contact time of 60 s could be achieved regardless if peltier elements were put in operation or not. 

2.4. Production of filament with and without coating 

First, uncoated PETG or PLA filament was harvested. Therefore, the following steps were carried out: inserting a filament spool of 
PETG, filament feeding with interruption and removal of already passed filament, filament feeding for 900 s, interruption of filament 
feeding, cutting of and storage of harvested filament and removal of the spool (Table 4). For this purpose, PETG filament was cut off at 
the end of the copper tube with a pair of pliers (KNIPEX pliers 99 00 280, KNIPEX-Werk, Germany). PETG filament harvested was then 
placed in a labeled, resealable and food-safe all-purpose bag (Toppits® Zipper® all-purpose bag, 3 l, Cofresco Frischhalteprodute 
GmbH & Co. KG, Germany). Afterwards the container was cleaned with a sterile gauze swab (Medrull Gauze swabs sterile 10 cm × 10 
cm, FORANS International AG, Switzerland) soaked in isopropyl alcohol (Maxxi Clean - Gabriela Baumgarten, Germany) for 90 s to 
remove particles created by abrasion. In order to be able to remove the PETG filament spool, the polarity had to be reversed. After 120 s 
there was no filament between gears, and removal from the spool holder was possible. 

A series of tests with uncoated PLA filament was then carried out in the same way (Table 4). PETG and PLA filament served as 
control group for later examinations, such as possible contaminations during filament advancement due to abrasion of gears, as well as 
friction when passing through the ptfe hose elements, push-in fittings, metal funnels and copper tubes. 

In order to coat PETG filament with nano-hydroxyapatite, the workflow was expanded by the use of sieves and pestles, weighing 
and sieving of nHA, as well as switching the peltier elements on and off (Table 4). The sieve insert for this series of tests was also made 
of PETG, just like the pestle. Using a sterile cement spatula (HS cement spatula wide, Henry Schein Inc., U.S.A.) and a bench scale 
(Beurer type KS 19 Fresh, Beurer GmbH, Germany), a total of 4 g of nano-hydroxyapatite powder was added to the sieve in 1 g portions. 
While nano-hydroxyapatite powder was added, nitrile examination gloves were worn as protection against contamination. After each 
powder addition, agglomerated nano-hydroxyapatite particles were pressed through the sieve with a mesh width of 0.26 mm using a 
pestle to produce smaller powder particles. These became even smaller as vibration continued. Filament, which was coated within 300 
s, was separated from the end of the copper tube using wipe-disinfected pliers. This strand was discarded. An incorporation of hy-
droxyapatite powder particles on the surface of the rejected strand would only be expected towards the end of 300 s when a tem-
perature of 100 ◦C was reached. In the period of time before reaching 100 ◦C, filament surface was not heat enough and, therefore, not 
receptive to nHA particles. After reaching 100 ◦C, PETG filament coated with nHA for 900 s was harvested. After 900 s, coated PETG 
filament was cut off at the end of the copper tube using a pair of pliers. Then the power supply of the peltier elements was switched off. 
The filament feeding remained in operation for another 300 s until the copper tube had cooled down. This prevented unwanted 
adhesion of filament to the hot copper tube. After 300s the filament strand was also discarded. In total, around 6 m of PETG filament 
coated with nHA were harvested. An exact measurement was not carried out to avoid contamination, unwanted removal of only 
partially incorporated powder particles and twisting during unwinding. 

For the test series of PLA filament with nHA, steps of the procedure (Table 4) were repeated as described for PETG filament coated 
with nHA. Any nHA remaining in the coating machine from previous series of PETG did not need to be removed. However, due to 
abrasion, sieve insert and pestle made of PLA were used. Furthermore, the temperature of the peltier elements was adjusted to PLA. 

After coating PLA, the filament coating machine was cleaned to remove remaining nano-hydroxyapatite residues (Fig. 6). These 
would otherwise have led to mixing in further series of tests with nano-fluoroapatite. After removing the sieve holder, the exposed 
stainless-steel funnel (Fig. 3k) was cleaned with a vacuum cleaner (Miele vacuum cleaner Classic C1 EcoLine, Miele 

Table 3 
Measurement of the filament path in sections.  

time total distance in mm distance in mm after 60 s 

60 s 412 412 
120 s 826 414 
180 s 1242 416 
240 s 1657 415 
300 s 2073 416 
360 s 2488 415 
420 s 2903 415 
480 s 3319 416 
540 s 3736 417 
600 s 4150 414 
average distance traveled per minute in mm 415 
SD (standard deviation) in mm 1.304  
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Table 4 
Workflow for coated and uncoated filaments.  

work 
steps 

PETG (control group) PLA (control 
group) 

PETG + nHA PLA + nHA PETG + nFA PLA + nFA 

1. insert filament spool 
(colorFabb_HT clear, 
1.75 mm, colorFabb 
B.V., Netherlands) 

inserting filament 
spool (extrudr 
PLA NX2 white, 
Extrudr FD3D 
GmbH, Austria) 

insert filament spool 
(colorFabb_HT clear, 
1.75 mm, colorFabb B. 
V., Netherlands) 

inserting filament 
spool (extrudr PLA 
NX2 white, Extrudr 
FD3D GmbH, Austria) 

insert filament spool 
(colorFabb_HT clear, 
1.75 mm, colorFabb B. 
V., Netherlands) 

inserting filament 
spool (extrudr PLA 
NX2 white, Extrudr 
FD3D GmbH, Austria) 

2. – – insert sieve (sieve 
insert and pestle each 
made from newly 
manufactured PETG) 

insert sieve (sieve 
insert and pestle each 
made from newly 
manufactured PLA) 

insert sieve (sieve 
insert and pestle each 
made from newly 
manufactured PETG) 

insert sieve (sieve 
insert and pestle each 
made from newly 
manufactured PLA) 

3. – – usage of a total of 4g 
nHA (Kalident Powder 
100 1ST B (17 kGy), 
Kalichem srl, Italy) in 
portions with sterile 
cement spatula, nitrile 
examination gloves 
and bench scales; seven 
from nHA 

usage of a total of 4g 
nHA (Kalident Powder 
100 1ST B (17 kGy), 
Kalichem srl, Italy) in 
portions with sterile 
cement spatula, nitrile 
examination gloves 
and bench scales; 
seven from nHA 

usage of a total of 4g 
nFA (Charge: 
RC2206379; S&C 
Polymer GmbH, 
Germany) in portions 
with sterile cement 
spatula, nitrile 
examination gloves 
and bench scales; seven 
from nFA 

usage of a total of 4g 
nFA (Charge: 
RC2206379; S&C 
Polymer GmbH, 
Germany) in portions 
with sterile cement 
spatula, nitrile 
examination gloves 
and bench scales; 
seven from nFA 

4. – – turn on peltier 
elements (U = 12 V, I 
= 5 A) 

turn on peltier 
elements (U = 12 V, I 
= 5 A) 

turn on peltier 
elements (U = 12 V, I 
= 5 A) 

turn on peltier 
elements (U = 12 V, I 
= 5 A) 

5. filament feeding for t 
= 120 s (U = 12 V, I 
= 0.5 A) 

filament feeding 
for t = 120 s (U =
12 V, I = 0.5 A) 

filament feeding for t 
= 120 s (U = 12 V, I =
0.5 A) 

filament feeding for t 
= 120 s (U = 12 V, I =
0.5 A) 

filament feeding for t 
= 120 s (U = 12 V, I =
0.5 A) 

filament feeding for t 
= 120 s (U = 12 V, I =
0.5 A) 

6. stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament 
feeding (U = 0 V, 
I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

7. – – control target 
temperature: 100 ◦C 

control target 
temperature: 66 ◦C 

control target 
temperature: 100 ◦C 

control target 
temperature: 66 ◦C 

8. separation and 
discarding of filament 
after passage through 
copper tube 

separation and 
discarding of 
filament after 
passage through 
copper tube 

separation and 
discarding of filament 
after passage through 
copper tube 

separation and 
discarding of filament 
after passage through 
copper tube 

separation and 
discarding of filament 
after passage through 
copper tube 

separation and 
discarding of filament 
after passage through 
copper tube 

9. filament feeding for t 
= 900 s (U = 12 V, I 
= 0.5 A) 

filament feeding 
for t = 900 s (U =
12 V, I = 0.5 A) 

filament feeding for t 
= 900 s (U = 12 V, I =
0.5 A) 

filament feeding for t 
= 900 s (U = 12 V, I =
0.5 A) 

filament feeding for t 
= 900 s (U = 12 V, I =
0.5 A) 

filament feeding for t 
= 900 s (U = 12 V, I =
0.5 A) 

10. stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament 
feeding (U = 0 V, 
I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

stop filament feeding 
(U = 0 V, I = 0 A) 

11. separation of filament 
after passage through 
the copper tube 

separation of 
filament after 
passage through 
the copper tube 

separation of filament 
after passage through 
the copper tube 

separation of filament 
after passage through 
the copper tube 

separation of filament 
after passage through 
the copper tube 

separation of filament 
after passage through 
the copper tube 

12. separation of filament 
after passage through 
the copper tube and 
storage of PETG 
filament in 3l all- 
purpose bag; cleaning 
of container 

separation of 
filament after 
passage through 
the copper tube 
and storage of 
PLA filament in 
3l all-purpose 
bag; cleaning of 
container 

separation of nHA 
coated filament after 
passage through the 
copper tube and 
storage of PETG 
filament in 3l all- 
purpose bag; cleaning 
of container 

separation of nHA 
coated filament after 
passage through the 
copper tube and 
storage of PLA 
filament in 3l all- 
purpose bag; cleaning 
of container 

separation of nFA 
coated filament after 
passage through the 
copper tube and 
storage of PETG 
filament in 3l all- 
purpose bag; cleaning 
of container 

separation of nFA 
coated filament after 
passage through the 
copper tube and 
storage of PLA 
filament in 3l all- 
purpose bag; cleaning 
of container 

13. – . switching off peltier 
elements and stop 
filament feeding for t 
= 300 s (U = 12 V, I =
0.5 A) 

switching off peltier 
elements and stop 
filament feeding for t 
= 300 s (U = 12 V, I =
0.5 A) 

switching off peltier 
elements and stop 
filament feeding for t 
= 300 s (U = 12 V, I =
0.5 A) 

switching off peltier 
elements and stop 
filament feeding for t 
= 300 s (U = 12 V, I =
0.5 A) 

14. return of filament for 
120 s by reversing the 
polarity (U = 12 V, I 
= 0.5 A) 

return of filament 
for 120 s by 
reversing the 
polarity (U = 12 
V, I = 0.5 A) 

return of filament for 
120 s by reversing the 
polarity (U = 12 V, I =
0.5 A) 

return of filament for 
120 s by reversing the 
polarity (U = 12 V, I =
0.5 A) 

return of filament for 
120 s by reversing the 
polarity (U = 12 V, I =
0.5 A) 

return of filament for 
120 s by reversing the 
polarity (U = 12 V, I =
0.5 A) 

15. removing filament 
spool 

removing 
filament spool 

removing filament 
spool 

removing filament 
spool 

removing filament 
spool 

removing filament 
spool 

16. – – – cleaning powder feed 
with vacuum cleaner 
and round wire 

– cleaning powder feed 
with vacuum cleaner 
and round wire  
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Vertriebsgesellschaft Deutschland KG, Germany) at the highest level for 60 s. In addition, further mechanical cleaning was carried out 
using orthodontic wire (Central Iron and Steel Research Institute, Orthodontic Wire, 0.45 mm, People’s Republic of China). Both types 
of cleaning were carried out alternately five times each. 

To obtain the test series of PETG filament coated with nano-fluorapatite, steps of the procedure (Table 4) were carried out as for 
coating of PETG filament with nHA. Instead of using nHA a total of 4g nFA was used. For the test series of PETG filament coated with 
nFA, a new unused sieve insert and pestle made of PETG were used. The sieve insert and pestle previously used for nHA were no longer 
applied so that in the event of possible abrasion of the materials during sieving, only particles made of PETG filament and none of nHA 
ended up in the admixture. 

A newly manufactured sieve insert and pestle made of PLA were also used to coat PLA filament with nFA. Settings for the remaining 
work steps were identical in their execution to the previously described work steps for coating PLA with nHA (Table 4). The powder 
supply systems were cleaned after PLA coating. Here too, the procedure was identical to that carried out after producing PLA coated 
with nHA. 

2.5. Determining diameters of coated and uncoated filament 

From all test series, 1000 mm long pieces of filament were cut off, which were then divided into ten 100 mm long pieces. This 
should prevent the filament from coiling, which happens if the thread strand is longer than approximately 600 mm. Coiled filament 
would have falsified the measurement results due to kinks or bends. To avoid contamination with dust from the environment or sodium 
chloride of the finger tips, new nitrile examination gloves were worn for each filament test series. Additionally, the pair of pliers were 
cleaned with sterile gauze swabs soaked in 99.9 % isopropanol for 90 s before each cut of a new filament test series. 

The diameter measurement was taken at the center of each of the 100 mm long filament pieces. The alignment of the filament was 
determined using dental loupes (DCI flip-up Classic 2.5x with LED light HighlightR, DCI - Dental Consulting GmbH, Germany). One 
side showed impressions and had indentations from the gears from filament feeding, while the remaining circumference of the filament 
appeared smooth. Two sides were always alternately positioned between the measuring anvil and the measuring spindle of a 
micrometer (Mitutoyo item no. 103–129; Mitutoyo, Japan): To measure the first piece of filament, the diameter was determined on the 
side on which impressions of gears were visible. The second piece of filament was measured on smooth surfaces at an angle of 90◦ to 
gear impressions. The measurements were repeated alternately a total of 10 times as described. As soon as the measuring spindle came 
into contact with the filament, the ratchet stop made three rotations. For each new series of filament, the measuring anvil and 
measuring spindle were cleaned to remove possible powder residues by using sterile gauze swabs soaked in 99.9 % isopropanol for 90 
s. 

2.6. Printing test specimens from coated and uncoated filament 

In order to compare printing quality and material properties of uncoated and coated filament made of PETG or PLA, test specimens 
were printed in the form of cubes, whereby the maximum possible base area of one cube was determined by the diameter of the holders 
for the SEM of 12.7 mm (SEM pin stub, ø 12.7 mm, Micro to Nano, Netherlands). This resulted in an edge length of 9.00 mm, allowing 
examination of different cube surfaces by rotating to examine different printed structures. A total of three cubes were printed per 

Fig. 6. Cleaning of the coating machine for filament 
(a) sieve bracket made of Prusament PETG signal white 
(b) laterally distributed powder of nHA 
(c) sieve insert made of ColorFabb_HT clear 
(d) orthodontic wire 
(e) ColorFabb_HT clear 
(f) stainless steel funnel for previously added nHA in funnel housing. 
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filament, each of which had a different surface examined: a top surface (Fig. 7e), a side surface with a fold and another adjacent side 
surface (Fig. 7f). 

To print three cubes two G-codes (Table 5) were created, one for PETG and one for PLA. The infill was 80 % in each case. As the 
filament had been already coated, the settings for the G-codes were based on the respective carrier filament used. No separate 
adjustment was made based on the usage of coatings or on the usage of coated or uncoated filaments. However, adjustments werde 
made based on usage of PETG or PLA. The prints were carried out with an extrusion printer, modified with a 0.25 mm nozzle. By 
printing three cubes each, the suitability of filaments for a longer printing time of 125 min was tested. Additionally, suitability for 
accuracy and reproducibility of structures were tested using a 0.25 mm printing nozzle and 0.5 mm high printing layers. Grid was 
chosen as the infill type as it is printed in both directions. This means that the nozzle of the printer is guided over intersections of the 
infill. This could lead to print interruptions with filament with large diameter fluctuations, as the nozzle can get stuck at crossing points 
due to extrusion excesses. By choosing grid as infill type, the printability of the filament could be examined in this way. 

Different steps were necessary to print test specimens made of uncoated PETG filament (Table 5). Previously harvested PETG 
filament was placed in the container mounted on the printer frame. A filament change was then carried out. After 1800 s, printing was 
interrupted and test specimens that had already been printed were discarded. This was due to remaining filament in the extruder from 
previous prints, which mixes in the initial phase of printing until it is used. However, this unwanted admixture would have led to 
contamination. After that a new printing process was performed to produce test specimens. These were removed using nitrile ex-
amination gloves and stored in a labeled 3-L all-purpose bag afterwards. The printing sheet was then cleaned of printing residues 
according to the manufacturer’s instructions. Possible particles were removed from the PETG filament in the container and on the 
extruder using a sterile gauze swab soaked in 99.9 % isopropanol. In addition to using a different printing sheet and cleaning, the work 
processes (Table 5) for producing the test specimens from PLA corresponded to those previously described for PETG filament. 

The workflow for producing test specimens from PETG filament with nano-hydroxylapaptite or nano-fluorapatite coating was 
identical to the workflow for producing test specimens from PETG filament. The only difference was the presence of the added 
nanomaterials. The production of test specimens from PLA filament with nano-hydroxylapaptite or nano-fluorapatite coating was also 
identical to the workflow for the production of test specimens from PLA filament. 

2.7. Preparation of samples for examination and analysis with the SEM 

In order to show differences in the powder admixtures and to enable comparison with the later coatings, a powder sample of nHA 
and nFA was prepared for the SEM. A plate prepared with an adhesive pad (EM-Tec CT 12, Micro to Nano, Netherlands) was pressed 
into nHA or nFA and then tapped off. 

As for diameter measurement before, 1000 mm long pieces were cut off from remaining filament residues, with pair of pliers being 
cleaned with a sterile gauze swab soaked in 99.9 % isopropanol for 90 s for each new filament test series. The piece of filament was 
divided into thirds. These thirds were each attached to an SEM sample plate with an adhesive pad, with adhesion achieved by pressing 
on protruding ends, which were then removed. Three pieces of filament were produced for each series of experiments. 

Previously printed test specimens were attached to plates using adhesive pads. For each test specimen, a different surface of the 
cube was selected, each facing upwards. Thereby, differences in surface morphology caused by extrusion printing and used filaments 
could later be shown in the SEM. 

Fig. 7. Printing test specimen with coated filament 
(a) ColorFabb_HT clear (PETG) coated with nHA 
(b) container 
(c) fastening the container to the frame 
(d) Original Prusa i3 MK3s + 0.25 nozzle 
(e) top surface of cube printed with nHA coated PETG 
(f) side surface top surface of cube printed with nHA coated PETG. 
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All samples to be examined did not have sufficient conductivity for direct observation with the SEM, thus sputtering with gold was 
necessary [77]. Without sputtering, non-conductive samples become charged when scanned with the electron beam in the SEM [77]. 
Two coating processes, each lasting 35 s, were carried out (Balzers SCD 030, BAL-TEC AG, Liechtenstein). A longer total duration 
would have caused undesired thermoplastic changes to the test specimen and filament samples and would have covered the thin 
powder layer of nHA or nFA, which would no longer have made analysis possible. In order to further increase the conductivity of 
printed test specimens, four side surfaces were covered with conductive SEM aluminum adhesive tape (EM-Tec conductive SEM 
aluminum adhesive tape, Micro to Nano, Netherlands). 

All samples on SEM plates were stored dust-protected before and after SEM examination in a printed box with suitable recesses for 
SEM pin plates and an associated lid. In addition, the box was placed in a 3-L all-purpose bag and sealed airtight with the ziplock. The 
all-purpose bag was only opened to remove samples and test specimens from the box. 

2.8. Visualization of surfaces with SEM 

All samples were examined with an SEM (XL 30 ESEM FEG, FEI, Netherlands). Where possible, images of the sample surface were 
obtained using a Secondary Electrons (SE) detector, as the electron emissions offer high resolution [78]. 

However, charging phenomena sometimes occurred. To prevent this, the operating voltage can be reduced [77]. In the present 
study, this was not done for the samples so that a uniform operating voltage of 10 kV should ensure comparability. Instead a back-
scattered electrons (BSE) detector was chosen for image creation when charging phenomena occurred: This detects deflected electrons 
from the primary beam, which, however, leads to a lower resolution than SE radiation [78]. SE detectors and BSE detectors can also be 
used together to obtain images of sample surfaces [79]. If less charging phenomena occurred, this image acquisition was preferred to 
pure BSE image presentation in this work. The surface morphology of nHA and nFA powder was examined under a magnification of 
500 to 20,000 times, of filament test series under a magnification of 50 to 1000 times if possible and of test specimens under a 
magnification of 250 to 2000 times. 

2.9. Analysis of the mass proportions of powder, filament and test specimens 

In addition to the surface analysis, mass fractions of all samples were also analyzed to gain information about elements caused by 

Table 5 
Production of test specimen.  

Work 
order 

Work process Special features for 

PETG, PETG + nHA, PETG + nFA PLA, PLA + nHA, PLA + nFA 

1. used filament as carrier material colorFabb_HT clear, 1.75 mm (colorFabb B.V., 
Netherlands) 

extrudr PLA NX2 white (Extrudr FD3D GmbH, 
Austria) 

2. mount suitable printing sheet (Prusa 
i3 MK3s+) 

double-sided textured PEI powder-coated spring steel 
sheet for Original Prusa i3 MK3/S/+ and MK2.5/S 
heatbeds (Prusa Research a.s., Czech Republic) 

spring steel sheet with smooth double-sided PEI 
for the Original Prusa i3 MK3/S and MK2.5/S 
heatbeds (Prusa Research a.s., Czech Republic) 

3. place the filament in container using 
nitrile examination gloves 

PETG, 
PETG + nHA, 
PETG + nFA 

PLA, 
PLA + nHA, 
PLA + nFA 4. mount collection container on the 

printer frame (Prusa i3 MK3s+) 
5. change of filament (Prusa i3 MK3s+) 
6. print test specimens for 1800 s, then 

stop the printing process and discard 
the test specimens 

7. print test specimen with following 
printing parameters 

Original Prusa i3 MK3s + 0.25 nozzle Original Prusa i3 MK3s + 0.25 nozzle 

nozzle temperature 270 ◦C 205 ◦C 
heatbed temperature 100 ◦C 60 ◦C 
number of perimeters 3 3 
top solid layers 8 8 
bottom solid layers 8 8 
layer thickness 0.05 mm 0.05 mm 
fill density 80 % 80 % 
infill type grid Grid 
supports none none 
printing time 7500 s 7500 s 

8. cooling of printing sheet 
9. remove the test specimen using 

nitrile examination gloves, storage of 
the test specimens 

store in separate 3 l general purpose bags store in separate 3 l general purpose bags 

10. clean printing sheet sterile gauze pad, soaked in water and dish soap sterile gauze pad, soaked in 99.9 % isopropanol 
11. removal of remaining filament from 

container   
12. clean container and extruder sterile gauze pad, soaked in 99.9 % isopropanol sterile gauze pad, soaked in 99.9 % isopropanol  
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coating and possible contamination. A mass fraction analysis is possible by measuring X-rays emitted by an element in the preparation 
using a focused electron beam [80]. In SEM, this procedure is called EDX [81]. The SEM used a detector with corresponding software 
(EDX Multi-Element Mapping, Version 3.35, EDAX INC., Ametek, U.S.A.). First, a section of the surface to be examined was selected. 
Within the respective test series, this section was kept as constant as possible in size and position in order to ensure comparability. An 
analysis was carried out at 10 kV for 120 s each, with the mass fraction Wt% (Weight Percent) being recorded for each element 
occurring in the object. 

3. Results 

3.1. Nanomaterials 

Nano-hydroxyapatite powder (Fig. 8a) and nano-fluorapatite powder (Fig. 8b) were examined by SEM for morphology and 
composition. Smallest particle sizes of nHA were approximately 200 nm (Fig. 8a), while for nFA these were 50 nm (Fig. 8b). 

In the EDX analysis, the mass fraction of oxygen in nHA was 30.76 % and in nFA 32.22 %, that of phosphorus in nHA was 12.16 % 
and in nFA 15.11 % and that of calcium in nHA was 23.89 % and at nFA 32.48 %. Hydrogen, which is contained in nHA, for example, 
cannot be detected with EDX and, therefore, is not discussed further. The remaining mass fractions gold, nitrogen and carbon were 
contained due to sputtering. 

Nano-fluorapatite powder also contained Fluorine at 3.58 %. However, there were two special features with nFA: On the one hand, 
the sample charged in the SEM, which meant that observation was only possible in a mix of SE and BSE detectors. On the other hand, 
the sample also contained 0.98 % sodium. 

3.2. Coated and uncoated filament 

Uncoated filaments served as control, because surface morphology did not undergo surface treatment as in the coating process. Due 
to the high charges on the samples (Fig. 9a and c), images with PETG were only possible at a maximum magnification of 250×. Surface 
of PETG filament was smooth (Fig. 9a), which was interrupted by indentations perpendicular to the longitudinal axis (Fig. 9a arrow) at 
a distance of approximately 500 μm from impressions of the gear. Using EDX, a mass fraction of carbon between 50.93 % and 54.21 % 
(Table 5) and of oxygen between 30.75 % and 32.39 % (Table 6) could be detected in all PETG filaments. 

With PLA, images with an SE detector could be performed at a magnification of up to 1,000×. The surface texture of PLA filament 
appeared rough (Fig. 9b–d, e, f) with varying levels of deposits on the filament of up to 40 μm (Fig. 9e). As with PETG, indentations 
perpendicular to the longitudinal axis were also visible in PLA (Fig. 9b), which were caused by gears. However, they were not as 
noticeable in depth. Mass fraction for PLA varied, such as carbon from 32.23 % to 33.20 % (Table 6), and oxygen from 45.43 % to 
48.10 % (Table 6). In addition, calcium was detected with a mass fraction of 4.71 %–7.09 % (Table 6), which was therefore responsible 
for the white color. Apart from gold and nitrogen for the coating process of the samples, no other elements were analyzed for PLA or 
PETG. 

SEM observations of filaments coated with nanomaterial were intended to provide information, whether deagglomeration and 
incorporation of nanoparticles on the filament surface had occurred and to what extent the surface morphology of the filament had 
changed due to powder admixture and heat treatment. 

Fig. 8. SEM images of used nanomaterials 
(a) nano-hydroxyapatite: magnification 20,000×: 
▴ points to the smallest nHA particles with a size of 200 nm 
(ss) nano-fluorapatite: magnification 20,000×: 
▸ points to the smallest nFA particles with a size of 50 nm. 
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As with the control group (Fig. 9a–c), the PETG filament with nHA showed smooth surfaces (Fig. 10a–c, e, g) that were covered with 
a thin, irregularly distributed nHA powder layer. Accumulations of nHA were visible at the indentations created by the gears (Fig. 9a 
arrow). The smallest nHA particles had a size of approximately 200 nm (Fig. 10e), which appeared to be incorporated because they did 

Fig. 9. SEM images of uncoated PETG and uncoated PLA filament 
(a) uncoated PETG filament: magnification 50×
white arrow points to one of several notches 
(b) uncoated PLA filament: magnification 50×
white arrow points to one of several notches 
(c) uncoated PETG filament: magnification 250×
(d) uncoated PLA filament: magnification 250×
(e) uncoated PLA filament: magnification 500×
* points to production-related elevation with a size of 40 μm 
(f) uncoated PLA filament: magnification 1,000×
▴ points to calcium particles with sizes of 2–5 μm. 
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Table 6 
Mass fractions of coated and uncoated filaments in wt%.  

Sample A01 A02 A03 E01 E02 E03 B01 B02 B03 F01 F02 F03 C01 C02 C03 G01 G02 G03 

Elements PETG PETG PETG PLA PLA PLA PETG +
nHA 

PETG +
nHA 

PETG +
nHA 

PLA +
nHA 

PLA +
nHA 

PLA +
nHA 

PETG +
nFA 

PETG +
nFA 

PETG +
nFA 

PLA +
nFA 

PLA +
nFA 

PLA +
nFA 

C 51.62 54.21 50.93 32.23 32.74 33.20 53.51 50.72 53.85 23.11 16.53 20.40 52.31 44.79 50.07 18.90 18.41 30.53 
N 3.41 2.77 4.34 2.78 2.17 3.03 2.82 3.78 3.78 3.64 3.96 3.16 3.77 3.87 3.56 3.89 4.51 3.61 
O 30.75 31.09 32.39 45.43 46.49 48.10 29.67 30.87 31.40 44.43 40.88 42.72 30.55 31.08 31.75 40.93 38.31 45.35 
F  1.04     1.28 1.27 1.49 2.48 2.87 0.78 
Na  0.41     0.54 0.16 0.35 0.70 0.87 0.35 
P 1.31 0.71 1.21 4.87 7.51 5.87 1.35 2.74 1.44 6.98 7.09 1.67 
Au 14.23 11.93 12.34 12.47 12.64 10.96 10.17 11.06 7.11 14.14 12.16 11.52 7.81 10.72 8.41 13.43 13.50 13.62 
Ca 7.09 5.96 4.71 2.52 1.41 2.65 9.80 18.95 16.33 2.39 5.38 2.93 12.67 14.45 4.09 

Note: Percentages represent mass fractions (Wt%). Values are rounded. 
Abbreviations: Carbon (C), Nitrogen (N), Oxygen (O), Fluorine (F), Sodium (Na), Phosphorus (P), Gold (Au), Calcium (Ca). 
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Fig. 10. SEM images of nHA coated PETG and nHA coated PLA filament 
a) nHA coated PETG filament: magnification 50×
white arrow points to one of several notches and nHA powder deposits 
b) nHA coated PLA filament: magnification 50×
c) nHA coated PETG filament: magnification 250×
d) nHA coated PLA filament: magnification 250×
e) nHA coated PETG filament: magnification 500×
▴ points to smallest nHA particles with sizes of 200 nm 
* points to agglomerated nHA particles with a size of 25 μm 
f) nHA coated PLA filament: magnification 500×
g) nHA coated PETG filament: magnification 1,000×
h) nHA coated PLA filament: magnification 1,000×
▴ points to smallest nHA particles with sizes of 200 nm 
* points to agglomerated nHA particles with a size of 7,5 μm. 
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Fig. 11. SEM images of nFA coated PETG and nFA coated PLA filament 
a) nFA coated PETG filament: magnification 50×
white arrow points to one of several notches and nFA powder deposits 
b) nFA coated PLA filament: magnification 50×
c) nFA coated PETG filament: magnification 250×
d) nFA coated PLA filament: magnification 250×
e) nFA coated PETG filament: magnification 500×
f) nFA coated PLA filament: magnification 500×
g) nFA coated PETG filament: magnification 1,000×
▴ points to smallest nFA particles with sizes of 100 nm 
h) nFA coated PLA filament: magnification 1,000×
▴ points to smallest nFA particles with sizes of 100 nm 
* points to agglomerated nFA particles with a size of 15 μm. 
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not change position during the scanning process. 
The EDX analysis showed a mass fraction of carbon of 50.72 %–53.85 % for PETG (Table 6) and of 29.67 %–31.40 % for oxygen 

(Table 6). Another focus was on determining the admixture of nHA. Since oxygen has already been assigned in the analysis of PETG, 
the consideration was limited to components contained only in nHA, such as phosphorus with mass fractions of 0.71 %–1.31 % 
(Table 6) and calcium of 1.41 % up to 2.65 % (Table 6). Sample B02 contained fluorine in a mass fraction of 1.04 % (Table 6) and 
sodium in a fraction of 0.41 % (Table 6), which were not contained in either nHA or PETG. 

When looking at the surface morphology of PLA filament coated with nHA, production-related unevenness had reduced in size to 
7,5 μm (Fig. 10h*). At the same time, there was a varying degree of distribution of particles (Fig. 10b–d, f, h). Impressions of gears were 
only visible in filament sample F01, while these were not visible in other samples, because they were glued to the impressions caused 
by gears. 

Mass fractions of surface composition were determined using EDX. For test specimen F02 (Table 6), the dimensions of the examined 
section did not correspond to those of the other test specimens. The proportion of carbon for PLA coated with nHA was 16.53 %–23.11 
% (Table 6) and for oxygen it was 40.88 %–44.43 % (Table 6). Since mass fraction of oxygen has already been assigned to PLA, here, as 
with nHA-coated PETG, a limited analysis is carried out on mass fractions contained only in nHA, such as phosphorus and calcium. 
Phosphorus could be detected with a mass fraction of 4.87 %–7.51 % (Table 6) and calcium with a mass fraction of 9.80 %–18.95 % 
(Table 6). In addition to gold and nitrogen for the coating process of the samples, no other elements were identified in both PLA or 
PETG coated with nHA. 

Nano-fluorapatite coated PETG filament showed smooth surfaces with a thin, irregularly distributed powder layer (Fig. 11a–c, e, g), 
similar to nHA-coated PETG filament (Fig. 10a–c, e, g). A more obvious precipitation of nFA was visible in the area of the indentations 
by the gears (Fig. 11a arrow). Smallest nano-fluorapatite particles measured approximately 100 nm (Fig. 11g). 

Using EDX analysis, carbon with a mass fraction of 44.79 %–52.31 % (Table 6) and oxygen of 30.55 %–31.75 % (Table 6) could be 
detected for PETG. An exception was filament sample C02, which composition was significantly lower for carbon, while the mass 
fractions of other elements were increased (Table 6). Detection of elements contained in nFA was possible in all three samples C01 – 
C03. Oxygen contained in nFA was not included, because its mass fractions were already assigned to PETG. The mass fraction of 
fluorine ranged from 1.27 % to 1.49 % (Table 6), for phosphorus from 1.35 % to 2.74 % (Table 6), and for calcium from 2.39 % to 5.38 
% (Table 6). In PETG coated with nFA, sodium was also present in mass fractions of 0.16 %–0.54 % (Table 6). 

In case of nano-fluorapatite coated PLA filament, it was not possible to acquire images exclusively using the SE detector due to 
charges, which is why a mixture of SE and BSE detectors was used. A powder layer made of nano-fluoropatite, which was irregular in 
distribution and thickness, was impressive. Deposits caused by irregularities from agglomerated nFA particles showed a size of up to 
approximately 15 μm for coated PLA (Fig. 11h*). Adding nFA powder followed by heat treatment smoothed out any unevenness in 
PLA, as it was previously the case with nHA. Smallest particles of nFA powder measured approximately 100 nm (Fig. 11h▴). 

Mass fraction analysis of the surface composition revealed PLA values ranging from 18.41 % to 30.53 % for carbon (Table 6) and 
from 38.31 % to 45.35 % for oxygen (Table 6). An analysis of the components of nFA was also carried out, with detection of elements 
contained in nFA being possible in all three samples G01 - G03. Oxygen contained in nFA was not analyzed separately because it had 
already been assigned to PLA. Mass fractions of fluorine ranged from 0.78 % to 2.87 % (Table 6), for phosphorus from 1.67 % to 7.09 % 
(Table 6) and for calcium from 4.09 % to 14.45 % (Table 6). In addition, sodium could be detected in mass proportions of 0.35 %–0.87 
% (Table 6). Except for the elements that are detectable from the coating process, such as gold and nitrogen, no other elements were 
contained in samples for PLA or PETG coated with nFA. 

3.3. Determination of diameters of coated and uncoated filament 

Diameters of coated and uncoated filaments were determined alternately at 90◦ angles using a micrometer screw gauge. Average 
values were obtained from 10 measurements (Table 7). The diameters resulted in average values of 1.748 mm for uncoated PETG and 

Table 7 
Diameter of coated and uncoated filaments in mm.  

Filament PETG PLA PETG + nHA PLA + nHA PETG + nFA PLA + nFA 

Measurement according to 
100 mm 1.751 1.752 1.767 1.759 1.760 1.756 
200 mm 1.728 1.723 1.737 1.735 1.745 1.748 
300 mm 1.749 1.773 1.771 1.759 1.760 1.757 
400 mm 1.728 1.732 1.736 1.737 1.745 1.746 
500 mm 1.769 1.769 1.767 1.768 1.758 1.756 
600 mm 1.717 1.731 1.735 1.739 1.745 1.744 
700 mm 1.761 1.762 1.758 1.763 1.757 1.755 
800 mm 1.747 1.733 1.737 1.743 1.746 1.747 
900 mm 1.784 1.772 1.761 1.767 1.759 1.757 
1000 mm 1.749 1.736 1.737 1.739 1.749 1.749 
Average 1.748 1.748 1.751 1.751 1.752 1.752 
SD 0.019 0.018 0.015 0.013 0.007 0.005 

The diameter of coated filaments was measured at a distance of 100 mm and recorded in mm. The measurement deviation of the micrometer screw 
gauge is 0.002 mm. SD indicates the standard deviation in mm, the mean is also given in mm. 
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Fig. 12. SEM images of uncoated test specimens made of PETG and PLA filament 
(a) test specimen made of PETG filament: magnification 250×
▴ indicate dust particles with sizes from 2 μm to 12.5 μm 
(b) test specimen made of PLA filament: magnification 250×
(c) test specimen made of PETG filament: magnification 500×
▴ indicate dust particles with sizes from 2 μm to 12.5 μm 
(dc) test specimen made of PLA filament: magnification 500×
(e) test specimen made of PETG filament: magnification 1,000×
▴ indicate dust particles with sizes from 1 μm to 3 μm 
(f) test specimen made of PLA filament: magnification 1,000×
(g) test specimen made of PETG filament: magnification 2,000×
▴ indicate dust particles with sizes from 1 μm to 3 μm 
(h) test specimen made of PLA filament: magnification 2,000×
▴ point to production-related particles with a size of 2–5 μm. 
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Table 8 
Mass proportions of printed test specimens made of coated and uncoated filaments in wt%.  

Sample A05 A06 A07 E05 E06 E07 B05 B06 B07 F05 F06 F07 C05 C06 C07 G05 G06 G07 

Elements PETG PETG PETG PLA PLA PLA PETG +
nHA 

PETG +
nHA 

PETG +
nHA 

PLA +
nHA 

PLA +
nHA 

PLA +
nHA 

PETG +
nFA 

PETG +
nFA 

PETG +
nFA 

PLA +
nFA 

PLA +
nFA 

PLA +
nFA 

C 53.83 60.87 55.30 34.36 36.05 39.07 19.03 19.48 11.99 12.93 7.69 16.58 11.13 39.78 12.74 32.08 36.73 33.39 
N 2.63 2.98 2.41 2.86 3.97 2.96 7.26 3.97 3.17 2.80 3.27 3.80 2.98 5.10 3.89 4.23 3.35 4.75 
O 24.83 21.17 25.87 39.49 37.69 36.84 38.76 20.42 27.93 34.25 37.99 31.25 30.69 23.66 36.04 37.79 26.65 32.77 
F        1.55 2.99    2.77 1.84 1.09 0.79 1.33 1.45 
Na       1.60 0.39 0.59   0.68 0.64 0.74 0.17 0.52 0.59 0.57 
P        9.92 12.21  10.90 9.02 10.48 3.69 9.53 0.40 1.52 1.65 
Al       4.00            
Au 18.71 14.98 16.41 16.86 16.07 15.56 13.54 18.55 16.02 17.42 17.61 16.78 18.82 16.09 15.49 16.63 18.18 15.33 
Cl       0.78            
K       2.19            
Ca    6.48 6.23 5.57 12.84 25.72 25.09 32.60 22.54 21.89 22.51 9.10 21.04 7.56 11.65 10.09 

Note: Percentages represent mass fractions (Wt%). Values are rounded. 
Abbreviations: Carbon (C), Nitrogen (N), Oxygen (O), Fluorine (F), Sodium (Na), Phosphorus (P), Aluminum (Al), Gold (Au), Chlorine (Cl), Potassium (K), Calcium (Ca). 
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uncoated PLA. The diameters of coated filaments increased though: for PETG and PLA coated with nHA, an average diameter of 1.751 
mm was measured. For PETG and PLA coated with nFA, the average diameter was 1.752 mm each. Coatings decreased standard 
deviation (SD) for all test series. Standard deviations were lowest for coatings with nFA, followed by coatings with nHA. However, the 
standard deviations were highest for uncoated filament. 

3.4. Test specimen made of filament with and without coating 

The cubic test specimens were first examined visually using magnifying glasses: no differences could be determined in all test 
specimens that were made from coated filament compared to test specimens made from uncoated filament. All showed a uniform, 
cubic shape without distortions. The side edges were congruent in shape without any excess. Surfaces of test specimens made of PLA 
filament, regardless of their coating, were perceived to be smoother than those made of PETG filament. 

The surface morphology of side surfaces with and without folds, as well as the top surface, was then examined using SEM. In 
addition to a dense filling, all test specimens showed an even distribution of layers and a good connection between the layers. 

Photographs of the PETG test specimens were taken at 250x to 2,000× magnification using a SE detector. Test specimens revealed 
smooth surfaces. Since sharp images in the area of the fold in test specimen A05 (Fig. 12a) were not possible even using BSE detector 
due to charging phenomena, the side surface was examined without the fold. There was a superficial deposit of dust particles ranging in 
size from 1 μm (Fig. 12g▴) to 12.5 μm (Fig. 12a▴) on side surfaces. When the samples were scanned through SEM, dust particles were 
removed, which meant that incorporation could be excluded. 

EDX analysis determined mass fractions for carbon between 53.83 % and 60.87 % (Table 8) and for oxygen between 21.17 % and 
25.87 % (Table 8). 

SEM observation of test specimens made of PLA filament was also performed to examine the surface morphology of the printing 
results achieved. Using a SE detector, images with a magnification of 250× to 2,000x could be obtained, revealing a heterogeneous, 
rough surface with particles up to 5 μm in size (Fig. 12h). There was an analogy in the surface texture between individual layers of test 
specimens and PLA filament: particles were contained in both layers of the test specimens and in filament. As with test specimens made 
of PETG filament, sharp images were not possible in the area of the fold in test specimen E06 (Fig. 12b–d, f, h) due to charging 
phenomena, which is why a section of a side surface without a fold was chosen. For the subsequent examination of test specimens made 
of PETG and PLA filaments with coatings, the examination of side surfaces with folds was therefore omitted and a section of side 
surfaces without folds was chosen instead. 

EDX analysis provided information about elements contained in test specimens made of PLA filament. Mass fractions for carbon 
ranged from 34.36 % to 39.07 % (Table 8) and for oxygen from 36.84 % to 39.49 % (Table 8). Using spot-on analysis, which was 
previously not possible with filament due to charging phenomena, ubiquitously occurring particles could be examined. This was 
caused by calcium responsible for the white color with mass proportions in PLA test specimens ranging from 5.57 % to 6.43 % (Table 8) 
Printed test specimens made of PETG and PLA also contained nitrogen and gold, which were created through the previously necessary 
coating process. 

Photographs taken by SEM of test specimens made from PETG filament coated with nano-hydroxyapatite showed presence of 
deposition and partial incorporation of nHA-particles. Images were taken at 250x to 2,000× magnification using an SE detector. While 
test specimens made of pure PETG (Fig. 12a–c, e, g) had a smooth surface, all test specimens made from PETG filament coated with 
nHA showed rough surfaces due to absorbed nHA-particles with sizes of up to 10 μm (Fig. 13g*). 

Since nHA was distributed randomly on the surface, an individual selection of the position and size of the analysis window for EDX 
was made for each test specimen, which, however, resulted in scattering of the values. First, mass fractions of the surface composition 
for PETG were examined: carbon made up a mass fraction of 11.99 %–19.48 % (Table 8) and oxygen made up a mass fraction of 20.42 
%–38.76 % (Table 8). The reason for strong scatter in the mass fractions was size and position of the analysis windows, which were 

Fig. 13. SEM images of test specimens made of PETG coated with nHA 
and PLA filament coated with nHA 
(a) test specimen made of PETG filament coated with nHA: magnification 250×
(b) test specimen made of PLA filament coated with nHA: magnification 250×
(c) test specimen made of PETG filament coated with nHA: magnification 500×
(d) test specimen made of PLA filament coated with nHA: magnification 500×
▴ indicate incorporated nHA particles with sizes from 2 μm to 12.5 μm 
* indicates partially incorporated nHA particles with a size of 10 μm 
(e) test specimen made of PETG filament coated with nHA: magnification 1,000×
(f) test specimen made of PLA filament coated with nHA: magnification 1,000×
▴ indicate incorporated nHA particles with sizes from 2 μm to 12.5 μm 
* indicates partially incorporated nHA particles with a size of 10 μm 
(g) test specimen made of PETG filament coated with nHA: magnification 2,000×
▴ indicate incorporated nHA particles with sizes from 2 μm to 5 μm 
* indicates partially incorporated nHA particles with a size of 10 μm 
(h) test specimen made of PLA filament coated with nHA: magnification 2,000×
▴ indicate incorporated nHA particles with sizes from 2 μm to 12.5 μm 
* indicates partially incorporated nHA particles with a size of 10 μm. 
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Fig. 14. SEM images of test specimens made of PETG coated with nFA 
and PLA filament coated with nFA 
(a) test specimen made of PETG filament coated with nFA: magnification 250×
(b) test specimen made of PLA filament coated with nFA: magnification 250×
▴ point to incorporated nFA particles with a size of 5 μm 
c) test specimen made of PETG filament coated with nFA: magnification 500×
d) test specimen made of PLA filament coated with nFA: magnification 500×
▴ point to incorporated nFA particles with a size of 
▴ show partially incorporated, agglomerated nFA particles with a size of 5 μm 
* indicates a fully incorporated nFA particle with a size of 7.5 μm m 
f) test specimen made of PLA filament coated with nFA: magnification 1,000×
▴ point to incorporated nFA particles with a size of 5 μm 
g) test specimen made of PETG filament coated with nFA: magnification 2,000×
▴ show partially incorporated, agglomerated nFA particles with a size of 5 μm 
* indicates a fully incorporated nFA particle with a size of 7.5 μm m. 
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selected based on visually visible powder precipitation. For components of nHA, calcium could be detected in all test specimens with 
mass fractions of 12.84 %–25.72 % (Table 8) and phosphorus of 9.92 % in test specimen B06 and 12.21 % (Table 8) in test specimen 
B07. In addition, other elements could be detected - although not in all test specimens - such as sodium with mass proportions of 0.39 
%–1.60 % (Table 8), fluorine with 1.55 %–2.99 % (Table 8) and aluminum with 4.00 % (Table 8), chlorine with 0.78 % (Table 8) and 
potassium with 2.19 % (Table 8). 

In test specimens made from PLA coated with nHA, there was additional build-up to the rough surface texture and sporadic 
incorporation of particles made of nHA. Nano-hydroxyapatite particles with sizes ranging from 2 μm to 12.5 μm (Fig. 13d–f, h▴) were 
found in layers. These particles could not be changed in position by the scanning process, but not all nano-hydroxyapatite particles 
were completely incorporated, like a particle approximately 10 μm in size (Fig. 13d–f, h*). 

As with test specimens made of nHA-coated PETG, the distribution of nHA particles appeared isolated, requiring further individual 
adjustment of EDX analysis windows with limited comparability. When considering mass fractions of test specimens made from PLA 
coated with nHA, values for PLA for carbon ranged from 7.69 % (Table 8) to 16.58 % (Table 8) and for oxygen of 31.25 % (Table 8). to 
37.99 % (Table 8). Calcium could be detected in mass fractions of 21.89 %–32.60 % (Table 8) and phosphorus contained in nHA from 
9.02 % to 10.90 % (Table 8). Test specimen F07 also contained sodium with a mass fraction of 0.68 % (Table 8) below the detection 
limit. As with previous test specimens, gold and nitrogen (Table 8) were detectable by sputtering. 

Images were taken using an SE detector at a magnification of 250 to 2000-fold of test specimens made from PETG filament coated 
with nano-fluoropatite powder. Test specimens showed rough surfaces due to agglomeration of nFA particles, some of which were 
embedded in pressure layers. The sizes of partially incorporated particles varied from 5 μm (Fig. 14e, g▴) to 7.5 μm (Fig. 14e, g*) with 
complete incorporation. 

Due to sporadic distribution of nFA, the size and position of the analysis windows had to be adjusted individually for each sample, 
which limited comparison. Test specimens contained mass fractions of PETG with carbon from 11.13 % to 45.50 % (Table 8) and 
oxygen from 17.74 % to 36.04 % (Table 8). The surfaces were also examined for nano-fluorapatite, which contains calcium, phos-
phorus, oxygen and fluorine. Calcium was detectable in all three test specimens with mass fractions of 9.10 %–22.51 % (Table 8). 
Fluorine was also detectable in all three test specimens with mass fractions of 1.09 %–2.77 % (Table 8). In test specimen C05, 
phosphorus reached mass fractions of 3.69 %–10.48 % (Table 8), while sodium reached mass fractions of 0.17 %–0.74 % (Table 8). 

SEM images of test specimens made of PLA filament with nFA coating were taken with an SE detector at a magnification level of 250 
to 1000 times. Magnification levels beyond 1,000× were not possible due to strong charges. Print layers of test specimens made of PLA 
coated with nFA showed, like printed layers of test specimens made of PLA coated with nHA, additional deposits of calcium particles 
caused by production. A heterogeneous, rough surface of test specimens was evident in all test specimens which carrier material 
consisted of PLA, regardless of whether coated or uncoated PLA was used. Nano-fluorapatite particles with a size of up to 5 μm 
(Fig. 14b–d, f▴) were firmly incorporated into individual layers and could not be changed in position by scanning. However, here too, 
the distribution was sporadic, which made it necessary to adapt EDX analysis windows accordingly. 

Carbon was represented with mass fractions of 32.08 %–36.73 % (Table 8) and oxygen with mass fractions of 26.65 %–37.79 % 
(Table 8). Calcium was present in mass fractions of 7.56 %–11.65 % (Table 8). Mass fractions of phosphorus and fluoride contained in 
nano-fluorapatite were also examined using EDX analysis. All elements were detectable. Fluorine was present at 0.79 %–1.45 % 
(Table 8) and phosphorus at 0.40 %–1.65 % (Table 8). Sodium was contained in all test specimens below the detection limit, with mass 
fractions between 0.52 % and 0.59 % (Table 8). Gold and nitrogen were detectable in PLA or PETG test specimens coated with nFA due 
to the necessary coating process. 

4. Discussion 

4.1. Composition of nanomaterials 

As bioactive particles increase biocompatibility [11] this approach was implemented in the present work by using and adding 
biomimetic materials [82,83] in the form of nanomaterial [3] as hydroxylapatite and fluorapatite. 

The EDX analysis of the nano-hydroxyapatite used showed mass fractions of oxygen of 30.76 %, of phosphorus of 12.16 % and of 
calcium of 23.89 %. Nano-fluorapatite was also subjected to EDX analysis. Mass fractions of oxygen were 32.22 %, of phosphorus 
15.11 %, of calcium 32.48 % and of fluorine 3.58 %. In addition, sodium was present with a mass fraction of 0.98 %, which was within 
the detection limit. However, sodium is not a component of fluorapatite. Mass fractions of sodium could also be detected in nFA-coated 
PETG filaments at 0.16 %–0.35 % (Table 6) and in nFA-coated PLA filaments at 0.70 %–0.87 % (Table 6). For this reason, it is assumed 
that sodium was included during production. The addition of sodium during production raises the question of whether sodium fluoride 
(NaF) [84] was used. A calculation of the mass fractions of NaF results in 54.76 % for sodium and 45.24 % for fluorine. Mass fractions 
of sodium are present in a ratio of approximately 1.21 compared to fluorine. However, this ratio does not correspond to the EDX 
measurements for sodium, which were significantly lower than those for fluorine. For this reason, it is assumed that nFA did not 
contain NaF, but sodium was added for production reasons. The presence of sodium in further EDX analyzes was therefore considered 
as a component of nFA and not as an impurity when using nFA. 

4.2. Composition of coated and uncoated filaments 

PETG and PLA were used as carrier materials for the present experiments, because they are both biocompatible and classified as 
harmless by FDA [38,34]. Coated PETG could be used in further studies to produce crowns or splints, as it is an acid- and heat-resistant 
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material [34] and is already used in orthodontics for the production of splints [35]. PLA was used as further carrier material for 
filament in this work. Absorption and associated resorption of PLA in the human body [85] enables it to be used as a bone replacement 
material [30]. By adding nHA to PLA, an increase in bone volume is also possible [86]. 

Uncoated PETG filament showed a smooth surface texture (Fig. 9a–c). PLA, on the other hand, had a rough surface texture due to 
different levels of deposits on the filament of up to 40 μm (Fig. 9e). Since the coating machine did not supply heat for this series of tests, 
these deposits must have arisen during production of PLA filament. This manufacturing-related unevenness previously visible in the 
control group made of uncoated PLA filament appeared slightly leveled by heat treatment and addition of nHA. It measured 
approximately 15 μm in their greatest extent (Fig. 10h*). The added nano-hydroxyapatite powder apparently filled the unevenness 
present in the carrier material. There was also a leveling out of production-related unevenness in PLA when using nFA (Fig. 11h*). 

The EDX analysis of PLA also provided information about the white color of the filament. In sample E05, an EDX spot-on analysis on 
the side surface of a cube-shaped test specimen proved an incorporated particle to consist of calcium, which had a mass fraction of 4.71 
%–7.09 % (Table 6). The EDX analysis showed mass fractions for calcium of 9.80 %–18.95 % for PLA filament coated with nHA 
(Table 6). If mass proportions of calcium contained in uncoated PLA are subtracted from those in PLA coated with nHA, coatings result 
in an increase of 2.71 % in the minimum calculable concentration and in the maximum calculable concentration of 11.86 %. This 
means that additional calcium absorption and successful coating with nHA can be assumed. The same applies to coating with nFA. By 
using PLA filament with color particles in the present work, it can be demonstrated that it is possible to coat filament to which additives 
have already been added. Accordingly, recoating filaments already coated with nHA or nFA to increase the concentration would also 
be conceivable. 

Nanoparticles of both the nHA and nFA-coated filaments were incorporated and could not be changed in position when scanned 
with the SEM. It can therefore be concluded that successful incorporation has taken place. The SEM images show a predominantly 
uniform distribution of the nHA or nFA particles. Overall, the distribution of nHA on PLA filament appeared significantly denser than 
of nHA on PETG filament. In EDX analysis, the proportion of nHA absorbed by PLA was higher than that of PETG. The same applied to 
the coating of nFA. 

4.3. Contamination during the coating process 

When PETG and PLA filaments were coated with nHA, all filament samples except sample B02, a PETG filament coated with nHA, 
were free of contamination of other elements. Sample B02 contained fluorine with a mass fraction of 1.04 % (Table 6) and sodium with 
a fraction of 0.41 % (Table 6). Since this only occurred with this sample, subsequent contamination during preparation or storage of the 
sample appeared possible. 

Within the analytical capability of EDX, no additional elements were detectable in coated and uncoated filament. This would 
support a contamination-free passage through the coating device. However, it should be noted that contamination could be present in 
low concentrations that are not detectable using EDX analysis because they are below the detection limit. 

4.4. Deviations in the diameter of coated and uncoated filament 

Compared to filament extrudates produced using HME processes, deviations in diameter should be as small as possible [47,48,41, 
42], which led to the development of the coating machine described. During the coating process, filament passes through a copper tube 
with an adjusted glass transition temperature of the respective filament of 100 ◦C for PETG [63] or 60 ◦C for PLA [67]. This should 
result in partial surface heating of filament, whereby particles of nHA or nFA are incorporated without changes in the filament 
diameter. 

This was proven by a series of diameter measurements with a micrometer screw gauge, whereby measurement accuracy was ±2.0 
μm. Uncoated PETG filament had a diameter of 1748 ± 0.019 mm and PLA filament 1748 ± 0.018 mm (Table 7). After coating with 
nHA, the diameter of PETG filament was 1751 ± 0.015 mm and of PLA filament was 1751 ± 0.013 mm (Table 7). When coated with 
nFA, the diameter of PETG filament was 1752 ± 0.007 mm and of PLA filament was 1752 ± 0.005 mm. The coating process reduced 
the standard deviation, resulting in a more uniform filament diameter. 

The minor influence of the coating machine for filament on the filament diameter after coating was also demonstrated in the SEM. 
Impressions of the gears meshing during propulsion were visible on the surface of filaments in SEM images, regardless of whether it 
was uncoated control filament or whether it was heated filament coated with nanomaterials. The extent of the impressions was 
comparable: notches from gears were visible both in the control and coated filaments. If the glass transition temperature would have 
been exceeded, notches in the gears would have been less noticeable. 

The limitation of this measuring method was the selection of a total 1000 mm long piece for each filament test series, which was 
then divided into ten 100 mm pieces each. This was due to the low availability of nHA and nFA limited the amount of harvested coated 
filament. An analysis of the diameters over the entire length of a respective filament test series would have led to a larger number of 
measurement results. The greater entity of these measurements might have compensated for production-related fluctuations in fila-
ment diameter before the coating process. 

4.5. Composition of coated and uncoated test specimens 

When viewed using SEM, dust particles were visible on the side surfaces of test specimens from the control group made of PETG 
filament, which could be removed by scanning. Electrostatic charging phenomena on smooth side surfaces are suspected to be the 
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reason of dust accumulation. EDX analysis showed only a slight difference in mass proportions between PETG filament and test 
specimens made from PETG filament. 

Dust particles that occurred on smooth surfaces in test specimens made from PETG filament were not detectable in test specimens in 
the control group made from PLA. However, test specimens made of PLA had rough surfaces due to the presence of calcium particles. 
These rough surfaces of PLA test specimens remain even when coated with nHA or nFA. 

The distribution of nHA or nFA in test specimens made of filament coated filament was lower than for the corresponding coated 
filaments when viewed using SEM (see Fig. 10 compared to Figs. 13 and 11 compared to Fig. 14). This could be due to the fact that the 
coated filament is mixed in the extruder. The powder coating on the surface of the filament seems to be distributed during the extrusion 
process while printing. This leads to a lower number of nanoparticles on the printed surface compared to the surface of the coated 
filament. By SEM detecting of nHA and nFA on the surface of printed test specimens, it was also possible to show that nHA and nFA 
adhere to the surface of the filament during the coating process in such a way that they are also processed in the printing process. They 
are incorporated in the filament while extrusion printing. 

In the EDX analysis of test specimens made from nHA-coated PETG, only a limited comparison was possible due to varying position 
and size of analysis windows. No phosphorus was detectable in test specimen B05, possibly due to an unsuitable selection of the 
analysis window. 

Phosphorus was present in test specimens printed from nHA-coated PLA with mass fractions of 9.02 %–10.90 % (Table 8). In all 
three test specimens, which were made from PLA coated with nHA, calcium mass fractions of 21.89 %–32.60 % (Table 8) were 
detected, which significantly exceeded the values of the control group. If differences are formed between mass fractions of calcium 
from test specimens made with nHA-coated PLA (Table 8) and mass fractions of calcium from test specimens (Table 6) made of PLA 
without additives, an excess due to the coating of nHA can be calculated. This ranges from 15.46 % to 27.03 %. An excess of calcium 
was also found in test specimens made of PLA coated with nFA. However, the surplus here was lower at 1.08 %–6.08 %. 

Completely incorporated particles varied in size of 5–20 μm regardless of the filament and nanomaterial used. Mass fractions of test 
specimens consisting of nHA-coated filament appeared to be lower when visually observed by SEM than those of test specimens 
consisting of nFA-coated filament. Compared to nFA-coated PETG, mass fractions of PLA coated with nFA appeared to be lower, 
although different analysis windows may be the reason for this. Overall, the analysis windows had to be chosen according to the 
sporadic occurrence of nanoparticles, which limits direct comparison. 

4.6. Abrasion and contamination after printing using coated and uncoated filament 

For test specimens made of pure PETG and PLA filament, no other elements were detectable in the EDX analysis. It can therefore be 
assumed that there was no material abrasion or contamination during the printing process with PETG and PLA filaments. 

In test specimens made from filament coated with nHA, additional elements were found, especially in PETG, which could not be 
explained by the addition of hydroxyapatite: sodium was present in mass proportions of 0.39 %–1.60 % (Table 8). In addition, fluorine 
was detectable at 1.55 % (Table 8) in test specimen B06 and at 2.99 % in B07 (Table 8). The presence of fluorine could also not be 
reconciled with the composition of nHA. PETG filament was the first filament in the test series to be coated with nHA. PLA filament was 
then coated with nHA and only then were series of tests with nFA coatings followed. Given the chronology of the coating processes, 
contamination in the coating device is out of the question. Instead, contamination may have occurred due to storage of nHA-coated 
PETG filament in a 3l general-purpose bag. 

Subsequent contamination also occurred in test specimen F07, which was made from PLA coated with nHA and contained sodium 
with a mass fraction of 0.68 % (Table 8). The rest of the test series had no other elements. 

In one test specimen made out of PETG and nHA (B05, Table 8), mass fractions of aluminum were also detected at 4.00 %, chlorine 
at 0.78 % and potassium at 2.19 %. Since particles of these various elements were already incorporated into test specimen B05, there 
could not have been any subsequent contamination of the test specimen with aluminum, chlorine and potassium. The presence of these 
elements in test specimen B05 may have resulted from abrasion in the hotend. In this, filament is melted and then distributed onto the 
print sheet by the printer nozzle. Abrasive materials can release particles from the alloy in the hotend, which then later fuse with 
filament in the print. This appeared to be the case with sample B05 using nHA. 

4.7. Limitations of SEM imaging and analysis 

To examine mass fractions contained, analysis windows had to be individually adjusted when looking at printed test specimens, as 
incorporated particles of nHA or nFA were sporadically and not ubiquitously distributed. This means that comparability, particularly 
of the test specimens in terms of mass proportions, is only possible to a limited extent. Due to sporadic distribution of nanoparticles, no 
other approach could be chosen as the experimental procedure should maintained. 

In order to be able to make a statement about the actual coating of nHA and nFA, cross-sections of coated and uncoated filaments 
were examined using SEM and EDX in preliminary tests. However, both PETG and PLA filaments proved to be too ductile when cut 
with scalpels, meaning that straight, unadulterated cross-sections could not be harvested. In addition, the cross sections were crooked, 
meaning that this method could not be used for further evaluations. Other different methods were used to obtain cross sections: Cross 
sections of polymer membranes can be obtained conventionally by means of fracture after an immersion bath in liquid nitrogen for 5 
min [87]. However, this process, also known as direct freeze fracture [88] could not be implemented with polymer filaments, nor could 
a modified variant known as “cryo-snap” [88] because brittle fracture with a straight cut surface did not occur. Bead-like deformations 
in the cutting area led to charging artifacts that made analysis with EDX impossible. 
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4.8. Suitability and limitation of the coating machine for filament 

The procedures described for the production process of filaments with additives, such as impregnation processes, are ruled out due 
to their time-consuming implementation [54,55]. Other methods are unsuitable due to limited material selection [56,89,90] or 
time-consuming processing [52,53,50,51]. The HME process is also worth mentioning as an admixture for thermoplastics, as it is 
already used in pharmaceutical production [1] and experimentally in dentistry [47,48]. However, filament extrudates produced using 
the HME process exhibit deviations in terms of diameter [47,48,41,42]. As a result, the use of these filaments might result in over- or 
undershoots in individual filament layers. For dentistry a nozzle with a diameter of 0.25 mm is required due to higher-resolution 
extrusion prints. This increases over- and undershoots of extruded filament by 60 % compared to printing with a nozzle with a 
diameter of 0.40 mm. For this reason, the filament diameter should be as constant as possible, which led to the proposed coating 
machine for filament. During the coating process, the filament passes through a copper tube whose temperature corresponds to the 
glass transition temperature of the respective filament of 100 ◦C for colorFabb_HT clear [63] or 60 ◦C for extrudr PLA NX2 white [67]. 
This should result in partial surface heating of the filament, whereby particles of nHA or nFA are incorporated without changes in the 
filament diameter occurring. Possible unevenness of the filament, which manifests itself in a deviation of the diameter, could be 
compensated by the passage of the copper tube. This could be verified by measuring the diameter with measuring spindle of a 
micrometer with a measuring accuracy of ±2.0 μm. 

An approximate indication of the percentage admixture by coating is possible by dividing the average cross-sectional area of coated 
filaments by the cross-sectional area of uncoated filaments. This does not take into account the change in shape of the cross-section 
caused by the plateau-like leveling due to the indentations, which is why the results (Table 9) should be regarded as estimates. 
PETG or PLA filament coated with nHA would therefore have a particle concentration of approximately 3400 ppm, while the con-
centration of PETG or PLA filament coated with nFA would be approximately 4600 ppm. Filament coated nano-fluorapatite exceeds 
the fluoride concentrations of 1500 ppm in conventionally available toothpastes and reaches a concentration of approximately 5000 
ppm, as found in therapeutically prescribed toothpastes [84]. This means that filament coated with nFA could be used to produce 
caries-preventive dental products such as splints. 

The coating machine was used to produce small quantities for the individual needs of patients. The average filament throughput 
was 410 mm per minute after the glass transition temperature of the filament was reached after 5 min of operating time. Assuming an 
average filament diameter of 1.751 mm for coating with nHA, this results in a volume per minute of:  

Vfilament = π × r2
filament × hfilament with rfilament = 0.8755 mm                                                                                                            

with hfilament = 410 mm                                                                                                                                                                  

Vfilament = 987,29 mm3                                                                                                                                                                   

=0.98729 cm3                                                                                                                                                                               

For PETG (colorFabb_HT clear), the density is 1.2 g/cm3 [63], while PLA (extrudr PLA NX2 white) has a higher density of 1.3 g/cm3 

[67]. The mass that is coated within 1 min can therefore be calculated as follows:  

mfilament = ρfilament × Vfilament                                                                                                                                                          

mPETG = ρPETG × Vfilament with ρPETG = 1.2 g / cm3                                                                                                                            

=1.2 g / cm3 × 0.98729 cm3                                                                                                                                                           

=1.1848 g                                                                                                                                                                                      

mPLA = ρPLA × Vfilament with ρPLA = 1.3 g / cm3                                                                                                                               

=1.3 g / cm3 × 0.98729 cm3                                                                                                                                                            

Table 9 
Particle concentration of coated and uncoated filament in ppm.  

filament average diameter (d) 
in mm 

Cross-sectional area (A)  
= π × (d/2)2 

added particles in ppm 
= ((Acoated filament/Acontrol group) − 1) × 106 

control group 

PETG 1.748 2.400 0 
PLA 1.748 2.400 0 
coated filament with nHA 
PETG + nHA 1.751 2.408 3.435 
PLA + nHA 1.751 2.408 3.435 
coated filament with nFA 
PETG + nFA 1.752 2.411 4.582 
PLA + nFA 1.752 2.411 4.582  
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=1.2835 g                                                                                                                                                                                     

Calculating the volume for filament coated with nFA results in a volume of 988,42 mm3 or 0.98842 cm3 per minute. This results in a 
mass of 1.1861 g for coating of PETG with nFA and 1.2849 g for coating of PLA with nFA within a minute. Approximately 1.2 g of PETG 
(colorFabb_HT clear) and 1.3 g of PLA (extrudr PLA NX2 white) can be processed per minute with the coating machine for filament. In 
this way, it is possible to produce small quantities of patient-specific quantities, making it possible to implement personalized medicine 
[3,4,2] in the field of dentistry. 

5. Conclusion 

This proof of concept study aims to investigate whether a process can be developed to produce filament-based, biomimetic and 
bioactive 3D printing materials for medicine and dentistry. This has been proven by successfully coating PETG or PLA filament with 
nHA or nFA. The advantages of the coating machine for filament lie in the fact that.  

(i) The coating process reduced the standard deviation of filament diameter. Deviations in the filament diameter could be leveled 
out, while at the same time thickness of filament increased slightly due to coating. This resulted in a more uniform filament 
diameter. A more uniform diameter improves printing quality of extrusion printing.  

(ii) A production of coated filament in small quantities in the reach of grams can be achieved with the coating machine for filament. 
This enables the implementation of personalized medicine in various specialist disciplines, which, in addition to the devel-
opment of restorative materials in dentistry, also enables the development of bio- or bone replacement materials in medicine. As 
tensile properties of polymers are improved by the addition of nanoparticles [91], the usage of the coating machine offers 
further potential not only in dentistry and medicine. The coating machine for filament also enables the realization of an 
economical and resource-friendly production of small amounts for testing and experimental approaches of new coatings.  

(iii) The coating of filament can be carried out with the proposed coating machine for filament.Coated filament was also suitable for 
producing test specimens, with no differences in the printing results with uncoated filament. In addition to PETG and PLA, the 
coating of other thermoplastic polymers is also conceivable. For other polymers, the heating temperature of the peltier elements 
must be adjusted according to the glass transition temperature. For example, polyamide could be coated, whereby the peltier 
elements would have to reach a temperature of 70 ◦C, this would be the case with a current of 3.5 A (see Table 1).  

(iv) The print quality of coated filaments showed comparable results compared to that of uncoated filaments. No difference between 
the specimen made of coated and uncoated filament could be detected in the SEM examination.  

(v) Coating filament takes approximately 30 min, depending on the desired quantity. This makes it possible to use individualized 
filament tailored to the patient’s needs for MEX printing as a chairside application in the dental practice. Furthermore the 
coating machine for filament could enable a rapid extrusion prototyp production with the use of coated filament for technical 
applications. 

All the points listed in the COI were successfully implemented with the coating machine for filament, thus providing proof of 
concept. 
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