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ABSTRACT

The use of FDM/FFF in 3D printing for medical sciences is becoming common. This is due to the high availability 
and decent price of both 3D printers and filaments useful for FDM/FFF. Currently, researchers' attention is 
focused mainly on the study of medical filaments based on PLA, PCL or their modifications. This contributes to 
insufficient diversity of medical-grade filaments on the market. Moreover, due to the lack of specified standards for 
filaments testing, manufacturers often provide merely the characteristics of the raw materials, which were used for 
filaments fabrication. This lack of comprehensive data can be problematic when considered as a filament of 
medical 3DP application. As a consequence of this overview, we have performed a comprehensive evaluation of 
a flexible medical-grade filament for FDM/FFF 3DP - Bioflex® (Filoalfa). We have performed complex 
characterization of Bioflex® through a variety of methods and techniques including spectroscopic analysis (FTIR, 
Raman), dynamic mechanical analysis (DMA), thermal properties (DSC, TGA), rheological characteristic (MFR). 
In the next step, Bioflex® was used for 3DP and obtained printouts were utilized to characterize the material 
behaviour after 3D printing process. The mechanical analysis allowed to estimate how the material strength 
decreases after the printing process according to the values given in the technical data sheet of Bioflex®. The 
contact angle measurements determined wettability of the Bioflex® printouts. Performed series of in vitro studies 
were carried out to assess its potential as constructs having direct contact with the human body as implantable 
structures. In conclusion, 3D printing process did not affect the printouts biocompatibility (ISO 10993:5). 
Accelerated degradation studies indicated elevated hydrolysis resistance of printed samples. In turn, performed 
incubation in simulated body fluid (SBF) solution, revealed carbonated hydroxyapatite (HAp) deposition on 
printouts surface indicating their bioactive properties. Thus, studied filament Bioflex® seems to be a suitable 
candidate for further development of FDM/FFF 3DP structures for advanced biological and medical application.

KEYWORDS: Material characterization, Fused Deposition Modelling, 3D printing, Medical-grade 
filament, Bioactivity, Simulated body fluid (SBF)
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1. Introduction

Biopolymers, both natural and synthetic, have been known in medicine for centuries. Due to the 

simplicity of their formation, biocompatible or biostable nature and a wide range of the properties that 

can be adapted to the desired needs, they constantly attract the interest of scientists and the medical 

industry [1]. Progress in the field of polymers is, among others, associated with the research on 

modern and advanced methods of their processing technologies. Although the basic thermoplastics 

forming methods such as extrusion, thermoforming or injection moulding are still used in the medical 

industry, improved processes for the formation of personalized complex structures in a time-saving 

and efficient way are desirable. These methods include additive manufacturing technologies AM (so-

called 3D printing). The use of AM technologies created wide opportunities especially in the field of 

personalized medicine and drug delivery [2–4]. Fused deposition modelling (FDM, Stratasys, USA) / 

Fused Filament Formation (FFF, non-trademark) are 3DP technologies that form objects by extrusion 

of thermoplastic-based material supplied in the form of the filament. Here, molten material is deposited 

layer by layer on the build table following the loaded computer data. The FDM/FFF technologies 

belong to the group of extrusion-based 3D printers. They have gained particular attention in medicine, 

pharmaceutical industry as well as various branches of science due to the high accessibility, relatively 

low production or equipment costs [5]. Thereby, advanced products such as anatomical models and 

surgical training systems [6–8], drug delivery systems [9–11], dialysis catheters [12,13], customized 

laboratory equipment [14,15] or tissue engineering scaffolds [16–18] are successfully formed using 

FDM/FFF 3D printers. Since the selection of an appropriate material for the production of medical 

prototypes (objects that do not interact with biological matter) is not an issue, the 3DP of objects 

having permanent or short-term contact with tissues should utilize medical-grade materials. 

Considering filament market, the number of the certified, medical-grade materials is constantly 

increasing, however, the choice is still limited. Some of them are briefly described in Table 1. 

Table 1 Review of selected commercial medical-grade filaments for FDM/FFF 3D printing. Presented data are 
taken from TDS available on the manufacturers' websites. 

Trade name 
(company)

Bioflex® 
(Filoalfa)

Arnitel® ID 
2045 (DSM)

FibreTuff® II 
(IPM)

guidel!ne® 
(taulman3D) 

Chemical family/product 
description

TPC
(thermoplastic 

copolyester elastomer)

TPC
(thermoplastic 

copolyester 
elastomer)

PMC 
(composite based on 
polyamide, polyolefin 
and cellulose fibres)

PETG based
(glycol-modified 

polyethene 
terephthalate)
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Tensile modulus 
(MPa)

35
(ASTM D790)

29 / 29*
(ISO 527)

850
(ISO 527)

1940
(ASTM D412)

Tensile strength 
(MPa)

16
(ASTM D638)

8 / 7.6*
(ISO 527)

23
(ISO 527)

47
(ASTM D412)

Elongation at 
break (%)

800
(ASTM D638)

350 / 390*
(ISO 527)

4
(ISO 527)

5.9
(ASTM D412)

M
ec

ha
ni

ca
l p

ro
pe

rti
es

Hardness 27 Sh D
(ASTM D2240)

34 Sh D
(ISO 868)

- -

Melting point (°C) 185
(ASTM D3417)

158
(ISO 11357)

- 220

Th
er

m
al

 
pr

op
er

tie
s

Glass transition 
temperature (°C) –70 –35

(ISO 11357)
- 77

Biological evaluation of 
medical devices

USP Class VI
ISO 10993-4/5/10

USP Class VI
ISO 10993-5/10 USP Class VI

USP Class VI
ISO 10993-

3/4/5/6/10/11
ISO 11607-1
DMF (type III)

        - tests conducted on printed specimens.        * - infill raster orientation 0/90° and ±45°, respectively.

In general, filament manufacturers provide comprehensive material characteristics, but most of 

the data concerns to a raw material from which filament was formed. So far, there are no specified 

requirements or standards describing how the material data related to filament should be presented. 

This leads to inconsistencies in the developed research with their use. FDM/FFF 3DP is based on a 

combination of high-temperature extrusion process and application of mechanical stress. Thus, we 

can expect changes in polymer properties and the general characteristic is no longer comparable to 

data provided by a manufacturer [19]. Moreover, this issue is becoming even more complex when 

factors affecting the FDM/FFF 3D printout properties are taken under consideration. The list of factors 

affecting the quality and mechanical properties of the FDM/FFF printouts has been reliably presented 

by Goh et al. [20]. They include the print orientation on build table, temperature parameters, print 

speed, extrusion ratio, nozzle diameter, infill properties, layer thickness, flow rate or cooling factors.

The extensive material characterization seems particularly important when we consider using 

FDM/FFF printed structures for medical purposes [21]. The characterization should include biological 

and degradation tests. Besides in vitro cytotoxicity, cell adhesion, long and short-term degradation 

studies [21–23], the incubation in simulated body fluid (SBF) is desirable since it is a very effective 

method to assess material bioactivity in terms of apatite formation ability [24]. It is worth noting, that 

SBF solution is characterized by ion concentration nearly the same to those of human blood plasma. 

Most of the bone-bonding materials subjected to SBF solution form on their surface a mineral structure 

(apatite) by which they bond and adapt to living bone tissues [25].
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Material data provided by the Bioflex® manufacturer refer to the properties of the raw material 

used for its fabrication, hence it seems reasonable to extend the product characteristic with the 

properties of the filament and printouts obtained from it. Therefore, we conducted a series of studies to 

assess whether and how the FFF 3D printing process affects filament and printout properties 

compared to the source material. For this purpose, we analyzed a chemical structure and determined 

thermal, thermomechanical, mechanical, rheological and surface properties. Bioflex® filament is 

marked as suitable for medical certifications (USP Class VI and ISO 10993-4/5/10), thus we carried 

out preliminary tests to evaluate its potential application for structures, which can interact with a 

human body. Printouts in the form of porous meshes were subjected to cytotoxicity test, short-term 

degradation studies as well as incubation in simulated body fluid (SBF) for in vitro biomineralization 

evaluation. Cytotoxicity test was carried out with the use of CCl163 cell line according to requirements 

given by ISO 10993-5 standard. The degradation process was monitored via FTIR spectroscopy and 

mass change measurement. The apatite deposition on the printout’s surface after SBF incubation was 

examined by SEM supplemented by EDS and Raman spectroscopy. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


5

2. Material and methods

2.1.Material

Bioflex® filament was purchased from Filoalfa, Italy. It is a flexible fibre marked as a copolyester with 

USP VI class and ISO 10993-4/5/10 medical certifications. Filament has a milky white colour and a 

diameter of 1.75 mm. Table 1 shows the extended product characteristics. Recommended print 

settings are as follows, extruder temperature 210-230°C, bed temperature 0-70°C and printing speed 

40-60 mm s–1.

2.2.3D printer and test sample preparation

Inventor I series FFF 3D printer (FlashForge, China) in conjunction with FlashPrint slicer (4.2.0 

version, FlashForge, China) was used to form test printouts. The following basic print settings were 

maintained: extruder temperature 220°C, bed temperature 50°C, printing speed 20-40 mm s–1 and 

nozzle diameter 0.4 mm. For detailed information on test samples design and printing parameters 

please see Supplementary data. The filament was examined as received. 

2.3.Filament characterization methods

2.3.1. Spectroscopic studies

Spectroscopic studies were carried out to examine the chemical functional groups of Bioflex® filament 

to evaluate the impact of the printing process on its stability. Thus, the filament and printouts were 

investigated. Attenuated total reflectance (ATR) FTIR analysis was conducted with a Nicolet 8700 

spectrometer (Thermo Fisher Scientific, Waltham, USA) at spectral range of 4000-500 cm–1 (64 scans, 

resolution 4 cm–1) under room temperature. Raman spectra were collected using a confocal micro-

Raman system (InVia, Renishaw, UK) at randomly selected locations (50x magnification) with a green 

laser (514 nm) operating at 50% of its total power (50 mW). 

2.3.2.Thermal properties 

To determine thermal behaviour and stability of the filament and printouts, differential scanning 

calorimetry (DSC) and thermogravimetry (TG) were applied. DSC measurements were performed 

using a Netzsch 204F1 Phoenix apparatus (Netzsch, Germany) under nitrogen atmosphere (flow rate 

20 mm min–1). Approximately 5 mg samples were placed in aluminium crucibles. Heating/cooling cycle 
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was performed as follows; Initially, the sample was heated to 250°C. Once the temperature was 

reached, it was cooled to –80°C and reheated to 250°C. The heating/colling rate was 10°C min–1. In 

turn, thermogravimetric analysis was carried out using a Netzsch TG 209 instrument (Netzsch, 

Germany). Samples of ~5 mg were studied at a heating rate of 10°C min–1 in the temperature range 

from 35°C to 700°C under nitrogen atmosphere.

2.3.3. Dynamic mechanical analysis (DMA)

The dynamic mechanical test was performed using DMA Q800 analyzer (TA Instruments, USA). 

Printouts having dimensions of 40 × 10 × 2 mm were measured in the single cantilever bending mode 

with 1 Hz frequency of an oscillatory deformation. The study was conducted at the temperature range 

from –100°C to 150°C; the heating rate was 4°C min–1. Thereby the storage modulus (G’), loss 

modulus (G’’) and damping factor (tangent δ) were recorded as a function of temperature. The 

specimen printing conditions were presented in Table S4. 

2.3.4.Melt flow rate (MFR) 

A Zwick/Roell load plastometer was used to measure melt flow rate (MFR) and melt volume rate 

(MVR) of filament before and after printing. The study was conducted according to ISO 1133 standard 

at the temperature of 200°C and load of 5 kg (n = 5). 

2.3.5.Mechanical properties

The parameters provided by the manufacturer of Bioflex® refer to the properties of the solid polymer. 

Therefore, all the mechanical properties of the filament were studied on printed samples. Furthermore, 

the influence of raster angle on hardness and tensile properties were investigated, as shown in Table 

S1. The hardness was measured with a Shore type A durometer (Zwick/Roell, Germany) according to 

ISO 868 standard. The results are the arithmetic mean of ten measurements. A Zwick/Roell Z020 

universal tensile machine was used for tensile testing according to ISO 527 standard. Measurements 

were carried out at room temperature; crosshead speed was set to 100 mm min–1 and initial force was 

1 N. Reported results are the average calculated from eight measured dumbbell-shaped specimens. 

Uniaxial compression test was conducted on solid and porous cubic samples with the dimension of 15 

× 15 × 15 mm using a Zwick/Roell Z020 machine. Samples were compressed at a rate of 20 mm min–1 
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until 50 % strain was reached (n = 5). Detailed information on design and printing conditions were 

presented in Table S3 and S4. 

2.3.6.Surface properties 

The contact angle test by the sessile drop technique was applied to determine the wettability and 

surface free energy (SFE) of Bioflex® printouts. Measurements were performed using ramé-hart 90-

U3 goniometer with a DROPimage Pro software (ramé-hart, USA). A 2 µL droplet of selected solvent 

was deposited on the degreased sample surface and the images were taken. The contact angle was 

measured for four different solvents, i.e. water, diiodomethane, formamide and ethylene glycol. At 

least six randomly selected points on the sample surface were tested. In turn, SFE was determined via 

the Fowkes method in which concept is based on acid-base interactions. Therefore, the contact angle 

measurements for polar (water) and non-polar (diiodomethane) liquids were used to calculate SFE. 

2.4.In vitro studies of Bioflex® printed porous structures 

2.4.1. Cytotoxicity assay

Cytotoxicity of Bioflex® printouts was studied according to the ISO 10993-5 standard. Firstly, the 

sample was sterilized 30 min each side under UV radiation. Then, an extract of studies sample was 

prepared in culturing medium DMEM/F-12 supplemented with FBS; 5 µg ml–1 penicillin with 

streptomycin; 5 µg ml–1 amphotericin B (all Coring). The extract thus obtained was incubated for 24 h 

(37°C, 5% CO2), filtrated and given to the CCl163 cells which were prepared as follows; cells were 

seeded on 96-well culture plates with a density of 1000 cells per well (Nunc) and cultured for 24 h 

(37°C, 5% CO2) in the supplemented DMEM/F-12 culturing medium. After 24 h of cells incubation with 

extract, the MTT assay was performed. The absorbance of prepared solutions was scanned by 

Varioskan at λ=570 nm (Thermo Scientific, USA). The results were presented as a cells viability 

towards control (100% of survival). The statistical analysis was performed with the use of the Origin 

Pro 8.5 (Washington, DC, USA). Statistical differences were evaluated by the two-way ANOVA (α = 

0.05) and post hock Tukey test (α = 0.05). 

2.4.2. Degradation studies

The printouts were subjected to an in vitro short-term degradation study to estimate degradation 

susceptibility [26]. Firstly, samples in the shape of disks (ᴓ = 8 mm, h = 3mm) were cut out from the 
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printed matrix. Then samples were degreased, weighed and placed in 12-well plates. Short-term 

degradation was conducted for 28 days in strongly alkaline and acidic solutions, 5 M NaOH and 2 M 

HCl, respectively. 3 ml of selected media was added to each well and incubated at 37°C. Medium was 

replenished every 2 weeks. After specified time intervals, samples were taken out, rinsed with DI water 

and dried. The degradation process was monitored by FTIR spectrum and mass measurements. For 

each time intervals, three replicates were investigated (n = 3).

2.4.3. Bioactivity evaluation in simulated body fluid (SBF) 

The in vitro bioactivity was tested in an SBF solution prepared according to the procedure developed 

by Kokubo et al. [24]. Samples for testing were prepared in the same manner as for short-term 

degradation (n = 3). Incubation was conducted in 6-well plates at 37°C within periods of 7 days, 1 and 

3 months. The SBF solution was refreshed every 2 weeks. Incubated samples were removed from the 

test solution, rinsed with DI water and left to dry at room temperature. The surface morphology of the 

samples was observed by Scanning Electron Microscope (SEM) (FE-SEM, FEI Quanta FEG 250, 

accelerating voltage 10 kV) while formed crystals were characterized using EDS and Raman 

spectroscopy. 
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3. Results and discussion

3.1.Characterization of chemical structure (ATR-FTIR, Raman)

Figure 1 FTIR (a) and Raman (b) spectra of Bioflex® filament and selected printout.

The chemical structure analysis of the filament and printouts was conducted based on FTIR and 

Raman spectra (Figure 1a,b). According to the information provided by the producer, Bioflex® is a 

thermoplastic copolyester elastomer (TPC) which suggests the presence of a segmented structure 

based on a long soft polyester/ether segments (SS) and a short rigid hard segments (HS) [27]. In both 

samples, absorption peaks at the range of wavenumbers from 3000 to 2795 cm–1 indicate the 

presence of methylene groups. Double peaks at 2929 and 2917 cm–1 might be attributed to the 

stretching vibrations of –CH in the aromatic ring. While signal at 2852 cm–1 correspond to the 

symmetric and asymmetric –CH stretching vibration of aliphatic methylene groups. A slight peak at 

2799 cm–1 may belong to the methylene group that is adjacent to oxygen. Typical TPCs polyester 

blocks are represented by the vibration of the carbonyl (C=O) group at ~1713 cm–1 and a double 

absorption peak at 1267 and 1250 cm–1 related to the asymmetric and symmetric ν(C–O) vibration of 

ester groups. In turn, a sharp band at 1100 cm–1 is most likely associated with the presence of the 

ether oxygen ν(C–O–C). Bands corresponding to the bending vibrations are visible around 1445 cm–1 

(–CH2) and ~1015 cm−1 (C=O). Strong signal around 724 cm−1 correspond to carbon-carbon bonds 

γ(C–C). Additionally, peaks in the range of 1500-1447 cm−1 and 874 cm−1 might be attributed to the 

stretching vibration and bending vibration (out of plane) of C=C and –CH of an aromatic ring, 
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respectively [28–30]. The FTIR spectra of the filament and print are very similar, no significant 

changes in intensity or band shifts were noted. Nevertheless, analyzing the carbonyl band an upshift 

of the printout relative to the filament by ~4 cm−1 was noted. According to Chen et. al [31], this shift is 

related to the weakening of hydrogen bonds occurring in the structure. However, the peak is not split 

thus the presence of H-bonding is rather unlikely or their participation is insignificant. To confirm the 

above considerations, the Raman spectroscopy was performed. It showed the presence of the 

following functional groups in the Bioflex® structure; C=O carbonyl groups (single peak at 1714 cm−1); 

ether oxygen (1104 cm−1), CO-O in-plane deformation of ester groups (632 cm−1); CH2 deformation 

vibration at the range of 1434-1488 cm−1; symmetric and asymmetric stretching vibration of –CH 

(2864, 2924 cm−1). In addition, the Raman spectra confirmed the presence of aromatic rings; Ar–CH 

stretch at 3065, 3081 cm−1; Ar-CC ring vibration at 1614 cm−1; bending vibration of Ar-ring at the range 

of 830-880 cm−1 [32–35]. In this case, no differences between the filament and printout spectra were 

observed, also no hydrogen bonded functional groups were found. Thus, it can be concluded that the 

structure of Bioflex® is based on aromatic polyester-ether compounds connected by ester linkages in 

which there are no suitable protons that can form H-bonding.

3.2.Thermal properties

Segmented structure of thermoplastic copolyester elastomers (TPC) and their ability to phase 

separation respond for their dual nature. TPCs act as a crosslinked elastomer at room temperature 

while after heating they exhibit thermoplastic properties [27]. Bioflex® belongs to TPC group thus to 

confirm its segmented structure we examined its phase transitions by DSC. Based on the obtained 

thermograms glass transition temperature (Tg), melting temperature (Tm), heat enthalpy (ΔHm) and 

crystallisation temperature (Tc) were determined. The second heating run (Figure 2a) revealed the 

presence of two melting points at 0.36°C (ΔHm 14.82 J g–1) and 189.4°C(ΔHm 4.87 J g–1). The first 

endothermic transition corresponds to the melting of soft segment crystallites (TmSS) while the second 

peak is due to the melting of crystalline hard segments (TmHS). Relatively low heat enthalpy of Tm(HS) 

transition could indicate a low crystallinity degree of the hard phase. In turn, the appearance of the 

TmSS peak around 0°C points out the presence of relatively long soft segments or/and their high 

concentration comparing to HS building blocks [36]. The glass transition for both samples occurs 

around –68.7°C and its slightly higher than the Tg value given in the Bioflex® technical data sheet (–
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70°C). This value is associated with the soft phase transition. The Tg of TPCs, which according to the 

literature reveals at about –70°C, corresponds to the systems based on PTMO (polytetramethylene 

oxide) soft phase [36–39]. The cooling run (Figure 2b) showed the crystallization temperature of HS at 

134.6°C and for SS phase around –30.8°C. The obtained thermograms for the filament and printout 

overlaps. It can be assumed that the 3D printing process did not cause changes at the microstructure 

level of Bioflex®.

Figure 2 DSC thermograms of filament and Bioflex® printouts. (a) second heating run, (b) cooling run.

TGA measures the amount and rate of change in weight of a sample as temperature function 

and gives information on its thermal stability. Obtained TG curves and their derivatives are shown in 

Figure 3. Both thermograms indicate one-step degradation process in the temperature range of 370–

470°C. The average thermal stability of filament and printout is around 368°C (Tonset). Decomposition 

process starts at 355°C with a backbone degradation of the material matrix which progresses very 

rapidly. The printouts exhibited a slightly higher temperature of 90% weight loss and residual mass 

compared to the filament as given in Table 2. However, such insignificant differences could be due to 

the little difference in the masses of the tested samples. Thus, conducted thermal studies showed that 

the Biolex® filament is a thermally stable material that retains its properties after the 3D printing 

process. 
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Figure 3 TG (a) and DTG (b) curves for filament and printout of Bioflex®.

Table 2 TGA data: temperature of 5, 10, 30, 50, 90 % weight loss and residual mass.

3.3.Physico-mechanical properties (DMA)

Figure 4 DMA curves of Bioflex® printout - storage, loss modulus and damping parameter.

T5%,°C T10%,°C T30%,°C T50%,°C T90%,°C
Residual 

mass

Filament 369.8 377.6 392.3 400.7 420.3 3.21% at 
697.8°C

Printouts 370.8 378.3 392.4 400.7 421.8 4.37% at 
697.9°

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


13

For further characterization of Bioflex® material, DMA study was performed. DMA can provide 

additional information on TPC phase behaviour including thermal transitions (Tg, Tm) and mechanical 

features. For this measurement, a standardized size sample is required thus presented in Figure 4 

results refer to printout sample only. Based on the storage modulus curve viscoelastic behaviour 

regions can be distinguished, a glassy state (at a low-temperature range) with the highest storage 

modulus value; a glass transition area and region of a rubbery plateau characteristic for thermoplastic 

elastomers [38]. Tangents delta curve exposes the region of glass transition at the temperature of –75 

to 25°C in which the relaxation and transition of soft amorphous phase take place. The maximum of 

this peak is around –46°C which confirms the presence of PTMO as a soft phase in the structure of 

Bioflex®, which is consistent with the literature [40]. It is known that amorphous phase in TPCs 

containing not only the soft segments (e.i PTMO) but it is a mixture of amorphous SS-rich and some 

noncrystalline hard segments phases [36,40]. Consequently, it can be assumed that a very broad and 

slight peak around 73°C (Tan δ curve) responds to the Tg of the amorphous HS phase. 

The research carried out so far indicates the segmented, hetero-phase structure of the Bioflex® 

material which belongs to the group of poly(ester ether) copolymers and contains PTMO as a soft 

segment. Additionally, the filament exhibits outstanding thermal stability and its chemical structure 

which does not change after the 3D printing process.

3.4.Melt flow rate (MFR)

The melt flow rate (MFR) is an important parameter of thermoplastic materials intended for 

processing. This parameter represents the rheological properties and is closely associated with a melt 

viscosity of thermoplastics. FDM/FFF 3DP is based on the extrusion process in which the filament is 

plasticized in a mini-heating block and deposited on a platform by a heated nozzle with a diameter of 

0.15–0.6 mm. Unlike the conventional extrusion process, this operation is devoid of a screw and thus 

occurring mechanical shear forces are much lower. Therefore, thermoplastic materials for extrusion-

based 3DP should be easily plasticized in a relatively short time. Furthermore, such material should be 

capable of properly solidification (toughening) rate which allows for appropriate interlayer bonding and 

shape stabilization [41]. The melt rate value is represented as a mass (g, MFR) or volume (cm3, MVR) 

of material extruded through the standardized die under constant load and temperature per 10 min. 

The melt rate of commercial TPC filaments is in the range of MVR = 45 cm3 10 min–1 (Arnitel®, 
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230°C/2.16 kg), MFR = 28 g 10 min–1 (Z-Flex®, 225°C/2.16 kg), MVR = 39 cm3 10 min–1 (FlexiFil®, 

230°C/2.16 kg). The data comes from TDS available on the manufacturers' websites.

The results of MFR measurements are presented in Table 3. It was noted that the change in the 

flow rate of the filament relative to the printout is insignificant. Thus, the printing process did not 

change the rheological properties of the Bioflex®. Unfortunately, due to the different MFR 

measurement conditions (temperature/load), these values cannot be directly compared to other 

commercial products. Is known that as the MFR value increases the print speed of the object can be 

higher [42]. In turn, to high MFR value might cause uncontrolled leakage of material from the printer 

nozzle, thereby causing significant defects of the printouts [43].

Table 3 MFR of Bioflex® filament and printouts.

(200°C/5 kg) MFI (g 10 min–1) MVR (cm3 10 min–1)
Filament 9.14 ± 0.48 9.50 ± 0.50
Printout 9.70 ± 0.63 10.54 ± 0.71

3.5.Mechanical characterization

Table 4 Summary of mechanical tests of printed samples. In the compression test section (P) and (A) mean 
orientation of cubic specimens during the compression test. P - perpendicular and A- along to plane of the printed 
layers.

Infill raster orientation 0/90° ±45°

Hardness (Shore A) 76 ± 1 78 ± 1
Young modulus (MPa) 0.16 ± 0.1 0.19 ± 0.1
Tensile strength (MPa) 12.6 ± 1.8 14.1 ± 0.9
Elongation at break (%) 646.7 ± 37.5 757.3 ± 35.7
Relative elongation (%) 318.3 ± 45.2 275.6 ± 42.6

Compression test Yield point (MPa) Maximum registered 
compressive strength (MPa)

Solid_A 0.80 ± 0.12 4.11 ± 0.19
Porous_A 0.61 ± 0.10 2.43 ± 0.15
Solid_P 0.46 ± 0.10 2.54 ± 0.22

Porous_P 0.52 ± 0.11 1.88 ± 0.17
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Figure 5 Representative stress-strain curves (a) tensile test (b) compression test.

Further characteristics of the Bioflex® filament included mechanical tests such as hardness, 

tensile and compression strength. All printing parameters of the test samples were provided in 

Supplementary data. Several studies have shown that the design and printing parameters significantly 

affect the printout features [44]. Table 4 presents the results of tensile strength and hardness 

depending on the applied infill raster orientation as well as compression test data. The hardness of 

printouts was in the range of 76–78 Sh A, which corresponds to about 22 Sh D. This value is much 

lower than that given in the Bioflex® TDS (27 ShD) which is probably related to the uneven surface of 

the printouts formed by successive layers of the oval filament streams. Tensile strength and elongation 

at break were slightly higher for samples with infill raster orientation ±45° (14 MPa, 760%) than those 

with raster orientation 0/90°. This is probably due to the higher tension of the layers arranged 

perpendicular to the stretching direction of the sample [45]. In turn, the tensile strength of raw material 

from which Bioflex® was formed is 16 MPa thus there is no significant loss of tensile strength after the 

3DP process. This may indicate exceptionally good adhesion between successive layers of the 

printouts. The stress-strain curves (see Figure 5a) of both samples are characteristic of elastomeric 

materials and their appearance notably resembles curves for TPC with the content of soft segments 

(SS) exceeding 50 wt% [38]. 

The compressive strength test was carried out perpendicular (P) and along (A) to the plane of the 

printed layers (Figure 5b). Solid and porous cubic specimens were tested. Based on the compression 

curves, three areas distinguished, at low strain narrow elastic region with the yield strength was 

defined; wide stress plateau where plastic deformation occurs; densification of sample evident by a 

sharp stress increase. It was noted that the samples tested in the along direction (A) showed markedly 

a) b)
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higher values of compressive strength (Table 4). These observations confirm the anisotropic 

behaviour of the FFF 3D printed samples compared to the solid ones. Similar observations were 

reported in the Sung-Hoon et al. [46] work, where the compressive strength of ABS samples tested 

perpendicular to the plane of printed layers was above 20% lower than for specimens tested in the 

opposite direction. It is worth noting that during the compression test none of the cubic samples was 

permanently damaged.

3.6.Contact angle (CA) and surface free energy (SFE)

Figure 6 Contact angle of Bioflex® printouts with respect to various liquids.

Contact angle (CA) and surface free energy (SFE) studies provide important information about 

surface properties, especially when considering Bioflex® as a medical-grade filament. CA results are 

presented in Figure 6. The water contact angle of 69.0° ± 1.1° indicates a hydrophilic surface with 

average wettability. Surface free energy was calculated (Fowkes method) using the contact angle 

against water (polar) and diiodomethane (apolar) liquids. SFE was 52.69 ± 0.16 mN m–1 (dispersive 

part 46.64 ± 0.11 mN m–1, polar part 6.04 ± 0.14 mN m–1). Hydrophilicity (CA around 50-70°) and 

relatively high surface energy have a beneficial effect on the cells/protein adsorption hence integration 

between implants and tissues [47,48]. Thus, Bioflex® printouts might be initially considered as elastic 

implantable products.

3.7.In vitro studies of porous structures
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This part of the research focuses on in vitro studies of an elastic porous matrix printed by using 

Bioflex® filament to initially examine its potential as a product suitable for short/long-term implantation 

in the human body. For detail information on printed porous structures, please see Table S3-4 

(supplementary data). 

3.7.1.Cytotoxicity 

The cytotoxicity assay was performed to determine the cytocompatibility of printed structures. 

The results of cell viability are expressed as the percentage of a control group. The study was 

performed with the use of established fibroblast cell line CCL-163. Cell viability for all prepared extract 

concentrations (12.5–100 %) was above 100 % in comparison to the control (Table 5). According to 

the regulation given in the ISO 10993:5 standard, material which exhibits cell viability higher than 70% 

(compared to 100% control)  can be considered as cytocompatible and non-toxic [49]. Therefore, 

obtained printouts are qualified as biocompatible. What further confirms that 3D printing process does 

not cause loss of biocompatibility features relative to the Bioflex® raw material. 

Table 5 CCL-163 cells morphology and viability after 24h of contact with extracts obtained by using printed 
Bioflex® 

Extract 
concentration 100 % 50 % 25 % 12.5 % control

Cell 
morphology

Cell viability 
(%) 103 108 106 111 100

The morphology of CCL-163 cells was observed after 24h (Table 5). The distribution and 

shape of cells were comparable to the control. The number of cells markedly increased as the 

concentration of prepared extract decreased. Nevertheless, Bioflex-exposed cells remain viability even 

after exposure to 100% extract. 

3.7.2.Accelerated degradation studies

One of the method to in vitro study degradation susceptibility of polymer materials is so-called 

accelerated degradation studies. It is a very effective and time-saving method to assess changes 
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occurring in the material during exposure in environments imitating a human body. High solution 

concentration allows to markedly reduce the time of examination, which in media such as phosphate-

buffered saline (PBS) can last even within a year [21,50].

Accelerated degradation (in 2 M HCl and 5 M NaOH media) included microscopic studies 

(Table S5), mass loss measurements (Figure 7a) and FTIR examination (Figure 7b) were performed. 

The results showed that susceptibility to degradation was depended on the solution used. Samples 

were more sensitive to strongly alkaline medium. After 7 days of incubation, a 3 % mass loss was 

noted while for the 2M HCl solution mass loss of samples did not exceed 0.5 %. In the acid 

environment, Bioflex® samples remained practically untouched (mass loss after 28 days around 1.5 

%). In turn, in alkaline medium, 10 % weight loss was noticed at the end of the study. The analysis of 

FTIR spectra confirmed that degradation proceeded primarily as a result of the destruction of the ester 

bonds present in the Bioflex® structure (Figure 7b). Changes in the peak intensity of ester (νC–O at 

1250, 1267 cm–1) and carbonyl (νC=O at 1714 cm–1 and δC=O at 1015 cm–1) groups are noticeable in 

samples incubated in 5M NaOH medium  Those minor changes might indicate a significant 

concentration of resistant to hydrolysis long hydrocarbon chains, i.e. the advantage of high molecular 

weight soft segments (SS) in the Bioflex® structure. 

Figure 7 Results of Bioflex® printouts accelerated degradation study performed in 5 M NaOH and 2 M HCl 
solutions of porous matrix printed using Bioflex® filament, (a) percentage mass loss during degradation, (b) FTIR 
spectrum collected at a different time of degradation.

PCL is a biodegradable polymer widely used in regenerative medicine application. However, it 

belongs to the long-term degradable material with the degradation rate event up to 4 years in the 
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implementation environment. FDM 3D printed porous scaffolds based on PCL during accelerated 

degradation show a weight loss of 80-90% after about 4 weeks of incubation [21,50]. In turn, 

polyurethane (TPU) materials dedicated to regenerative purpose in such degradation conditions show 

a weight loss of 80% (2M HCl) and 20% (5M KOH) after just 15 days of incubation [51]. Thus, the 

results obtained for porous Bioflex® printouts indicate its high resistance to hydrolysis in such 

aggressive environments and might be considered as biostable.

This feature may exclude Bioflex® filament for application as degradable tissue-engineered 

constructs, which should gradually degrade after implantation at the tissue defect site [21,52]. 

Nonetheless, this does not eliminate the use of this filament for 3D printing of medical equipment, 

devices and biostable long-term implants representing high resistance to aggressive environments 

and superb elasticity.

3.7.3.Incubation in simulation body fluid (SBF)

The in vitro bioactivity of the printed porous structures was tested in simulated body fluid 

(SBF) solution over 3 months period. SEM images revealed the crystals deposition on the surface of 

printouts (Figure 8 a,b). These were observed after 1 month of incubation (Table S6). The crystals 

presented plate-like morphology, typical for hydroxyapatite (HAp) minerals [53,54], and they were 

forming agglomerates growing one on another on the printout’s surface. The elements of formed 

crystals were further characterized by EDS measurements (Figure 8 c). EDS analysis revealed the 

presence of P, Ca, C and O elements which correspond to the chemical formula of HAp 

(Ca10(PO4)6(OH)2). Noticeable signals of carbon and oxygen might also be related to the presence of 

carbonate in the HAp structure. Trace amounts of magnesium and sodium chloride from the SBF 

solution have also been noted. The Ca/P atomic ratio was 1.55. It is a lower value than the 

corresponding to the stoichiometric HAp (Ca/P =1.67), thus formed HAp assumed to be calcium-

deficient. It is probably due to the presence of other ions (Mg, Na, CO3
-) which disturbed the HAp 

structure. Nevertheless, this dependence is common when biological hydroxyapatite is formed [55]. D
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Figure 8 Selected SEM images of Bioflex® printouts after 3 months of incubation in SBF (a,b), and corresponding 
EDS (c) and Raman (d) spectra of formed crystals. Ca/P ratio is equal to 1.57. SEM images after 1 week and 1 
month of incubation can be found in Table S6 (supplementary data). 

To support those considerations Raman spectroscopy of deposited crystals was conducted. 

The spectra show three distinct peaks. The signals at 425 and 588 cm–1 correspond to P–O and O–P–

O vibrations, respectively. In turn, a sharp peak at 960 cm–1 is assigned to stretching vibration of the 

phosphate group. The presence of a slight signal at the range of 1071 cm–1 is attributed to the 

carbonate groups [56,57]. This explains the registered carbon and oxygen elements in the EDS 

spectrum. Obtained results indicate the formulation of carbonated-type hydroxyapatites (C-HAp) on 

the surface of printed structures. According to Kim et al. [54], the existence of carbonate ions in the 

HAp structure provides enhanced biocompatibility and resorption features compared to synthetic HAp. 

It has also been shown that such C-HAp is more like natural apatite minerals found in living hard 

tissues [58]. 

4. Conclusions

In the presented work, extensive characteristics of the commercial FDM/FFF 3D printing medical-

grade filament under the trade name Bioflex® by Filoalfa (Italy) were conducted. Due to the many 

benefits of using FDM/FFF type 3DP in medicine, there is a need to look for new materials that meet 

strict medical criteria. The filament market is growing rapidly, however, both in the market and in the 

literature, attention is mainly devoted to thermoplastic materials such as PLA or PCL and their 

modifications. Therefore, attention should be paid to materials from the group of thermoplastic 

elastomers (TPC) that can fill the gap of high-flexibility medical filaments.
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Partial conclusions in the study are as follows:

1. Performed spectroscopic, thermal, thermomechanical and rheological analysis showed that 

3D printing does not cause changes in the filament structure. No signs of degradation or 

changes in thermal properties of resulted printouts were noted. Thus, the Bioflex® filament is 

highly stable under 3D printing conditions. 

2. Based on the performed studies and literature overview it was found out that Bioflex® belongs 

to the thermoplastic copolyester-ether elastomer (TPC) polymer group with the 

polythtramethylne oxide (PTMO) as a soft segment (SS). The results of thermal studies, 

hardness and tensile stress-strain curves also suggest that it is a material with an advantage 

of SS phase in the structure.

3. It has been observed that the infill orientation and build orientation affects the mechanical 

properties of printouts. 

4. Contact angle study revealed hydrophilic properties of Bioflex® printouts surface.

5. In vitro cytotoxicity studies confirmed that the Bioflex® printouts meet the criteria of 

biocompatibility, according to the ISO 10993:5 standard. 

6. Accelerated degradation studies showed outstanding resistance to hydrolysis of Bioflex® 

printouts which exclude its application as degradable medical constructs. 

7. Incubation of Bioflex® printouts in SBF solution revealed deposition of carbonate 

hydroxyapatite (C-HAp) at their surface. Therefore, its application can be considered in the 

field of bone or cartilage engineering.

In this article, we wanted to pay attention of filament manufacturers to provide extended material 

characterization in their technical datasheet. In the case of this study, Bioflex® occurred to be suitable 

for FDM/FFF 3DP of medical equipment, devices and internal long-term implants. This is due to its 

sufficient biocompatibility and outstanding resistance to hydrolysis and aggressive environments. With 

all of the data provided in this article further development of FDM/FFF 3DP with the use of Bioflex® 

will be continued. In summary, this work provides relevant information in both material and application 

as well as creates a strong basis for further more advanced biological and medical researches. 
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Highlights

 Medical grade flexible filament for FDM 3DP was studied.
 The effects of FDM 3D printing process on filament were 

studied.
 Physical, chemical, mechanical, surface and thermal 

properties of filament and printouts were characterized.
 FDM 3DP process does not change the filament structure 

and properties.
 A series of in vitro studies have shown that formed printouts 

have great potential for use in FDM 3DP of medical devices 
and internal long-term cartilage or bone implants.
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