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Abstract: The possibility of using additive manufacturing (AM) in the medicine area has created a 10 
new opportunities in health care. This has contributed to a sharp increase in demand for 3D 11 
printers, their systems and materials that are adapted to strict medical requirements. We described 12 
herein a medical-grade thermoplastic polyurethane (S-TPU), which was developed and then 13 
formed into a filament for Fused Deposition Modeling (FDM) 3D printers during a melt-extrusion 14 
process. S-TPU consisting of aliphatic hexamethylene 1,6-diisocyanate (HDI), amorphous 15 
α,ω-dihydroxy(ethylene-butylene adipate) (PEBA) and 1,4 butandiol (BDO) as a chain extender, 16 
was synthesized without the use of a catalyst. The filament properties were characterized by 17 
rheological, mechanical, physico-chemical and in vitro biological properties. The tests showed 18 
biocompatibility of the obtained filament as well as revealed no significant effect of the filament 19 
formation process on its properties. This study may contribute to expanding the range of 20 
medical-grade flexible filaments for standard low-budget FDM printers. 21 

Keywords: medical-grade filament; thermoplastic polyurethane; fused deposition modeling; 22 
filament forming; 3D printing  23 

Graphical Abstract: 24 

 25 

1. Introduction 26 
Additive manufacturing (AM) technologies have become a very effective and powerful tool in 27 

the health care industry [1–3]. Three-dimensional printers (3DP) are no longer the only rapid 28 
prototyping devices. The practical applications of an AM technology in medicine are more and more 29 
frequent. The use of 3D printers in combination with tools, such as computer-aided design (CAD) 30 
and radiographic methods (CT scans, MRI or X-rays), allow producing customized implants [4–6], 31 
or precise anatomical models for surgical planning [7,8]. Medical products fabricated via 3DP may 32 
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be divided into five broad categories, i.e. surgical training systems (artificial organs, anatomical 33 
models), patient-matched devices (implants and prosthesis), tissue engineering constructs 34 
(scaffolds), pharmaceutical systems (drug delivery), as well reproduced tissues and organs. 35 
However, these medical products are characterized by different requirements and properties which 36 
are associated with the selection of proper material and a 3D printing technology. For example, 37 
reproduced temporal bones for drilling surgery training as well as artificial organs for a teaching 38 
purpose or preoperative planning should primarily exhibit high dimensional accuracy and 39 
organoleptic properties, e.g. texture, tactile sensation and viscoelasticity, which must imitate their 40 
biological counterparts [8,9]. Thus, 3D printed medical devices provide enormous assistance for 41 
surgeons and medical students. Moreover, tissue scaffolds, which have to provide physical support 42 
for new growing tissues and promote tissue regeneration, primarily should be highly biocompatible 43 
and degradable within a given timeframe. They should also have a three-dimensional, highly 44 
porous structure, and exhibit appropriate mechanical properties similar to the regenerated tissues 45 
[10,11]. These strict medical requirements limit the possibility of using conventional 3D printing 46 
materials or systems. Therefore, there is a need to look for and develop more advanced solutions and 47 
materials. AM technologies differ in operational principles, used equipment and materials. It is 48 
worth mentioning that, according to ASTM F2792-10 [12], AM is the official term but 3D printing 49 
(3DP) is a common definition of the family of AM technologies. Several widely used 3D printing 50 
technologies in medicine are: selective laser sintering (SLS), PolyJet (PJ), stereolithography (SLA) 51 
and fused deposition modeling (FDM) [13]. Bioprinting is a separate branch of AM technologies. A 52 
bioprinting process consists in depositing drop by drop materials known as “bioinks” to reproduce 53 
functional tissues/organs or create bioactive tissue scaffolds. A bioink mostly consists of isolated 54 
living steam cells, nutrients and/or a matrix based on hydrogel biomaterials [14,15]. However, these 55 
innovative solutions require highly advanced machinery, equipment and materials, which are used 56 
by collaborating specialists in material engineering, biotechnology and surgery. This results in huge 57 
and expensive operation and high production costs of 3D printed medical products. A possible 58 
solution is the use of the FDM method. FDM is one of the most cost-effective 3DP technologies, both 59 
in terms of purchase and service. According to Oskuti et. al, objects printed with the use of FDM are 60 
significantly less toxic than SLA-printed parts for living organisms[16]. FDM has already been 61 
successfully used for printing biomedical devices [17,18]. Additionally, a fast-growing open-source 62 
community provides access to expert solutions and knowledge in the use of FDM 3DPs, which 63 
further reduces costs and facilitates the use of these devices. FDM is based on the layered deposition 64 
of plasticized polymeric material on a movable platform. The polymeric material in the form of a 65 
filament is fed to the miniature temperature-controlled extruder, where the plasticization takes 66 
place. Filament is a thin wire with a strictly defined diameter. One of the filament formation 67 
methods is a melt extrusion process [19].  There is a variety of commercially available filament 68 
types that exhibit a wide range of properties, however, medical-grade filaments market is still 69 
developing. One of the few companies supplying certificated medical-grade filaments dedicated for 70 
FDM 3DP is Poly-Med (USA). Their series of filaments (Lactoprene® 100M, Caproprene® 100M, 71 
Max-Prene® 955, Dioxaprene® 100M), have been recently examined by Mohseni et al. [20] as a 72 
potential materials for tissue engineering 3D constructs. The mentioned filaments based on 73 
polylactide (PLA), polycaprolactone (PCL), poly(lactic-co-glicolic acid) (PLGA), and polydioxanone 74 
(PDO). Whereas, Bioflex® supplied by FiloAlfa (Italy) is a highly durable and flexible filament, 75 
belonging to the group of so-called thermoplastic elastomers (TPE). Its medical properties are 76 
confirmed by USP Class VI and ISO 10993-4/5/10 (cytotoxicity, hemolysis, intracutaneous and 77 
injection tests). However, degradation studies performed by our team showed that this material is 78 
highly resistant to acidic and alkaline environments (supplementary data 1). This significantly limits 79 
its use, for example in tissue engineering constructs, in which the material should degrade and 80 
resorb proportionally to the rate of tissue growth [21]. Currently, the most commonly used 81 
“medical” filaments for FDM 3D printers are thermoplastic biopolymers based on crystalline PLA or 82 
PCL. They provide satisfactory properties required for medical devices and structures such as 83 
biodegradability, bioresorbability and adequate/suitable durability [22–24]. However, there is lack of 84 
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filaments available on the market, which provides properties (texture, flexibility, tactile sensation) 85 
that allow for native tissues or organs mimic. These are important requirements in case of 86 
appropriate surgical training systems production via 3DP technology for the surgeons and medical 87 
students [9]. Materials that may be alternative to medical filaments based on PCL and PLA are 88 
properly designed thermoplastic polyurethanes (TPUs). According to the literature, they exhibit 89 
biocompatibility and hemocompatibility [25]. Moreover, TPU degradation rate can be controlled as 90 
well [26]. Biostable TPUs are widely known and used in medicine as prosthetics, implants, artificial 91 
blood vessels, or gene carriers [27]. What is more, the TPUs have been already successfully applied 92 
as tissue engineered scaffold [28] nerve guidance channels [29], breast implants, dialysis membranes 93 
or aortic grafts [30]. Additionally, we have not recorded certified medical-grade TPU filaments 94 
available on the market. Whereas, studies performed by Jung et al. [31] and Tsai et al. [32] confirm 95 
the legitimacy of using appropriately designed TPUs (based on aromatic polyether urethane and 96 
Tecoflex®, respectively) as filaments to fabricate advanced structures for tissue engineering purpose 97 
via FDM. Looking for new flexible medical-grade materials for filament fabrication may contribute 98 
to the popularization of low-budget FDM printers as a cost-effective tool in health care. 99 

Based on these premises, in this paper, we report our studies on novel flexible and 100 
medical-grade filament (F-TPU), dedicated for FDM 3D printing technology. For this purpose, we 101 
have synthesized TPU using raw materials suitable for the synthesis of biomedical polyurethanes 102 
[33] like aliphatic hexamethylene 1,6-diisocyanate (HDI), amorphous 103 
α,ω-dihydroxy(ethylene-butylene adipate) (PEBA) and 1,4 butandiol (BDO) as a chain extender. 104 
Discussable subject in terms of polyurethane synthesis is application of organotin catalysts like 105 
dibutyltin dilaurate (DBTDL) and stannous octoate (Sn(Oct)2) [34,35]. To avoid possible 106 
accumulation of these catalyst in TPU matrix, which may affect the deterioration of biocompatibility 107 
and hemocompatibility of the material [36], we did not apply it in the synthesis of TPU described in 108 
this paper.  109 

This study is divided in two main sections; the first section focus on the synthesis in bulk and 110 
characterization of cast polyurethane (S-TPU) and filament fabrication (F-TPU) via melt-extrusion. 111 
The second part is devoted to impact assessment of the filament forming process on selected 112 
physico-chemical and in-vitro biological properties. S-TPU was processed in filament (1,75 mm 113 
diameter) via melt-extrusion process. Then, physico-mechanical, chemical and rheological 114 
properties (tensile test, hardness, FTIR, contact angle, melt flow rate (MFR)), were characterized. 115 
Finally, a series of preliminary biomedical studies, such as hemocompatibility and cytotoxicity tests 116 
(NIH 3T3 cells) were performed for both materials S-TPU and F-TPU in order to assess the influence 117 
of the processing procedure on their properties.  118 

 119 

2. Experimental 120 

2.1. S-TPU synthesis  121 
S-TPU was synthesized by standard  two-step polymerization procedure (Figure 1) [25]. It was 122 

derived from amorphous PEBA (in contrary to PUR synthesized by using crystalline oligodiols 123 
[37,38]), aliphatic HDI and BDO chain extender. No catalysts were used in this synthesis (to avoid 124 
possible negative impact of the catalyst on the biocompatibility of the S-TPU [38,39]). In the first step 125 
prepolymerization reaction (8 wt% of free isocyanate groups) was carried out at 90°C for 6 hrs under 126 
vacuum by using PEBA and HDI. The reaction progress between PEBA and HDI over time was 127 
studied by the content of free isocyanate groups (FNCO index) present in the prepolymer. 128 

 129 
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 130 
 Figure 1. S-TPU synthesis scheme.  131 

In the second step the BDO was added to the reaction mixture in the molar ratio of NCO:OH 132 
equal to 1,1:1. After 3 min of intensive stirring mixture was transferred into a mould, set at 80°C, for 133 
3 hrs. Finally, the samples were left in a heating furnace at 100°C for 48 hrs to complete the reaction. 134 
The detailed characteristic of used raw materials was given in Table 1.  135 

 136 
Table 1. Characteristic and chemical structure of used raw materials for the S-TPUs synthesis. 137 

Compound Supplier Description Structure formula 

BDO 
Brenntag, 
Germany 

Low molecular chain extender, 
Mol mass = 88 g/mol, Physical 
state – clear liquid, Purity >95,5%, 
Tm = 204 °C, Boiling point ~ 
230°C, ρ(20°C) = 1,020 g/cm3 

 

HDI 
Sigma-Aldr

ich, 
Germany 

Aliphatic diisocyanate, colorless 
liquid. Boiling point = 255°C, 
Flash point = 130°C, ρ(25°C) = 1,05 
g/cm3, Purity >99%, Tm = -67°C, 
Soluble in water, LD50 (rat)= 746 
mg/kg. 

 

PEBA 
(POLIOS 

55/20) 

Purinova, 
Poland 

Ester-based polyol, Mol mass = 
2000 g/mol, Hydroxyl number = 
54-58, Acid number – max. 0,6. 

2.2. Identification of free isocyanate groups. 138 

 The determination of free isocyanate groups (FNCO, %) was performed according to the PN-EN 139 
1242:2006 standard. The percentage of free isocyanate groups was calculated by the formula (1); 140 

ܱܥܰ% =	 (௏బି	௏భ)∗଴,ସ
௠

  (1) 141 

% NCO - percentage of unbound isocyanate groups [% mass] 142 
V0 - volume of HCl solution used for blank probe titration [cm3] 143 
V1 - volume of HCl solution used for the test sample titration [cm3] 144 
m – sample mass [g] 145 

2.3. Melt-extrusion of F-TPU filament. 146 
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 Double-screw extruder IQLINE (EHP 2x20 IQ), Zamak Mercator Sp. z o.o. with nine 147 
heating zones, was used to obtain F-TPU filament. The custom-made molding nozzle diameter was 148 
equal to 1,5 mm and L/D screw ratio was 22. Several parameter combinations were tested in order to 149 
obtain F-TPU filament of stable diameter dimension. Filament diameter was controlled by an 150 
electronic caliper. 151 

2.4. Material characterization techniques. 152 

Density  153 

Six S-TPU samples, of the 1cm2 area, were weighed with accuracy to 0,0001g and then 154 
transferred to the analytical balance adjusted to density measurements (RADWAG AS 310/X). 155 
Density was calculated in comparison to distilled water (1,0 g/cm3) at 20°C.  156 

Melt flow rate (MFR)  157 

S-TPUs MFR determination was carried out by using a load plastometer (ZWICK / Roell) 158 
according to the PN-EN ISO 1133-1:2011 standard. The value of MFR is expressed as a 1g of material 159 
extruded through the standard capillary (2,075 mm diameter) placed in a heating nozzle during 10 160 
min [g/10min]. The S-TPU granules used in this study weighted 5g/measurement. The conditions to 161 
perform MFR study for S-TPUs were as follows: 180°C and 5 kg. Three repetitions were performed 162 
and the results were an average. 163 

Mechanical characterization  164 

Tensile strength and elongation at break were studied by using the universal testing machine 165 
Zwick & Roell Z020 according to PN-EN ISO 527-2:2012 with a crosshead speed of 500 mm/min and 166 
initial force of 1N. Five samples were studied and the results are an average. Hardness was 167 
measured by using Shore method according to PN-EN ISO 868:2005 standard. Obtained data were 168 
presented with Shore D degree (°Sh D). The results were an average of ten measurements. 169 

Fourier Transform Infrared Spectroscopy (FTIR) 170 

The FTIR analysis was performed with the use of Nicolet 8700 Spectrometer in the spectral 171 
range from 4000 to 500 cm-1 averaging 256 scans with a resolution of 4 cm-1. The measurement was 172 
carried out both for the synthesized S-TPU and filament F-TPU.  173 

Optical microscopy (OM)  174 

The surface of solid S-TPU and filament F-TPU was studied via reflecting microscope. Samples 175 
were gold coated in the sputter coater Quorum 150T E. OM was performed at x800 magnification.  176 

Contact angle (CA) 177 

The CA of the solid S-TPU and filament F-TPU surfaces were determined at room temperature 178 
by using a Kruss Goniometer G10 (KRÜSS GmbH, Hamburg, Germany) with drop shape analysis 179 
software. A droplet of 2µL volume was deposited on the samples surfaces and images were taken at 180 
the static conditions using video instrument – drop shape analysis software DSA4. The results are an 181 
average of five measurement points of randomly selected at the samples’ surface. 182 

2.5. Biological characterization. 183 

Short-term hemocompatibility test 184 
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Hemocompatibility  was examined in Medical Academy Clinical Centre in Gdansk  by using 185 
SYSMEX XS – 1000i analyzer. Sample of venous blood, from a healthy women, was used in this 186 
study. Biologic material, directly after being taken, was put into the sterile test-tube containing 187 
potassium acetate (factor which prevents blood clotting). Next step was to obtain the reference 188 
parameters for blood morphology. Then, both for, synthesized solid S-TPU and formed into filament 189 
F-TPU samples of 8 cm2 with 8 ml of blood was added to the sterile test-tubes. The samples before 190 
hemocompatibility test were sterilized with argon gas plasma generated over H2O2. The samples 191 
were incubated in blood for 15 minutes at room temperature. After this time they were removed and 192 
blood was hematologically analyzed again. The results are an average of six measurements. 193 

Indirect cytotoxicity test 194 

Cell Culture Mouse embryonic fibroblast NIH 3T3 cells were cultured in High Glucose 195 
Dulbecco’s modified Eagle’s medium (DMEM HG, Sigma Aldrich, Poznan, Poland) supplemented 196 
with 10% fetal bovine serum (FBS) and antibiotics (100 µg/mL each of penicillin and streptomycin) at 197 
37°C in a humidified atmosphere containing 5% CO2. The effect of indirect MTT Proliferation Assay 198 
of S-TPU or F-TPU exposure on NIH 3T3 cell proliferation was determined by 199 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay using 100% 200 
concentrations of samples extract. Briefly, samples were initially sterilized in 70% ethanol for 30 min 201 
and then exposed to UV for 1 h for each side. MPTL samples were subsequently incubated in DMEM 202 
HG supplemented with 10% FBS and penicillin/streptomycin for 24 hrs at 37°C. The ratio of the total 203 
mass of the sample (S-TPU or F-TPU) to the volume of extraction medium was 100 mg/mL. After 24 204 
h, extraction medium was collected, filtered through 0.2-µM filter and used to prepare 100% 205 
concentrations of S-TPU or F-TPU extract. NIH 3T3 cells (2 × 104) were seeded in 24-well plates for 206 
24 h to allow for attachment and then, cell culture medium was replaced with S-TPU or F-TPU 207 
extracts for next 24 h, 48 h and 72 h. DMEM HG supplemented with FBS and antibiotics were used as 208 
a non-toxic control. At the end of exposure, 200 µL of MTT solution (4 mg/mL) was added and cells 209 
were incubated for 3 h at 37ºC. Next, culture medium was removed and water-insoluble formazan 210 
crystals were dissolved in dimethylsulfoxide (DMSO, Sigma Aldrich) and optical density of 211 
resulting solutions was measured at 570 nm using iMark Microplate Absorbance Reader (Bio-Rad, 212 
Warsaw, Poland). Results were presented as the percentage of cells proliferating after extract 213 
exposure relative to control cells cultured in extract-free medium. Obtained data are a mean of two 214 
separate experiments wherein each treatment condition was repeated in two wells.  215 

Statistical Analysis  216 

The results are average of two experiments, where each extract was tested twice. One-way 217 
ANOVA test followed by Bonferroni test for each comparison was performed using GraphPad 218 
Prism 6 software (GraphPad Software Inc., San Diago, CA, USA). p values of less than 0.05 were 219 
considered as significant (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns non-significant).  220 

Analysis Cells Morphology 221 

NIH 3T3 cells (2 × 104) were seeded in 24-well plates for 24 h to allow for attachment and then 222 
treated with S-TPU or F-TPU extracts for next 24 h and 72 h as described above. After exposure, 223 
cellular morphology was examined directly from the 24-well plate under Zeiss inverted microscope 224 
equipped with AxioCam digital camera (Zeiss, Göttingen, Germany). 225 

3. Results and discussions  226 

3.1. S-TPU synthesis – identification of free isocyanate groups 227 

The reaction progress between PEBA and HDI over time was presented in Figure 2. After first 228 
hour of the prepolymer synthesis, FNCO index sharply decreased from 11 % to ~8%. After the next 4-5 229 
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hours, the FNCO index has stabilized at the level of ~8 %, which indicated completion of the reaction 230 
between PEBA and HDI reagents. Thus, it can be concluded that PEBA and HDI reacts in a 231 
predictable and repeatable way what is significant aspect for further applications of these materials 232 
in biomedical field.  233 

 234 
Figure 2. The changes of the isocyanate groups content (FNCO, %) over reaction time between PEBA 235 
and HDI (prepolymerization step); * time “0” is related to the moment when the PEBA and HDI were 236 
mixed together in a whole volume of the reactive mixture.  237 

3.2. Fabrication of F-TPU filament from synthesized S-TPU granules. 238 

 In Table 2 were presented selected melt-extrusion parameters used to fabricate the F-TPU 239 
filament, from S-TPU granules. It can be seen that operating parameters are closely related to the 240 
temperature profile of S-TPU extrusion. During process 1 and 2 (Table 2), very high head pressure 241 
and machine load, were noted. When the temperature profile was increased up to 210°C, the head 242 
pressure and machine load dropped significantly, to about 17 bar and 15-18%, respectively. The 243 
further increase of temperature profile (above 215°C) caused sharp decrease of head pressure 244 
(process 4, Table 2). This might be related to the viscosity of melt polymer. High melt viscosity 245 
hinder the free flow of polymer thought the narrow forming die. Therefore, in process 1 and 2 (Table 246 
2) the temperature profile was not high enough to ensure free flow of polymer. Additionally in case 247 
of process 1 and 2, was observed an enormous swelling of the polymer at the die exit (Barus effect). 248 
During process 4 (Table 2) the polymer was undergoing degradation.  249 

 In the process of a filament forming via melt-extrusion process, it is necessary to maintain a 250 
constant value of head pressure. In other way, it is not possible to obtain an extrudate with a stable 251 
dimension. The combination of parameters in process 3* provided an appropriate profile which 252 
allow to obtain stable F-TPU filament with a constant diameter dimension (Table 2 – highlighted). 253 

  254 
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Table 2. Process parameters of F-TPU filament fabrication. 255 

Lp. 

ZONES TEMPERATURE PROFILE [°C] OPERATING PARAMETERS 

I II III IV V VI VII VIII IX COUPLER HEAD 
ROTATION 

SPEED [rpm] 

HEAD 

PRESSURE 

[bar] 

LOAD  

[%] 

1 160 165 170 175 185 185 190 195 190 190 185 20 37-48 45-50 

2 170 175 175 180 190 200 205 200 200 195 195 20 28-30 20-28 

3* 170 175 180 190 200 205 210 210 205 200 200 20 17-18 15-18 

4 170 175 180 190 195 205 210 213 217 215 210 20 3-6 5-7 

* Melt-extrusion profile that provide a dimensionally stable F-TPU filament. 256 

3.3. Physico-mechanical properties of synthesized S-TPU. 257 

 Density of obtained S-TPUs were equal to 1,17 g/cm3 what is similar to the references, which 258 
reports typical PUR density in the range of  0,2 – 1,2 g/cm3 [40]. MFR is an important parameter of 259 
polymers processing allowing for an assessment of using thermoplastic materials for further 260 
technological procedure. The MFR value is directly related to the melt viscosity at the test 261 
temperature as well with the test load.  With the increase of sample viscosity, the flow rate decrease. 262 
Thermoplastic materials designed for injection molding are characterized by very high MFR value 263 
(very high flow-rate and low melt viscosity), in contrast to thermoplasts intended for extrusion. In 264 
the FDM process, the material in the form of a filament is plasticized in a mini-extruder and passing 265 
through a heated nozzle with a diameter in the range of 0,3 – 0,8 mm, and settle down at movable 266 
platform. This is associated with a very short duration of heating and plasticizing of material. 267 
Therefore, the printed material should be relatively quick and easy to plasticize while maintaining 268 
the proper solidification rate, so that it will not flow from the layers built on the printer platform 269 
[41]. On the other hand, the strength and quality of the bonds formed between adjacent fibers 270 
depends on the growth of the neck formed among them and on the molar diffusion and 271 
randomization of the used polymeric filament across the interface [42,43]. Consequently, the degree 272 
of flow rate under FDM printing conditions should not be too high and sufficient/adequate for free 273 
flow of filament out of the nozzle. Additionally, it should be added that higher MFR value allows for 274 
higher print speed. Thus, at temperature of 200°C and test load of 5 kg the MFR value of S-TPU was 275 
40,74±3,16 g/10 min, which might provide free flow rate of the printed material.  276 

 Tensile strength of injection-molded S-TPU samples was 26±2MPa, which was close to values 277 
determined for commercially available medical-grade PURs, like Carbothane® (39-67 MPa) and 278 
Desmopan® (25-50 MPa) [44–48], as well in the range of elastic TPU filament NinjaFlex® (26 MPa) 279 
[49]. Noted elongation at break of obtained S-TPUs was of 706±29 % and higher than Tecoflex® 280 
(365±25 % - 400±38 % [50,51], the medical-grade PUR for biomedical applications and NinjaFlex® 281 
filament (660%) [49]. Hardness of obtained S-TPUs was of 37,07±0,80°ShD and was comparable to 282 
the hardness of medical-grade TPU filament Bioflex® (27°ShD) [52]. It should be noted that as the 283 
filament hardness decreases, the difficulty of printing increases. This is particularly related to the 284 
folding of the filament on extruder rollers during printing process. Mechanical properties of S-TPU 285 
correspond to those PURs obtained with the use of organotin catalyst, dibutyltin dilaurate (DBTDL), 286 
described in our previous paper [53]. 287 

  288 
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3.4. The impact assessment of filament formation on selected S-TPU properties. 289 

3.4.1. Fourier transform infrared spectroscopy (FTIR) 290 

 FTIR spectra of obtained S-TPUs and extruded F-TPU filament was presented in Figure 3. The 291 
band assignments with a description were given in Table 3. The interpretation of the particular 292 
bands was made on the basis of a Silverstein et. all [54] scientific book. The presence of functional 293 
groups characteristic for poly(ester urethane)s was confirmed (Table 3) and the results are consistent 294 
with the interpretation given by Yiligor et al. [55]. The FTIR spectra of S-TPU and F-TPU are very 295 
similar, which might suggest that extrusion process did not cause any chemical changes in S-TPU 296 
structure. 297 

 298 

Figure 3. The FTIR spectra of S-TPU and extruded F-TPU filament. 299 

 In both spectra, a weak absorption peaks assigned to N–H stretching vibrations are observed at 300 
3324 cm-1, which is related with the presence of hydrogen bonds between NH groups and 301 
macrodiol’s ester groups (C=O). The peaks, which appeared between 2941 – 2863 cm-1 correspond to 302 
the asymmetric and symmetric stretching vibrations of aliphatic CH2 groups presented in S-TPU 303 
structure. Strong signals registered in the range of 1733 – 1685 cm-1 are related to stretching of C=O 304 
(both, hydrogen bonded and not hydrogen bonded in ester groups of macrodiol). Polyurethanes 305 
characteristic peak from C–N stretching are seen at 1535 cm-1. Peaks observed at 1465 – 1336 cm-1 306 
corresponds to deformation vibrations of aliphatic CH2 groups present in the S-TPU. Stretching 307 
vibrations of –NH-(C=O)-O- (urethane group), were registered at 1165 cm-1. In turn, stretching 308 
vibration of hydrogen bonded -C-(C=O)-O-, is presented between 1135 – 947 cm-1. Finally, peaks in 309 
the range of 873 – 863 are associated with out of plane bondings vibrations of;  C–H  bending, CH2, 310 
NH, OH wagging and scissoring. According to physicochemical tables [54], absorbance in the range 311 
of 2250 – 2270 cm-1 are assigned to free NCO groups. The absence of those peaks indicate the 312 
complete reaction between reagents (HDI, PEBA, BDO) until the -NCO groups are completely 313 
convert into urethanes functional groups. This is also in accordance with identification of free 314 
isocyanate groups during pre-polymerization stage. FTIR analysis confirmed that F-TPU has the 315 
same chemical bonding type as bulk S-TPU and the filament formation process did not affect its 316 
chemical structure. 317 
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Table 1 Band assignments noted at the FTIR spectra of S-TPU and F-TPU filament. 318 

S-TPU F-TPU  
Band Description 

Wavelength (cm-1) 

3324 w 3324 w νNH 
stretching of NH groups. These groups 
were hydrogen bonded with  C=O of ester 
groups present in macrodiol 

2941 w, 2863 w 2939 w, 2865 w νCH2, νCH3 

stretching of aliphatic asymmetric and 
symmetric CH2 groups present in the 
S-TPU chain and in the S-TPU filament 

1730 vs -1686 s 1733 vs – 1685 s νC=O 
stretching of C=O in ester groups of 
macrodiol,   (hydrogen bonded and not 
hydrogen bonded) 

1535 s 1535 s νC-N stretching of C-N in urethane group 

1459 w - 1336 vw 1465 w - 1346 w δCH2 

deformation vibrations of aliphatic CH2 
groups present in the S-TPU and S-TPU 
filament: bending, wagging, scissoring in 
plane 

1259 m - 1219 m 1257 s - 1216 m νC-(C=O)-O stretching vibrations of  -C-(C=O)-O- 
(ester group), not hydrogen bonded 

1165 s 1165 m νNH-(C=O)-O 
stretching vibrations of –NH-(C=O)-O- of 
urethane group 

1129 s - 994 w 1135 s - 947 m, νC-(C=O)-O 
νC-O 

stretching vibration of hydrogen bonded 
-C-(C=O)-O-, 

873 w - 642 w 873 w - 638 m δCH2, δNH, 

δOH 

out of the plane deformation of 
CH2(scissoring/wagging) as well as NH 
and OH groups (scissoring and wagging). 

3.4.2. Optical microscopy (OM) 319 

 The optical microscopy of S-TPU and F-TPU filament was presented in Figure 4. 320 

  321 
    (a)        (b) 322 

Figure 1 Optical microscopy of a) bulk S-TPU and b) F-TPU filament. 323 

 Surfaces of prepared brittle fractures of S-TPU and extruded F-TPU were very homogenous and 324 
characteristic image for un-crosslinked TPUs was observed. No radial structures [56] proper for 325 
crosslinked TPU [57] were observed. 326 

3.4.3. Water contact angle (CA) 327 

Water contact angle studies allow to specify the hydrophilicity/hydrophobicity of the material 328 
surface. However, CA is not a sufficient indicator to determine the biocompatibility of the material. 329 
Notwithstanding, hydrophilicity is an important biomedical parameter that favors the adherence 330 
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and interaction of cells with material surfaces, thus CA studies provide preliminary biomedical 331 
characterization [58]. 332 

 333 
Figure 5. Contact angle of pure S-TPU and of extruded F-TPU filament. 334 

Results of CA measurements of S-TPU and F-TPU were presented in Figure 5. The analysis of CA 335 
revealed that the extrusion process slightly increased the CA from 64º for S-TPU to 73º for F-TPU 336 
filament. Thus, the material became more hydrophobic after processing, which can be explained by 337 
the smoother surface presented by F-TPU filament. However, obtained values are still within the 338 
range of 55-75° that ensures proper adhesion of human cells to the surface of the selected material 339 
[47]. 340 

3.5. Biological studies 341 

3.5.1. Short-term hemocompatibility test. 342 

One of the test methods to evaluate biological properties in vitro is study on blood response.  343 
Synthetic materials marked as medical-grade are intended for directly or indirectly contact with 344 
body tissues, such as blood. Therefore, the study of the interaction of material with blood which is 345 
the fluid tissue present in every part of the body, seems to be important. It is a known fact that all of 346 
the biomaterials which are in contact with body tissues, cause the initiation of an inflammatory 347 
reaction (foreign body response FBR) [59]. Occurrence of acute or chronic reactions for a long time, 348 
disqualifies the material in medical applications. An initial interaction of cellular blood components 349 
with artificial/synthetic surface occurs after first minutes of contact. Consequently, short-term 350 
studies of the interaction material – blood, can provide preliminary information about 351 
biocompatibility of the material. 352 

Analysis of the obtained data (Figure 6) showed that both, synthesized S-TPU and extruded F-TPU 353 
filament can be pre-classified as biocompatible materials, under the specified conditions. Thus, the 354 
extrusion process did not influence this parameter and obtained materials may find a potential 355 
applications in blood-contacting medical devices. This is consistent with the references related to the 356 
fact that PURs are one of the most hemocompatible synthetic polymers dedicated to the medical 357 
applications [60]. 358 
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 359 
Figure 6. Short-term biocompatibility of S-TPU and extruded F-TPU filament with human blood. 360 
WBC - white blood cells (leucocytes); RBC - red blood cells (erythrocytes); PCT - percentage of 361 
platelets in whole blood volume; Hgh/Hb - hemoglobin; Hct – hematocrit; MCV mean corpuscular 362 
volume; MCHC - mean concentration of hemoglobin in blood cells; PLT - platelet amount 363 
(thrombocytes); RDW-CV/RDW-SD - distribution volume of red blood cells; MPV - mean platelet 364 
volume; PDW - indicator of platelet volume distribution; P-LCR - platelet larger cell ratio. 365 

 It should be noted that, all of the studied blood parameters are in the references range and they 366 
do not differ significantly from the values obtained for pure blood. Hemocompatibility test indicated 367 
that both S-TPU and F-TPU did not change cell count of; MCV, MCHC, PLT, RDW-CV, RDW-SD, 368 
MPV, PDW, P-LCR. On the contrary to WBC, RBC, PCT, Hgh/Hb, Hct, which have changed slightly. 369 
A slight decrease in the PCT value corresponding to the platelet count was observed. It can be 370 
related to aggregation and activation of platelets on the S-TPU surface [61]. This is an undesirable 371 
phenomenon that can lead to thrombosis [62]. Nevertheless, this value is still in the norm. An 372 
increase of white blood cells (WBC) number was noticed, which is related to an initial inflammatory 373 
reaction that always takes place when in contact with an artificial organism. In turn, blood 374 
parameter associated with erythrocytes (RBC, Hgh/Hb, Hct), slightly increase to the maximum 375 
reference value, after contact with S-TPU and extruded F-TPU. Eventually, significant reduction in 376 
RBC and Hct values could indicate the adhesion to the surfaces of erythrocytes, which in turn have a 377 
tendency to aggregate and form the so-called blood cloths [63].  378 

3.5.2. Cytotoxicity 379 

 The cytotoxicity of obtained S-TPU and F-TPU filament was shown in Figure 7. As it can be 380 
observed, both materials indicated biocompatibility towards NIH 3T3 cells. For S-TPU after 24h and 381 
48h of incubation the proliferation of cells was noted (over 100% of cells viability), while for F-TPU it 382 
was 95%, 86% and 79% after 24h, 48h, and 72h, respectively. Slight differences in biocompatibility 383 
can be  directly related to the higher hydrophilicity of S-TPU surface than extruded F-TPU. 384 
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Moreover, the greater roughness and irregular surface the better adhesion of cells to the substrate, 385 
was noted [64], hence the possible difference in cell proliferation in the differentiation to F-TPU 386 
filament. 387 

 388 
Figure 7. The effect of S-TPU and extruded F-TPU extracts on the in vitro growth of mouse 389 
embryonic fibroblast NIH 3T3 cells measured using MTT assay. Cell proliferation is represented as a 390 
percentage of control cell growth in cultures containing no S-TPU or extruded S-TPU filament 391 
extracts. Results are a mean ± SD of two separate experiments wherein each treatment condition was 392 
repeated in two wells. * p < 0.05; ** p < 0.001 vs. control. 393 

 Morphology of cells was observed for 72h and the images were presented in Figure 8. As it can 394 
be seen, S-TPU and F-TPU filament extracts did not significantly change the morphology of the NIH 395 
3T3 cells. 396 

 Control S-TPU F-TPU filament 

24 h 

   

48 h 
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72 h 

   
Figure 8. The effect of S-TPU and F-TPU filament extracts on the cellular morphology of mouse 397 
embryonic fibroblast NIH 3T3 cells. 398 

 The morphology of NIH 3T3 cells did not changed and was comparable to the control up to 72h 399 
of incubation. Shape and cells dimensions were not impaired. It should be noted that, there was a 400 
slight decrease in cells number when they had contact with F-TPU filament, in comparison to the 401 
control sample. However, no cells degeneration or apoptosis was noticed during the incubation both 402 
S-TPU and F-TPU. This might be explained by hindered cell adhesion to the F-TPU substrate, which 403 
exhibits higher contact angle and smother surface than bulk S-TPU. Thus, these materials may be 404 
considered as a suitable for biomedical applications. 405 

4. Conclusions 406 

 In this work we reported the synthesis, processing, physico-mechanical characterization and 407 
biological studies of new uncatalyzed aliphatic, amorphous, polyurethane, as a potential 408 
medical-grade filament for using in FDM 3D printing technology.  409 

For these purpose, bulk S-TPU with 1,1:1 NCO:OH molar ratio was synthesized and the efforts have 410 
been made to adjust the temperature profile and operating parameters of S-TPU melt-extrusion. 411 
Established extrusion processing temperature for S-TPU was in the range of 160 - 205 ºC, 412 
respectively. As a result a stable F-TPU filament with 1,75 mm diameter  was received. The 413 
mechanical characteristic and MFR of S-TPU is satisfactory which has references to FDM 3D 414 
printing, where the ease of processing, stability in print conditions and the proper flow, viscosity 415 
and hardness of the filament are responsible for the print quality. The summary of the obtained 416 
S-TPU mechanical properties and its comparison to the commercial medical-grade PURs in terms of 417 
mechanical efficiency was given in Table 4. 418 

Table 2 Comparison of available medical-grade polyurethanes properties with synthesized 419 
uncatalyzed S-TPU system. (The data were taken from the material safety data sheets available on 420 
manufacturers' websites). 421 

Value range MilaMed® Desmopan® AU Texin®RxT50 S-TPU 
TSb [MPa] 15-30 25-50 25-52 26 

Eb [%] 540-565 470-880 320-770 705 
HS [ºSh A/D] no data found 60A - 75D 70A - 65D 26D 

Chemical 
composition Aliphatic polyether Aromatic polyester Aromatic polyether Aliphatic polyester 

 It can be seen that the mechanical properties of synthesized S-TPU are within the range of 422 
values suitable for medical-grade polyurethanes such as; MillaMed®, Desmopan® or Texin®. Thus, 423 
obtained uncatalysed aliphatic S-TPUs seem to be a promising candidate as a filament material for 424 
FDM 3D printer for medical purpose. Preliminary biological studies showed biocompatibility and  425 
hemocompatibility of F-TPU filament and provided that, this material may find application as a 426 
novel medical-grade, flexible filament for FDM 3DP. To confirm the validity of the presented 427 
studies, a test print of anatomical flexible heart using F-TPU filament and FDM type 3D printer, was 428 
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made. Results are presented in supplementary data 2. The initial evaluation of FDM print with the 429 
use of obtained F-TPU filament allows to conclude that obtained F-TPU filament is suitable for 3D 430 
printing in the FDM type technology. Fabrication of F-TPU filament combined with 3DP technology 431 
allows for fabrication of customized and repeatable products without the use of toxic substances 432 
during printing. Moreover, the 3D printing technology in combination with elastomeric filament let 433 
to design cost-efficient and achievable patient - customized products. 434 

Supplementary Materials. The following are available online at www.mdpi.com/xxx/s1. Supplementary data 1 435 
provides the results and methodology of accelerated degradation studies on Bioflex® and F-TPU filaments as 436 
well microscopic analysis of degraded samples. Supplementary data 2 presents trial of FDM 3D printing 437 
process using obtained F-TPU filament.  438 
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