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ABBREVIATIONS AND ACRONYMS 

1H NMR - proton nuclear magnetic resonance 

3DP - 3D printing 

ATR - attenuated total reflection technique used in FTIR 

spectroscopy 

BDO - 1,4-butanediol 

C-HAp - carbonated-hydroxyapatite 

CT - computer tomography 

DICOM - digital imaging and communications in medicine 

DMA - dynamic mechanical analysis 

DSC - differential scanning calorimetry 

EDS - energy-dispersive X-ray spectroscopy 

ESO - epoxidized soybean oil 

FDM - fused deposition modelling 

FFF - fused filament fabrication 

FTIR - Fourier transform infrared spectroscopy 

HAp - hydroxyapatite 

HDI - 1,6-hexamethylene di-isocyanate 

HS - hard segment 

IPDI - isophorone di-isocyanate 

MDI - 4,4'-methylenediphenyl di-isocyanate 

MFR - melt flow rate 

OM - optical microscope 

PBS - phosphate-buffered saline 

PCL - polycaprolactone diol 

PDO - polydioxanone 

PEBA - α,ω-dihydroxy(ethylene-butylene adipate) diol 

pG - plant glycerin 

PLA - polylactide 

PLGA - poly(lactic-co-glycolic) acid 

PLA/TPS - term adopted for developed bio-composition consisting of 

PLA, TPS and ESO 

polyol - term adopted for oligomeric chemical compounds containing 

hydroxyl groups 

PUR - polyurethane (in general) 

SBF - simulated body fluid 

SEM - scanning electron microscope 

SFE - surface free energy 

SS - soft segment 

TDI - toluene di-isocyanate 

TDS - technical data sheet 

TGA - thermogravimetry 

TPE - thermoplastic elastomer 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
 

 

Agnieszka Haryńska, MSc Eng.   13 
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CHAPTER I 
THEORETICAL BACKGROUND 
  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
 

 

Agnieszka Haryńska, MSc Eng.   15 

1.1. Outline 

Additive manufacturing (AM), colloquially known as 3D printing (3DP), is a set of 

modern techniques that, along with computer modeling tools, allows for obtaining 

complex structures and personalized products. The objects are precisely formed layer 

by layer, unlike the removal of material in traditional means (carving, milling, 

machining, etc.). The use of AM in medicine is of great interest to academia and 

industry. Advanced AM technologies are no longer limited to the formation of 

prototypes but also functional/finished products such as implants, prostheses, drug 

delivery systems, tissue scaffolds, or even human tissues. 3D printing appears to be 

one of the most in-demand moulding methods for custom medical products. This is 

due to design freedom and the ability to work directly with DICOM (Digital Imaging 

and Communications in Medicine) files, which greatly facilitates the preparation of 

complex and patient-matched structures. Due to the huge increase in the availability 

of 3D printers, the demand for materials suitable for 3D printing that meet stringent 

medical requirements has increased. Therefore, the factor limiting the widespread use 

of 3D printing in medicine is the insufficient amount and variety of materials that are 

compatible with AM technologies and meet medical-grade criteria. Many 3DP 

techniques are used for medical purposes, including SLS (Selective Laser Sintering), 

bio-printing, PJ (PolyJet), and SLA (Stereolithography). However, FFF (Fused Filament 

Fabrication) appears to be the easiest way to utilize AM due to its attractive cost of 

purchase, ease of service and feedstock preparation. It utilizes a raw material in the 

form of a filament, i.e. thermoplastic-based wire with a constant diameter (mostly 

1.75/2.85 cm). Most often, filament is obtained by extruding polymer granules (or 

composites), which are then wound on a spool of specific dimensions. This process 

requires appropriate processing line and strict parameters, thanks to which the 

resulted material will retain its properties and a constant diameter. The filament is 

formed continuously and it is possible to form the product on a mass scale. However, 

this is not the only method of forming filaments. The literature is dominated by 

discontinuous forming methods in which only short sections of filament are obtained 

in the form of extrudate collected manually from the extrusion die (information on the 

process flow and parameters is rather omitted). The market supplies many solutions 

based on petrochemical polymers, acrylonitrile butadiene styrene (ABS), polyamide 

(PA), thermoplastic elastomer (TPE) or polylactide (PLA) and their modifications with 

fillers, thus providing a wide range of various properties. 3D-printable solutions for 
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medicine are most often based on biocompatible, bioresorbable and/or biodegradable 

polymers. The example of such commercial products are Lactoprene® 100M (PLA), 

Caproprene® 100M (PCL), Bioflex® (TPE), or Dioxactisse® 100 (PDO). The number of 

medical grade filaments available has visibly increased, however the choice is still 

limited. An interesting alternative to the mentioned product might be properly 

designed thermoplastic polyurethanes (TPU). For many years, polyurethanes have 

been successfully used in medicine as breast implants, stents, surgical dressings, 

dialysis membranes, and artificial blood vessels, due to the unique properties of 

flexibility, toughness, biocompatibility, and hemocompatibility. Their unique features 

are also utilized in tissue engineering for scaffolding, in which proper design of the 

porous structure is one of the crucial factors. Therefore, the use of 3D printing tools 

seems to be very advisable in this regard. Nevertheless, TPU's common use as 

filaments for FFF 3DP is still missing. Another interesting solution increasing the 

variety of medical filaments can be plant-based biodegradable polymers. Healthcare 

is increasingly using 3D printing, among others, for pre-operative planning, thus 

producing a significant number of disposable details. As the amount of such waste is 

increasing, research into sustainable systems seems to be the right direction. It would 

seem, however, that the commonly available PLA filament is a ready-made solution, 

but it is a difficult and long-term degradable polymer, effective biodegradation of 

which requires special conditions. Despite its common label as “bio and environmental 

friendly”, PLA waste began to be perceived as difficult to effectively and sustainably 

manage. In addition, such PLA filaments are enriched with printability-improving 

agents (plasticizers, oils, pigments), which additionally may hinder biodegradation 

and contribute to greater environmental plastic pollution. One way to overcome these 

issues is blending PLA with fast-degradable and compostable polymers such as 

thermoplastic starch (TPS). TPS benefits include high renewability and 

biodegradability rate along with comparatively low cost. Nevertheless, unsatisfactory 

mechanical properties, fragile and susceptibility to retrogradation discourage the 

polymer industry to widespread use of TPS. Thus, proper modification and 

plasticization of TPS in a way that will not affect biodegradability is highly desirable. 

Such PLA/TPS bio-composites adapted to 3D printing with FFF technology might 

challenge traditional petroleum-based or long-term degradable filaments as 

a sustainable alternative. However, the literature on the subject is limited and, to the 

best of our knowledge, the market does not yet provide solutions in this regard. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
 

 

Agnieszka Haryńska, MSc Eng.   17 

In the following chapters, the theoretical foundations of the above considerations are 

presented and supplemented with the literature and market review. 

1.2. Introduction to the studied biopolymers 

1.2.1. Polyurethanes (PUR) as biomaterials 

Polyurethanes (PUR) have been used as biomedical polymers since the 1960s [1]. For 

decades, PURs have been modified and adapted to medical requirements. This has 

resulted in the modern biopolymers that exhibit a wide range of properties, such as 

excellent biostability and bio-, and hemo-compatibility, antiseptic, or satisfactory 

biomimetic properties [2–4]. PURs are widely used in drug delivery systems (DDS), 

vascular surgery, cardiology, and tissue engineering, hence the methods of their 

processing are constantly being improved. The unique feature of polyurethanes is 

their versatility, which allows customizing the properties to the desired needs and 

applications. PURs show a strong structure-properties relationship. By changing the 

components and/or the method of synthesis and forming, various classes of plastics 

can be obtained, i.e. thermoplastic elastomers (TPE), rigid and flexible foams, 

elastomers (thermosetting), or waterborne dispersions (coatings, adhesives, binders) 

[5]. Generally, the chemistry of polyurethanes is based on a urethane group  

(–NCOOH–), usually formed by the nucleophilic substitution reaction of isocyanate  

(–NCO) group with electrophilic agent (–OH). A less common solution involves the 

reaction of amine-based molecules with polycarbonate derivatives (including 

carbamates), resulting in so-called non-isocyanate polyurethanes (NIPUs) [6]. 

A common method for the synthesis of polyurethanes is the polyaddition reaction of 

polyisocyanates (aromatic or aliphatic) with long-chain polyols (hydroxyl- or amino-

terminated) and low molecular weight chain extenders (glycols or diamines) in the 

presence of a catalyst (organometallic or amine). The process can be carried out in 

a one-step or two-step method. In the first one, all the reagents are mixed to react 

simultaneously. It does not require the use of additional apparatus and is time-

effective. One-step polymerization is most often used in the synthesis of PUR foams. 

However, the control of the process is limited and the resulting polymers might have 

a large molar mass distribution which affects the properties. Thus, the synthesis of 

cast PURs usually takes place in a two-step manner. The first stage comprises a so-

called pre-polymerization step in which a molar excess of polyisocyanate reacts with 
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a polyol with active hydrogen atoms. The isocyanate-terminated prepolymer is then 

reacted with a low molecular weight chain extender (terminated with isocyanate-

reactive groups –OH/–NH2),  leading to the formation of macromolecular PUR. 

Although the reaction time is longer, the product shows a lower molar mass dispersion 

and has a more orderly structure compared to the compounds obtained with the one-

step method. This in turn favours the phenomenon of phase separation which is 

responsible for the unique properties of PURs. While the structure of elastomeric PURs 

is crosslinked with phases composed of chemically linked chain networks, 

thermoplastic polyurethanes (TPU) have a segmented structure consisting of linear 

chains with hard (HS) and soft (SS) segments. The soft segments contain long-chain 

polyols which, due to their relatively low glass transition temperature (Tg), provide 

high elasticity. The urethane groups bound to isocyanate residues and low molecular 

weight chain extenders form HS that provide increased mechanical strength of the 

material. The segmented structure described is responsible for the thermoplastic 

nature of TPU (ability to plasticize at a certain elevated temperature) and elastomeric 

nature (resilience). Since the polyurethane segments are thermodynamically 

incompatible, the phase separation phenomenon occurs, which leads to the formation 

of ordered supermolecural structures (nanometric domains, but also, in certain 

instances, microstructures of globules and spherulites) [7]. Interactions between hard 

segments forming the domain structure (mainly hydrogen bonds and London 

dispersion forces LDF) act like physical crosslinking of polymer chains [8]. Such 

complex TPU morphology ensures resilience comparable to chemically crosslinked 

elastomers while being a thermoplastic, as intermolecular forces weaken at elevated 

temperatures and are renewed. Moreover, by selecting a type and ratio of reagents 

in the TPU synthesis, the nature of the obtained segments can be controlled. This has 

a direct impact on the material properties (strength, hardness, susceptibility to 

degradation or biocompatibility), but also, along with the synthesis conditions, affects 

morphological factors (type and size of supermolecural structures, degree of phase 

separation or crystallinity), which further adjusts the properties of the material [9,10]. 

In the synthesis of medical-grade TPU, usually two types of di-isocyanates are used, 

i.e. aromatic and aliphatic. Aromatic di-isocyanates, such as 4,4'-methylenediphenyl 

diisocyanate (MDI) and toluene diisocyanate (TDI) are most commonly used in the 

synthesis of commercial biostable TPUs (Texin Rx®, ChronoFlex C®, Elasthane®, 

Pellethane®) due to high availability, relatively low cost, and higher reactivity than 
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aliphatic di-isocyanates. These products are distinguished by high mechanical 

strength, resistance to abrasion, oils and greases, and resistance to hydrolysis. 

Therefore, they are perfect for external contact with the human body (short- and 

long-term) as medical and surgical equipment or as biostable intra-tissue structures. 

However, UV sterilization of aromatic TPUs can lead to photodegradation and 

deterioration of properties [11]. Since TPUs are required to be highly resistant to 

degradation and biostable in permanent and long-term implant applications, 

biodegradable and resorbable systems are most in-demand in tissue engineering and 

drug delivery. In the process of aromatic TPU degradation, toxic residues containing 

carcinogenic aromatic amines, such as methylenedianiline (MDA) and toluene diamine 

(TDA), can be released [12–15]. Nevertheless, the detected concentrations of 

potentially carcinogenic amines were negligible, and the preliminary tests of toxic and 

mutagenic properties did not qualify the tested materials as carcinogenic. However, 

this topic is still being discussed, leaving some doubts behind. Therefore, the use of 

aliphatic and cycloaliphatic di-isocyanates in the synthesis of degradable and medical 

TPU seems reasonable, as the resulting amine residues are non-toxic and removed 

from the body in the natural life cycle [16]. The literature predominates in aliphatic 

TPUs based on 1,4-diisocyanatobutane (BDI), l-lysine di-isocyanate (LDI), isophorone 

diisocyanate (IPDI), hexamethylene di-isocyanate (HDI), or  

4,4′-methylenebis(cyclohexyl isocyanate (HMDI) [16–20]. The results of these 

studies show the high potential of formed aliphatic TPUs as biostable and 

biocompatible implantable biomaterials, but non- or slow-degradable. According to 

Cauich-Rodríguez's review [21] on the degradation of medical polyurethanes, it can 

be concluded that, among other factors, the use of aliphatic di-isocyanates increases 

susceptibility to polyurethane degradation in relation to aromatic systems. The 

commercial solutions of aliphatic TPUs cover Carbothane®, MillaMed®, or 

Tecoflex MG®. The features of these products include excellent oxidative stability, 

resistance to yellowing by aging and sterilization, and moderate mechanical 

properties. Those systems are biostable, biocompatible, and not adapted to 

biodegradation. The values of strength parameters and the characteristics of the 

commercial medical TPUs are attached in Appendix 1 (Table A1). Another important 

substrate influencing the chemistry and properties of polyurethanes is polyol, i.e. 

oligomeric organic compound containing several hydroxyl groups. 
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Biodegradable TPUs are synthesized with prone to hydrolysis polyester-diols, or 

a mixture with polyether-diols, usually with polycaprolactone-diol (PCL),  

polylactide-diol (PLA), poly(glycolic acid) (PGA), poly(ethylene glycol) (PEG), and 

poly(tetramethylene glycol) (PTMG) [22–25]. These polyols are widely used in 

medicine and provide different properties. However, the semi-crystalline nature of 

these soft segments may hinder the TPU degradation. Thus, the use of amorphous 

polyols in the synthesis of degradable TPUs may facilitate hydrolytic or enzyme 

breakdown. The literature on amorphous polyols in the synthesis of TPU is limited. 

This is most likely due to the deterioration of the mechanical and thermal properties 

of polyurethanes containing amorphous flexible segments in the structure with 

respect to the semi-crystalline ones [26]. However, tissue engineering products such 

as tissue scaffolds, dressings, and artificial blood vessels require slightly different 

material properties (appropriate strength, elasticity, biocompatibility, rapid 

degradation, etc.), and then amorphous polyols appear to be preferable to those that 

are crystallizable. 

One way to increase the degradability rate of slow-degradable segmented 

polyurethanes is to use biodegradable block polyols enriched with amorphous 

segments. Henry et al. [27] synthesized poly(ester-urethane) with block polyol 

consisting of crystalline PHB and amorphous poly(caprolactone-co-glycolide) 

segments. The material had satisfactory mechanical properties (tensile strength of 

~20 MPa, tensile modulus ~8 MPa), and the formed tissue scaffolds showed good in 

vitro biocompatibility. However, degradation study in PBS demonstrated that the 

porous scaffolds were resistant to hydrolytic degradation and remain stable till 168 

days of incubation after which degradation starts with the amorphous region of the 

TPU soft segment. More promising results in fast-degradable polyurethane systems 

were presented by Wang et. al [28]. They synthesized novel amorphous and 

biodegradable polyol BPD, consisting of 1,3 propanediol (PDO), 1,4 butanediol (BDO), 

succinic acid (SU), sebacic acid (SA) and furamic acid (FA). Then biodegradable 

polyurethane (BTPU) was synthesized with MDI and BDO (hard segment) and BPD 

(soft  amorphous segment). The results of enzymatic degradation of the BTPU showed 

an increase in mass lost with rising amorphous soft segment content in the BPTU 

structure (mass lost over 38% after 14 days of incubation). 
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Another issue worth discussing is the use of catalysts in the synthesis of degradable, 

medical polyurethanes. As mentioned before, most common used catalysts for TPU 

synthesis are amine based (1,4-diazabicyclo[2.2.2]octane DABCO) and metal-organic 

(dibutyltin dilaurate DBTDL, stannous octoate (Sn(Oct)2). The catalysts accelerate the 

reaction between hydroxyl and isocyanate groups leading to the formation of urethane 

bonds. In addition to improving the kinetics of the process, the catalyst leads to higher 

molecular weights improving the mechanical properties and processing of the TPU 

[29]. Both amines and tin compounds, however, belong to the group of highly toxic 

substances. The study of Tanzi et. al [30] showed that all the catalysts are cytotoxic 

relative to the cell line of the 3T3 mouse fibroblasts. However, the cytotoxicity test 

was conducted by directly adding a given catalyst into culture medium. The results of 

the experiment conducted in such drastic conditions cannot be referred to materials 

containing such catalysts, as the concentration of a catalyst released from 

polyurethane matrix in degradation processes is incomparably smaller. Nevertheless, 

more and more scientists are developing polyurethane systems without using a 

synthesis catalyst to avoid a presumed/reputed decrease in biocompatibility [31–33]. 

In summary, the use of biodegradable, amorphous polyols and aliphatic  

di-isocyanates in the synthesis of TPUs may contribute to the improvement of their 

susceptibility to degradation, while maintaining biocompatibility, as the toxicity of the 

degradation products is not expected. Moreover, the synthesis of TPUs without the 

use of catalysts potentially harmful to the human body may increase the material 

biocompatibility. 

1.2.2. Thermoplastic starch (TPS) 

The main raw material for the production of thermoplastic starch (TPS) is native starch 

obtained from plants such as corn, potatoes, wheat, cassava, and rice. They are mass-

grown plants available in many parts of the world. Therefore starch is considered 

a versatile, cheap, and abundant raw material that meets the criteria of plastic 

sustainability [34]. The botanical origin of starch defines its chemical and structural 

characteristic, including content of lipids, proteins and minerals, crystalline structure, 

granules size, and proportion of amylopectin and amylose [35]. The main constituents 

of native starch are the D-glucose polymers, amylopectin, and amylose. Amylopectin 

is a highly branched polysaccharide that builds the shell of the starch grains and is 
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responsible for the ability to swell and form soles. Amylose has a linear structure that 

forms helical structures which are mainly packed inside starch grains forming core 

[36]. Both components of starch (amylose and amylopectin) can crystallize and the 

degree of crystallinity depends on the origin of the starch, the external conditions and 

the processing method. The content of amylose in starch depends on its origin and 

usually ranges from 20% to 30%. Along with native starch, TPS is a completely 

biodegradable and compostable polymer material that is sensitive to environmental 

humidity due to its hydrophilic nature. Positive features of TPS are shown in Figure 1.  

 

Figure 1 Advantageous material features of thermoplastic starch. 

However, the final properties of TPS depend on several factors, including the origin of 

native starch that determines the structural properties of the granules, but also the 

processing parameters and type and ratio of the plasticizer used. Numerous studies 

have shown that the chemical structure, molecular weight, and the type of functional 

groups of the plasticizers are  crucial factors defining the performance of TPS products 

[37–40]. Accordingly, further considerations focus on the topic of TPS plasticization. 

Thermoplastic starch (TPS) is a product of the thermal treatment of starch flour 

(native starch), most often by a combination of thermal and mechanical processing 

methods. These treatments are aimed at destroying the semicrystalline nature of the 

starch grains and transforming them into a homogeneous, amorphous thermoplastic. 

This process requires the presence of a plasticizer that lowers the processing 

temperature of the starch below its decomposition temperature. Plasticizer molecules 
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penetrate the starch granules, destroying the internal hydrogen bonds. Therefore, the 

molecular interactions between the starch chains weaken, leading to a decrease in 

glass transition temperature (Tg), thereby improving processability, plasticity, and 

flexibility. There are many substances used as native starch plasticizers including 

water, sugars, polyols, amides, and carboxylic acids [41] [42]. They are rich in polar 

groups (OH, COOH, and NH2), which make them able to form strong hydrogen bonds 

between monomeric starch chains. Water seems to be the top choice, however, high 

volatility of H2O molecules precludes its effective operation since starch 

transformation requires high temperature and shear forces. Glycerol is currently the 

most common, especially on a commercial scale, due to its high availability and 

relatively low price, as well as a well-described plasticization mechanism [43]. Zuo et. 

al [38] showed that the performance of TPS can be tailored to the desired application 

by selecting the appropriate plasticizer. They used a range of different polyalcohol’s 

and amine plasticizers (i.e.: ethylene glycol, glycerol, sorbitol, formamide, urea) to 

obtain thermoplastic corn-based starch and to study the effect of the plasticizer type 

on its properties. The degree of TPS plasticization was assessed on the basic of the 

endothermic peak analysis and the calculated gelatinization enthalpy obtained from 

the DSC thermograms. They noticed that as the number of carbon atoms in the 

plasticizer structure increases, the plasticization effect gradually decreases. This is 

attributed to the easier penetration of smaller molecules between the starch chains 

and thus simpler disruption intermolecular hydrogen bonds. This trend was noticed 

for both types of plasticizers i.e. polyols and amine. As the sorbitol has the highest 

number of carbon atoms among the alcohol plasticizers, the plasticization effect was 

marked as the lowest. For the same reason, urea plasticizer showed a lower degree 

of plasticization than formamide. However, the analysis of XRD patterns revealed that 

the polyol-based TPS had a significantly higher crystallization degree than amine-

based, which suggests a better plasticization effect of amine over polyol-based 

plasticizers. These results were reflected in the study of mechanical properties and 

water sorption test. It has been noticed that as the molecular weight of the TPS 

plasticizer increases, the toughness increases while the ductility decreases. Moreover, 

the tensile strength (TSb) values were significantly higher for polyol plasticizers 

(sorbitol-based TPS TSb ~ 6.6 MPa, glycol-based TPS TSb ~ 5.2 MPa) than for urea- 

(TSb ~ 4.4 MPa) and formamide-plasticized TPS (TSb ~ 3.4 MPa). The opposite 

tendency was noted for the value of elongation at break, which proves that with an 
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increase in the degree of TPS plasticization, the degree of crystallization decreases, 

internal hydrogen bonds weaken, and chains mobility increases which is reflected in 

a decrease in strength and an increase in TPS ductility. In turn, incubation in the 

water of TPS samples revealed that with the increase of the plasticization degree, the 

water absorption of the TPS noticeably increases; as the starch chains mobility 

increases and crystallization degree decreases, the absorption of the water molecules 

increases. The results indicate that the degree of plasticization has a direct influence 

on TPS features. Consequently, by selecting the type of plasticizer, the properties of 

the TPS can be adjusted to a certain extent.  

Retrogradation, also called re-crystallization, is one of the biggest disadvantages of 

TPS. It is an aging process that progresses during storage. The starch plasticization 

process is aimed at transforming crystal- into amorphous-structure, while the amount 

of the amorphous phase can reach 90% [44]. However, the formed amorphous 

regions are highly metastable, which in turn causes self-reorganization of the starch 

chains and the formation of amylose, and amylopectin crystal clusters [45]. The 

hydrogen bonds are the main, and sometimes the only, interactions between 

plasticizer molecules and starch chains. Therefore, as a result of mechanical stress or 

the hygroscopicity of the plasticizer weak hydrogen bonds are destroyed, and thus 

plasticizer migration takes place which accelerates the retrogradation process. The 

retrogradation and migration of the plasticizer on the TPS surface strongly affect its 

functional properties (increase in brittleness or deterioration of product aesthetic). 

The most common ways to overcome these drawbacks are to select an appropriate 

plasticizer, their mixtures [46], and/or an addition of an extra modifier that will 

strengthen the interaction between starch chains [37]. 

Amine derivative plasticizers (urea, formamide, acetamide) have recently been very 

popular in starch plasticization due to their high availability, low price, and chemical 

properties. The highly polarized oxygen present in the amide group is responsible for 

the greater ability to form strong hydrogen bonds with starch than popular polyols 

(glycerol, sorbitol). This has a direct impact on limiting the process of TPS 

retrogradation and migration of the plasticizer molecules from TPS matrix [47]. The 

use of a mixture of plasticizers (urea and ethanolamine) additionally increased the 

effect by significantly reducing the aging process (rigidity, plasticizer migration) of 

TPS [48]. While the use of urea-formamide plasticizer enhanced water resistance and 
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improved thermal resistance compared to glycerol-plasticized TPS [49]. However, 

amine compounds are known to be toxic as they can degrade into cancerogenic 

compounds (nitramines, nitrosamines) [50]. Thus, their application is limited to non-

food and non-medical products. But the limitation should also cover other applications 

since the toxic wastes can accumulate in surface water [51] or soil [52] increasing 

environmental pollution. 

Polyol-plasticizers appear to be the most used in TPS molding. Glycerol, sorbitol, 

isosorbide, and their mixtures plasticize starch effectively, but relatively high 

hygroscopicity enhances retrogradation of the TPS products. And while glycerol is 

a substance that has no negative effects on the environment, is highly available, quite 

cheap, and is the most efficient in mobilizing the starch chains [53], it does not 

provide satisfactory results on its own. To overcome the moisture absorption of TPS, 

Ahmed et al. undertook research into the use of amphiphilic plasticizers such as 

isoleucine and butyric acid [54]. They found that although these plasticizers resulted 

in resistance toward moisture, the mechanical properties were unsatisfactory. 

Isoleucine-plasticized samples showed high crystallinity which made them to fragile. 

Butyric acid-TPS were amorphous, but the plasticization degree was too low, causing 

the mechanical properties to be well below expectations. In order to support the 

plasticizers, co-plastification with malic acid, a well-known starch crosslinking agent 

[55,56], was applied. This resulted in the improvement of ductile properties in both 

amphiphilic-plasticized TPS films as the carboxylic acids promote hydrogen bonding 

and mobilization of starch chains. The combination of hydrophilic and amphiphilic 

starch plasticizers can provide a favorable balance between ductility, strength, and 

susceptibility to the retrogradation of TPS, which seems to be a promising research 

trend. 

Generally, the use of carboxylic acids with starch in the presence of a strong base 

leads to the esterification of glucose units and thus a grafting or crosslinking [57,58]. 

The acid-treated starch is enriched with so-called resistant starch (RS), which has 

recently gained interest in the functional food industry [59]. The application of RS 

mainly covers flavouring ingredients, stabilizers or thickeners, nevertheless it is not 

suitable as a processable/functional polymer. 
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Another novel and noteworthy idea for the effective plasticization of TPS is the use of 

Deep Eutectic Solvents (DES) [60]. DES are mixtures or alloys whose melting point is 

lower than the melting point of their individual components. DES structure includes 

the HBA (hydrogen bond acceptor) and HBD (hydrogen bond donor) units. Most often 

HBA are based on quaternary amines (polyatomic ions of the structure -NR
+

4
) e.g. 

choline chloride (CC), while HBA are represented by substances rich in strong polar 

groups (amides, polyols, carboxylic acids, amines). The properties of DES are similar 

to ionic liquids, i.e. (low vapor pressure, high dissolution ability, and low melting 

point). They are marked as cheap and easy to prepare, non-toxic mixtures that can 

be obtained from compounds of natural origin [61]. Research undertaken by 

Zdanowicz et al. showed that along with a remarkable plasticizing effect, DES can act 

as a cross-linker of starch units, thus significantly improving the mechanical 

properties, reducing hygroscopicity and retrogradation of TPS [62,63]. However, the 

papers focus on material characterization, while the mechanism of TPS plasticization 

and interactions between starch molecules and DES is still unknown. Thus, the 

research in this content are highly desirable.   

The discussed studies on starch plasticization process allowed to determine the 

desired properties of plasticizers. Figure 2 presents the plasticizers' features that 

promote effective starch plasticization and lead to the formation of high-quality TPS. 

 

Figure 2 Properties of plasticizers favoring effective starch gelatinization. 

Although the use of novel plasticizers or their mixtures generating strong molecular 

interactions with starch has resulted in an improvement in TPS performance, the 
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“plasticization itself” still seems insufficient to meet the requirements of polymers 

used in the plastics industry (high processing and thermal stability, moisture 

resistance, mechanical strength etc.). Therefore, along with the use of modern starch 

plasticizers, the disadvantages of TPS are overcome by mixing (blending) with other 

biopolymers, such as poly(hydroxybutyrate) (PHB) or polylactide (PLA) [64,65]. In 

this way, TPS gains sufficient processability, thermal stability, and resistance to aging 

without losing its biodegradability. This approach can also result in lower costs of 

biodegradable products such as PLA and PHB, which are relatively expensive 

biopolymers. 

1.2.3. Polylactide (PLA) 

Polylactide (PLA) is referred to as the material of the 21st century. It combines the 

properties of conventional synthetic thermoplastics with biodegradability, and natural 

origin (synthesized with monomers of plant origin, most often fermented starch from 

cassava, corn, and sugar cane). It is one of the most popular bioplastic with the 

second global production capacities (the 1st place is taken by polybutylene adipate 

terephthalate (PBAT), and the 3st place is for starch-based compositions) [66]. The 

packaging industry is the main market for PLA, but 3D printing has also become 

relevant because polylactide filaments are the most commonly used. Nowadays, PLA 

is obtained on an industrial scale via polycondensation of lactic acid monomers or the 

ring-opening polymerization (ROP) of cyclic lactides in an organometallic catalyst 

environment [67]. PLA belongs to the group of linear polyesters with mechanical 

strength, processability, and gas permeability of commercial synthetic polymers. PLA 

is a crystalline polymer with a relatively high melting point (from 130 to 210°C) 

depending on the chemistry and microstructure. It shows good resistance to oils and 

fats, and moreover PLA is biocompatible and bio-absorbable. It is a biodegradable 

material whose breakdown is most often induced by the hydrolysis of ester bonds (at 

a temperature of ~60°C) to lactic acid that is metabolized intracellularly or excreted 

in the urine/breath in the form of carbon dioxide and water [68].  

The biodegradation process of polymers usually consists of two stages - disintegration 

and bio-assimilation, known as mineralization. The disintegration process proceeds in 

aerobic conditions under abiotic factors and consists of the initial fragmentation of the 

polymer chains. While the process of bio-assimilation is carried out by 

microorganisms, it involves the initial digestion and enzymatic breakdown of 
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hydrocarbon chains, followed by assimilation and metabolization into inorganic matter 

(mainly water, carbon dioxide, and biomass) [69]. Biodegradability refers to the 

decomposition of material into the inorganic matter under the influence of 

microorganisms, while the decomposition conditions and duration of the process are 

not strictly defined. The course and efficiency of the biodegradation process depends 

on three main factors: environmental conditions, type and amount of microorganisms, 

and material properties. Abiotic factors influence the intensity of the fragmentation 

process which may occur through thermal, oxidative and photo-degradation, or 

mechanical disintegration. Enzymes, as macromolecular substances, do not penetrate 

the interior of the material, but they cause the efficient breakdown of the fragmented 

polymer chains on its surface. For example, esterases are responsible for the 

hydrolysis of ester bonds, lipases catalyze their breakdown, the proteinase K, in turn, 

can hydrolyze the amorphous phase by cutting off lactic acid units from the ends of 

the chain, thus ensuring enzymatic decomposition of polymers such as polylactide 

(PLA). The properties of the material are also an important aspect determining the 

biodegradation process. Chemical structure (functional groups, type of bonds, 

branching, molecular weight, stereochemistry), surface (degree of roughness, 

hydrophilicity), and mechanical properties (flexibility, hardness), degree of 

crystallinity, are some of the many factors determining the susceptibility to 

fragmentation of the material and thus further mineralization processes. The 

properties of polymers favouring biodegradation include; low degree of crystallinity, 

low molecular weight, non-cross-linked structure, highly developed surface 

(roughness and porosity), the presence of functional groups susceptible to hydrolysis 

and/or oxidation, as well as the dimensions of the material itself (high surface to 

volume ratio) [70]. Considering the above factors, measurements of changes in 

mechanical properties, surface morphology, or the degree of disintegration can be an 

important indicator of material degradation, but not biodegradation. The basic test for 

assessing the mineralization of the material in all standards for biodegradation is the 

measurement of the released CO2 (CH4 in anaerobic conditions). The fact that CO2 

was released proves that the material took part in the natural carbon cycle, not only 

decomposing into biologically stable microscopic particles.  

For many years, PLA has been successfully used in medicine in drug delivery, tissue 

engineering, wound healing, dermatological treatments, and dental procedures. It 

was also often used to manufacture personal protective equipment (PPE) much 
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needed by the medical sector during the ongoing Covid-19 pandemic [71]. The 

degradation of PLA in vivo is very slow, and complete resorption occurs after more 

than 5 years, and strongly depends on material crystallinity, morphology, and 

molecular weight [72]. However, along with the high price, PLA exhibits high 

brittleness, low flexibility, and low degradation rate in the natural environment [73]. 

Studies have shown that despite biodegradability, PLA waste contributes to increasing 

environmental pollution, as biodegradation under ambient conditions is unsatisfactory 

[74]. Effective PLA biodegradation primarily requires elevated temperature (above 

55°C) along with proper moisture (>60%) and oxygen content, and microorganisms-

rich (thermophilic bacteria conditions) [75]. Therefore, the process of PLA 

biodegradation in landfill sites, soil, or aquatic environments is highly 

impaired/disturbed. That is why PLA biodegradation is often carried out via 

composting. Composting, or organic recycling, is a natural method of utilization and 

waste management, which also involves the decomposition of organic matter by 

microorganisms (biodegradation), however, under strictly controlled conditions 

(appropriate temperature, oxygenation, humidity, etc.). It is predominantly aerobic 

process. The products of the process are heat, carbon dioxide, and ammonium 

absorbable for plants. Therefore, compostable materials must undergo the process of 

biodegradation within strictly defined time and conditions, and their decomposition 

products must not be harmful to the compost. Compostable plastics are a subgroup 

of biodegradable plastics [76]. The degradation products of PLA acidify the 

decomposition environment, which adversely affects microbial growth and inhibits 

further decomposition processes (mineralization). Some research indicate that 

effective PLA composting can be achieved when added in small amounts into compost 

(less than 30% of the total waste mixture) [77]. Despite plant origin and "bio" and 

"eco" label, PLA wastes in solid waste managements still need a care [78]. In many 

places, industrial composting is only adapted to green waste (without increased 

temperature), and the collection and separation of biodegradable/degradable plastics 

from plastic waste streams is difficult and often unprofitable. Also, recycling 

infrastructure is often not adapted to managing "eco-friendly" plastic waste, which 

ends up in the residual waste stream [79]. Therefore, in order to sustainably manage 

the waste of biodegradable polymers, one should look for materials with 

a compostability certificate (EN 13432, ASTM D6400), otherwise, the waste should be 

directed to material recycling. The latest research raises the alarm about the dangers 
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to human health resulting from exposure to plastic waste, which are present in all 

spheres of the globe [80–82]. More and more researchers raise the issue of the high 

risk that may be posed by the growing share of biodegradable or bio-based polymers, 

the inappropriate waste management of which leads to fast and uncontrolled 

contamination with harmful microplastic [80,83–85]. That is why it seems that the 

production of bio-plastics with an indefinite disposal route is an incorrect solution that 

can bring undesirable effects on the environment. 

1.2.4. Epoxidized soybean oil (ESO) as TPS and PLA modifier 

Epoxidized vegetable oils also seem to be a noteworthy group of plant-derived 

polymer modifiers. One of the most commonly epoxidized vegetable oils is soybean 

oil [86]. Oxidation of soybean oil, in the presence of peroxide or peracid and carboxylic 

acid (mainly acetic or formic acid), leads to the conversion of carbon-carbon double 

bonds into highly reactive epoxide groups [87]. Such triglyceride compound with 

oxirane moiety, carbonyl groups, and relatively long and elastic carbon chains seems 

effective in polymer plasticizing (Figure 3). Epoxidized soybean oil (ESO) is highly 

popular due to its low cost, non-toxicity, biodegradability, and abundance of the raw 

material from which it is made. It has proved effective in the chemical industry as 

a lubricant, reinforcing agent, polymer plasticizer and stabilizer. Its modifying 

properties have become the subject of research by many scientists, including as 

a biopolymers plasticizer and modifier. 

 

Figure 3 Scheme of chemical structure of epoxidized soybean oil (ESO). 

Belhassen et. al [88] modified TPS (plasticized with glycerine) with the ESO in order 

to improve mechanical properties and enhance hydrophobicity. Based on FTIR 

spectra, it was found that there was a ring-opening condensation reaction between 

the reactive oxiranes of ESO and the hydroxyl groups (starch and glycerine origin). 
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Since ESO is a multifunctional compound with six oxirane rings, its integration into 

TPS chains resulted in a partly crosslinking, which led to the shift of the Tg to higher 

values and a huge increase in melt viscosity (over a 9-times drop in the value of MFR). 

This reflected in a significant increase in tensile strength (~1 to 3.5 MPa) and Young's 

modulus (~15 to 230 MPa), for unmodified TPS and TPS with 3%wt of ESO, 

respectively. However, as the ESO content increased, the elongation at break 

dropped, reaching 40% for the sample with 4%wt ESO. The water contact angle of 

the unmodified sample was 65° and reached 88° for the sample containing 4 wt% 

ESO. An increase in the hydrophobicity of the TPS-ESO was also demonstrated by 

extending the water absorption time relative to the unmodified TPS sample. Although 

the obtained samples had improved mechanical and hydrophobic properties, such 

high melt viscosity adversely affects the processing, and the resulted stiffness limits 

the use of the modified TPS. Accordingly, lower contents of ESO or changes of ESO to 

plasticizer ratio might help reduce the negative impact of the TPS crosslinking effect. 

A more common issue in the literature is the addition of ESO as a green plasticizer of 

PLA [89–91]. Since PLA is not a hydroxyl group-rich compound, the result of ESO 

incorporation is the opposite, as ESO does not efficiently covalently bind to the PLA 

chains. Only weak interaction between ESO and PLA are expected, i.e. hydrogen 

bonds between the epoxy group of ESO and the terminal -OH groups of PLA, 

eventually H-bonding between epoxy-ESO and ester-PLA groups. ESO can penetrate 

into PLA increasing chains mobility and thus Tg and flexibility. Consequently, a typical 

plasticizing effect is observed, which is mainly manifested by an increase in elongation 

at break and a decrease in the tensile strength of the relatively brittle PLA. Fathilah 

et. al [90] showed a significant reduction in Tg, complex viscosity and dynamic storage 

modulus already at 5% ESO content in PLA matrix. In turn, Xu et. al [91] noticed that 

for the ESO content of 3%, the PLA melt flow rate increases around 50% and the 

elongation at break more than 2 times. While the incorporation of 6% ESO resulted 

in a sharp increase in the melt and tensile strength. The further addition of ESO (up 

to 15%) led to a decrease in melt strength and a sharp increase in MFR. The authors 

[91] chose the optimal content of ESO 6%, which ensures sufficient performance 

balance of the PLA. The plasticizing effect of ESO was also found in study of 

Vijayarajan et. al [89], where during the impact test, a transition of PLA behaviour 

from brittle to ductile was noted along with increasing ESO content. In addition, they 

observed an increase in impact strength (over 5 times) of PLA with ESO content of  
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5-10%wt. Their further research revealed that the migration of ESO to the surface of 

PLA occurred within 30 days of storage at room temperature [92]. This unfavourable 

effect deteriorated the material properties to some extent. However, according to the 

results, the sufficient plasticizing effect of PLA was still maintained even after 90 days 

of storage, since all the material properties have not changed further. Even though 

the plasticizer migrated, unmodified PLA was still more brittle than PLA-ESO stored 

for over 90 days. 

The enormous potential of ESO is probably due to the structure of its molecule, i.e. 

relatively high molecular weight, the content of reactive epoxy rings in the chain, and 

the presence of long carbon chains. It is also an amphiphilic compound of low 

volatility, hydrophobicity, and multi-functionality. Therefore, it meets most of the 

above-mentioned factors (Figure 2) favouring effective polymer plasticization. In 

addition, biodegradability and non-toxicity encourage further research on this 

renewable biopolymer plasticizer.  

Proper plasticization of TPS and blending with PLA can result in a fully plant-based, 

easily biodegradable, and cost-effective composition of very promising properties. It 

is worth pointing out that at the time of starting doctoral studies, literature lacked 

reports on PLA/TPS blends modified with ESO. 

1.3. Fundamentals of additive manufacturing (AM) technology  

Additive manufacturing (AM) (commonly called 3D printing) represents a set of 

enabling technologies that are among the greatest achievements of the 4th Industrial 

Revolution [93]. Through the use of computer modeling tools, AM enables the 

combination of industrial-scale production and molding with manual precision. This 

feature stands out AM technologies from other manufacturing methods. American 

Society for Testing and Materials (ASTM) defines the principle of AM operation as the 

opposite of the subtractive production methods [94]. In this way, a 3D object is 

fabricated based on the provided digital model by controlled fusion of material. 

Although Charles Hull is considered "the father" of 3D printing, the beginnings of 

additive technologies date back to the ‘70s. In 1973, the first reports appeared, laying 

the foundations for the technology known today as Selective Laser Sintering (SLS). 

In his patent, Pierre A. L. Ciraud described the method of manufacturing products of 
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any geometry by fusing material in the form of a powder using an energy source [95]. 

Since then, successive generations of visionaries and inventors have presented new 

AM solutions, revolutionizing subsequent branches of industry. In Figure 4, 

I highlighted the events and inventors that, in my opinion, shaped the development 

of AM technology. 

 

Figure 4 Milestones driving Additive Manufacturing technology. 

In the beginning, 3D printing was considered a platform for prototyping – the 

formation of early-stage samples/models to test a concept or process. However, along 

with the improvement of AM machines and raw materials, 3D printers began produce 

functional products even on a large-scale [96]. Thus, AM has found application in 

many industries, including automotive, aerospace, architectural, educational, 

healthcare, artistic, military, or even nowadays medicine. The enormous interest in 

AM technologies is reflected in the global market size valued at 13.7 billion USD in 

2020. Grand View Research market analysis report showed that 2.1 million units of 

3D printers were purchased worldwide in 2020. Moreover, long-term forecasts predict 

continued revenue growth of AM expected to reach over 62 billion USD by 2028 [97]. 

These data show how important aspect of the global economy and technology is 3D 

printing. The biggest feature that stands out 3D printing beyond other forming 

techniques is accelerated time from the design to the final customized product. 

Moreover, some literature reports consider AM as a more sustainable and ecological 

technology compared to the conventional manufacturing methods [98–100]. The 
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most frequently mentioned ecological aspects of 3D printing include easy design 

optimization resulting in weight reduction and less material usage [101], the 

possibility of effective waste recycling [102–104], and a lower carbon footprint due to 

the lower energy consumption of the 3D printers [105,106]. Nevertheless, Liu et. al 

[107] notice that among positive features, there are also negative environmental 

aspects of 3D printing in particular about mass-scale production. It turns out that, 

with the increase in the scale of production, the average energy consumption per 3D 

printed part increases, while this value decreases in the case of molding with 

traditional methods [108–110]. In addition to the energy aspect, the negative impact 

of AM also includes relatively long production time (which increases energy 

consumption), possible non-recyclable photosensitive resin wastes [111], or 

hazardous agents emissions during the 3D printing process [112,113]. It is 

undeniable that additive technologies are a powerful tool for prototyping and the 

formation of personalized details. However, the overall environmental impact of AM 

depends on many factors, including the type of 3D printing technology and raw 

material used, production scale, or even printing parameters settings [114,115]. 

Although there are many positive aspects to 3D printing, according to the research 

conducted so far, it cannot be clearly stated that AM is a sustainable or more 

environmentally friendly technology than standard molding techniques [107,115–

117]. It should also be noted that the term additive technologies covers a multitude 

of techniques differing in the type of material used, the method of the material fusion, 

and operational principles. This directly affects energy consumption, the possibility of 

effective material recycling, production time, or the machine and operation costs. 

Therefore it seems reasonable to not consider susceptibility and/or ecological aspects 

of AM in a general sense but in relation to a specific 3D printing technique and a scale 

of production. 

Additive manufacturing contains several techniques differing in the way the material 

is fused, apparatus, and used material. A few of the most widespread AM technologies 

are Stereolithography (SLA), Selective Laser Sintering (SLS), Direct Metal Laser 

Sintering (DMLS), Fused Deposition Modeling (FDM)™/Fused Filament Fabrication 

(FFF), Binder jetting, PolyJet™/MultiJet™ and Electron Beam Melting (EBM). The first 

commercialized 3D printing apparatus was Stereolithography (SLA-1). Introduced in 

the late 80s by 3D Systems (the first 3D printing company) quickly gained great 

popularity as a novel machine that allows for the rapid production of 3D objects. The 
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basic principle of the process is layered curing of the liquid photosensitive resin with 

a precisely directed beam of UV light until a 3D object is formed. The resin solidifies 

as a result of the photopolymerization process, i.e. the polymerization of monomers 

in the presence of a photoinitiator, which decomposes under the influence of UV 

radiation, with the formation of active centers (free radicals, ions) initiating the 

polymerization reaction. Laser power needed to initiate the process typically does not 

exceed 1 W capacity [118]. In general, materials for SLA are based on epoxy and/or 

acrylate resins containing numerous functional groups that ensure the formation of 

a polymer network. These photo-curable systems contain liquid mixtures of monomer, 

polymer base, oligomers, and photo-initiators, and optionally, optical absorbers, 

stabilizers, and fillers to improve the printability of the resin. Thus, the SLA process 

results in a highly cross-linked product with an infusible and insoluble polymer 

network (thermoset). The standard SLA machines consist of a resin tank, a movable 

build platform, and a UV laser whose beam is controlled by an optical system with 

galvanometers. The current solutions proposed by the SLA technology giants (3D 

Systems, FormLabs) allow printing details with dimensions of the order of 20 µm, 

which makes SLA the technology of the highest resolution among all 3D printing 

techniques [119,120]. It would seem that SLA is a kind of hassle-free forming 

technology, but it has some limitations. The post-printed parts require additional 

treatment that covers support removal, cleaning (by rinsing in solvent to remove any 

uncured resign), post-curing in UV light to stabilize and enhance the mechanical and 

thermal properties of the printout, and finally surface finishing. Only after these 

treatments details obtained with SLA are characterized by a very smooth surface and 

one of the highest resolutions. Despite the many advantages of resin printouts, such 

as smooth (injection mold-like) surface, dimensional stability, and chemical 

resistance, hindered path of effective and sustainable recycling of the SLA wastes is 

a major limitation of this 3D printing technology. 

SLS, DMLS, and EBM belong to, so-called powder bed fusion (PBF) 3D printing 

technology. These methods use a high-energy source, mainly laser or electron beam, 

to fuse powder particles layer-by-layer, thus forming a solid part. In the beginning, 

the build chamber of the 3D printer is filled with an inert gas, e.g. argon or nitrogen, 

to minimize the powder oxidation process. Then the build material is placed inside the 

build chamber while a recoater (coating system) disperses a thin layer of the powder 

on the top of the platform. The powder is then preheated to facilitate the subsequent 
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fusing of the material with the energy beam. Once the laser/electron beam finishes 

scanning and sintering the first layer, the platform lowers and the process repeats 

until the 3D object is completed. As the object fusion takes place inside the powder 

bed the unfused powder acts as a support structure hence process does not require 

the use of dedicated supports structures. After completing the process, the printout 

slowly cools down in the printer chamber, thus avoiding possible warping and thermal 

stresses. Finally, the printed object undergoes post-processing of cleaning the rest of 

the powder and eventually media tumbling or polishing. It should be noticed that PBF 

technologies do not generate a large amount of production waste. The powder used 

is recyclable (to some extent) and can be reused. After completion of the process, the 

unused powder is sequentially collected and then suitably screened and replenished 

with fresh material. The layer resolution of PBF technology is typically between 50 to 

200 µm and is strictly dependent on the type and quality of the powder used (i.e. 

flowability, shape, and particle size distribution). SLS and DMLS technologies use 

lasers, typically single fiber lasers of 200 W to 1 KW capacity, to selectively fuse 

powder particles [121]. Unlike SLS, the DMLS technique uses only metallic and alloy 

materials such as aluminum, titanium, stainless steel, cobalt-chromium alloy, or 

nickel-chrome-iron superalloy. The SLS focuses on thermoplastic polymers, mainly 

polyamides (PA6, PA11, PA12), thermoplastic elastomers (TPE), polystyrene (PS), 

polypropylene (PP), and composites. Electron Beam Melting (EBM) is a distinctive type 

of PBF in which an electron beam produced by an electron gun (usually capacity of  

3-6 kW) is used to melt and fuse powder particles. This process was developed at the 

Chalmers University of Technology in Sweden in 1993 and commercialized 4 years 

later by Arcam AB [122]. Since the EBM uses electrical charges, the material type is 

limited to electrically conductive ones. Otherwise, there would be no interaction 

between powder particles and electron beams. Consequently, titanium and chromium-

cobalt alloys are the most common feedstocks in EBM technology. To avoid the 

scattering of the electron beam by air molecules, the EBM 3D printing process takes 

place under a vacuum (~10-2-10-3 Pa) [123]. A vacuumed build chamber also 

prevents the possible oxidation of reactive materials such as titanium alloys [124]. 

Mention should also be made of the powder preheating step. Namely, just before 

starting the EBM printing process, the first layer of the material is heated to above 

500°C to initially bind the powder particles, minimizing its spreading during 

manufacturing. This approach also avoids the accumulation of residual stress and 
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provides better support for printed models. What distinguishes EBM from laser-based 

3D printing (SLS, DMLS) is primarily the manufacturing speed. Controlling the energy 

beam using a magnetic field, unlike the mirror system used in laser-based 3D printers, 

allows significantly speeds up production. However, as the spot of the electron beam 

is wider than that of the laser, the precision and accuracy of the printing are noticeably 

lower. 

The feature that distinguishes the described PBF technologies from other 3D printing 

techniques is the availability of industrial-scale printers ensuring large build volumes 

and production capacity. Solutions provided by PBF world leaders (EOS, 3D Systems, 

Farsoon – laser PBF and Arcam AB, Wayland Additive – electron beam PBF) allow for 

automated production of the end-products with dimensions exceeding 400 mm. 

Therefore, PBF technologies are the most widely used on an industrial scale, especially 

for automotive, aviation, medical, dental, and jewelry industries [125].  

AM technologies that stand up one of the highest resolutions, accuracy, and precisions 

are material jetting (MJ) types (PJ/MJP). MJ is based on injecting printing process 

which uses photo-curable plastic resins and/or casting wax materials. A series of tiny 

nozzles on the print-head jet droplets of photoactive material in ultra-thin layers onto 

a build platform. Then each layer is immediately cured with UV light into a constantly 

growing solid part. The presence of several print-heads allows objects of different 

materials (or various colors) to be formed at once. This is especially important when 

printing structures that require supports. Stratasys and 3D Systems (3D printing 

tycoons) are mainly responsible for the development of MJ technologies. PolyJet™ 

and MultiJet™ use the same principle of material fusing. However, the main difference 

between the solutions is the type of support material used and the method of its 

removal from the finished product. MultiJet™, from 3D Systems, uses paraffin wax as 

a support material, which is removed by melting in an oven. Whereas, PolyJet™ 

utilizes soluble support consisting of polyethylene, propylene, and glycerin which is 

removed by dissolving in an organic solvent. The distinguishing feature of MJ 

technology is the possibility of multi-material printing at once, high layer resolution, 

and exceptionally smooth surface of the printouts. The unique features of MJ turned 

out to be extremely useful in the medical sector. The combination of precision, and 

multicolor printing allows replicating the complexity of the human body and the 

formation of patient-matched models useful in surgical planning or tools in medical 
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education and training [126–128]. 3D printing with ultra-high resolution and smooth 

surface is also in great demand in prototyping and tooling. 

Binder jetting represents one of the fastest AM processes. Developed at the 

Massachusetts Institute of Technology in 1993 by Emanuel Sachs who introduces the 

term 3D printing (3DP). In this process liquid binder is selectively applied to a thin 

layer of powder (metallic, ceramic, or composite), layer by layer, thus forming a solid 

part. The selective dosing system that uses a cartridge allows for very fast printing. 

As with PBF systems, Binder Jetting does not require the use of support structures - 

the surrounding powder prevents destabilization of the printed structure. However, 

the usage of binding agents does not provide sufficient adhesion between powder 

particles. Accordingly, as-printed parts show relatively high porosity, surface 

roughness, and brittleness therefore post-processing steps are required [129]. These 

stages include curing, sintering and/or infiltration, and surface finishing. Once the 

binding agent is cured (heating in an oven ~200°C) the printout remains porous due 

to the superficial adhesion between the powder particles. Therefore further heat 

treatment is necessary to achieve the required density and thus mechanical strength. 

Typically, the printout is sinter in a furnace with a controlled atmosphere, where the 

binder burns out and fusion of the particles takes place. However, as the binder is 

removed, some voids remain and the print density may still be insufficient, thereby 

an infiltration process is proposed. It involves a densification process in which an 

infiltrating liquid such as epoxy resin, cyanoacrylate, magnesium sulfate, or molten 

alloys penetrates the porous structure by capillary action [130]. Each type of infiltrate 

has different processing procedures, including application method, temperature, and 

solidification time. Usually, the infiltrate is applied manually by dribbling, brushing, or 

immersing, whereas the hardening takes place at room temperature or during the 

sintering process in the furnace. The combination of both treatments (sintering and 

infiltration) allows to increase the printout density up to 95 % and thus significantly 

improves the mechanical properties [130]. However, the surface of binder jetted parts 

is still extremely rough (average roughness ~6 µm [131]), therefore an additional 

post-treatment step is also needed. The most common surface finishing processes are 

tumble and hand polishing, bead blasting, and plating [129]. Despite the many 

advantages of Binder Jetting, such as print speed, large build size, diversity of 

materials, or lack of supports, the as-printed parts cannot be considered as finished 

and must undergo a series of post-treatment stages. This generates additional time, 
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materials, and operating costs. Nevertheless, Binder Jetting has found application in 

many industries including, medicine, automotive, electronics with a particular interest 

in the rapid casting field (indirect 3D printing) [132]. Several works have been 

published showing a great potential of BJ molds and cores [133–135] where the 

seemingly disadvantages of this method (porosity and insufficient strength) ensure 

adequate gas evacuation or simple removal from the final part. 

The first 3D printing device adapted to desktop platforms was Fused Deposition 

Modeling (FDMTM). It is a technology that belongs to the group of material extrusion 

3D printing. The technology invented in the late 80s by Scott Crump and 

commercialized by Stratasys revolutionized the 3D printing industry. This method 

consists in applying a plasticized polymer material in layers to the build platform. For 

this purpose, the FDM uses a numerically controlled miniature head equipped with 

a heated nozzle. The head is attached to the guides that enable the movement in 

a given direction. FDM printers most often use the material in the form of a filament 

– a thin fiber of a strictly defined diameter (1.75 or 2.85 cm) wound on a spool. The 

feed roller system transfers filament to the heat block where plasticization takes place. 

The material is then pushed/moved to the nozzle and layered on the build plate along 

the given path, creating a 3D object. In this process, the material does not fully melt 

(only plasticizes). As a result of the cooling of the plasticized material, successive 

layers are fused. Thus, the detail is only hardened/solidified by the adhesive forces 

and further molecular diffusion and entanglement of the polymer chains. As the basic 

feedstock for FDM are thermoplastic polymers, the variety of materials available is 

enormous and constantly growing. The most popular are conventional thermoplastics 

i.e. PLA, ABS, PA, PC, and TPU, but also composites and nanocomposites [136]. Such 

a variety of available filaments allows adjusting the properties of the printed detail to 

a given application, starting from everyday products to high-performance engineering 

details and medical devices. The advantages of this technology have been used since 

the early 90s, mainly for industry, but the real revolution in 3D printing came with 

the expiry of the FDM 3D printing patent in 2009. Since then people started 

manufacturing their own FDM-inspired 3D printers. Consequently, a new, low-cost, 

and open-source process called Fused Filament Fabrication (FFF) was born. However, 

anisotropic properties resulting from poor interlayer adhesion and insufficient surface 

finish of the printouts are the main drawbacks of material extrusion 3D printing [137]. 

This hinders the widespread use of FFF 3DP as a production tool, leaving it mainly for 
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prototype applications. Due to the method of layered deposition, the FFF-printouts 

obtained from either conventional polymers or engineering composites exhibit inferior 

properties to their counterparts molded with traditional processing such as injection, 

casting, or extrusion [138]. The weakest link of FFF printouts is the mechanical 

strength along the build direction (along the z-axis) which may decrease by up to 

60% in relation to other directions [139]. The mechanical anisotropy, but also the 

relatively low accuracy and resolution, make the FFF printouts the most anisotropic 

among all 3D printing techniques. However, methods of improving inter-layer 

adhesion have been developed, which significantly improve the functional properties 

of printouts and make the FFF 3D printing technology still attractive and desirable. 

The enhancement of the interfacial bond can be improved by optimizing the printing 

parameters, post-processing, and/or chemical and physical modification of the 

polymer feedstock [140–142]. It was found that by changing the nozzle temperature 

towards higher values the polymer viscosity lowers, increasing chains mobility and 

thus facilitating the so-called neck growth through which the molecular diffusion and 

entanglement of the polymer chains occurs between successive layers [143]. 

However, this optimization requires additional control by examining the thermal 

stability of the given material, so that the resulting reduction in melt viscosity is not 

due to thermal degradation. Shish et. al [144] used cold plasma treatment (CLT) to 

improves interlayer bonding strength of the PLA printouts. They set up a low-energy 

laser system that processed the sample during the printing which resulted with 

significant increase in bonding strength (up to 100%), depending on the treatment 

time. Chemical modification of the FFF raw materials covers the chemical cross-linking 

that enhances interlayer bonding. One way is to blend the polymer raw material with 

specific radiation sensitizers and use ionizing radiation to generate the radicals that 

cross-link the polymer structure and significant strengthen the printout [145]. The 

simpler and less expensive way is the physical modification by preparation of polymer 

composite with organic/inorganic fillers and nanofillers such as talk, silica, calcium 

carbonate, montmorillonite, or carbon nanotubes. The additives decrease the melt 

viscosity and enhance the formation of interlayer bonding [146,147]. 

The accessibility, simplicity of operation, variety of materials, and affordability are the 

main pros of extrusion-based 3D printing that made this technology widely recognized 

and used by consumers, industry, and academia. However, further research on 3D 

printing in FFF technology is needed both in the context of reducing the anisotropy of 
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printouts and increasing the resolution, but also in developing new raw materials 

(filaments) with advanced and specialized properties. 

A summarized description of the discussed AM technologies is presented in Table 1. 

Table 1 Review of selected additive manufacturing technologies. 

AM technology Material fusion principle Material type 

Machine, 
material, and 

operational 
costs 

Resolution 

(approx.) 

Stereolithography 

(SLA) 

selective curing of 
photosensitive resin with 

UV-laser 
UV-curable resin medium < 25 µm 

Selective Laser 
Sintering (SLS) a high-power laser melt 

and fuse the material in 

the form of a micro 
powder 

thermoplastic 
polymer powder 

high < 30 µm 

Direct Metal Laser 

Sintering (DMLS) 
metallic powder high < 30 µm 

Fused Deposition 
Modeling (FDM)™ 
/ Fused Filament 

Fabrication (FFF) 

plasticization of 
thermoplastic polymer and 

layered deposition on the 
build platform via a heated 

nozzle 

thermoplastic 
polymer filament 

low < 0.4 mm 

Binder Jetting 

selective deposition of a 
liquid binding agent onto a 

thin layer of powder 

material 

powder particles 
(metal, ceramic, 
sand, polymer, 

and composite) 

high < 0.3 mm 

PolyJet 

(PJ)™/MultiJet 
(MJP)™ 

jetting of photosensitive 
resin droplets onto a 
movable platform and 

solidifying with a UV light 

UV-curable resin medium < 20 µm 

Electron Beam 

Melting (EBM) 

selective fusion of a 

powder metal using an 
electron beam 

metallic powder very high < 0.2 mm 

The 3D printing process is a complex operation that begins with the preparation of 

the digital model and ends at the stage of finishing the obtained 3D object. It includes 

five main stages, the correct execution of which guarantees a positive result of the 

process (Figure 5).  
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Figure 5 General stages of the 3D printing process. 

The desired 3D model is most often created using computer-aided design (CAD) tools, 

however, 3D scanning or medical imaging is increasingly being used. The created 

model should be saved in the STL format, which is then prepared for 3D printing in 

programs called slicers. A slicer converts the STL file into specific instructions (such 

as G-code) that the 3D printer traces to create a 3D object. The code contains a set 

of settings and printing parameters including the layout of the printout on the working 

table, shape, and type of support structures. The processed file is sent to the printer 

and the 3D printing process begins. The last stage is post-processing, which varies 

depending on the 3D printing technique and material, and most often includes the 

removal of supports, polishing, cleaning, and annealing. Figure 6 shows the process 

of preparing a file for 3D printing, using the example of forming a personalized spine 

structure directly from the computer tomography (CT) image. The 3D Slicer platform 

enables the processing and conversion of medical imaging files to 3D models, which 

are then optimized and cut in programs such as Meshixer or SLic3r. In this way, it is 

possible to obtain customized anatomical structures directly from the patient's 

imaging. It is worth noting that the programs presented here are open-source and 

additionally supported by databases with a huge community that significantly 

facilitates the process of preparing such complex medical structures. 
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Figure 6 Converting a radiographic image (CT) to 3D printing of the spine anatomical model. 

1.3.1. Additive manufacturing (AM) in modern medicine 

The use of additive manufacturing in medicine is no longer a future prospect. 

Innovative solutions combining 3D printing technologies, modern materials, medical 

imaging, or 3D scanning change the current approach to forming medical devices, 

ensuring greater personalization, precision, and affordability. One of the greatest 

advantages of 3DP in medicine is the direct link between medical imaging and product 

development. This significantly shortens the distance from design to product, and thus 

greater availability and facilitates the work of medics. Medical applications for 3DP 

can be classified into several broad categories, including medical products and 

equipment; implants and prosthetics; anatomical models for surgical planning and 

education; tissue engineering and organs; personalized drug delivery systems 

[148,149]. Depending on the application, these products are formed using various 3D 

printing methods and materials. A technology of particular importance in medicine is 

bioprinting, however, this work does not deal with this issue because it differs too 

much from the scope of the dissertation. 

Bertol et. al [150] used a direct metal laser sintering (DMLS) 3DP with titanium alloy 

powder (Ti-6Al-4V) to prepare a customized preoperative implant (mandible 

prosthesis) based on the patient’s CT scan. In turn, Hao et. al [151] demonstrated 

the potential of selective laser sintering (SLS) in 3D printing of bioactive implants. 

They used composite powder of high-density polyethylene enriched with 
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hydroxyapatite (HA-HDPE) to 3D print of block specimens. The study showed that the 

processing parameters (laser power and scanning speed) have a significant effect on 

the degree of particle fusion and porosity of the sample. Moreover, it was found that 

the SLS process allows the exposure of HA particles to the sample surface, thereby 

enhancing bioactive properties. Similar observations were noticed in study of the 

Kasper et. al [152]. They used Stereolithography (SLA) to produce patient-matched 

bone grafting implant of composite containing poly(trimethylene carbonate) (PTMC) 

enriched with high amounts of osteoconductive β-tricalcium phosphate (β-TCP). SEM 

showed that the surface of formed porous scaffolds was rich in bioactive agents 

(PTMC) and had microscale roughness. Such morphology is desirable as it facilitates 

the attachment of osteogenic cells and surface bioactivity is intensified. Therefore, it 

can be assumed that along with SLS, SLA 3D printing promotes the accumulation of 

composite filler on the surface of the printouts, therefore, in this case, increasing the 

printout's bioactivity [153]. A technology of particular importance in the dental 

industry is power bed fusion PBF (direct metal laser sintering DMLS or selective laser 

melting SLM). Computer-aided metal or alloy powder sintering allows for the 

formation of structures with the desired surface morphology and controlled 

functionally graded architecture. Many studies have shown that implant surfaces with 

a suitably rough surface, as well as gradually changed porosity, support the process 

of osseointegration, i.e. a key and multi-stage process that permanently connects and 

stabilizes the dental implant with the patient's bone [154–156]. The nature of 

DMLS/SLM printouts is a rough and porous surface hence it is possible to obtain 

structures of biomaterials, such as titanium, with an inherently porous structure 

meeting the requirements of bioactive dental implants. Mullen et. al presented novel 

titanium, bone in-growth constructs with a morphology similar to that of natural 

human bone [157]. The use of SLM 3D printing allowed obtaining structures with 

gradually changing roughness and porosity and a high level of pores interconnectivity 

and open-pored type morphology, so desired for effective bone ingrowth and 

vascularization of the bone implant. Already in the years 2012-2014, the first results 

of clinical trials on powder-based 3D printed titanium implants were presented, and 

the results confirm the high potential of such structures in personalized prosthetics 

[158–160]. Further research was devoted to improving the design of implants to 

better adapt to patients' anatomy and enhance osseointegration [161,162], and 

modifying powder materials to increase bioactivity [163] hereby nowadays custom-
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matched 3D printed dental implants are common practice [164]. Pioneering research 

on the use of FDM/FFF 3D printing for tissue engineering belongs to professor 

Hutmacher. Among others, he described the method of obtaining novel bioresorbable 

PCL-based porous scaffolds with diverse architecture [165] as well as starch-based 

structures with micro- and macro porosity [166]. Initial mechanical and biological 

studies showed a significant potential of the obtained structures as scaffolds in soft 

tissue engineering.  

Along with the growing amount of research on additive technologies for medical 

applications, more and more commercial solutions are noticed. Biotech companies 

such as Organovo, Triastek, or Fasotec supply ready-made solutions for medical 

products obtained using 3D printing technologies. Examples of such products with a 

short description are presented in Table 2. In addition to very popular solutions of 

personalized implants or preoperative planning systems, 3D printed pharmaceuticals 

are gaining importance in the market. Since the first FDA-approved 3D-printed drug 

of Spritam®, the articles describing the novel solutions in 3D printing pharmaceuticals 

have increased rapidly [167]. Such interest in this molding method is reflected in 

numbers, the valued 3D-printed pharmaceuticals market is over $159 million in 2020, 

and forecasts show an increase to over $285 million by 2025 [168]. In 2021, Triastek, 

Chinese pharmaceutical giant, has granted approval to clinical trials of T19 – 3D 

printed drug designed for the treatment of rheumatoid arthritis. Triastek uses Melt 

Extrusion Deposition (MED®) system, a platform combining reactive extrusion of a 

medicine with layered deposition. Developed tablets are characterized by a complex 

internal architecture which provides high control of drug dosing. The systems being 

developed may revolutionize the pharmaceuticals market, leading to the 

personalization of drugs. 

Table 2 Examples of biotech companies providing products formed with 3D printing. 

Company 3DP technology Product Type of material 

Organovo Bioprinting 
Functional human 

tissues/organs, e.g. 

vascular tubular grafts 

1) filling - vascular cell 
types; smooth muscle 

cells (SMCs) and 

fibroblasts 
2) scaffold - agarose 

rods 

K2M 

Selective laser sintering 
(SLS) 

(Lamellar 3D Titanium 
Technology®) 

Spinal implants Titanium powders 
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Company 3DP technology Product Type of material 

Apercia 
Pharmaceuticals 

Powder bed and inkjet 

3DP (PBIH) 
(ZipDose® Technology) 

Spritam® antiepileptic 

drug 
(highly porous pill) 

1) Powdered 

pharmaceutical med 
(levetiracetam)  
2) Binding fluid* 
* - more data is not 

available 

Triastek 
Melt Extrusion 

Deposition® (MED) 

T19® 

drug for rheumatoid 

arthritis 
(porous pill with 

customized geometry) 

The mixture of active 
pharmaceutical 

ingredient (API) with 
resorbable polymer 

matrix* 
* - more data is not 

available 

Regenovo Bioprinting / 3DP 

Tissue scaffolds, 

anatomical models, 
drug discovery models, 

metabolic syndrome 

models 

- Bone tissue materials: 
hydroxyapatite, 

tricalcium phosphate, 
polyetherketoneketone 

- Soft tissue scaffolds; 
Gelatin, Alginate, 

Fibrin, Collagen, Agar, 
Chitosan. 

- Controlled release 
drug systems: PLLA, 
PLGA, PCL, Sodium 

Starch Glycolate 

Cognionics 
Fused deposition 
modeling FDM 

Dry EEG electrodes No data available 

L’Oreal – Organovo (*in 

progress) 
Bioprinting Human skin tissue 

Embryonic stem cells, 

adipose-derived stem 
cells, 

bone marrow-derived 
mesenchymal stem 

cells 

Fasotec (Fasolab) MultiJet printing (MJP) 

Surgical training 
systems 

Tissue and organs 
models 

Silicone, Polyurethane 

Stryker 
Direct metal laser 
sintering (DMLS) 

Permanent implants 

Hydroxyapatite, cobalt 
chrome alloy, titanium, 

high impact 

polyethylene, 

Progress in medicine through the use of modern technologies is undeniably visible 

and extremely necessary, however, certain aspects raise some concerns. The 

proposed solutions in the field of 3D printed preoperative planning systems facilitate 

the surgeons preparation and course of surgery. They are a great achievement that 

increases the accuracy and success of the operation and also makes surgery planning 

less complicated, as the 3D printed structures are customized and patient-matched. 

Nevertheless, this makes them disposable products that can, at best, be destined for 
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the educational purposes of medical students. Considering the enormous demand for 

such systems, as well as the fact that more and more medical centres are equipped 

with 3D printers and the necessary software, a huge amount of such waste can be 

expected to be generated. The 3D printing system of great importance in this regard 

is FDM/FFF due to its relative ease of use, and low operating and material costs. The 

most commonly used material in FDM/FFF 3D printing is polylactide (PLA), which is 

characterized by a high quality-to-price ratio, as well as being easy to print [169]. As 

PLA is a biodegradable polymer of plant origin, it has the label of a pro-ecological 

product, nevertheless, its eco-properties were questioned in an earlier chapter. 

Therefore, I believe that at the moment attention should be paid to developing novel 

solutions for FDM/FFF 3DP surgical training systems and/or artificial organs as 

teaching aids, which will correspond to the printability of PLA but will be a more 

responsible solution in terms of sustainability. 

1.4. 3D printable filaments and their production 

In this work and in the field of 3D printing, the term "filament" defines the raw 

material for 3D printing in FDM™ and FFF technology. It is a fiber with a well-defined 

and constant diameter, made of a thermoplastic polymer or a composite. Standard 

filament diameters available on the market are 1.75 and 2.85 mm, respectively. 

Generally, filament formation is performed via hot-melt extrusion (HME) of the 

thermoplastic-based pellets [170]. The process can be carried out discontinuously and 

continuously depending on the complexity of the production line. A conventional 

extruder equipped with an appropriate forming nozzle and external extrudate cooling 

is sufficient to form a filament in a discontinuous manner. In such a system, the 

extrudate diameter is controlled manually and the filament is collected in the form of 

relatively short wires. Due to the simplicity of operation, such systems work well in 

academia during preliminary research on new filaments. Professional filament 

production lines are more complex and allow receiving filament continuously. They 

are provided by companies (ThermoFisher Scientific, Filabot, Conair, Boco Pardubice, 

Zamak Mercator) or independently constructed. The main production line elements 

include extruder with granulate dryer, forming head, calibrators, cooling tubs, drier, 

diameter sensor, pulling system, compensator and winder. Working with such 

a system requires adjusting a series of settings including extrusion and operational 

parameters. The process of forming a filament for 3D printing can be divided into 
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three main stages, i.e. preparation of polymer granules, shaping the filament, and 

winding on a spool. Depending on the needs, the preparation of the granulate includes 

the step of cleaning and drying the polymer granulate or mixing with selected fillers 

and modifiers in order to contribute specific properties. The most commonly used 

modifiers are agents improving the extruding and printability of filaments, i.e. 

lubricants (microcrystalline cellulose, magnesium stearate [171]) and plasticizers 

(mineral and vegetable oils, PEG, glycerol, esters of citric acid [172,173])  as well as 

compatibilizers (anhydrides, organofunctional silanes [174]) increasing the adhesion 

between the filler and the matrix. Additives in the form of fillers, colorants and light 

stabilizers are also common. Once the polymer feedstock is properly prepared the 

drying step is required since the polymer granules are rather hygroscopic. Moist 

granulate causes interference during extrusion and can lead to degradation of the 

material and pressure fluctuations in the extruder barrel which in turn destabilize the 

extrudate. Granules are typically dried with airflow or under vacuum at 60-80°C for 

a few hours depending on the type of polymer (moisture level should not exceed 

0.10%). The dried granules are fed into an extruder to form the filament with the 

desired diameter. In the extrusion process, the granulate is plasticized and combined 

with specific additives as a result of heat, pressure, and shear forces, and then 

transported in the form of a wire to the calibration zone that includes cooling tubs and 

diameter calibrators. The cooling process responds for the final shape and roundness 

of the extruded fiber. In case of insufficient heat dissipation, distortion of the filament 

cross-section can occur. The wire is most often cooled with water with a gradually 

changing temperature (hot on in, cold on out). This prevents the formation of thermal 

stress and possible voids defects that arise when the plastic cools too quickly. 

Moreover, the right temperature settings ensure the proper shape of the filament and 

prevent the over-shaped phenomenon. Properly selected diameters of calibrators 

located at the exit of the bathtubs along with adjusted pulling velocity determine the 

final diameter of the filament which is controlled by the laser diameter sensor. The 

faster pulling velocity, the smaller the filament diameter. Before entering the winding 

system, the filament is dried intensively, usually with a stream of air. Finally, the 

filament is attached to the spool and wound around.  

The crucial parameters of the filament-formation process can be divided into (i) 

extrusion parameters and (ii) operational setting. 
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(i) Adjustable parameters include temperature, extrusion velocity, and 

dosing rate. Parameters to be controlled are the melt temperature and 

the head pressure. The temperature profile is selected based on the 

thermal and rheological characteristics of a given granulate. The 

parameter of the mass flow rate (MFR), which determines the flowability 

of a thermoplastic at a given temperature and under a given load, is very 

informative in this regard. Proper temperature profile ensures adequate 

plasticization and affects, besides melt temperature, the head pressure. 

Constant head pressure is one of the key determinants of a stable melt 

flow, so important when a profile with a constant diameter is extruded.  

(ii) Essential operational settings cover optimization of pellets drying (time 

and temperature), calibration zones (calibrators diameter, tubs length, 

type and temperature of the coolant), and pulling velocity. 

The literature dealing with the process of formation medical-grade filaments has 

increased [175–177], however, at the time of starting doctoral research, only two 

reports covering discontinuous manner were found. Xiao et. al [178] described the 

procedure of molding 3D-printable TPU filament as well as examined the 3D printing 

settings leading to the formation of a high-quality TPU printouts. For this purpose, 

they used commercial pellets of medical-grade aliphatic poly(ether)urethane 

(Tecoflex LM-95A - Lubrizol). The filament of 1.75 mm diameter was formed with 

a single-screw extruder with a screw diameter of 20 mm, an L/D ratio of 24, and 

a nozzle diameter of 1.3 mm in a discontinuous manner. The optimized parameters 

included pellet drying, temperature, and extrusion speed. Processing temperatures 

were selected based on the melting peak of the polymer assessed via DSC and were 

~20°C higher than the Tg. However, the publication rather focuses on the assessment 

of the impact of printing parameters (print temperature and raster angle) on the 

mechanical properties of the printouts than on the filament-formation process. 

Melocchi et. al showed different approach as they prepared specialized filament with 

active pharmaceutical ingredients [179]. The pharmaceutical-grade filament was 

based on hydroxypropyl cellulose modified with various plasticizers (PEG, PEO) and 

enriched with drugs (triethyl citrate, acetaminophen,  or furosemide). Researchers 

paid attention to drying the raw materials (24h, 40°C), and extrusion was carried out 

using a twin-screw extruder (with customized nozzle of 1.8 diameter) to ensure the 

proper blending of the ingredients. Both the shaping of the filament and the diameter 
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control were performed manually in a discontinuously manner. It was also noted that 

the works cited did not investigated whether the forming or 3D printing processes 

affect the structural, thermal or biocompatibility of the resulted filaments and 

printouts. 

The market of filaments is still growing, and more and more different solutions are 

presented. The retail market focuses primarily on solutions that provide new visual 

and aesthetic effects, rather than specialized and functional. Due to the very 

favourable price-quality ratio and ease of printing, users of FDM/FFF 3D printers most 

often choose polylactide (PLA) and acrylonitrile butadiene styrene (ABS) filaments. 

Therefore, they are most widely used and known filaments [169]. Companies compete 

in presenting new solutions based on a polymer matrix (most common PLA) with the 

addition of a filler in the form of powder, nanoparticles, or fibers. These include 

filaments that glow in the dark (Glowfill® from colorFabb), conductive (conductive PLA 

from Proto-pasta), ferromagnetic (Ferro-Magnetic PLA® from Graphene 3D lab), or 

that have a texture resembling wood (Laywoo-D3 from Lay Filaments) or metal 

(Copperfill® from Prusa Research) (details in Table 3). And although these materials 

show interesting properties, their range is limited by the properties of the matrix 

which is at least 60% PLA. The filaments are limited to inefficient phosphorescence, 

low-voltage conductivity (strongly dependent on the print plane) or magnet attraction. 

Nevertheless, they are a great alternative to hobby projects due to relatively easy 

printing and affordability. 

Table 3 Overview of popular filaments for 3D printing in FDM/FFF technology for hobby use. 

Trade name 
(company) 

Matrix type Filler type Retail price 

Conductive PLA (Proto-

pasta) 
PLA conductive carbon black $50 USD (500 g spool) 

Glowfill® (colorFabb) PLA/PHA 
phosphorescent 

pigment 
$35 USD (750 g spool) 

Ferro-Magnetic PLA® 

(Graphene 3D lab) 
PLA iron powder $75 USD (350 g spool) 

Timberfill® 

(Fillamentum) 
PLA wood fibers $45 USD (750 g spool) 
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1.4.1. Medical-grade filaments – market and literature review 

There is a deficiency of certified medical filaments on the market, and despite the 

increasing amount of research devoted to their production and optimization, solutions 

are still lacking. One of the few companies providing ready-made solutions in the field 

of medical FDM/FFF filaments is Poly-Med (USA), which specializes in bioresorbable 

polymers and provides a series of filaments such as Lactoprene® (PLA-based), 

Caproprene® (PCL-based), Max-Prene® (PGLA-based) and Dioxaprene® (PDO-based). 

Filaments are biocompatible with varying degrees of bio-resorption. Mohseni et. al 

performed an independent assessment of these filaments and showed that they are 

suitable for 3DP porous structures with diverse architectures and of different 

susceptibility to accelerated degradation [180]. Despite the fact that the performed 

studies include only mechanical- and chemical characterization, their potential in 

tissue engineering can be assumed. In 2018, the Taiwan biotech company Advance 

Biomedical Technology presented one of the first biodegradable and medical-grade 

filament for extrusion-based 3D printing - MedFila® (PCL-based). Currently, the 

company has expanded its offer with a series of PLGA-based filaments and ceramic 

composites. The application of those filaments covers 3D printing of bone grafting 

substitutes, drug delivery systems, dental fillers, and plastic surgery items. In the 

same year, Solvay introduced new 3D printable medical-grade filaments, KetaSpire® 

(polyetheretherketone PEEK) and Radel® (polyphenylsulfone PPSU), respectively. The 

presented filaments are characterized with superior toughness, impact strength, and 

chemical resistance as well as meet the ISO 10993 requirements of biomaterials for 

limited contact with body fluids and tissues. Another solution covers guidel!ne®, PETG 

(glycol-modified polyethylene terephthalate) filament provided by Tulman 3D (USA). 

It is a very tough material with a tensile strength of over 47 MPa and a Modulus of 

1.95 GPa. The filament is made of medical raw materials, but the product itself is not 

certified.  

It should be noted that at the time of starting doctoral studies, there were no 

commercially available medical-grade TPU filaments for 3D printing in FDM/FFF 

technology, and the number of literature reports was also limited (Table 4). 

Moreover, no commercially available medical-grade TPU filament has been found to 

date. 
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In 2016 Jung et. al presented a novel polyurethane tracheal scaffold with micro-scale 

architecture formed via self-developed 3D printing system based on syringe with TPU 

solution (40% solution of Tecoflex® in chloroform) [181]. The obtained implant had 

satisfactory mechanical properties (Young modulus of 2.8 MPa, tensile strength of 3.2 

MPa, elongation at break of 725%) that were maintained stable up to 16 weeks after 

implantation into the anterior tracheal defect of the rabbit. In addition, bronchoscopy 

showed that the implanted tracheal scaffolds were permeable for a period of 16 

weeks, while the histologic results revealed ingrowth of connective tissue into the 

scaffolds within 4 weeks after implant. The results showed very promising mechanical 

and biological properties of the 3D printed scaffolds due to the unique properties of 

thermoplastic polyurethanes. However, this process requires the preparation of the 

raw material in the form of a polymer solution. The need to use large amounts of 

organic solvents (including chloroform) does not match the trends of green chemistry 

therefore, in my opinion, the process should be refined.  

Table 4 Literature reports on TPU systems for extrusion-based 3D printing. 

Material 3DP technology 
Product / 

application 

Biological 

test 
Image Ref. 

Tecoflex ® (TPU) 

 
medical grade - 

aliphatic polyether-
based TPU 

invented 3D 

printing system 
based on a 

printing syringe 
with a 0.2 mm 

nozzle that prints 
with TPU solution 

(40% in 
chloroform). 

tracheal 
scaffold / 

patch-type 
prosthesis 

in vivo / 

implanted into 
the tracheal 

defect of 
rabbits 

 

[181] 

Water dispersion of 

TPU 
 

diols – PLA,PEBA, 
Diisoyanate – IPID, 
Chain extenders – 

DMPA/EDA + PEO as a 
viscosity enhancer 

low-temperature 

fused 
deposition 

manufacturing 
(LFDM) 

scaffolds for 
cartilage 

regeneration 

in vitro / rat 
chondrocyte 

cell line 

 

[182] 

Water dispersion of 
TPU 

 
diols – PLA, PEBA, 

Diisoyanate – IPID, 
Chain extenders – 

DMPA/EDA + HAc as a 
viscosity enhancer 

low-temperature 

fused 
deposition 

manufacturing 

(LFDM) 

scaffolds for 
cartilage 

regeneration 

in vitro / 
human MSCs, 

in vivo / 
implanted into 
the chondral 

defects of 
rabbit knees  

[183] 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
 

 

Agnieszka Haryńska, MSc Eng.   53 

Material 3DP technology 
Product / 

application 

Biological 

test 
Image Ref. 

TPU/PLA/GO 

 
nanocomposite – 
enhanced with 

graphene oxide (GO), 
TPU – Pearlthane® 

(PCL-based) 

FFF 
tissue 

engineering 

scaffolds 

in vitro / 
NIH3T3 cells 

 

[184] 

TPU 90 (diol- 

polyether, 
diisocyanate - MDI, 

chain extender - BDO) 
TPU 80  

(diol – PCL, 
diisocyanate – MDI, 

chain extender – BDO) 

FFF 

tracheal 

tissue / 
cartilaginous 

rings 

in vitro / HDF, 
BEC cells 

 

[185] 

Hung et. al developed a novel method of 3D printing with low-temperature fused 

deposition modelling (LFDM) in which the use of toxic polymeric solvents is avoided 

and the printing ink is obtained in an aqueous-based process in the form of water 

dispersion of nanoparticles (NPs). The presented systems were based on the 

waterborne biodegradable aliphatic poly(ester)urethane NPs and modified with 

polyethylene oxide (PEO) [182] and hyaluronic acid (HAc) with mesenchymal stem 

cells (MSCs) growth factor (TGFβ3) and/or small molecule drug of 

cyclohexanecarboxamide (Y27632)  [183], respectively. The printed TPU/PEO porous 

structures showed huge potential as cartilage tissue scaffolds due to the satisfactory 

seeding efficiency and proliferation of chondrocytes. In turn, TPU/HAc/Y or TG 

bioactive scaffolds showed induction of the chondrogenic differentiation of MSCs and 

the production of a matrix for cartilage repair, showing the potential as a unique tissue 

engineering platform. Despite the many advantages of the developed low-

temperature printing system with aqueous solutions, this system requires the ongoing 

preparation of inks, the synthesis of which is relatively challenging, and the operation 

of the 3D printer itself requires specialized knowledge. Another interesting and 

relatively undemanding solution regarding 3D printable polyurethane systems covers 

the nanocomposite filament of TPU/PLA enhanced with graphene oxide (GO) 

presented by Chen et. al in 2017 [184]. The developed filament is suitable for printing 

on a conventional FDM/FFF printer. The combination of TPU and PLA resulted in 

a biocompatible system with sufficient elasticity and toughness, while the addition of 

GO increased thermal stability and mechanical properties. It has also been proven 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

 
 

 
 54  PhD dissertation 

that the 3D printed TPU/PLA/GO porous scaffolds had good biocompatibility towards 

NIH3T3 cells. Such a system allows fabricating elastic and biocompatible scaffolds 

with desired architecture in a relatively easy and cost-effective manner. Although the 

described filament was self-prepared, the main feedstock used was commercial (TPU 

pellets  - Pearlthane®, PLA pellets – Nature Works). Tsai et. al presented a concept 

tailored to desired needs and compatible with conventional FDM/FFF 3D printers 

[185]. Namely, they synthesized aromatic poly(ether-ester)urethane and formed 3D 

printable filament to further produce with FDM a series of patient-specific with DICOM 

data of a CT scan cartilaginous rings for tracheal tissue engineering purposes. The 

resulted elastic tissue substitutes showed biomimetic properties with satisfactory 

mechanical strength as well as were prone to biofunctionalization thus promoting 

effective tissue regeneration.  

The high versatility and outstanding biological and mechanical properties of TPUs 

encourage their use as specialized medical materials in additive technologies. The 

development of new TPU filaments for low-budget FDM/FFF printers may lead to the 

popularization of the technology in advanced medical applications, thus reducing 

operating costs and increasing the availability of customized and/or patient-matched 

products. 

It should be noted that none of the above-described works analyses the process and 

apparatus needed to form medical-grade filament for 3D printing.  

The revision of the latest literature reports on bio-based filaments for 3D printing was 

presented in the PAPER 6, therefore the author decided not to duplicate these issues. 

1.5. Notes to the literature review and motivation of doctoral dissertation 

The market and literature revision showed a deficiency of medical-grade TPU filaments 

for FDM/FFF 3DP. Moreover, there was a lack of research on the formation of 3D 

printable filaments and the stability of filaments under 3D printing conditions. In 

addition, the arising plastic pollution problems and thus increased society's 

environmental awareness has led to the huge demand for more sustainable polymeric 

materials with less negative environmental impact. Since the biodegradability of PLA 

filaments remains certain concerns, the research on the sustainable bio-filaments with 
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enhanced biodegradability and adequate printability for extrusion-based 3D printing 

are also desired.  

It should also be noted that, despite years of research on materials for 

3D printing in FFF/FDM technology, some issues are still unresolved. 

There is no clear statement on whether the 3D printing process affects 

pristine/original material properties (in particular regarding medical-

grade materials). Also, there is a lack of literature reports that would 

show how to effectively form medical-grade filaments for 3D printing using extrusion 

in a continuous manner. 

Therefore, the main focus of the doctoral dissertation was new medical filaments for 

3D FDM/FFF printing. But also, attempts were made to resolve the mentioned doubts. 

Consequently, in the presented doctoral dissertation, I undertook research on the 

synthesis, formation, and detailed characterization of new medical-grade filaments 

for extrusion-based 3D printers (FDM™/FFF). As part of my research, I developed and 

characterized two types of filaments, i.e. flexible biocompatible and compostable 

plant-based. Furthermore, I extended my work with an analysis of the filament-

forming process on a laboratory and technical scale. Subsequently, I studied the 

stability of the filaments (both, formed and commercial) through analysis of selected 

properties before and after the 3D printing process, thus complementing the current 

state of knowledge. Next, I designed various types of porous 3D structures and 

prepared personalized anatomical models directly from a CT scan. The obtained digital 

models were then 3D printed using, among others, developed filaments. Finally, the 

selected printouts were subjected to a series of preliminary biological tests (in vitro) 

to assess their potential in medical application. 
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CHAPTER II 
GUIDE TO ARTICLES IN THE 
DISSERTATION 
 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
 

 

Agnieszka Haryńska, MSc Eng.   71 

2. Guide to articles in the dissertation 

The basis of the presented doctoral dissertation is a series of six publications, which 

are described in detail in Chapter IV: 

PAPER 1  Haryńska A., Gubanska I., Kucinska-Lipka J., Janik H. Fabrication 
and Characterization of Flexible Medical-Grade TPU Filament for Fused 
Deposition Modeling 3DP Technology. Polymers (Basel). 2018, 10, 
1304, doi:10.3390/polym10121304.  
(Q1 – polymers and plastics, IF2018=3.164, MEiN = 100 pts) 

PAPER 2 Haryńska A., Kucinska-Lipka J., Sulowska A., Gubanska I., 
Kostrzewa M., Janik H. Medical-Grade PCL Based Polyurethane System 
for FDM 3D Printing—Characterization and Fabrication. Materials 
(Basel). 2019, 12, 887, doi:10.3390/ma12060887. 
(Q2 – material science, IF2019=3.057, MEiN = 140 pts) 

PAPER 3 Haryńska A., Carayon I., Kosmela P., Brillowska-Dąbrowska A., 
Łapiński M., Kucińska-Lipka J., Janik H. Processing of Polyester-
Urethane Filament and Characterization of FFF 3D Printed Elastic 
Porous Structures with Potential in Cancellous Bone Tissue 
Engineering. Materials (Basel). 2020, 13, 4457, 
doi:10.3390/ma13194457. 
(Q2 – material science, IF2019=3.057, MEiN = 140 pts) 

PAPER 4 Haryńska A., Carayon I., Kosmela P., Szeliski K., Łapiński M., 
Pokrywczyńska M., Kucińska-Lipka J., Janik, H. A comprehensive 
evaluation of flexible FDM/FFF 3D printing filament as a potential 
material in medical application. Eur. Polym. J. 2020, 138, 
doi:10.1016/j.eurpolymj.2020.109958. 
(Q1 – polymers and plastics, IF2019=3.862, MEiN = 100 pts) 

PAPER 5 Haryńska A. (Przybytek A.), Sienkiewicz M., Kucińska-Lipka J., Janik 
H. Preparation and characterization of biodegradable and compostable 
PLA/TPS/ESO compositions. Ind. Crops Prod. 2018, 122, 
doi:10.1016/j.indcrop.2018.06.016. 
(Q1 – agronomy and crop science, IF2018=4.244, MEiN = 200 pts) 

PAPER 6 Haryńska A., Janik H., Sienkiewicz M,. Mikolaszek B,. Kucińska-Lipka 
J. PLA–potato thermoplastic starch filament as a sustainable 
alternative to conventional PLA filament: processing, characterization 
and FFF 3D printing. ACS Sustain. Chem. Eng. 2021, 9(20), 6923-
6938, doi.org/10.1021/acssuschemeng.0c09413. 
(Q1 – environmental chemistry, IF2020=8.198, MEiN = 140 pts) 
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The presented series of publications can be ordered and classified according to the 

type of studied material and the application (as shown in Figure 7).  

 

Figure 7 Research design - classification by type of studied material and possible application.  

In general, the thesis focuses on the study of new medical-grade materials (filaments) 

for extrusion-based 3D printers (FDM™/FFF). The literature and market review 

towards types and limitations of available medical 3D printing filaments indicated the 

need to develop modern solutions which cover biocompatible materials with enhanced 

flexibility as well as those obtained from raw materials of plant origin. Consequently, 

the first four papers (PAPER 1–4) are devoted to the study of flexible and 

biocompatible filaments from the group of thermoplastic elastomers for printing of 

elastic porous 3D structures. The other two papers (PAPER 5,6) present the 

development of a fully bio-based thermoplastic filament as an alternative biomaterial 

for 3D printing of personalized anatomical models. The research conducted also 

includes commercial products in order to compare them with filaments developed 

during the doctoral studies, as well as to provide a better understating of the process 

of filament formation and their properties (PAPER 4,6). 
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CHAPTER III 
OBJECTIVE AND SCOPE 
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3.1 Objective of the dissertation 

The main objective of the dissertation was the synthesis and/or obtaining by blending 

new polymeric materials and the formation of 3D-printable medical-grade filaments 

from them, and then design and 3D printing of structures applicable in medicine. 

The intended objective was achieved through: 

1) Elaboration of new thermoplastic polymer materials (a-c), in which 

components suitable in biomaterials, were used, namely: 

a) Thermoplastic elastomer TPU(PEBA):  uncatalyzed thermoplastic 

poly(ester urethane) (PEBA/HDI/BDO) 

Components: amorphous polyol [α,ω-dihydroxy(ethylene-butylene 

adipate) diol (PEBA)], aliphatic di-isocyanate [1,6-hexamethylene di-

isocyanate (HDI)], linear chain extender [1,4-butanediol (BDO)] 

b) Thermoplastic elastomer TPU(PCL): uncatalyzed thermoplastic 

poly(ester urethane) (PCL/HDI/BDO) 

Components: crystalline polyol [(ε-caprolactone) diol (PCL)], aliphatic  

di-isocyanate [1,6-hexamethylene di-isocyanate (HDI)], linear chain 

extender [1,4-butanediol (BDO)] 

c) Bio-based thermoplastic PLA/TPS: fully plant origin composition  

(PLA/PS/ESO/pG) 

Components: polylactide (PLA), thermoplastic potato starch (TPS) 

[potato starch (PS) + plant glycerin (pG)], epoxidized soybean oil 

(ESO)  

2) Formation of 3D-printable filaments from elaborated [TPU(PEBA), 

TPU(PCL), PLA/TPS] and commercial [TPU(E)] materials by melt extrusion and 

description of the process both on a laboratory (discontinuous manner) and 

technical (continuous manner) scale. 

3) Design and 3D printing of the structures with potential in medical 

applications, namely: 

- elastic porous 3D structures for tissue engineering [TPU(E), Bioflex™] 

- personalized anatomical models for surgical training systems and pre-

operative planning procedures [PLA/TPS, PLA(FF)] 
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3.2 Scope of experimental research 

The scope of research work covered six tasks (Figure 8), which are described in 

details in Table 5.  

 

Figure 8 Research tasks of the doctoral dissertation. 

Table 5 A detailed description of the research tasks and experimental stages (I, II, III, IV, V, 

VI). 

I. ELABORATION AND MANUFACTURING OF MATERIALS 

Development of raw materials to the production of 3D-printable medical-grade 

filaments and characterization of the formed materials 

Thermoplastic polyurethanes (TPUs) 

[PAPER 1,2] 

Bio-based thermoplastic blends 

[PAPER 5] 

Scope of research: 

- elaboration of conditions for 

uncatalyzed  synthesis of aliphatic 

poly(ester urethanes) differing in 

the type of polyol i.e. amorphous 

(PEBA) [PAPER 1], crystalline (PCL) 

[PAPER 2]. The optimization 

consisting of selection of the 

appropriate equipment, 

temperature, and reaction time, 

stirring intensity, reagent ratio, as 

well as gelation and annealing time; 

- determination of the content of free 

isocyanate groups by the acidimetric 

method. In this way, the degree of 

conversion of the reactants was 

Scope of research: 

- preparation of a fully plant origin 

biodegradable compositions based 

on polylactide (PLA) and potato 

thermoplastic starch (TPS) modified 

with epoxidized soybean oil (ESO). 

Optimization of processing 

parameters for melt extrusion 

procedure to obtain the proper 

composition, i.e. raw materials ratio, 

temperature, and speed of 

extrusion; 

- determination of the melt flow index 

using load plastometer 

- determination of mechanical 

properties (tensile testing, 

hardness, impact testing); 
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controlled, thus determining the 

required synthesis time; 

- confirmation of the chemical 

structure of the TPUs via Fourier-

transform infrared spectroscopy 

(FTIR) and Raman spectroscopy; 

- study of thermal properties of 

selected TPUs by thermogravimetric 

analysis (TGA) and differential 

scanning calorimetry (DSC); 

- determination of the melt flow rate 

(MFR) of selected TPUs using load 

plastometer; 

- determination of mechanical 

properties (tensile testing, 

hardness); 

- assessment of the wettability by 

measurement of water contact angle 

and surface free energy via 

goniometer uses sessile drop 

technique; 

- assessment of susceptibility to 

degradation by long-, and short-

term incubation study in PBS, NaOH, 

and HCl media, as well as water 

absorption test; 

- assessment of biological properties 

in vitro of selected TPUs by indirect 

cytotoxicity test and short-term 

hemocompatibility test; 

- characterization of the blends 

morphology by analyzing the 

scanning electron microscope (SEM) 

micrographs of the fractures 

surfaces; 

- study of thermal properties by 

differential scanning calorimetry 

(DSC); 

- analysis of water absorption of the 

compositions; 

- preliminary assessment of the 

compostability with a laboratory-

simulated composting test; 

II. FILAMENTS FORMATION 

Optimization and description of the filament-forming process 

Discontinuous manner (laboratory 

scale) [PAPER 1,2] 

Continuous manner (technical scale) 

[PAPER 3,6] 

Scope of research: 

- preparation of the feedstock 

(granulation, and drying); 

- optimization of the filament-forming 

process by adjusting the extrusion 

parameters (temperature profile, 

extrusion velocity, and dosing ratio) 

and the method of collecting the 

extrudate (filament) as well as 

Scope of research: 

- preparation of the feedstock  

(granulation, and drying); 

- optimization of the filament-forming 

process by adjusting the extrusion 

parameters (temperature profile, 

head pressure, extrusion velocity), 

setting parameters of the calibration 

zones and winding system (type and 
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selecting the appropriate forming 

nozzle; 

- manual and random control of the 

filament diameter with an electronic 

caliper. 

temperature of cooling medium, 

calibrators diameter, pulling 

velocity); 

- continuous filament diameter 

control with a laser sensor. 

 

III. FILAMENTS CHARACTERIZATION 

A comprehensive characterization of the self-prepared and commercial filaments 

[PAPER 1,3,4,6] 

Scope of research: 

The characteristics included the analysis of: (measurement technique) 

- chemical structure (FTIR, Raman, H-NMR, XRD); 

- thermal properties (DSC, TG); 

- thermomechanical properties (DMA); 

- rheological properties (MFR); 

- contact angle and surface free energy (a goniometer using the sessile drop 

technique); 

- mechanical properties (tensile testing, hardness, Charpy impact test, uniaxial 

compression test, calculation of brittleness); 

- preliminary studies of biocompatibility (cytotoxicity, hemocompatibility); 

- estimation of the printability of the filaments by measuring the accuracy of the 

3D printouts against the digital models. 

IV. EVALUATION OF FILAMENTS STABILITY 

Analysis of selected properties of the self-prepared and commercial filaments 

before and after the 3D printing process [PAPER 3,4,6] 

Scope of research:  

- comparison of the chemical structure of the filament and the printout based on 

the obtained FTIR, Raman and H-NMR spectra; 

- comparison of the thermal characteristic of the filament and printout based on 

thermograms obtained from DSC and TG measurements; 

- comparison of the rheological properties of the filament and printout based on 

obtained MFI values 

V. DESIGN AND 3D PRINTING 

Design of digital models and optimization of the 3D printing parameters 

[PAPER 3,4,6] 

Scope of research: 

- creation of digital 3D models of porous structures differing in architecture, 

shape and dimensions of the pores via Autodesk Inventor software  

[PAPER 3,4,6]; 

- creation of digital 3D models of personalized anatomical structures directly from 

CT scans using 3D Slicer platform (segmentation, slicing and modelling)  

[PAPER 6]; 
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- preparation the models for the 3D printing process using slicer software 

(selection of 3D printing parameters and modelling of supporting structures) 

[PAPER 3,4,6]; 

VI. EXAMINATION OF PRINTOUTS IN TERMS OF APPLICATION IN 

MEDICINE 

Preliminary evaluation of bio properties, degradability, or compostability of the 

printed 3D structures 

Elastic porous 3D structures 

(thermoplastics elastomers)  

[PAPER 3,4] 

Personalized anatomical models  

(bio-based thermoplastics) [PAPER 6] 

Scope of research: 

- study of biocompatibility of the 

elastic porous 3D structures by in 

vitro cytotoxicity test with MTT 

assay using fibroblasts-type cells 

line; 

- evaluation of bioactivity of the 

elastic porous 3D structures in 

simulated body fluid (SBF) and 

monitoring of the mineralization 

process by mass measurements, 

SEM-EDS, Raman spectroscopy, and 

compression test 

- degradation study of the elastic 

porous 3D structures through long 

and short-term incubation in 

selected media and monitoring of 

ongoing changes with FTIR 

spectroscopy, optical microscopy 

(OM), scanning electron microscopy 

(SEM), and mass measurement. 

Scope of research: 

- assessment of compostability of the 

printouts by measuring the degree 

of disintegration under simulated 

composting conditions and 

monitoring of outgoing changes with 

FTIR spectroscopy, optical 

microscopy, and scanning electron 

microscopy (SEM); 

- study of the printouts degradability 

by incubation in PBS solution and 

canola oil, and monitoring of 

outgoing changes with FTIR 

spectroscopy, mass, swelling and pH 

measurements, optical microscopy, 

and scanning electron microscopy 

(SEM);  

- evaluation of the quality and 

accuracy of obtained personalized 

anatomical models, printed from 

PLA/TPS, by comparing them with 

virtual models and models obtained 

using commercial filament. 

 

To accomplish the above tasks, in the presented doctoral dissertation multidisciplinary 

research were undertaken, including: 

- material synthesis and characterization; 

- optimization of technological processes; 

- computer modelling of 3D structures; 

- 3D printing; 

- preliminary biological studies. 
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In the course of the research, new medical-grade filaments were obtained, and the 

method of their formation into porous scaffolds with potential for tissue engineering 

and personalized anatomical models suitable for composting was presented. The 

results of the performed research tasks have been published in scientific journals 

indexed in the Journal Citation Reports (JCR) (described below in Chapter IV). Thus, 

the published papers concerned with the dissertation completed the current state of 

knowledge regarding the synthesis, processing, and characterization of medical-grade 

3D printing filaments. 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

 
 

 
 80  PhD dissertation 

 

CHAPTER IV 
PUBLICATIONS  
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4.1 PAPER 1: Fabrication and Characterization of Flexible Medical-Grade TPU 

Filament for Fused Deposition Modeling 3DP Technology 

 
Graphical abstract, source: DOI:10.3390/polym10121304 

Authors (contribution): Agnieszka Haryńska (40%), Iga Gubanska (20%), 

Justyna Kucinska-Lipka (20%), Helena Janik (20%) 

Journal: Polymers (Basel) 

DOI: 10.3390/polym10121304 

Index: Q1, IF2018=3.164, MNSiW = 100 pts 

CRediT: Data Curation (lead), Formal Analysis (lead), Investigation (lead: density, 

melt flow rate (MFR), tensile strength, hardness, optical microscopy, accelerated 

degradation), Methodology (in part), Project Administration (in part), Visualization 

(lead), Writing – Original Draft Preparation (lead), Writing – Review & Editing 

(lead). 

Realized doctoral research tasks:  

I (material design and characterization) – elaboration of uncatalyzed synthesis 

of medical-grade poly(ester urethane) (TPU) based on aliphatic di-isocyanate (HDI) 

and amorphous polyol (PEBA), and characterization of the formed materials; 

II (filament formation) – formation of 3D-printable filaments using synthesized 

TPU on a laboratory scale in a discontinuous manner; 

III (filament characterization) – characterization of the formed TPU filaments 

including preliminary studies of biocompatibility, degradability and wettability; 

V (3D printing) – preliminary trials of 3D printing using the TPU filament with 

most favorable properties. 

Material code: TPU(PEBA) 

BRIEF DESCRIPTION OF THE PUBLICATION 

Discussed topics: the use of additive technologies in medicine; review of available 

medical-grade filaments for FFF 3D printing; advantages of thermoplastic 

polyurethanes in medical application. 

Scope of the publication: polyurethane uncatalyzed synthesis; filament 

formation in a laboratory-scale; comparison of material properties before and after 

the melt-extrusion process. 
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Novelty of the publication: uncatalyzed synthesis of the thermoplastic poly(ester 

urethane) based on amorphous polyol (PEBA) and aliphatic di-isocyanate (HDI) for 

3D printing technology. 

Main scientific achievement: development of non-catalytic synthesis of the 

thermoplastic poly(ester urethane); fabrication of a novel, elastic filament for FFF 

3D printing technology with potential in medical application. 

Outline: The article presents the synthesis route, characteristics, and formation 

process of the medical-grade thermoplastic poly(ester urethane) (TPU) filament for 

FFF 3D printing. The material was successfully synthesized using amorphous  

α,ω- dihydroxy(ethylene-butylene adipate) diol (PEBA), aliphatic  

1,6-hexamethylene di-isocyanate (HDI), and linear chain extender 1,4-butanediol 

(BDO). The synthesis was carried out without the use of a catalyst to avoid any 

possible increase in material toxicity. The chemical structure was analyzed using 

FTIR spectroscopy whereas mechanical properties by hardness and tensile testing. 

Rheological properties were studied via MFR measurements. Optimum processing 

parameters and apparatus leading to stable filament were captured and discussed. 

The stability of the TPU filament was also evaluated by studying selected properties 

before and after the forming process. Initial studies of the biological properties 

included indirect cytotoxicity and short-term hemocompatibility tests as well as 

short-term degradation studies, and water contact angle measurements. By 

comparing the properties of the filament and the synthesized material, it has been 

proven that the filament-formation process does not change the properties of the 

filament which remains biocompatible and hemocompatible. The resulting material 

exhibits mechanical properties comparable to commercial medical-grade 

polyurethanes, is hydrophilic and prone to degradation. The conducted research 

allowed to optimize the reaction conditions of uncatalyzed poly(ester urethanes) 

and demonstrate significant material properties. In addition, the results indicate 

that the synthesized TPU can be successfully formed into a filament for extrusion-

based 3D printing, and is promising for biomedical application.  
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Anatomical heart model 
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4.2 PAPER 2: Medical-Grade PCL Based Polyurethane System for FDM 3D Printing—

Characterization and Fabrication 

Authors (percentage share): Agnieszka Haryńska (50%), Justyna Kucinska-

Lipka (15%), Agnieszka Sulowska (10%), Iga Gubanska (10%), Marcin Kostrzewa 

(5%), Helena Janik (10%) 

Journal: Materials (Basel) 

DOI: 10.3390/ma12060887 

Index: Q2, IF2019=3.057, MNSiW = 140 pts 

CRediT: Conceptualization (in part), Data Curation (lead), Formal Analysis (lead), 

Investigation (lead: FTIR, Raman, tensile test, hardness, DSC, TGA, contact angle, 

surface free energy, long-and short-term degradation, melt-extrusion) 

Methodology (in part), Project Administration (in part), Visualization (lead), Writing 

– Original Draft Preparation (lead), Writing – Review & Editing (lead). 

Realized doctoral research tasks:  

I (material design and characterization) – elaboration of uncatalyzed synthesis 

of medical-grade poly(ester urethane) (TPU) based on aliphatic diisocyanate (HDI) 

and crystalline polyol (PCL), and characterization of the formed materials; 

II (filament formation) – formation of 3D-printable filaments using synthesized 

TPU on a laboratory scale in a discontinuous manner. 

Material code: TPU(PCL) 

BRIEF DESCRIPTION OF THE PUBLICATION 

Discussed topics: review of biomaterials with suitable softness and flexibility for 

FFF 3D printing; pros of PCL-systems in the medical application; review of 

contemporary medical-grade PCL-based polyurethane systems 

Scope of the publication: polyurethane uncatalyzed synthesis; comparison of 

material properties synthesized with two different isocyanate index (NCO to OH 

group ratios); filament formation in a laboratory scale 

Novelty of the publication: the use of biodegradable and crystalline polyol (PCL) 

in the uncatalyzed synthesis of the thermoplastic poly(ester urethane) for 3D 

printing technology. 

Main scientific achievement: synthesis of a novel, medical-grade poly(ester 

urethane) that is suitable for the formation of the filament for FFF 3D printing 

technology. 

Outline: In this article, novel PCL-based medical-grade thermoplastic poly(ester 

urethanes) was obtained using the previously developed method described in 

PAPER 1. The material was synthesized using biodegradable poly (ε-caprolactone) 

diol (PCL), aliphatic 1,6-hexamethylene di-isocyanate (HDI), and 1,4-butanediol 

(BDO). The successful synthesis of the uncatalyzed PCL-based poly(ester urethane) 

was confirmed by FTIR and Raman spectra. The influence of the isocyanate index 

(molar ratio of NCO to OH groups) on the chemical structure and material properties 

was investigated. Thermal properties studied via differential scanning calorimetry 

(DSC) and thermogravimetry (TG) revealed thermal transitions and stability, 
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respectively. Surface properties were examined by water contact angle (wCA) and 

surface free energy (SFE) measurements. The initial assessment of biological 

properties in vitro included both short- and long-term degradation, water 

absorption, and cytotoxicity test. Finally, the material with more favorable 

properties was processed into a 3D-printable filament via the melt-extrusion 

process. However, the process was carried out on a laboratory scale in 

a discontinuous manner, yielding only small fragments of the filament. 

Nevertheless, the obtained results indicate that the fabricated filament exhibit 

promising properties for medical applications, especially where high flexibility, 

durability, and long-term degradability are required. 
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4.3 PAPER 3: Processing of Polyester-Urethane Filament and Characterization of FFF 
3D Printed Elastic Porous Structures with Potential in Cancellous Bone Tissue 
Engineering 

 
Graphical abstract, source: DOI: 10.3390/ma13194457 

Authors (percentage share): Agnieszka Haryńska(corresponding author) (50%), Iga 

Carayon (10%), Paulina Kosmela (5%), Anna Brillowska-Dąbrowska (10%), Marcin 

Łapiński (5%), Justyna Kucińska-Lipka (10%), Helena Janik (10%) 

Journal: Materials (Basel) 

DOI: 10.3390/ma13194457 

Index: Q2, IF2019=3.057, MNSiW = 140 pts 

CRediT: Conceptualization (in part), Data Curation (lead), Formal Analysis (lead), 

Investigation (FTIR, Raman, H-NMR, MFR, tensile and compression tests, hardness, 

contact angle, surface free energy, long and short-term degradation studies, SBF 

incubation, optical microscopy), Methodology (lead), Project Administration (in 

part), Visualization (lead), Writing – Original Draft Preparation (lead), Writing – 

Review & Editing (lead). 

Realized doctoral research tasks:  

II (filament formation) – formation of 3D-printable filament using commercial 

TPU granules on a technical scale in a continuous manner; description of a filament-

formation process, parameters, and critical points influencing the formation of 

a stable elastic filament; 

III (filament characterization) – a comprehensive characterization of the 

formed TPU(E) filament; 

IV (evaluation of the filament stability) – analysis of structural, thermal and 

rheological properties of the TPU(E) filament before and after the 3D printing 

process; 
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V (3D printing) – design of digital 3D models of test samples and porous 

structures (scaffolds) with diverse architecture via Autodesk Inventor software; 

optimization of the 3D printing parameters; 

VI (examination of the printouts in terms of their application in medicine) 

– preliminary evaluation of the printed TPU elastic porous structures as scaffolds in 

cancellous tissue engineering (study of degradability, biocompatibility, bioactivity, 

mechanical, and surface properties). 

Material code: TPU(E) 

BRIEF DESCRIPTION OF THE PUBLICATION 

Discussed topics: literature review of filament formation by melt-extrusion in 

a continuous manner. 

Scope of the publication: filament formation in a continuous manner; comparison 

of material properties before and after FFF 3D printing; design and printing of 

porous 3D structures; preliminary evaluation of biological properties as cancellous 

bone porous tissue scaffolds. 

Novelty of the publication: description of filament-formation line, including all 

the necessary processing parameters and apparatus to obtain high-quality flexible 

filament in a continuous manner. 

Main scientific achievement: manufacture of medical-grade poly(ester 

urethane) filament TPU(E) exhibiting remarkable printability; design and 3D 

printing of porous structures that meet the prerequisites of cancellous bone porous 

tissue scaffolds. 

Outline: The article covers three main issues: (1) description of the filament-

formation process in a continuous system (technical scale), (2) examination of the 

filament stability over 3D printing time, and (3) evaluation (in vitro) of the printed 

porous structures as candidates for cancellous bone tissue scaffolds, yielding the 

entire cycle from filament manufacture to functional end-product. The first part of 

the article describes in detail the production line and the parameters necessary to 

obtain high-quality TPU(E) filament in a continuous extrusion system. In the second 

part, TPU(E) filament was characterized in terms of structural (FTIR, Raman), 

thermal (DSC, TGA), mechanical and rheological tests (tensile testing, hardness, 

MFR). In the third part, several in vitro studies including long-term incubation in 

phosphate-buffered saline (PBS), cytotoxicity test, contact angle (CA), and surface 

free energy (SFE) measurements, were performed. The results classified the 

filament as a biomaterial, therefore, a series of porous 3D structures with diverse 

architecture were designed and printed. Then, they were incubated in simulated 

body fluid (SBF) to assess bioactivity. The effect of exposure to the SBF on the 

printouts morphology, stability, and mechanical properties was investigated by 

SEM, EDS, mass measurements, and compression test, respectively. Finally, the 

effect of short-term degradation on porous structures was monitored via mass 

measurements and microscopy observation. As a result, the highly flexible 

poly(ester urethane) filament in a continuous manner was manufactured. The 

filament was stable under 3D printing conditions and possessed remarkable 
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printability characterized by high dimensional stability of the obtained printouts and 

repeatability. The in vitro studies showed that the TPU printouts are stable for up 

to 6 months during PBS incubation, biocompatible, and hydrophilic. A study in SBF 

revealed that porous structures were susceptible to mineralization and that 

hydroxyapatite (HAp) released on the surface significantly increased their 

compressive strength. The determined strength values of TPU printouts were within 

the ranges appropriate for human cancellous bone, which pre-qualified them for 

bone tissue engineering applications. The filament-formation system presented in 

the article was applied in subsequent stages of the doctoral dissertation to form a 

bio-filament (PLA/TPS). 
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4.4 PAPER 4: A Comprehensive Evaluation of Flexible FDM/FFF 3D Printing Filament 

as a Potential Material in Medical Application 

 
Graphical abstract, source: DOI:10.1016/j.eurpolymj.2020.109958 

Authors (percentage share): Agnieszka Haryńska(corresponding author) (50%), Iga 

Carayon (10%), Paulina Kosmela (5%), Kamil Szeliski (5%), Marcin Łapiński (5%), 

Marta Pokrywczyńska (5%), Justyna Kucińska-Lipka (10%), Helena Janik (10%) 

Journal: European Polymer Journal 

DOI: 10.1016/j.eurpolymj.2020.109958 

Index: Q1, IF2019=3.862, MNSiW = 100 pts 

Author’s contribution: Conceptualization (lead), Data Curation (lead), Formal 

Analysis (in part), Investigation (lead: FTIR, Raman, MFR, tensile and compression 

tests, hardness, contact angle, surface free energy, short-term degradation 

studies, SBF incubation), Methodology (lead), Project Administration (in part), 

Visualization (lead), Writing – Original Draft Preparation (lead), Writing – Review & 

Editing (lead). 

Realized doctoral research tasks:  

III (filament characterization) – a comprehensive characteristic of the 

commercial elastic filament (Bioflex™) and verification of medical-grade features; 

IV (evaluation of the filament stability) – analysis of structural and thermal 

properties of the commercial flexible filament before and after the 3D printing 

process; 

V (3D printing) – design of digital 3D models of test samples and porous 

structures (scaffolds) via Autodesk Inventor software; optimization of the 3D 

printing parameters; 

VI (examination of the printouts in terms of their application in medicine) 

– preliminary evaluation of the printed elastic porous structures as scaffolds in 

cancellous tissue engineering (study of degradability, biocompatibility, bioactivity, 

mechanical, and surface properties). 

Material code: Bioflex 

BRIEF DESCRIPTION OF THE PUBLICATION 

Discussed topics: a brief review of commercial medical-grade filaments; a short 

discussion about the lack of standards for medical-grade filaments testing and 

material data presented in Technical Data Sheed (TDS). 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 
 

 

Agnieszka Haryńska, MSc Eng.   157 

Scope of the publication: material characterization; comparison of filament 

properties before and after FFF 3D printing; 3D printing of porous structures; 

preliminary evaluation of biological properties. 

Novelty of the publication: comprehensive examination one of the few medical-

grade flexible filaments commercially available in terms of suitability for 3D printing 

of medical devices. 

Main scientific achievement: it has been proven that the FFF 3D printing process 

does not change the filament properties (structural, thermal, rheological) and the 

resulted printouts remain biocompatible. 

Outline: The article covers a comprehensive material characterization as well as 

investigates the effect of FFF 3D printing on structural, thermal, and rheological 

properties of the medical-grade elastic filament - Bioflex™. In addition to that, 

a series of the in vitro tests were conducted to assess its potential to 3D print 

structures applicable in medicine. According to the literature and market review, at 

the time of commencement of doctoral studies, only three companies (Poly-Med, 

Taulman3D, and Filoalfa) were supplying commercially certified medical-grade 

filaments for FFF 3D printing, of which only Bioflex™ (Filoalfa) represented a group 

of flexible filament (thermoplastic elastomer). This product was the benchmark for 

my research on polyurethane filaments as I could not provide a commercial 

equivalent of PUR filament for FFF 3D printing.  

The results showed that the 3D printing does not change structural and thermal 

properties of the filament, and thus, it is stable during the process. In turn, it was 

noted that the mechanical properties of the printouts significantly differ from the 

Bioflex™ technical data sheet and strongly depend on the 3D printing parameters. 

The cytotoxicity test showed that the 3D printing process does not change the 

biological properties and the printouts remain biocompatible. Accelerated 

degradation studies revealed that Bioflex™ printouts are highly resistant to 

hydrolysis, which excludes their application as degradable structures, whereas 

a preliminary bioactivity test showed that the printouts are susceptible to the 

mineralization by the formation of carbonate hydroxyapatite (C-HAp) on the 

surface. The tested material appears to be suitable for FFF 3D printing of medical 

devices or internal long-term bone-type implants due to the outstanding resistance 

to hydrolysis in aggressive media, biocompatibility, and susceptibility to 

mineralization. The presented work enables a comparison of the filaments 

developed in the dissertation with commercial products as well as provides relevant 

information and data for investigators looking for modern solutions in extrusion-

based 3D printing for medical applications. 
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4.5 PAPER 5: Preparation And Characterization Of Biodegradable And Compostable 

PLA/TPS/ESO Compositions 

Authors (percentage share): Agnieszka Haryńska (30%), Maciej Sienkiewicz 

(40%), Justyna Kucińska-Lipka (10%), Helena Janik (20%) 

Journal: Industrial Crops and Products 

DOI: 10.1016/j.indcrop.2018.06.016. 

Index: Q1, IF2018=4.244, MNSiW = 200 pts 

CRediT: Data Curation (lead), Formal Analysis (in part), Investigation (lead: MFR, 

tensile tests, impact strength, hardness, water resistance), Methodology (lead), 

Project Administration (in part), Visualization (lead), Writing – Original Draft 

Preparation (lead), Writing – Review & Editing (lead). 

Realized doctoral research tasks:  

I (material design and characterization) – development of a fully plant origin 

compositions based on polylactide (PLA) and potato thermoplastic starch (TPS) 

modified with epoxidized soybean oil (ESO) and testing depending on the ratio of 

the components used (amount of ESO and TPS to PLA); study of mechanical, 

thermal, and rheological properties, as well as compostability test under laboratory 

conditions. 

Material code: PLA/TPS 

BRIEF DESCRIPTION OF THE PUBLICATION 

Scope of the publication: preparation of a biodegradable and compostable 

polymer composition; material characterization; laboratory simulated composting. 

Novelty of the publication: utilization of epoxidized soybean oil (ESO) as a green 

compatibilizer of the polylactide (PLA)/thermoplastic potato starch (TPS) blends; 

preparation of bio-blends exclusively from renewable sources. 

Main scientific achievement: improved ductility, and impact strength of the 

developed PLA/TPS/ESO blend comparing to the pure PLA. 

Outline: The article describes the preparation route and characterization of the 

composition based on polylactide (PLA) and thermoplastic potato starch (TPS) 

modified with epoxidized soybean oil (ESO). The bio-blend was optimized by 

altering the amount of TPS and ESO against PLA. Then, the mechanical, thermal, 

rheological, and morphological properties of the compositions were studied. In 

addition, water resistance and compostability were determined. The results 

indicated that ESO acts as a green plasticizer and compatibilizer of the PLA/TPS 

blends improving the interfacial adhesion between PLA and TPS molecules. An 

increase in impact strength and elongation at break compared to pure PLA was 

noted. The developed compositions completely disintegrate within 57 days in 

laboratory composting. Melt flow rate (MFR) values of the studied blends 

correspond to the extrudable thermoplastics. Basing on the obtained results, it has 

been noticed that the developed composition can be utilized in various branches of 

technologies including 3D printing. Therefore, the elaborated PLA/TPS/ESO 

composition was further investigated as a candidate for a novel sustainable bio-

filament for extrusion-based 3D printing. 
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4.6 PAPER 6: PLA–Potato Thermoplastic Starch Filament as a Sustainable Alternative 

to Conventional PLA Filament: Processing, Characterization and FFF 3D Printing 

 
Graphical abstract, source: DOI:(10.1021/acssuschemeng.0c09413) 

Authors (percentage share): Agnieszka Haryńska(corresponding author) (60%), Helena 

Janik (10%), Maciej Sienkiewicz (10%), Barbara Mikolaszek (10%), Justyna 

Kucińska-Lipka (10%) 

Journal: ACS Sustainable Chemistry & Engineering 

DOI: doi.org/10.1021/acssuschemeng.0c09413 

Index: Q1, IF2019=7.632, MNSiW = 140 pts 

CRediT: Conceptualization (lead), Data Curation (lead), Formal Analysis (lead), 

Investigation (lead: FTIR and Raman spectroscopies, XRD, MFR, tensile and 

compression strength tests, impact strength, hardness, water contact angle, DSC, 

TGA, DMA, degradation studies, laboratory simulated composting), Methodology 

(lead), Project Administration (in part), Visualization (lead), Writing – Original Draft 

Preparation (lead), Writing – Review & Editing (lead).  

Realized doctoral research tasks:  

II (filament formation) – formation of 3D-printable filament using developed 

PLA/TPS composition on a technical scale in a continuous manner via filament-

forming system presented in PAPER 3.  

III (filament characterization) – a comprehensive characterization of the 

developed PLA/TPS filament and the commercial counterpart – PLA filament 

(FlashForge PLA™). 

IV (evaluation of the filament stability) – analysis of structural, thermal and 

rheological properties of the filaments before and after the 3D printing process; 

V (3D printing) – preparation of personalized anatomical 3D models by the 

segmentation of the CT scan via 3D Slicer software; design of digital 3D models of 

test samples and porous structures (gyroid and cancellous bone) via Autodesk 

Inventor software; optimization of the 3D printing parameters. 

VI (examination of the printouts in terms of their application in medicine) 

– study of the degradability and compostability; evaluation of the quality and 

accuracy of obtained personalized anatomical models, and porous structures by 
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comparing them with virtual models and models obtained using commercial PLA 

filament. 

Material code: PLA/TPS, PLA(FF) 

BRIEF DESCRIPTION OF THE PUBLICATION 

Discussed topics: latest literature reports on bio-filaments for extrusion-based 

3D printing. 

Scope of the publication: formation of the bio-filament in a continuous manner; 

comparison of the filament properties before and after FFF 3D printing; evaluation 

of filament biodegradability and compostability; preparation of digital 3D models of 

bone vertebrae directly from CT scan of the spine; design and 3D printing of porous 

structures and personalized anatomical models; optimization of 3D printing 

parameters. 

Novelty of the publication: fabrication of the fully plant-based and compostable 

filament for FFF 3D printing, containing PLA enriched with potato thermoplastic 

starch (TPS) and epoxidized soybean oil (ESO). 

Main scientific achievement: increased susceptibility to hydrolytic degradation 

and disintegration in composting conditions of the developed PLA/TPS/ESO filament 

comparing to the commercial PLA filament, while maintaining comparable 

printability. 

Outline: The article presents a comprehensive characterization of a novel bio-

based filament that was formed using the PLA/TPS composition developed at the 

earlier stage of the research (PAPER 5). The work particularly focuses on assessing 

the stability, compostability and printability of the developed filament and its 

counterpart – commercial PLA filament (FlashForge PLA™). The results present: (i) 

parameters necessary to form a stable PLA/TPS bio-filament, in a continuous 

manner, (ii) structural, thermal and mechanical characterization, (iii) results of 

incubation in PBS and canola oil, (iv) water contact angle measurements (v) 

simulated composting study, and (vi) 3D printing of personalized bone vertebrae 

as well as gyroid and cancellous bone-like porous structures. The results indicated 

that the developed bio-filament shows higher hydrophilicity, improved susceptibility 

to hydrolytic degradation, and thus, enhanced compostability comparing to the 

commercial PLA. The spectroscopic and thermal analysis confirmed the stability of 

the PLA/TPS during the 3D printing process. Applicable printability of the developed 

filament was demonstrated by high-quality printouts of personalized anatomical 

models and porous structures. The developed composition is a modern solution in 

the bio-filaments sector and promising in 3D printing of medical devices such as 

porous tissue scaffolds or more sustainable disposable patient-matched 

preoperative models. 
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CHAPTER V 
SUMMARY AND CONCLUSIONS  
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5.1 Summary 

In the presented doctoral dissertation, research on the preparation of new polymer 

materials, formation, and detailed characterization of new medical-grade filaments 

for extrusion-based 3D printers (FDM™/FFF) was undertaken. A method of 

synthesizing biocompatible poly(ester urethanes) with different susceptibility to 

hydrolytic degradation without the use of a catalyst was developed. For this purpose, 

aliphatic isocyanate (HDI) and crystallizable (PCL), as well as non-crystallising (PEBA) 

(not used in such applications so far) polyols, were used. Moreover, a fully plant-

based and compostable polylactide-starch composition with improved impact strength 

was obtained and well described. Epoxidized soybean oil (ESO) was used as a novel 

reactive compatibilizer that improved the miscibility of the composition while retaining 

compostability. Subsequently, two types of filaments were obtained and well 

characterized, i.e. medical-grade, degradable poly(ester urethane) filaments 

[TPU(PEBA), TPU(PCL)] and bio-based polylactide-starch filament [PLA/TPS]. This 

required adaptation of the apparatus and optimization of the filament-forming process 

which was carried out both in continuous and discontinuous manner. The filament 

formation process was presented and discussed. The critical steps and parameters 

leading to the stable 3D printable filament has been captured complementing the 

current state of knowledge. A method for the stability assessment of the filaments via 

analyzing selected properties before and after the 3D printing process was proposed. 

Subsequently, several types of porous 3D structures were designed and personalized 

anatomical models were prepared directly from the CT scans. Obtained digital models 

were then 3D printed using the developed filaments. Finally, selected printouts were 

subjected to a series of preliminary biological tests (in vitro) to assess their potential 

for medical use. 

In the first stage of research [PAPER 1,2], work was undertaken on the uncatalytic 

synthesis of poly(ester urethanes) using a standard two-step procedure (prepolymer 

method). Besides the selection of apparatus, the amounts of reagents and the 

synthesis parameters had to be adjusted. The first step of the synthesis involved the 

reaction of excess diisocyanate (HDI) with a selected polyol (PCL/PEBA) resulting in 

a prepolymer mixture of isocyanate-terminated oligomers with unreacted HDI 

residues (8% excess of NCO groups). The synthesis was carried out for at least 3 

hours at 80-90°C. The course of the pre-polymerization was monitored by measuring 
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the number of free isocyanate groups during the process (acidimetric titration). The 

second step covered the so-called chain extension reaction by adding BDO to the 

prepolymer mixture. Intensive mixing lasted up to 3 minutes and the mixtures were 

poured into heated molds in which the gelling process took place (80°C, at least 3 h).  

The chain extender was added in four different molar ratios, thus changing the content 

of the rigid segments (HS) of poly(ester urethanes). In this way, a series of samples 

were obtained that differ in the type of soft segment (crystalline or amorphous) and 

the content of rigid segments (HS% 27-29%). The chemical structure of the obtained 

TPU was analysed using spectroscopic techniques (FTIR, Raman). Synthesis without 

the use of a catalyst caused an increase in the time and intensity of mixing in the 

extension step as well as doubling the gelling time of the samples compared to 

catalyzed systems (SnOct2, DBTDL). However, as the mechanical properties of 

uncatalyzed TPUs did not differ significantly from synthesized systems, further 

research was continued only on non-catalized TPU samples. The mechanical 

properties of both developed systems TPU(PEBA) and TPU(PCL) were within the range 

of commercial counterparts (Texin®, Despoman®, and MillaMed®), namely the tensile 

strength at break of 20-30 MPa, elongation at break of 500-730%, and hardness of 

25-37 Shore D. The MFR study was used to assess the suitability of the obtained TPUs 

for processing into a filament. The results showed sufficient flow and viscosity of the 

melt with the value in the range of 30-50 g per 10 min (at 200°C, load of 5 kg) for 

selected TPUs. The water contact angle (wCA) measurements revealed that TPU(PCL) 

system is hydrophobic with the contact angle over 100°, and TPU(PEBA) system is 

rather hydrophilic (wCA below 75°). The studies of accelerated degradation showed 

that polyurethanes with amorphous soft segments were more prone to degradation 

as the mass loss progressed much faster and the final value was around 90%, 

whereas for TPU(PCL) was below 50% after one month of incubation. The absorption 

of selected polyurethanes in water and phosphate buffer PBS (37°C, 3 days) did not 

exceed 2%wt. which proves the stability of the materials under given conditions. 

Indirect cytotoxicity tests using MTT assay revealed that the cell viability regarding 

a control group was above 70% for all the synthesized samples. According to the ISO 

10993:5 standard, material with cell viability over 70% (compared to control group) 

can be considered as cytocompatible and non-toxic. The short-term 

hemocompatibility test of the selected TPUs showed that the materials did not affect 

the tested blood parameters in basic blood count. Undertaken efforts resulted in the 
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successful synthesis of uncatalyzed poly(ester urethane) systems that exhibit a wide 

range of properties and meet the pre-requirements of medical-grade materials. 

Moreover, the use of various types of polyols in TPU synthesis allowed customizing 

degradability and wettability, thus extending the range of potential applications of 

formed polyurethanes, from hydrophilic fast-degradable to hydrophobic slow-

degradable systems. 

In the next stage of the research [PAPER 1,2], the obtained materials (described 

above) were formed into filaments using melt-extrusion process. The filament 

formation of the synthesized TPU(PCL) and TPU(PEBA) was carried out with the use 

of laboratory extruders. The apparatus was not adapted to the formation of 

dimensionally stable filaments, therefore the process was carried out in 

a discontinuous manner, obtaining only small amounts of filament (short sections with 

a stable diameter). The optimization of the process consisted in the selection of 

temperatures, the speed of extrusion, feeding ratio, the method of collecting the 

extrudate, and the design of an appropriate forming nozzle. The observation of the 

process allowed to conclude that the main factor determining the successful formation 

of an elastic filament with a constant diameter in a discontinuous manner is 

maintaining a stable value of head pressure. It is possible while maintaining the 

appropriate dosing ratio combined with the optimal temperature profile ensuring 

sufficient melt viscosity. Thermoplastic elastomers are characterized by high melt 

strength and viscosity, therefore their extrusion is more demanding. Using a molding 

nozzle with a too-small diameter (below 1.5 mm) may lead to too high flow resistance 

in the area of extruder head (adapter and die zones). In this case, an attempt to 

reduce the melt viscosity by increasing the temperature of the head zones (adapter 

and die zone) most often leads to overheating and material degradation. It should be 

noted that the diameter of the molding nozzle does not determine the filament 

diameter due to the common phenomenon of extrudate swelling (Baruss effect). 

Although the degree of swelling can be reduced to some extent by modelling the 

geometry of the flow channel, the shear rate, and the pressure-temperature 

conditions, obtaining a strictly defined and constant dimension is extremely difficult. 

Thus, the simplest way to obtain dimensionally stable extrudate with a strictly defined 

diameter in a discontinuous manner is to let the force of gravity shape the filament. 

Collecting the extrudate from the appropriate height (relative to the extrudate nozzle) 

combined with proper cooling allows obtaining filament with a given diameter in 
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a relatively undemanding way. The filament diameter was controlled manually using 

an electric caliper and the extrudate was cooled with air with appropriately positioned 

fans. However, such system was insufficient to form the filament continuously and 

only fragments were collected. In summarizing, the optimized parameters leading to 

the formation of TPU(PEBA) filament samples with a diameter of 1.75 mm were as 

follows, extrusion temperature in the range of 160-210°C, extrusion speed of 20 rpm, 

head pressure around 16-18 bar, dosage ratio of 100 g per 30 sec. The values given 

are relative and correspond to double-screw extruder with nine heating zones and 

screw with L/D ratio of 22. The custom-made molding nozzle diameter was 1.5 mm. 

In turn parameters ensuring stable filament of TPU(PCL) were as follows, extrusion 

temperature in the range of 175-200°C, the rotation speed of 40-50 rpm, head 

pressure of 17 bar, dosage ratio of 30-50 g per 1 min. These values correspond to 

single screw extruder with two heating zones. The diameter of molding nozzle was 

1.9 mm. The samples of TPU(PEBA) and TPU(PCL) filaments thus obtained were 

further tested on the FFF 3D printer. Unfortunately, due to the insufficient length of 

the obtained TPUs filaments reliable data on printability was not obtained. In addition, 

it was not possible to print the designed structures. Nonetheless, the obtained TPU 

filaments were also carefully characterized and by comparing the results with those 

of cast TPUs, it was proved that the filament-formation process does not deteriorate 

the properties of the material, which remains biocompatible and hemocompatible.  

The unsatisfactory results from the discontinuous filament formation work as well as 

the lack of literature data on the formation of filaments for 3D printing prompted me 

to research using a more advanced system that would allow obtaining sufficient 

amounts of filament in a continuous manner. Therefore, in the third stage of the 

research, a complex filament-forming system was used, with which attempts were 

made to form filaments using synthesized TPUs. The work on such a system required, 

however, large amounts of feedstocks (over 10 kg of each TPU pellet), which at that 

time were beyond my reach to synthesize. As a consequence, the optimization of the 

filament-forming process was carried out with the use of commercial poly(ester 

urethane) (Epaline® 390 A) [PAPER 3]. Unlike the laboratory setups, the molding 

system used had calibration zones, a laser diameter sensor, and the spool winding 

system. Thus, in addition to selecting the appropriate extrusion parameters, the 

optimization included setting parameters of the calibration zones (type and 

temperature of cooling medium, diameter of calibrators) and winding system (pulling 
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velocity). Maintaining constant head pressure along with adequate cooling of the 

extrudate and pulling velocity has proven to be key factors in continuously forming 

flexible filaments. The proposed method of cooling on a water surface with gradually 

decreasing temperature, together with the proper extrudate drying system limited the 

filament over-stretching and ensured diameter stability. Among the many tested 

process parameters, the PAPER 3 presents and describes those leading to obtaining 

TPU(E) filament with a constant diameter (1.75 mm ± 0.01 mm) and suitable for 

FFF/FDM 3D printing. Melt extrusion parameter were as follows, extrusion 

temperature in the range of 155-193°C, extrusion speed of 50 rpm, head pressure 

around 62 bar, continuous dosage. The values given are relative and correspond to 

single-screw extruder with five heating zones, screw with L/D ratio of 32, and molding 

nozzle diameter of 2 mm. In conclusion, the description of the filament-formation line, 

including all the necessary processing parameters and apparatus needed to obtain 

elastic filament complements the current state of knowledge in the field of processing 

3D printable filaments in a continuous manner.  

Subsequent research stage covered characterization of TPU(E) filament via structural 

(FTIR, Raman, H-NMR), thermal (DSC, TGA), mechanical (tensile test, hardness), and 

rheological (MFR) tests. The stability of the filament under 3D printing conditions was 

evaluated by comparing the structural and thermal data of the filament with the data 

obtained for the printouts. The results showed that TPU(E) filament remains stable 

under FFF 3DP, however, slight changes were observed. FTIR spectra revealed that 

in the region of -NH groups (wavelength of 3400-3200 cm-1) the band shifted towards 

higher values and the peak representing the H-bonded -NH groups decreased 

significantly as a result of the 3D printing process. Thus, the proportion of hydrogen 

bonded -NH groups in the polyurethane structure is reduced. However, there was no 

change in the areas corresponding to the ester and urethane bonds. DSC 

thermograms of the TPU(E) filament and the printout showed the Tg in a very close 

range of 40°C, and therefore the transition of the soft phase of TPU(E) was not 

affected. Two melting peaks were observed, the total heat enthalpy of which was 

relatively low (and did not change significantly due to the 3D printing process), which 

suggests a small proportion of crystalline phases in the tested samples. Change in the 

value of the Tc of the hard segments was negligible and ranged from 164-168°C. 

Thermal stability of the TPU(E) filament and the printout, determined on the basis of 

TGA thermograms, was very similar (Tonset of 300°C) and the complete decomposition 
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in both cases occurred near 475°C (Toffset). Determined DTG curves showed a two-

stage material decomposition, which confirmed the segmental structure of TPU(E). 

Measurement of the melt flow rate (MFR) showed a slight increase after the 3DP 

process which is in line with the results of FTIR (reduction of H-bonding in the TPU 

structure). Taking into account the above test results, no deterioration of the material 

properties of the developed TPU(E) filament was found as a result of the 3D printing 

process. Subsequently, series of in vitro studies (long-term, and short-term 

degradation, cytotoxicity, wettability) were performed. Once the results confirmed the 

potential of the TPU(E) filament as medical-grade material, work began on the design 

of digital models with the use of 3D modelling platforms (Autodesk Inventor, 3D 

Slicer). 

The project assumed the preparation of highly porous and flexible structures that can 

be used in tissue engineering as the so-called scaffolds. Therefore, structures of high 

porosity and complexity were prepared, differing in the architecture and size of the 

pores as well as the degree of their order. As a consequence, a number of different 

scaffolds and specimens for tensile testing were designed and printed on a FFF printer 

using developed TPU(E) filament. It required prior selection of optimal 3D printing 

parameters. The optimized basic settings for printing were as follows: extrusion 

temperature of 210-225°C, bed temperature of 60-65°C, printing speed of  

20 mm s-1. The crucial factor covered proper cooling with air of the printout during 

the process. The overall printability of TPU(E) was remarkable. Used nozzle with 

a diameter of 0.2 mm allowed the formation of pores with dimensions even below  

0.3 mm. Scaffolds porosity ranged from 50-80% depending on the type of porous 

structure. The printouts were characterized by high print accuracy (over 97%), which 

is highly desirable when forming complex structures for tissue engineering. The Young 

modulus and tensile strength of printed dumbbell-shaped specimens ranged  

0.19-0.21 GPa and 29-31 MPa, respectively, depending on the given printing 

parameters (infill orientation). The compression strength of the scaffolds was in the 

range of 0.12-1.05 MPa. Along with in vitro cytotoxicity, long-term incubation in PBS, 

and short-term degradation studies, incubation in simulated body fluid (SBF) was 

performed as it is an effective method to assess the bioactivity of a material in terms 

of its ability to form apatite. The effect of incubation in SBF on the scaffolds was 

monitored via SEM, EDS, weight measurements, and compression test. The results of 

in vitro studies showed that the scaffolds are stable up to 6 months of incubation in 
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PBS (with a degree of swelling below 2%), meet the requirements of biocompatibility 

(ISO 10993:5), are rather hydrophilic with the wCA of 76°, exhibit degradability of 

long-term tissue-engineered constructs, and are prone to mineralization following SBF 

incubation. SEM complemented by EDS measurements revealed the formation of 

carbonated-hydroxyapatite (C-HAp) crystals within 14 days, which significantly 

strengthened the scaffolds. The compressive strength increased by up to 50% from 

the initial value after 28 days of SBF incubation. Moreover, a strong correlation was 

found between the compressive strength, and the type of scaffold architecture. The 

scaffolds with the highest degree of pore ordering and lowest porosity had the highest 

compressive strength (~1 MPa), at the same time the strongest effect of HAp 

enhancement was noted for scaffolds with the lowest degree of pores order and the 

highest porosity (from 0.12 MPa to 0.20 MPa). The obtained TPU(E) filament is 

suitable for FFF 3D printing of complex porous structures that have potential as 

scaffolds in cancellous bone tissue engineering. 

In order to confront the obtained filaments with commercial products, I was looking 

for the medical polyurethane filaments for FFF/FDM 3D printing. However, no such 

solutions had been found. Moreover, a lack of specified standards for filaments 

testing, and also unsystematic and often insufficient data provided by filament 

manufacturers encouraged me to carry out detailed research on a selected 

commercial filament labelled as medical-grade. Bioflex® used to be one of the few 

commercially available filaments marked as flexible and medical-grade. Therefore in 

the next stage of research [PAPER 4], a comprehensive evaluation of Bioflex® 

filament was performed to compare the performance of the commercial product with 

the developed filaments. Besides, its potential in medical applications was assessed 

using the same methods as for TPU (E) filament. A detailed analysis of the structural, 

thermal, thermomechanical, and tensile results revealed that the Bioflex® belongs to 

the group of thermoplastic copolyester-ether elastomers (TPC) with 

poly(tetramethylene oxide) (PTMO) as a soft segment. DCS thermograms showed Tg 

of -68.7°C and a relatively low crystallinity degree of HS (according to low heat 

enthalpy). One-step decomposition was observed with a thermal stability of 368°C 

(Tonset), suggesting a small share of HS segments or a close decomposition 

temperature of both types of segments. In turn, both spectroscopic, thermal, and 

rheological tests have shown that the printing temperature of 220°C does not degrade 

the material and the properties do not deteriorate. The FTIR and Raman spectra as 
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well as DSC and TG thermograms of Bioflex® filament and printout almost overlapped. 

Therefore, it was found that there were no changes at the microstructural level in the 

tested material. There were also differences in the material data contained in the 

technical data sheet (TDS) and those obtained from the conducted tests. The 

measured hardness, tensile strength, elongation at break, and Young modulus of 

Bioflex® printouts were lower than those given in TDS, 22 Sh D (27 Sh D TDS),  

~12-14 MPa (16 MPa TDS), 650-750% (800% TDS), and 0.16-0.19 MPa (35 MPa 

TDS), respectively. Besides, a significant impact of 3D printing parameters (raster 

angle and printout orientation) on the strength properties of the printouts has been 

observed. The overall strength profile of the sample printed with a raster angle of 

±45° was higher than those with a raster angle of 0/90°. The wettability of the 

filament was average with a water contact angle was of 69°. The in vitro tests of the 

printed porous structures confirmed the biocompatibility (ISO 10993:5) and the 

moderate ability to the formation of apatite during SBF incubation. The first pellet-

like crystals were observed within 1 month of incubation. EDS analysis of the crystals 

revealed the presence of elements corresponding to HAp fortified with carbon and 

oxygen elements. Ramman spectrum showed the presence of carbonate groups thus 

indicating the formation of carbonated-hydroxyapatite (C-HAp). Accelerated 

degradation showed high resistance to hydrolysis in a concentrated media of 2M HCl 

and 5M NaOH with a mass loss of 1.5% and 10%, respectively, over 28 days of 

incubation. The test results allowed to classify Bioflex® as suitable for 3D printing of 

medical devices and biostable items with high elasticity and resistance to aggressive 

environments. Attention also was drawn to inaccuracies in the presented material 

data regarding filaments that should be regulated. Moreover, the conducted research 

allowed for the comparison of the formed TPU(E) filament with its commercial 

counterpart. Due to the different materials chemistry of both filaments (TPU and TPC), 

only the stability under printing conditions, printability, and the quality of the obtained 

prints were considered, which can be regarded as comparable. 

Further stage of the research was devoted to the development of bio-filament using 

plant based feedstocks, as an alternative biomaterial for PLA filament commonly used 

in medicine. The literature on the subject indicated that, apart from excessive 

stiffness, PLA is characterized by an insufficient biodegradation rate, therefore 

attempts were made to prepare fast-biodegradable and compostable composition of 

PLA modified with thermoplastic starch (TPS) [PAPER 5]. To ensure proper 
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plasticization of TPS and compatibility between PLA and TPS, epoxidized soybean oil 

(ESO) was used as a modifier and enhancer of glycerine plasticizer. Using melt 

extrusion, a series of PLA/TPS/ESO compositions, differed in content of ESO and TPS 

compared to PLA, were obtained. The results of mechanical, thermal, and rheological 

properties as well as incubation in water and SEM of fractured surfaces allowed to 

select compositions with the most favourable properties. The addition of unmodified 

TPS to PLA resulted in improved ductility and impact toughness while deteriorating 

tensile strength and water resistance compared to pure PLA. Modification of TPS with 

ESO resulted in better plasticization and thus compatibilization between PLA and TPS. 

SEM observation of the fractured surfaces showed an increase in the homogeneity 

and hence the compatibility between the PLA and TPS phases with the increase in 

ESO content. The addition of ESO to TPS resulted in a significant increase in the MFR 

(over 30 g 10 min-1) value as well as there was a shift in the values of Tg and Tm 

towards lower temperatures along with an increasing share of ESO in PLA/TPS 

compositions which confirmed the plasticizing effect. Moreover, the addition of ESO 

improved the water resistance of the blends, as swelling ratio and mass loss decreased 

with the increase in ESO content. Both developed compositions and pure PLA 

(NatureWorks) completely disintegrated within 57 days in laboratory composting (ISO 

20200:2015). Replacement of 25% PLA with ESO-modified thermoplastic starch led 

to improvement in ductility and impact strength while maintaining similar 

processability and increased biodegradability compared to pure PLA.  

The developed bio-compositions (PLA/TPS/ESO), derived only from rapidly renewable 

plant sources, showed promising properties as an alternative to the widely used PLA. 

Moreover thy are more economic than PLA itself. Besides the packaging industry, 

extrusion-based 3D printing mainly utilize PLA filaments. As PLA filaments are marked 

as eco-friendly and easy to print, they are commonly used, among others in medicine, 

in the design of operational planning systems, artificial organs for educational aids, 

or prototypes of personalized implants. Such activities produce a lot of disposable 

waste which is expected to be no less harmful than the petrochemical ones. Therefore, 

in the last stage of research, efforts were made to develop bio-filament with increased 

biodegradability for medical application as an effective raw material to 3D printing 

personalized anatomical models or educational systems [PAPER 6]. Using the 

previously described continuous filament forming system, PLA/TPS/ESO filament was 

obtained which consisted of 40% TPS (modified with 1% of ESO). The temperature 
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profile was in the range of 140-172°C with the melt temperature of 176°C. The head 

pressure was kept constant at 21 bar and the extrusion velocity did not exceed 35 

rpm. The cooling system was filled with water while calibrators were of 2 and 1.8 mm 

diameter. These process parameters resulted in a stable filament with a 1.75 mm 

diameter, which was further optimized on FFF 3D printer. Contrary to the flexible 

TPU(E) filament, the PLA/TPS filament was characterized by relatively narrow range 

of printing temperature (180-185°C). It requires strict control of the process, as 

above the temperature of 185°C, the TPS is destabilized (Tonset around 185°C), which 

is manifested by the evaporation of the plasticizer (glycerine). In turn, below the 

temperature of 180°C, insufficient plasticization of PLA occurs, which lead to clogging 

of the printer nozzle. The optimal printing speed was up to 40 mm s-1. It was observed 

that heating (60°C) the build plate during printing promotes adhesion and reduces 

the shearing effect. The optimized 3D printing setup was used to prepare various test 

specimens. To confront the resulted PLA/TPS filament with commercial product, 

a comprehensive characterization was also conducted for the FlashForge PLA® 

filament PLA(FF). The FTIR and Raman spectra showed structural stability of both 

filaments under 3D printing conditions. The additional signals characteristic for 

aromatic structures were found in the Raman spectrum of PLA(FF), which correspond 

to the filament modifiers such as plasticizers (mineral oils), print enhancers (TPE) etc. 

A slight decrease in the intensity of -OH derived signal (~3310 cm-1) in the PLA/TPS 

printout was noted, which is related to the reduction of H-bonding resulting from the 

3DP process. There was also a slight decrease in the so-called crystalline band (~925 

cm-1) suggesting a decrease in the crystalline phase of the PLA/TPS composition due 

to the fast cooling of the printout. The XRD spectra indicated rather an amorphous 

character of both filaments with slight residues of the crystalline phase (A-type 

crystals) derived from native starch. Thermal stability of the PLA(FF) was relatively 

high, reaching over 300°C while for the PLA/TPS was much lower and oscillated 

around 200°C. Such outstanding thermal stability of the commercial filament probably 

comes from the modifiers and fillers used in the production process. Two-stage 

decomposition confirmed phase separation of PLA/TPS. Degree of crystallinity (Xc), 

(calculated from DSC measurements), of the PLA(FF) was around 12% and did not 

change after 3DP. In turn, Xc of the PLA/TPS filament reached over 46% and 

decreased to 17% indicating that by selecting the degree of cooling of the printout or 

by additional post-treatment (annealing), the degree of crystallinity can be adjusted 
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and thus customizing the properties. The shift of Tg towards lower temperatures 

resulting from the 3DP process can be associated with the increased mobility of the 

PLA/TPS chains (destruction of H-bonding), which is in line with FTIR considerations. 

The storage modulus values over entire temperature range of PLA(FF) were 

significantly higher than those for PLA/TPS suggesting grater material stiffens. The 

MFR value of PLA(FF) was around 8 g 10 min-1 and 11 g 10 min-1 for PLA/TPS filament 

(at 180°C, 2.16 kg load) which corresponds to the range of commercial PLA filaments. 

A sharp increase in MFR value resulting from increasing the measurement 

temperature to 200°C (MFR above 47 g 10 min-1) confirms the previous 

considerations on the thermal stability of PLA/TPS filament and points out that the 

printing temperature should be lower than 200°C. Examination of mechanical 

properties included tensile test, Charpy impact test, compression test, and hardness, 

at the same time effect of the print orientation, raster angle and infill density was 

investigated. The strength parameters correlated with the given printing parameters 

indicating anisotropic properties of the FFF printouts, however the overall strength 

values of the commercial PLA were slightly higher than for PLA/TPS. The biggest 

difference was noted for the impact toughness, which for PLA(FF) samples was about 

2 times higher. Elongation at break was in a rather similar range of 2-5%. Relatively 

low ductility and impact toughness parameters of PLA/TPS printouts indicate 

insufficient adhesion between successive print layers, as the values determined for 

continuous (injected) samples, were significantly higher. Besides, the stress-strain 

curves of the injected PLA/TPS samples reflected ductile materials while those of the 

printed specimens showed a rather fragile nature. The conducted research allowed to 

select the print configuration with the most favorable strength parameters, which 

corresponded to the ZX print orientation (so-called on-edge) and the raster angle of 

0°. As the surface of details 3D printed with FFF is not flat and is characterized by an 

evenly pleated structure, determination of wettability via goniometer using the sessile 

drop technique is challenging and can lead to unreliable data. The reported values of 

the water contact angle for the printouts from PLA(FF) were extremely different, and 

were ~111° and 75°, for raster angles 90° and 0°, respectively, which corresponds 

to the hydrophobic to moderate hydrophilic surface nature. Similar trend was 

observed for PLA/TPS printouts, however the measured values were lower and 

ranging from 81° to 63°. The difference in wettability between both filaments is 

related to the presence of highly hydrophilic TPS that lowers the wCA of PLA. 
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Therefore, special attention should be paid to the degree of corrugation of the surface 

and the wCA data should first be analyzed in relation to the raster angle of a given 

sample, and then to the chemistry of the material. Incubation in PBS (30 days, 37°C) 

supplemented with pH measurements, SEM images, and FTIR analysis allowed to 

estimate the susceptibility to hydrolytic degradation of both tested filaments. The 

results indicated the stability of commercial PLA filament under given conditions. The 

mean sample weight remained intact, the pH of the solution was stable, the 

morphology of the surface did not change, and the FTIR spectrum showed no 

structural changes. Different data were registered for the PLA/TPS filament as the 

degradation was intense. Already after 5h of incubation, the mass loss was noticeable 

and reached over 13% after 3 days. At the same time drop in pH was noted, down to 

7.27 within 30 days. This is most likely due to the dissociation of the released residues 

acidifying the solution, such as glucose or glycerine as well as carbonyl-ends groups 

of fragmented PLA since the degradation proceeded mostly through the destruction 

of TPS-origin bonds (-OH, -C-O and -COH) and PLA-origin -CH2, and C=O groups. The 

SEM images showed numerous changes in PLA/TPS surface morphology (voids, 

cracks, roughness) resulting from PBS incubation. Thus, the formed PLA/TPS is more 

prone to the degradation than PLA(FF) which remain untouched. Moreover, it was 

found that degradation proceeded by both erosions of TPS and PLA, which is 

a desirable effect as solid PLA is rather resistant to hydrolysis. The initial erosion of 

the TPS disrupts the surface which is presumed to favor the penetration of water 

molecules into the sample and thus initiates PLA degradation. The laboratory-scale 

composting showed that the PLA(FF) printouts were practically intact over 60 days of 

study while the disintegration degree of PLA/TPS printouts reached over 18%. The 

optical and SEM microscopy showed that the surface of PLA(FF) samples remained 

homogenous and smooth, and discoloration occurred after 30 days of composting. In 

turn, numerous cracks, defects and an increase in roughness were noticed on the 

PLA/TPS surface from the 14th day of incubation. The FTIR spectrum after 60 days of 

composting showed slight structural variations in the PLA(FF) sample (mainly changes 

in the intensity of the bands derived from the ester groups) while the TPS-origin bonds 

were disturbed and the entire spectrum showed structural degradation of the PLA/TPS 

samples. This suggests that the commercial PLA filaments, are significantly modified 

at the production stage (improved processability, addition of fillers and pigments), 

thus affecting biodegradability and compostability.  
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Finally to access the potential of developed bio-filament in medical applications, 

various 3D models of anatomical units and porous structures were designed. 3D 

models of vertebra C1 and L3 were prepared directly from the CT scan of the human 

spine. For this purpose, tools for 3D modelling, segmentation, and slicing were used 

(3D Slicer, PrusaSlicer software). The resulted digital models were optimized for 3D 

printing (support architecture and printing setup were customized). The resulted 

printouts of personalized anatomical models and porous structures obtained with 

developed PLA/TPS filament showed high dimensional stability and surface mapping. 

The quality of the printouts was comparable to that of commercial PLA filament, even 

for very complex porous structures. Thus, the usefulness of the obtained filament for 

3D printing for medical applications was confirmed.  

The novelty of the PhD thesis covers the formation of new elastic filaments using 

experimental poly(ester urethanes) that are degradable and biocompatible as well as 

the development of a new polylactide-starch bio-filament with printability comparable 

to commercial products. In the case of elastic filaments, the developed method of 

synthesis allowed to obtain TPUs without the use of an organometallic catalyst. While 

a properly selected forming nozzle and optimized extrusion parameters allowed for 

the formation of dimensionally stable samples of TPU filament in a discontinuous 

manner. The test results showed that the experimental filaments are biocompatible 

and prone to degradation, and the molding process does not affect their stability and 

bio-properties. According to developed bio-filament, the addition of TPS into pure PLA 

increased biodegradability without significant deterioration of mechanical properties, 

whereas the incorporation of epoxidized soybean oil (ESO) improved compatibility and 

hence the ductility and impact strength of the bio-composition. A professional 

production line was used, allowing for the continuous formation of a high-quality 

PLA/TPS bio-filament. The proposed method of assessing the stability of the 

experimental filaments allows for the ongoing monitoring of the suitability of the 

material for 3D printing. A summarized list of the dissertation’s novelties is presented 

in Table 6.  
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Table 6 A collective list of scientific and technological novelties in the presented dissertation. 
 Polyurethane-based filaments  

[TPU(PCL)/TPU(PEBA)] 

Bio-based filament 

(PLA/TPS) 

S
c
ie

n
ti

fi
c
 n

o
v
e
lt

y
 o

f 
th

e
 

re
s
e
a
r
c
h

 

- synthesis of thermoplastic 

polyurethanes without the use of a 
catalyst, limiting the possible negative 

impact of organometallic catalysts on 

the human body; 

- synthesis of biocompatible poly(ester 
urethane) based on amorphous polyol 

(PEBA) with enhanced susceptibility to 

accelerated degradation 

- the use of epoxidized soybean oil 

(ESO) as reactive modifier, thus 
improving interfacial adhesion and 

ductile properties of PLA/TPS blends; 

- development of a fully plant-based 

filament (PLA/TPS) with enhanced 
compostability and printability 

comparable to commercial PLA 

filament. 

T
e
c
h

n
o

lo
g

ic
a
l 
n

o
v
e
lt

y
 o

f 

th
e
 r

e
s
e
a

rc
h

 

- developing a processing window for 

filament formation by extrusion process 
of medical-grade elastic poly(ester 

urethanes) in a discontinuous manner 

- developing a processing window and 
description of the filament formation by 

extrusion process of a new bio-filament 

in a continuous manner; 

- design and 3D printing of porous 
structures and personalized anatomical 

models with remarkable surface 
mapping and dimensional stability, 

which are characterized by improved 
decomposition ratio in composting 

conditions  compared to commercial 

PLA printouts.  

5.2 Final conclusions 

Based on the presented research results, the following general conclusions were 

drawn. 

Regarding thermoplastic elastomer filaments for FFF/FDM 3D printing: 

➢ The elimination of the catalyst in the synthesis of poly(ester urethanes) 

extended the synthesis and gelation time. 

➢ As a result of adjusting the process parameters, apparatus, and the ratio of 

reagents, cast materials with satisfactory properties were obtained. Analysis 

of the FTIR and Raman spectra showed complete conversion of the end groups 

of the reactants and formation of urethane groups partially associated with 

hydrogen bonds. The analysis of the TGA and DCS measurements indicated 

the presence of micro-phase separation and segmented structure of the 

synthesized aliphatic poly(ester urethanes) TPU(PEBA)/TPU(PCL) which show 

thermal stability in the range of 250-260°C. 
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➢ The mechanical properties of the obtained new uncatalyzed aliphatic 

poly(ester urethanes) TPU(PEBA)/TPU(PCL) are within the range of 

commercial medical-grade polyurethane systems such as Desmopan®, 

Texin®, or MillaMed®. 

➢ The use of amorphous PEBA polyol (as opposed to the commonly used 

semicrystalline PCL) for the synthesis of medical polyurethanes allows for 

obtaining a system with increased susceptibility to hydrolytic degradation and 

greater hydrophilicity. 

➢ The process of forming medical-grade TPU(PEBA)/TPU(PCL) filaments does 

not cause significant structural and thermal changes and the material remains 

biocompatible and/or hemocompatible. 

➢ The key factors of the filament-forming process, both in a continuous and 

discontinuous manner, are maintaining a constant head pressure and gradual 

cooling of the extrudate.  

➢ The use of an extensive filament forming system enriched with calibration 

systems, cooling tubs, and a pulling and winding system allows for 

continuously obtaining flexible filaments with a constant diameter suitable for 

3D printing in FFF technology. 

➢ The FFF 3D printing process did not deteriorate the material properties of the 

developed TPU(E) and commercial Bioflex® filaments and the printouts 

remained biocompatible. 

➢ Accelerated degradation study in concentrated media (5M NaOH and 2M HCl) 

showed that the TPU(PEBA) filament can be classified as a prone to 

degradation, TPU(PCL) filament as moderate-degradable, TPU(E) filament as 

a long-degradable, and Bioflex® as a non-degradable systems. 

➢ It has been proven that the 3D printing parameters affects mechanical 

properties of the printouts. Attention was also paid to inaccuracies in the 

material data provided by filament manufacturers and the need to introduce 

standards for testing filaments and regulation on how to present material data 

of commercial products especially those of medical application.  

➢ The TPU(E) and Bioflex's ability to mineralize as a result of incubation in SBF 

was confirmed by SEM, EDS, and Raman studies. More prone to mineralization 

was TPU(E). The resulting crystals correspond to the minerals of carbonated-
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hydroxyapatite (C-HAp), which is considered to be more like the natural 

apatite of hard tissues than synthetic HAp. 

➢ Developed TPU(E) filament is suitable to FFF 3D printing of elastic porous 

scaffolds differing in architecture, shape and dimensions of the pores  

(0.1-1 mm diameter) with a print accuracy above 97% in three dimensions. 

➢ It has been observed that the susceptibility to mineralization differs 

depending on the type of porous structure. The G3D type scaffold with the 

lowest pore ordering and the highest porosity showed the highest degree of 

HAp deposition and a 55% increase in compressive strength due to SBF 

incubation. It can be assumed that the increase in the specific surface area 

promotes the release of hydroxyapatite. 

➢ Strength parameters (Young modulus ~0.2 GPa , tensile strength ~30 MPa, 

compressive strength ~1 MPa), biocompatibility, as well as susceptibility to 

mineralization under SBF exposure allow to pre-qualify the developed TPU(E) 

filament for FFF 3D printing of cancellous bone tissue scaffolds. 

➢ The printability and overall performance of the developed flexible TPU(E) 

filament are comparable to commercial counterpart - Bioflex®. 

Regarding bio-based thermoplastic filaments for FFF/FDM 3D printing: 

➢ The addition of epoxidized soybean oil (ESO) to potato starch enhanced the 

plasticizing effect and improved compatibility between PLA and TPS phases, 

resulting in improved elongation at break, impact strength, and water 

resistance compared to the unmodified PLA/TPS composition. 

➢ The PLA/TPS filament has been developed exclusively from natural, and 

quickly renewable raw materials. Replacing up to 40% of PLA with ESO-

modified TPS resulted in considerable improvement of wettability, hydrolytic 

degradability, and thus disintegration ratio in composting, in contrast to that 

of commercial PLA filament. 

➢ Commercial PLA printouts PLA(FF) were shown to be non-biodegradable 

(specimens remained intact) under laboratory simulated composting 

conditions (60 days, 58°C, 90% humidity). 

➢ A strong correlation was observed between the 3D printing parameters (raster 

angle, print orientation) and the strength properties of the printouts of 

thermoplastics (PLA(FF), PLA/TPS) unlike those obtained from thermoplastic 
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elastomers. This suggests differences in interlayer adhesion which is higher 

in the case of flexible filaments. 

➢ Despite the fact that as a result of the FFF 3D printing process there were 

slight structural and thermal changes, no degradation or deterioration in the 

material properties of the developed PLA/TPS bio-filament were found.  

➢ It has been shown that the water contact angle (wCA) of samples printed in 

FFF 3D printing technology is strictly dependent on the printing parameters 

and surface orientation (raster angle, path width, layer height, nozzle 

diameter, etc.). Therefore, the wCA measurements must contain information 

on the above 3DP settings to allow the reliable comparison of printouts' 

wettability.  

➢ The PLA/TPS filament is suitable to FFF 3D printing of personalized anatomical 

models and porous structures with high surface mapping and satisfactory 

dimensional stability.  

➢ The printability and overall performance of the developed bio-based PLA/TPS 

filament are comparable to commercial counterpart - PLA FlashForge® 

filament. 

The main achievements of the doctoral dissertation include: 

1) Optimization of the synthesis parameters and characterization of new 

uncatalyzed, aliphatic poly(ester urethanes), differing in the type of soft 

segment and thus susceptibility to degradation for biomedical application 

[PAPER 1,2]. 

2) Description of the continuous filament-formation line, including all the 

necessary processing parameters, apparatus, and critical points leading to 

high-quality flexible filament [PAPER 3]. 

3) Design and 3D printing of porous structures that meet the prerequisites of 

cancellous bone porous tissue scaffolds, using formed poly(ester urethane) 

filament TPU(E) [PAPER 3]. 

4) Understanding the influence of 3D printing on the physicochemical, thermal, 

mechanical, and biological properties of medical filaments. The stability of the 

tested filaments was found and it was confirmed that the 3D printing process 

did not affect the biocompatibility of the material [PAPER 1-4]. 
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5) Preparation of fully plant-based filament with enhanced biodegradability and 

comparable printability to commercial PLA filament [PAPER 6]. 

Summarizing the above conclusions and achievements, it can be stated that the 

developed filaments for 3D printing in the FFF/FDM® technology are valuable and 

attractive alternative for medical purposes, and the conducted research supplements 

the current knowledge in the field of synthesis, forming, and characterization of 

materials for extrusion-based 3D printers. The developed filaments can be used for 

3D printing of the following details (Figure 9): 

- long- and short-term porous structures for tissue engineering applications; 

- personalized anatomical models for surgical training systems and pre-

operative planning procedures; 

- artificial organs as teaching aids for medical students; 

- customized laboratory equipment.  

 
Figure 9 An example of products printed with the use of filaments developed in the dissertation. 

Nevertheless, there are still many properties to investigate and improve, and many 

possible applications to evaluate for the studied filaments.   
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Postscriptum  

The nature of graduation thesis is to follow the well-trodden paths but in your own 

shoes. Despite this sometimes rocky and arduous journey, this dissertation has been 

put forward to reflect what I believe to be valuable and noteworthy, and knowledge 

on a range of subjects from the understanding of bio-polymers to potential novel 

solutions regarding medical filaments for FFF 3D printing. I hope the issues I have 

raised will benefit future researchers who by adding their own efforts contribute to 

the improvement of the human condition and the state of nature.  
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Appendix 1 - Material data on commercial medical-grade polyurethanes 

Table A1 Summary of commercially available medical-grade polyurethane. Data taken from company safety 

data sheets. HS – hardness, Tsb – ultimate tensile strength, Eb – elongation at break. * ISO 10993 Part 1 
“Biological Evaluation of Medical Devices” tests for 30-day indirect blood contact applications. ** The United 

States Pharmacopeia (USP). USP Class VI Plastic Tests are designed to evaluate the biological reactivity of 
various types of plastics materials in vivo. 

Trade 

name 
Grade 

Chemical 

description 

Mechanical 

properties 

Recommended 

application 
Biological test Company 

TEXIN® 

RxS285 
Aromatic 
polyester-

based TPU 

TSb= 37,9 

MPa, Eb 
=500%, 
Flexural 

modulus = 
27,6 MPa, HS 

= 85º ShA 

dental ligature, 

tubing, luers, 
wound 

dressings, fabric 

coatings, 
packaging, soft 

touch grips 

Biocompatibility( ISO 
10993-1*), USP Class 

VI** 

Bayer 
Material 

Science LLC 

RxT50D 
– 90A 

Aromatic 
polyether-

based TPU 

HS 70º ShA to 
65º ShD, TSb 

25,5 – 51,7 
MPa, Eb 370 – 

770 %, 

Flexular 
modulus 14,5 

– 420 MPa 

anesthetic 
connectors, 
catheters, 

flexible tubing, 
seals, gaskets 

DESMOPAN
® 

5377A 
6064A 

6072A 
6088A 

Aromatic 
polyether/es

ter-based 
TPU 

HS 60º ShA to 
75º ShD, TSb 
25 – 50 MPa, 

Eb 470 – 880 
%, 

wound 
dressings, fabric 

coatings, 
packaging and 
films, surgical 

drapes, 
catheters, 

tubing, soft grip 

Biocompatibility (ISO 

10993-1*), 
Cytotoxicity (ISO 
10993-5), Skin 

irritation, Skin 
sensitization (ISO 

10993-10) 
9370AU
9380AU

9392AU 

Aromatic 
polyether-

based TPU 

ChronoFlex
® 

AL 

 
Aliphatic 

polycarbona
te-based 

TPU 

HS 75º ShA to 
75º ShD,TSb 

27 – 60 MPa, 
Eb 350 – 750 

% 

long and short 
term implants, 

disposable 
medical 

products, 

USP Class VI**, 

Cytotoxicity (ISO 
10993-5), Skin 

irritation (ISO 10993-
10), Skin sensitization 

(ISO 10993-10), 

Pyrogenicity (ISO 
10993-11) 

AdvanSource 

biomaterials 

C 

Aromatic 

polycarbona
te-based 

TPU 

HS 75º ShA to 
75º ShD, Tsb 

37 – 55 MPa, 
Eb 300 – 500 

% 

ChronoSil® - 

polycarbona

te based 
silicone TPU 

HS 75º ShA to 
75º ShD, Tsb 

22 – 70 MPa, 
Eb 350 – 650 

% 

USP Class VI**, 

Cytotoxicity (ISO 
10993-5) 
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Trade 
name 

Grade 
Chemical 

description 
Mechanical 
properties 

Recommended 
application 

Biological test Company 

Bionate® I, II 
Polycarbona

te-based 

TPU 

HS 80º ShA to 
75º ShD, TSb 

46 – 63 MPa, 
Eb 240 – 530 
%, Flexular 

modulus range 
from 41 – 

1790 MPa 

long-term 
implants, 

cardiovascular 
electrostimulatio

n,  
neurostimulation

, vascular, 

artificial heart, 
cardiac assist 

and diagnostic 
devices, hip and 

knee joints 

USP Class VI**, Ames 
Mutagenicity test, 

Humoral 
Immunological Study, 

Systemic Toxicity 

(ISO 10993-11), 
Sensitization: 

Magnusson and 
Kligma – no dermal 

sensitization, 

Carcinogenicity:2 
years/rats – non 

carcinogenic. 

DMS 

BioSpan® 

SPU 

 S SPU 
F SPU 

Segmented 

polyether 
TPU 

HS 70º ShA. 

TSb 38,6 – 42 
MPa, Eb 847 – 

960 %, 

Flexular 
modulus range 

from 10 – 20 
MPa 

artificial 

hearts, 
interventional 

cardiology 

balloons, drug 
eluting 

stents and spinal 
implants. 

USP (cytotoxicity, 
pyrogen, muscle 

implementation 14, 
120 days/rats, 

intracutaneous 
injection), Hemolysis, 
Sensitization:Magnuss

on and Kligman – 
weak allergic 

potential, Ames 

Mutagenicity Assay 
Chromosome 

Aberration 
Balb/c-3T3 Cell 
Transformation, 

CarboSil® 20,5 

Silicone-

polycarbona
te-based 

TPU 

HS 80º ShA to 
55º ShD,TSb 

35 – 43 MPa, 
Eb 340 – 470 

% 

cardiovascular 
and nervous 

system 
electrostimulatio

n, continuous 
glucose 

monitoring, drug 

eluting and 
orthopedic 

implants. 

Intracutaneous,  
Maximization 

Sensitization Study 
(ISO 10993-10), 

Genotoxicity - in viro 

chromosal abrration, 
Bacterial reverse 
mutation (saline 

extract, 95% ehtanol 
extract), Mouse Bone 

Marrow 
Micronucleus (ISO 

10993-3), USP 

Pyrogen Study, 
Cytotoxicity, 

Hemolysis, Muscle 
implementation 2,12 

weeks (ISO 10993-6), 

26 week 
Carcinogenicity Study 
in the Transgenic ras 

H2 Mouse Model 

Elasthane® - 

Aromatic, 

polyether-
based TPU 

HS 80º ShA to 

75º ShD, TSb 
43 – 60 

MPa,Eb 300 – 

600 %, 
Flexular 

modulus range 
from 36 –2000 

MPa 

cardiovascular, 

neurostimulation 
and orthopedic 

implants 

Cytytoxicity – non 

cytotoxic, 
Hemocompatybility – 

non-hemolytic 
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Trade 
name 

Grade 
Chemical 

description 
Mechanical 
properties 

Recommended 
application 

Biological test Company 

PurSil® 20,35 
Silicone-

polyether-

based TPU 

HS 80º ShA to 
83º ShA,TSb 

25 – 32 MPa, 
Eb 500 – 565 

%, Flexular 
modulus range 
from 38 –43 

MPa 

medical devices, 
including 

ophthalmic, 
anastomotic, 

and 
continuous 

glucose 

monitoring. 

Cytotoxicity (ISO 
10993-5), 

Sensitization Tests, 
Irritation Test (ISO 

10993-10), 

Genotoxicity (bacterial 
reverse mutation, in 

vitro chromosomal 
aberration)  (ISO 
10993-3), In Vitro 

Hemolysis Study (ISO 
10993-4), Subchronic 

Intravenous Toxicity 
ISO 10993-11), 

DegraPol® - 

Polyester-

urethane  
(Hard 

Segment – 
PHB-diol, 

trimetilexam

etilene 
diisocyanate 

TMDI ), 

(Soft 
Segment – 

polycaprolac
tole-

dyglicol-

diol) 

no data found 

Tissue scaffolds 

(cardiac and 
cartilage tissue 
engineer, nerve 

guidance 
channel) 

Cytocompatibility, 

subcutaneous 
implantation (rats), 
cell (HCS) seeding 

and response to 
material 

ab Medica 

Parker 

ALC 

95A, 
95A-
B20 

aliphatic 

polycarbona
te-based 

TPU 

HS  95,96º 

ShA, TSb 0,02, 
0,034 MPa,Eb  
400, 460 %, 

Flexular 
modulus range 

from  0,075, 
0,13 MPa 

(ASTM D 790) 

vascular access 
devices, 

tracheotomy, 

urological, 
dialysis devices, 

disposable 
tretment devices 

USP Class VI**, 

Cytotoxicity, 
Hemolysis (ISO 

10993-4) 

PARKER 

MillaMed® 
PU2055 

PU2075 

Aliphatic 
polyether-

based TPU 

HS  55,75º 
ShA,Tsb 15, 

32 MPa, Eb 
540, 565 %, 

Flexular 

modulus range 
from  0,075, 

0,13 MPa 
(ASTM D 790) 

short term 
implants (up to 

29 days) 

USP Class VI**, 
Cytotoxicity (ISO 

10993-5) 

TSE 

Carbothane

® 

PC 

Aliphatic 
Polycarbona

te-based 

TPU 

HS 70º ShA to 

69º ShD TSb 
50 – 67 MPa, 

Eb 325 – 600 
% 

medical bags, 
wound dressings 

and tapes, 

catheters, 
tubing, bone and 
tissue scaffolds,  

artificial knees 
and hips, 

long/short term 
implants, 

ndovascular 

medical devices 

USP Class VI**, 
Cytotoxicity (ISO 

10993-5), Hemolysis 
(ISO 10993-4) 

Lubrizol 

AC 

Aromatic 
Polycarbona

te-based 

TPU 

HS 77º ShA to 

56º ShD, TSb 
50 – 67 MPa, 

Eb 300 – 400 
% 
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Trade 
name 

Grade 
Chemical 

description 
Mechanical 
properties 

Recommended 
application 

Biological test Company 

PC B20 

Aliphatic 
Polycarbona

te-based 
TPU+ 20% 
of barium 

sulfate 

HS 75º ShA to 

71º ShD, TSb 
50 – 65 MPa, 
Eb 300 – 570 

% 

Lubrizol 

AC B20 

Aromatic 

Polycarbona
te-based 

TPU+ 20% 

of barium 
sulfate 

HS 78º ShA to 
56º ShD, TSb 
57 – 69 MPa, 

Eb 300 – 400 
% 

Tecoflex® EG 
Aliphatic 

polyether-

based TPU 

HS 72º ShA to 
67º ShD, TSb 
40 – 57 MPa, 

Eb 310 – 660 
% 

no data found 

Pellethane® 

2363-

5863 

Aromatic 
polyether-

based TPU 

HS 81º ShA to 
76º ShD,TSb 
30 – 48 MPa, 

Eb 450 – 700 
% 

USP Class VI** 

5855 
Aromatic 
polyester-

based TPU 

HS 92º ShA, 
70º ShD, TSbt 
29, 62 MPa, Eb 

160%, 450 % 

Pathway® - 

Aliphatic 

polyether-
based  TPU 

HS 62 ºShA to 

83 ºshD 

Controlled drug 
release, 

implantable drug 
delivery, drug 
eluting devices 

Amnes Mutagenicity 

Assay (ISO 10993-3), 
Hemolysis (ISO 

10993-4), Cytotoxicity 

(ISO 10993-5), 
Irritancy, Muscule 

implementation (ISO 
10993-6), Skin 

sensitization (ISO 

10993-10) – 0% 
Grade 1, System 

Toxicity (ISO 10993-
11) 
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