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Abstract

Extrusion-based 3D printing is steadily gaining importance as a manufacturing technique due to its

flexibility and wide range of possible end-products. In the medical field, the technique is being exploited

for a variety of applications and one of these is the production of personalised medicines. However,

despite many proof-of-concept studies, more thorough insights in the production technique itself and

the required material properties are needed before 3D printing can be fully exploited in a hospital or

pharmacy setting. This research aims at clarifying the complex interplay between material properties,

process parameters and printer-dependent variables. A variety of different polymers and polymer-drug

blends were extruded (diameter 1.75±0.05 mm) and characterised in terms of mechanical, thermal and

rheological properties. These properties, together with the processing temperature, printing speeds and

different nozzle diameters of the 3D printer were linked to the quality of the end-product. Different

failure mechanisms (mechanical, thermal) were assessed. Decisive material parameters (e.g. cross-over

point) for optimal printing behaviour and the importance of printer construction (nozzle diameter) were

clarified. In general, this study offers insight into the 3D printing process and will help to speed up future

pharmaceutical formulation development for printlets.

Keywords: Fused deposition modeling, 3D printing, Rheology, Mechanical analysis, Thermal analysis,

Extrusion

1. Introduction1

Nowadays, medical treatment is mostly based on the one-size-fits-all approach where mass-produced2

medicines contain a dose suitable for the majority of the population. However, due to patient variability3

in terms of e.g. gender, genetics or weight, there is an increasing interest in dose personalisation. The4

ability to produce a personalised dosage form on-demand requires however a flexible manufacturing tech-5

nique. Established pharmaceutical manufacturing techniques are cost-effective for large-scale production6
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but are dose inflexible. On the contrary, extrusion-based 3D printing is cost- and time-efficient on a small7

scale.1 Apart from mere dose personalisation, extrusion-based 3D printing can even be used to produce8

tablets containing multiple APIs, each in patient-tailored concentrations.29

10

The terms “3D printing” or "rapid prototyping" are collective terms for a variety of techniques, which can11

be classified in seven categories according to the American Society for Testing and Materials (ASTM)12

group: (1) vat photopolymerisation, (2) binder jet printing, (3) material jet printing, (4) powder bed13

fusion, (5) directed energy deposition, (6) sheet lamination and (7) material extrusion.3 Extrusion-based14

3D printing or fused deposition modelling (FDM) is classified in this last category and is one of the15

most popular techniques, due to its fast production speed and cost-effectiveness. In extrusion-based 3D16

printing, a filament consisting of a polymer matrix and embedded drug is fed by roller grips to a heated17

nozzle. Within this nozzle, the filament softens and is deposited on a bed. Either the nozzle or bed18

can move into different axes to create a 3D object.4 The prerequisites for this type of manufacturing19

are excellent flow properties within the nozzle and fast hardening of the polymer upon cooling on the20

bed.5 The drug-loaded feedstock material for this FDM technique is produced by either soaking the21

previously prepared filament into a drug solution or performing hot melt extrusion (HME) with physical22

mixtures. The soaking method is an outdated, inefficient technique which has the disadvantage that the23

achievable drug load is minimal and few commercial filaments are pharmaceutically approved. On the24

contrary, the HME method can rapidly produce homogeneous blends with high drug load. The drawback25

of HME is however the necessity for heating, which excludes the use of active pharmaceutical ingredients26

(API) prone to thermal degradation.6 The combination of HME with FDM has been used successfully in27

academic research to manufacture a variety of dosage forms e.g. oral thin films, controlled or immediate28

release tablets, subdermal implants, intrauterine systems or wound dressings.329

30

Despite the extensive academic research and many proof-of-concept studies, more thorough insights into31

the different processing steps of FDM 3D printing are required before the technique can be implemented32

to produce personalised dosage forms. The main steps in the 3D printing process are (1) filament produc-33

tion, (2) filament feeding, (3) deposition and (4) solidification on the build platform.7 During filament34

production by HME, special attention should be paid to diameter correctness and consistency as the35

filament diameter is a critical quality attribute in the FDM 3D printing process. Smaller filaments might36

not withstand the stresses exerted by the gears, while larger filaments might clog the PTFE-tube and37

impede transport to the liquefying zone. The diameter consistency is not only important to ensure a38

proper printing process, but also ensures content and mass uniformity of pharmaceutical dosage forms.839

During filament feeding, a rotating roller feeds the filament through a PTFE-tube to the heater block40

and nozzle, where the filament melts. (Fig. S1) The solid filament above this liquefied zone acts as a41
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piston which extrudes the molten polymer out of the nozzle.9 The feed rate, material properties and heat42

flux determine the amount of molten material within the heated zone. A higher temperature generally43

improves flow out of the nozzle by reducing the viscosity of the molten polymer and thus the pressure44

drop over the printer head. It also enhances the adhesion between successive layers. Increasing the45

temperature of the process too much might however induce polymer degradation, residues on the melt46

channel or a deformed end-product.4,1047

In general, a better understanding of the required material properties for FDM 3D printing is necessary48

to print accurate dosage forms in terms of surface area, shape and weight and is of major interest to49

enable its use at the point-of-care locations.7,11 Expanding the portfolio of polymers suitable for FDM50

3D printing would also be beneficial for pharmaceutical printing as currently implemented polymers51

are mainly used in spare parts production (e.g. aerospace, automotive or maritime industries).9,12 At52

the moment, the production of 3D printed dosage forms is however still an empirical process which53

requires a huge time investment to screen and adapt different formulations according to the trial-and-54

error principle, especially for researchers new to the field.13 It is known that material properties of the55

filaments greatly impact the printability and determine the window of process conditions.14 Therefore, the56

optimal rheological, thermal and mechanical properties of the feedstock-material should be characterized,57

in combination with their ideal process settings to achieve a successful end-product. Recently, an artificial58

intelligence machine learning technique was developed to speed up the FDM development and production59

process by linking material parameters directly to printability outcomes using a large training set. The60

technique proved valuable to effectively predict process settings of drug-loaded filaments.13 However,61

previous studies merely classify a filament as ’non-printable’ or ’printable’ with only limited rationale62

from a rheological point of view for this behaviour. Whenever a full rheological analysis is made, it is often63

limited to a small, specific group of polymers which impairs a broader applicability of the results. The64

importance of rheology on the efficient production of high quality end products was already shown to be65

vital in hot melt processes but is often underutilized.15,7, 16,17,18 Therefore, the aim of the present study66

was to focus on the causality of a variety of printing failures and linking these to simple mathematical67

equations describing the 3D printing process. Multiple key material properties which determine feed- and68

printability of pharmaceutical filaments and their processing window in a desktop FDM 3D printer were69

determined using a dedicated rheological, mechanical and thermal analysis of a variety of polymers. The70

study is intended to serve as a guide to speed up future filament development by identifying root causes71

of a printing failure and providing solutions to overcome these.72
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2. Materials and Methods73

2.1. Materials74

A variety of polymers was screened to investigate their window of feed- and printability. Thermoplastic75

polyurethanes (Tecoflex R© EG-72D, Tecophilic R© SP-60D-60 Tecophilic R© SP-93A) (Lubrizol, Ohio, USA)76

and ethylene-vinyl-acetates (EVA1070, EVA2825A) (Celanese, UK) were processed as pellets. Polycapro-77

lactone (CAPA 6506, Perstorp, UK), polyethylene-oxide (Polyox WSR N10, Dupont, Germany), poly-78

methacrylates (Eudragit EPO, Evonik, Germany), hydroxy-propylcellulose (Klucel EF, Ashland, Switzer-79

land), polyvinylcaprolactam–polyvinyl acetate–polyethylene glycol graft copolymer (Soluplus R©,BASF,80

Germany) and copovidone (Kollidon VA64 R©, BASF, Germany) were processed as powder. From this81

list of polymers, the TPUs and CAPA6506 are at this moment not approved for pharmaceutical use in82

Europe. Black polylactic acid filament was purchased from 3D4Makers (Haarlem, Netherlands). Ibupro-83

fen (SI group, USA) was added as active pharmaceutical ingredient (API) to Polyox WSR N10 (PEO84

N10) and polycaprolactone (PCL) in 20% (w/w) and 40% (w/w). Scotch blue painter’s tape 50 mm was85

supplied by 3M (Bracknell, UK).86

2.2. Filament Preparation: Hot Melt Extrusion87

Pure polymers were extruded using a co-rotating, fully intermeshing twin-screw extruder (Prism88

Eurolab 16, Thermo Fisher, Germany) equipped with co-rotating twin screws and a custom-made heated89

die of 1.70 mm diameter. A DD flex-wall 18 feeder (Brabender, Germany) was used. Screw speed and feed90

rate were kept constant at 80 rpm and 0.3 kg/h, respectively. A standard screw configuration consisting91

of transporting elements, two kneading blocks and a discharge element were used.1992

The processing range for hot melt extrusion of a specific polymer (blend) depends on its complex93

viscosity η∗, which should fall between 1,000 and 10,000 Pa.s. Within this range, the torque limit of the94

extruder is not exceeded while its mixing capability is guaranteed.20 The optimal process temperature95

ranges were extracted from literature21,22,23,24 or from the manufacturing data sheets. Depending on96

the polymer used, different extrusion temperatures were used, as listed in Table 1.97

After extrusion, the filaments were collected on a self-winding roller and this roller speed was adapted98

to obtain filaments with a diameter of 1.75±0.05 mm as measured with a digital caliper. Filaments with99

a diameter out of this range were discarded.100

Resulting filaments were stored in a dessicator containing silica, because absorbed moisture might101

lead to nozzle blockage or distortion of the printed part by formation of bubbles.4102

2.3. Filament Characterization103

2.3.1. Mechanical Testing104

To evaluate the mechanical properties of the extruded filaments, samples were subjected to a tensile105

test in elongation mode using a TA.HD PlusC Texture analyser (Stable Micro Systems, UK) equipped106
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with pneumatic clamps and a load cell of 50 kg. The specimen of 25 mm was elongated at a rate of107

0.01 mm/sec until reaching a trigger force of 1g after which data collection started and the sample was108

further elongated at a rate of 0.02 mm/sec until 20% strain. Another specimen of 25 mm was subjected to109

elongation under the same conditions but with a tensile rate of 1 mm/sec until the maximum elongational110

distance of the machine was reached (300 mm). The curves of both tensile tests were compared to111

differentiate between polymers that broke during the test or could be maximally elongated. The Young’s112

modulus, strain and stress at break and tensile energy to break the filament (area under the curve) were113

calculated as an average of five independent samples at low test speed using Matlab2018b. The Young’s114

modulus was calculated as the slope between 0.05 and 0.25% strain in the stress-strain curve. These115

tensile test parameters were based on the ISO 527.25116

2.3.2. Rheological analysis117

A stress-controlled HAAKE Mars III rheometer (Thermo Scientific, Germany) equipped with a par-118

allel plate geometry of 20 mm diameter and a Peltier temperature module was used. All rheological119

experiments were performed on small pieces of filaments as sample material which were stored in a des-120

iccator until rheological analysis to prevent air bubbles due to moisture evaporation. After zero gap121

determination at the test temperature, samples were loaded and allowed to soften. The sample was122

trimmed and excess material was removed at a gap size of 1.1 mm. Samples were equilibrated at the123

measuring gap (1 mm) during 15 min prior to testing. A standard deviation of less than 5% was in-124

ferred for repeated experiments. Frequency sweeps were performed at 200, 180, 160 and 140 ◦C for all125

EVA/TPU grades and HPC EF. Frequency sweeps were performed at 120, 100, 80 and 60 ◦C for PEO and126

PCL. Frequency sweeps were performed at 100, 80 and 60 ◦C for PEO/PCL-IBU mixtures. Frequency127

and temperature sweeps were performed at a strain deformation of 1%, which proved to be within the128

linear viscoelastic region.129

Validity of the Cox-Merz rule was assumed for pure polymers, as this empirical rule is obeyed rather130

well for a variety of polymers (unless very highly branched structures) with only minor deviations.26131

For polymers with high solid content, this rule may however not be applicable. The overlap of small132

amplitude oscillatory shear (SAOS) measurements with steady-state rotation shear (SSRS) was therefore133

investigated for the polymer-drug blends. SSRS experiments were conducted using rotational experiments134

in a shear rate range from 0.01 to 5 s−1. During SAOS measurements, the complex viscosity (η∗) was135

measured in function of frequency (1-460 rad/s) at four different temperatures which were related to136

the printing temperature. The Cross model, as shown in Eq.(1)27 was fitted to all frequency sweeps to137

determine the impact of these rheological parameters on the printing process.138

η∗(γ̇, T ) =
η0

1 + (η0γ̇
τ∗

)(1−n)
(1)
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where τ∗ is the critical shear stress at which the complex viscosity profile moves from Newtonian to shear139

thinning, n is the power-law index which accounts for the degree of shear-thinning and η0 the zero-shear140

viscosity.141

When the temperature of a frequency sweep is increased, the average relaxation time shortens due142

to an expansion of molecular mobility. This temperature dependency of η∗ can be expressed by the143

time-temperature superposition principle. The storage modulus (G′), loss modulus (G”) and η∗ of four144

frequency sweeps were shifted to the frequency sweep of the third measured temperature (either 180oC145

or 80oC) using the TTS module of the HAAKE Rheowin software, resulting in a temperature-invariant146

mastercurve. From the obtained shift factors (aT ), the Arrhenius flow activation energy (kJ.K−1.mol−1)147

was calculated, as shown in Eq. (2):28148

Ea =
RG ln aT
1
T
− 1

TR

(2)

where R is the gas constant of 0.008314 kJ.K−1.mol−1, aT is the horizontal shift factor for a frequency149

sweep recorded at temperature T and TR is the reference temperature at which the mastercurve is created.150

Temperature sweeps were performed monitoring η∗, G′ and G” in function of temperature, under a151

constant frequency of 6.28 rad/s. Samples were molten and equilibrated at either 200, 120 or 100 ◦C152

followed by a cooling run at 2 oC/min to either 80 ◦C or 25 ◦C. After solidification, a subsequent heating153

run at 2 oC/min was performed until the start temperature of the cooling run was reached. From this154

heating and cooling run, the temperature at the cross-over point (G′=G”) was determined. At this point,155

the viscous and elastic properties of the material are equal which is important to predict the solidification156

behaviour of the formulation on the printer bed (cooling run) and the printing temperature (heating run).157

2.3.3. Thermal analysis158

The glass-transition temperature (Tg) and melting point(s) (Tm) of the polymers, blends and ibuprofen159

were evaluated using differential scanning calorimetry (DSC). The analysis was performed using Tzero160

pans (TA instruments, Belgium) in a DSC Q2000 (TA Instruments, UK) using a dry nitrogen flow rate161

of 50 mL/min. A heat-cool-heat run at heating/cooling rate of 10 oC/min was applied. Modulated DSC162

(mDSC) experiments were also performed in heating, with a heating rate of 2 oC/min. The modulation163

period and amplitude were set at 1 min and 0.32 ◦C, respectively (heat-iso method).164

2.4. Tablet Printing165

2.4.1. FDM desktop printer166

The feedability of the filaments was tested on a Prusa i3 MK3S printer (Prusa Research, Prague) with167

a modified PTFE tube. The diameter of this tube was enhanced using a drill with diameter of 2.05 mm168

for the upper half and 1.95 mm for the lower half of the tube. Filaments that broke on or between the169

printing gears were labelled as ‘non-feedable’ as this impeded transport to the tube and hotend.170
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Feedable filaments were tested for their printability at different test temperatures and nozzle sizes (d =171

0.4, 0.6 or 0.8 mm). In a first set of experiments, the flowability and feedability at different temperatures172

was assessed. Starting from 200 ◦C, the temperature was lowered in steps of 20 ◦C to establish at which173

temperature the flow out of the nozzle was blocked. The temperature at which this blockage occurs was174

determined on three different days to ensure the precision of the observed results. After determining this175

threshold, the print temperature was increased by 20 ◦C and objects were printed. The printed object176

was a cylindrical tablet with a diameter of 10 mm and height of 4 mm, layer height was 0.3 mm, 20%177

line infill, 2 shells and 2 top/bottom layers. The extrusion multiplier was set to 1. The first layer of178

the tablet was printed with a speed of 3 mm/s. A fan, blowing on the printed object, was disabled179

during the first layer and enabled at 100% of its maximum speed during the consecutive layers. The180

geometry of the printed part was designed as a .stl file using AutoCAD (Autodesk, USA) and converted181

into G-codes using Slic3r Prusa Edition software (Prusa Research, Prague). The platform temperature182

was kept constant at 30 ◦C. A certain set of conditions (temperature, speed, nozzle diameter) was deemed183

printable only if three consecutive tablets could be printed. When a tablet was printed with a speed of 90184

mm/s, this will be referred to as the maximal printing speed as the printer can not accelerate up to this185

linear printing speed on such a small object, as was also discussed for other printers.29 If printing with186

this speed was not possible, the print speed was consecutively decreased to 10 mm/s or 3mm/s. After the187

tablets were printed, the temperature was lowered by 20 ◦C to verify the minimal printing temperature.188

This large temperature step size ensures the robustness and precision of the method to estimate the189

minimal printing temperature. When filaments were changed, Klucel EF was fed at 200 ◦C, after which190

the nozzle was soaked in hot water.191

The gap width between the gears of the Prusa i3 MK3S is user-controlled through a small screw192

connecting both sides of the feeding compartment. In this study, a maximal gap width was chosen to193

minimize the pressure exerted by the gears. However, small deviations in gap width might have occurred194

whenever the print head was reassembled after the cleaning procedure.195

3. Results and Discussion196

First the mechanical properties of the filaments are linked to their feeding behaviour and failure197

mechanisms (breakage or buckling). Secondly, the rheological behaviour of the filaments is discussed to198

investigate its influence on the printability and quality of the end-product. The individual rheological199

parameters also clarify the effect of nozzle diameter on the printing behaviour. Thirdly, the thermal200

behaviour of the filaments is linked to a specific failure mechanism, occurring only with the IBU-blends201

and EVA2825A. Finally, the effect of a crystallisation inhibitor (IBU) on the solidification behaviour of202

PEO and PCL is briefly discussed.203
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3.1. Feedability204

Filament feedstock is pinched and pushed to the hotend in the printer head by means of a roller205

mechanism. The Prusa i3 MK3S is designed to have one stationary roller and one connected to a206

stepper motor. The motor-connected roller has a specific toothed surface to prevent slippage and create207

the necessary friction for successful feeding. The rollers pressurize the filament between them, which208

generally leads to a small deformation of the filament without impeding the mechanisms’ feedability.4209

In some cases however, this way of feeding might result in feedability issues, rendering a filament non-210

printable. For example, it was observed in this study that Soluplus, KVA64 and Eudragit EPO could not211

be printed due to brittle failure. For SP60D60, SP93A, EVA1070 and EVA2825A process conditions had212

to be optimised as these filaments showed buckling behaviour. Both printing failure mechanisms will be213

discussed hereafter.214

3.1.1. Brittle failure215

The pressure between the print gears might exceed the material’s ability to withstand the imposed216

stresses. In that case, the filament will shatter on the gears, thereby discontinuing the piston-action217

necessary for proper printing.11 Filaments displaying this kind of failure (Soluplus, KVA64 and Eudragit218

EPO) are non-printable and it was not possible to print them, even when changing the process conditions219

(temperature, print speed or nozzle diameter) as the failure occurs before the filament enters the PTFE220

tube and liquefier. For example, similar results were obtained on a Makerbot Replicator 2, where KVA64221

was too brittle to be printed successfully.30 The addition of a plasticizer or a polymer with acceptable222

mechanical properties to these brittle filaments could however enable their printing. The addition of PEG223

150031 or the addition of hydroxypropyl methylcellulose30 to KVA64 for example, was already successful.224

In another study, the addition of 10% PEG to Soluplus enabled printing with this polymer.11 The225

necessity of blending polymers or plasticizers with brittle matrices to enable their printing is a general226

phenomenon and was already investigated for a wide variety of polymers already, e.g. the addition of227

polylactic acid to poly-3-hydroxybutyrate (PHB)32,33 or PEO to Eudragit EPO.24228

The mechanical properties of the filament, measured by a tensile test, are predictive for this brittle229

feedability failure. When a filament could be stretched over the maximal length of the tensile testing230

apparatus (300 mm - 1mm/s) without breakage, it did not break on the printer gears either. This231

behaviour was exhibited by PCL, PCLIBU20, PCLIBU40 and the EVA/TPU grades. It should be232

noted that TPU EG72D could not be maximally elongated as the filament prematurely snapped from the233

pressurised clamps around 175-190 mm elongation. At this point, the maximal force exerted by the clamps234

was exceeded. All filaments were also subjected to a tensile test at low displacement rate to calculate235

their Young’s modulus. The stress/strain at break and the tensile energy to break (the integrated area236

under the stress/strain curve)34 of filaments breaking during the elongation test are displayed in Fig.1.237

It should be noted that the stress at break decreases for PEO with increasing drug content from 13.56238
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MPa (0% IBU) to 5.73 MPa (20% IBU) and 4.74 MPa (40% IBU), which is consistent with previous239

research and points out the plasticizing behaviour of IBU.35 When grouping the filaments based on their240

printability outcome, filaments exhibiting low strain at break and low tensile energy to break are prone241

to fracture on the feeding gears. As can be seen in Fig.1, the threshold for printability based on the242

tensile energy to break is between 36,38 x 105 J/m3 (PEO - printable) and 27,41 x 105 J/m3 (Soluplus243

- non printable) and for strain at break between 59.45% (PEO - printable) and 26.01% (Soluplus - non244

printable). Stress at break was not a useful parameter as it could not differentiate between printable and245

non-printable filaments and also showed a large standard deviation for the brittle filaments. For example,246

the coefficient of variation for Soluplus is 16,87% compared to 4,63% for HPC EF. The tensile test is247

apparently not the ideal method to differentiate between feedable and non-feedable filaments based on248

the stress at break when highly brittle materials are examined. In this case, a compression test might be249

a better alternative. It was previously described before that small defects like cracks or cavities inside the250

sample weaken the filament in tensile mode, while their effect on compressive failure is less pronounced.251

As such the strength at break of a brittle filament might be higher in compressive mode, which reflects252

more accurately the printing process.36 Such a compressive test is however not possible when flexible253

materials like TPUs or EVAs are included. In conclusion, the proposed simple and fast elongation method254

in the current research can be used as a fast screening tool for feedability, based on the energy to break255

the filament and the strain at break.256

In previous studies, different kinds of mechanical tests were also investigated, for example three-point257

bend tests,37 elongational tests,38,39 resistance tests,11 stiffness tests40 or fracturability tests.24 The258

exact lower limit of the parameters determined via these tests differs between studies as it also depends259

on the printers’ mechanics and between different brands of printers. The general results from these tests260

are in accordance with each other and with the current research, showing that feeding failure occurs for261

filaments with high brittleness and that a high toughness and stiffness is desirable. In a recent study,262

an extensive comparison was made between a stiffness test, a resistance test and a three-point bend test263

which highlighted the discriminating potential of the stiffness test and the obtained thoughness value.40264

Sometimes, discrepancies between the outcome of a feedability test exist in literature. For example, PEO265

N10 was too fragile to be fed on a Makerbot printer in some studies,41 while others successfully fed PEO266

N10 filaments.11,42 Also, Eudragit EPO could be printed and did not break on the gears in a Makerbot267

Replicator 2X,43 while the same polymer was non feedable in another study on the same printer.11 These268

contradictions might arise from small adaptations of the printer by the user which might broaden the print269

window. It was shown for example that adaptation of a spring in the feeding mechanism of a Makerbot270

Replicator 2x reduced the compression forces on the feedstock material.42 In the current research, the271

gap width between the gears is user-controlled and was also set at a maximum distance.272
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3.1.2. Buckling failure273

Another prerequisite for a printable filament is its successful advancement from the gears towards the274

PTFE tube and nozzle. This process requires the filament to act as a piston to overcome the pressure drop275

of the system and push the melt out of the nozzle. This pressure drop depends on the feedstock viscosity,276

nozzle geometry and flow rate. The force needed to overcome this pressure is exerted on the filament277

by the gears and might cause buckling when a critical pressure (Pcr) is exceeded. This behaviour is278

described by the Euler buckling theory (Eq.(3)) and places limits on the feed rate and feedstock material279

properties.4,44,45280

Pcr =
π2EY d

2
f

16L2
f

(3)

where EY is the Young’s modulus of the filament, df is the filament diameter and Lf is the filament281

length between the gears and the entrance of the PTFE tube. It must be noted that the Young’s modulus282

in the Euler buckling theory refers to the compressive modulus. For most materials however, the initial283

part of the stress-strain curve is essentially the same in compression and tension.36284

A filament suitable for 3D printing should have an acceptable stiffness (Young’s modulus)45,38,21285

to overcome this critical pressure without buckling. Filaments with a low Young’s modulus (Fig. 1),286

EVA1070 (77,1 MPa), EVA2825A (14,0 MPa), TPU SP60D60 (24,8 MPa) and TPU SP93A (14.46 MPa),287

showed buckling behaviour. A filament with low stiffness is challenging to print and its printability or288

possible process conditions strongly depend on its viscosity.45 Optimisation of process conditions taking289

the viscosity into account might however enable printing of these elastic materials, as is discussed in the290

next section. It should be mentioned that it was not possible to print with EVA2825A, even with adapted291

process settings.292

3.2. Printability293

Printable filaments with their minimal printing temperature, cross-over point and melting point are294

mentioned in Table 2. At first, a comparison with literature in terms of printability and printing conditions295

for these polymers will be made for a nozzle size of �0.4 mm. In the current research, printing of PCL was296

possible at 80 ◦C without speed restriction (90 mm/s). A number of previous studies reported printing297

of PCL e.g. at 100 ◦C and 45 mm/s (Makerbot 2),22 at 90 ◦C and 180 mm/s (0.5 mm nozzle, Cobra298

printer),46 at 100 ◦C and 90 mm/s (Makerbot 2X).7 Printing of PEO was possible at 80 ◦C without speed299

restriction. A previous study reported printing of PEO N10 at 160 ◦C without mentioning the print300

speed (Makerbot).42 Printing of the EVA-grades was possible at 160 ◦C and slow speed (10 mm/s) for301

EVA1070. With EVA2825A, printing failed repeatedly due to buckling of the filament. A previous study302

also investigated the use of EVA1070 with a Makerbot Replicator 2 and could only print this polymer303

at a higher temperature (210 ◦C) in combination with a low printing speed (10-35 mm/s).22 To our304

knowledge, printing of EVA2825A was not reported in literature elsewhere. Printing of the TPUs was305
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possible at 180 ◦C (EG72D, SP93A) or 160 ◦C (SP60D60). For SP93A, a very low printing speed (3306

mm/s) had to be maintained. Printing of these TPUs was also investigated previously on a Makerbot307

Replicator 2X. For EG72D and SP60D60, printing was possible at approximately the same temperatures308

(180 and 150 ◦C respectively). For SP93A, a temperature of 150 ◦C was reported to provide sufficient flow309

out of the print nozzle, but it was stated that this filament was inadequate to prepare tablets because it310

was too soft for the printing gears.21 It should however be noted that only a print speed of 90 and 150311

mm/s was investigated by Verstraete et al. In the current research, printing of HPC EF was possible at312

160 ◦C with no speed restriction. A previous study reported printing of HPC EF also at 160 ◦C at 90313

mm/s, but with a bed temperature of 50 ◦C on a Makerbot Replicator 2X.39 It must be noted that in the314

current research printing at a bed temperature of 30 ◦C was possible by reducing the distance between315

the nozzle and the bed, but a higher bed temperature indeed ameliorated the adhesion of the HPC EF316

tablet. Printing of IBU-loaded PEO and PCL was not possible in the current research at �0.4. IBU317

was previously used as a model drug with PEO when starch (20% w/w) was added in the mixture and318

this blend was printable with a temperature of 165 ◦C and speed of 70 mm/s.47 To our knowledge, no319

reports were made in literature where only IBU-loaded PCL or PEO was printed. Most of the mentioned320

research papers employed a Makerbot 2X to print these polymers into pharmaceutical dosage forms. In321

general, the printing temperatures mentioned in the current research are either comparable or lower than322

the ones reported previously, which might arise from a different hot-end set-up.323

It can be seen in Table 2 that the minimal printing temperature for some matrices expands using a324

wider nozzle. No comparisons with literature for the other nozzle diameters could be made, as to our325

knowledge printing with these polymers at a nozzle size of �0.6 or �0.8 mm was not reported in literature326

elsewhere. It can also be noticed that process temperatures during extrusion-based 3D printing (Table327

2) are generally higher compared to twin screw extrusion (Table 1), e.g. SP93A was extruded at (120 ◦C)328

and printed at (180 ◦C). This phenomenon is in accordance with previous reports.48,30329

Based on their printing behaviour described in Table 2, the printable filaments can be categorized in330

simple and complex polymers. PEO and PCL can be classified as ’simple’ polymers due to their linear331

molecular structure. The printing behaviour of pure PEO and PCL can easily be linked to their thermal332

and rheological behaviour. Their minimal printing temperature (80 ◦C) was close to the cross-over (62.2333

and 58.7 ◦C respectively) and melting point (64.6 and 60.6 ◦C respectively) and does not change upon334

enlarging the nozzle diameter. The other filaments show a complexer behaviour, possibly due to their335

branched structure, and will be thoroughly characterized via rheological analysis. First, a link will be336

made with the Cross-model parameters. Secondly, the impact of the nozzle diameter on the printing337

behaviour is discussed in detail based on the Young’s modulus, the pressure drop, volumetric flow and338

Arrhenius activation energy. A special case are the ibuprofen-loaded filaments, as they could only be339

printed using a larger nozzle diameter. This behaviour will be discussed under section 3.2.3 (Thermal340
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behaviour).341

3.2.1. Rheological behaviour: Cross-model parameters342

The fitted Cross-model at different temperatures for EVA2825A is shown in Fig. S2. The Cross-343

model parameters at the minimal printing temperature are listed in Table 3 together with the R2. These344

parameters were also normalized for PLA (200 ◦C) and PCL (80 ◦C), two frequently used polymers in345

extrusion-based 3D printing. This normalization aids in the direct comparison of the Cross-model param-346

eters between different filaments. The chosen Cross-model describes both Newtonian and shear thinning347

behavior. It is hypothesised that an ideal filament for 3D printing consists of an early transition from348

Newtonian to shear thinning behaviour and exhibits a significant shear thinning behaviour. This would349

result in optimal flowability out of the nozzle. A high zero shear viscosity would also be beneficial to350

maintain the structure of the printed dosage form.9,34 Should these hypothesises be true, an ideal fil-351

ament bears a high η0, low τ∗ and high n value. However, from Table 3, it seems that the impact of352

these specific material parameters on the FDM 3D-printing processability with the Prusa i3 MK3S is353

limited. The variability of the model parameters between two simple, easily printable filaments (PCL,354

PEO) with comparable printing behaviour exceeds the variability between simple and complex polymers355

(TPUs, EVAs, HPC EF) or between complex polymers themselves. PCL has a high zero shear viscosity356

(4.18x104 Pa.s), low τ∗ (5.70x103 Pa) and high n-value (0.473) which is characteristic of a Maxwellian357

behaviour (G′∼w2 and G”∼w1 at the low frequency region) as can be seen in Fig.3. As such, the melt358

closely resembles a viscous liquid with negligible elasticity. It In contrast, the moduli of PCL are less de-359

pendent on the angular frequency and thus the melt has a more distinct elastic behaviour. This polymer360

has a low zero shear viscosity (4.55x103 Pa.s), high τ∗ (3.87x105 Pa) and low n-value (0.187). Such differ-361

ences were previously correlated with printing quality as the print obtained from a Maxwellian polymer362

showed a marked decrease in visual quality.49 In the current study however, such a distinct difference363

between the printing conditions or visual quality of prints from both polymers was not observed. As an364

explanation, one could say that FDM 3D printing is a complex process where there is a constant de-365

and accelaration of the print head and the flow continuously needs to stop and start. From this point366

of view, excessive shear thinning might negatively impact 3D printing. In addition, the Prusa i3 MK3S367

is equipped with a fan to cool the printed object. This fan also influences the printing behaviour and368

quality of the end-product, and broadens the window of printable materials. When tablets with PCL and369

PEO were printed with and without fan, a huge difference in quality of the end-product was observed.370

While a PCL tablet printed without fan showed warping and deformation, a PEO tablet printed without371

fan gave rise to a collapsed and deformed structure which lacked geometrical accuracy. In conclusion,372

while specific rheological model parameters are indispensable for flow model analysis, for the end-user373

these parameters can not be directly correlated to quantitative and qualitative differences in feeding and374

printing behaviour, at least for the materials investigated in this study.375
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Even though no relationship was detected between the rheological parameters and the printing be-376

haviour, these parameters are of vital importance to describe and understand the printing process. For377

example, materials with a higher shear thinning behaviour or n-value showed less propensity to back-flow,378

which is the process where the molten material will move upwards inside the nozzle.9,50 It was shown also379

that the flow in a hot-end nozzle is not continuous but rather turbulent and thus possesses a high degree380

of back-mixing. Due to back-mixing, the material has a broad residence time distribution within the381

nozzle, which intensifies the thermal load of the material.29 As such, it might be possible that materials382

with a higher n-value show less back-flow and back-mixing which therefore reduces the thermal load of383

the API. Future research should be conducted to investigate this phenomenon.384

Besides its importance to describe the flow behaviour of the printer, rheology is also indispensable to385

elucidate sources of printing defects. Printing quality was already correlated with rheological behaviour386

in SAOS experiments.49 As can be seen in Fig. 2, certain defects in the PEO and PCL tablets can387

be explained by the rheological properties of the respective polymers. The cross-over point (G′=G”)388

in cooling of PEO (45 ◦C) is closer to the printing temperature (80 ◦C) compared to PCL (31 ◦C). As a389

result, the polymer solidifies slightly faster after leaving the hot nozzle. When printing at the lowest print390

temperature, PEO solidified quickly, possibly resulting in incomplete welding of the individual layers. As391

a result, small gaps between infill and shell are visible. This effect is more pronounced at a larger nozzle392

diameter, due to a higher volumetric flow. For PCL, the cross-over point in cooling is lower as can be393

seen in Fig.2 As a result, solidification of the polymer takes longer compared to PEO. At a larger nozzle394

diameter, a visible collapse of the tablet structure is noticed, possibly due to the slower solidification395

which is more pronounced when the road width is increased (i.e. at larger nozzle diameter).396

3.2.2. Impact of nozzle diameter397

For the ‘complex’ materials (TPUs, EVAs and HPC EF), printing behaviour is influenced by the398

nozzle diameter of the printer as can be seen in Table 2. The minimal printing temperature drops and/or399

the maximal printing speed expands at a larger nozzle diameter, e.g. printing was possible with SP60D60400

at 140 ◦C at nozzle size �0.6 and �0.8, while 160 ◦C was needed at �0.4. For EG72D however, the print401

speed had to be reduced at �0.8 compared with �0.4 and �0.6. To clarify all these effects, an estimation402

of the pressure drop over the nozzle and its influencing factors must be scrutinized. If this pressure drop403

is regarded as a simple Hagen-Poiseuille flow, it can be described by the following equation:4404

△P =
8QLη

π(D2 )
4 (4)

where △P is regarded as the pressure drop, Q as the volumetric flow rate, L the length over the nozzle,405

η the viscosity of the polymer melt and D the diameter of the nozzle opening. It must be noted that the406

Hagen-Poiseuille equation is only valid for Newtonian liquids. The expression becomes more complicated407
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for polymeric melts obeying the Cross-model but still depends on the same variables - in addition to408

the parameters of the Cross-model. Using this (simplified) equation to describe the pressure drop over409

the nozzle, it becomes clear that the pressure drop depends on material properties (η), process variables410

(D,Q) and process constants (L) which only differ between printers.411

Low Youngs’ modulus. The materials with the lowest elasticity modulus (SP93A, SP60D60, EVA1070)412

were printable at a lower temperature or at a higher speed when a larger nozzle diameter was used.413

For SP93A and SP60D60 specifically, an increase in nozzle size from �0.4 to �0.6 lowered the minimal414

printing temperature from 180 to 160 ◦C and from 160 to 140 ◦C respectively. No further reduction was415

observed when using a �0.8 nozzle. For EVA1070, no decrease in minimal printing temperature was416

observed. However, a faster printing speed could be applied with a �0.6 or �0.8 compared to a �0.4417

nozzle. Printing with EVA2825A was however not possible as it failed to print at each nozzle diameter.418

These effects can be explained by the variation in pressure drop, as a larger nozzle diameter reduced the419

pressure drop over the nozzle (Eq. (4)). This was also experimentally validated in previous research.51 As420

described earlier by Eq (3), materials with a low elasticity modulus are sensitive to buckling behaviour.421

Accordingly, if the pressure drop over the nozzle is lower by enlarging the nozzle diameter, the critical422

pressure for buckling is higher.52,51 As a result, the print window for a material with low elasticity423

modulus will enlarge at a higher nozzle diameter.424

Pressure drop and maximal viscosity. The print window for EG72D and HPC EF also widens at larger425

nozzle diameters, although these polymers have a considerable elasticity modulus (442.2 MPa and 251.9426

MPa, respectively). EG72D could be printed at a minimal temperature of 160 ◦C for nozzle size �0.6427

and �0.8 compared with 180 ◦C for nozzle size �0.4 but only at a very slow rate (3 mm/s). For HPC428

EF, printing temperature decreased from 160 to 140 ◦C when using a larger nozzle diameter. For these429

polymers, the effect of nozzle diameter is probably related to another mechanism than the earlier described430

Eulers’ buckling theory and might result from a higher back pressure at lower nozzle diameters. This431

failure mechanism is related to processing highly viscous materials in a twin screw extruder. As melt432

viscosity and torque in a twin screw extruder are directly proportional, a high torque is required to rotate433

the screws with highly viscous materials.6 Although no screw is present in a conventional filament-fed434

melt extrusion additive manufacturing process and the driving force required to push the melt from the435

nozzle depends solely on the pressure drop over the system.4,53 The outcome of processing a highly436

viscous material is however similar: if the pressure drop or force to rotate the screws is excessive due to437

a high viscosity of the material, it might be impossible to generate the required torque by the motor in438

the 3D printer or twin screw extruder.52 The generally accepted upper limit of viscosity in twin screw439

extrusion is 10,000 Pa.s.20 Processing materials with a viscosity above this limit might cause torque440

overshoot and blocking of the extruder. The exact upper limit in melt extrusion additive manufacturing441
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will mainly depend upon the used apparatus but is generally lower than the limit of hot melt extrusion,442

hence a higher processing temperature is generally required.48,30 When excessive force is required to push443

the filament out of the nozzle, this results in a blocked nozzle and the filament in the feeding chamber444

will have a grinded surface due to the rotation of the toothed wheels.54445

EG72D and HPC EF have indeed the highest viscosity-over-temperature profile (Fig. 4). Therefore,446

it is probably this high viscosity that limited their printing window. With the Prusa i3 MK3S, this upper447

limit was achieved at around ± 6,000 Pa.s for a nozzle of �0.4 (Fig 4). In another study, the complex448

viscosity in a Makerbot printer should be below 8,000 Pa.s to enable sufficient flow out of the nozzle (�0.4449

mm).41 This again confirms that the existence of a viscosity limit is a general phenomenon but that the450

exact limits depend on the apparatus, as already described in other studies.54 The upper viscosity limit451

shifted upwards (± 14,000 Pa.s) using a larger diameter nozzle (either �0.6 or �0.8) due to a decrease452

in pressure drop (Eq. 4). This shift will most likely also be a general phenomenon, independent of the453

used apparatus. In another study for example, the required extruder force was measured for a variety454

of build rates and nozzle diameters for various devices and it was shown that smaller nozzles require a455

higher extruder force to maintain the same build rate.54456

Volumetric flow. Based on Eq. (4), the nozzle diameter should have a huge effect on the pressure drop457

(exponent of 4) and thus reduction in minimal printing temperature. The resulting drop in printing458

temperature is however not as dramatic as expected or even absent for some polymers (e.g. EVA1070).459

While enlarging the nozzle diameter could be beneficial to lower the minimal printing temperature,460

especially for drugs prone to thermal degradation, the maximally achieved difference in temperature is461

only 20 ◦C. In addition, it seems contradictory that EG72D (Table 2) has a drop in maximal printing462

speed (90 mm/s to 10 mm/s) at 180 ◦C when the nozzle size is expanded from �0.4 to �0.8.463

These phenomena occur due to a limitation of the road width by the nozzle diameter, as the minimal464

road width is 1.2-1.5 times the nozzle opening.55 As can be seen in Fig.(5), an expansion in nozzle465

diameter results in a broader road width even when the layer height is kept identical.52,56 As a result,466

the volumetric flow rate must increase when a larger nozzle diameter is used with the same linear filament467

feed velocity, this results in an overall reduced build time of the object.56 The linear feed velocity of the468

filament (v) depends on the volumetric flow rate from the nozzle (Q), road width (W) and layer height469

(h):4470

v =
Q

Wh
(5)

An increase in nozzle diameter reduces the pressure drop (Eq. 4) while at the same time this action471

is counteracted due to an increment in volumetric flow rate at the same linear speed. It is known that472

the process of heat transfer is often a limitation in the extrusion-based 3D printing process. Polymeric473

materials have a very low thermal conductivity, which is for example about 10,000 times lower than474
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metals.50 Due to this low thermal conductivity, temperature gradients exist inside the material during475

the melting process. These thermal gradients enlarge at higher feed rates due to a more restricted thermal476

penetration in the melt. As a result, the core temperature of the melt is lower at a higher volumetric477

feed rate and the required extrusion force increases.54 The effect on the printing window in function478

of the nozzle diameter thus depends on a complex interplay of multiple factors which might counteract479

each other and is difficult to predict for each material individually. It is important to mention however480

that the higher volumetric flow rate due to nozzle enlargement can also reduce the residence time of the481

material inside the heated nozzle. It was shown for example that less back flow was observed when the482

nozzle size was widened from �0.25 to �0.4.51 In conclusion, a decrease in residence time, together with483

the achieved lower printing temperature, might provide an interesting method to diminish degradation484

of the API.485

Arrhenius activation energy. The differences in flow characteristics of the materials were further in-486

vestigated by calculating the Arrhenius flow activation energies (Eq.2). This activation energy of flow487

is the energy needed to overcome the internal flow resistance and to achieve motion of the individual488

molecules.57 The construction of a mastercurve by shifting individual frequency sweeps is displayed in489

Fig (S3). From these shift factors (aT), plots of ln(aT) in function of (1/T) were constructed (Fig.6)490

and the activation energy (Ea) could be calculated (Table 2). It was observed that TPU EG72D has the491

highest Arrhenius flow activation energy (114.03 kJ/mol), which might explain why the effect of nozzle492

enlargement has the largest influence on this polymer by limiting its maximal printing speed at �0.8 to 10493

mm/s at 180 ◦C. It shows that this polymer has a high flow retardation due to strong physcial crosslinks494

and intermolecular interactions.34 It must be noted that for HPC EF the Arrhenius flow activation en-495

ergy could not be calculated. For HPC EF, the time-temperature superposition (TTS) principle does not496

seem valid as the individual frequency sweeps did not superimpose, based on a van Gurp-Palmen plot497

(phase angle in function of the complex modulus). Probably, HPC EF is not a so-called thermorheological498

simple material, meaning that the relaxation mechanisms of the material have not the same temperature499

dependence. Especially for polydisperse samples, there is a gradual transition from one zone to another500

and it is impossible to place individual frequency sweeps on a master curve using a single value of aT.58501

3.2.3. Thermal behaviour502

For all blends containing ibuprofen, printing was challenging at nozzle size of �0.4. Blends consisting503

of ibuprofen with PEO failed at all print temperatures due to deformation and melt compression of the504

filament at the roller gears. The filament was compacted and heavily deformed in the printing chamber505

(Fig. 7), which differs from the earlier described failure mechanisms (breakage, buckling or reaching the506

viscosity limit). The blend of 20% ibuprofen with PCL was printable at low speed (10 mm/s) from 80 ◦C507

onward, but it was difficult to print consecutive tablets under these conditions without observing the508
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same failure phenomenon as with PEO.509

The observed phenomenon could be related to a partial melting of the filament in the feeding chamber510

(Fig. S1) above the PTFE tube. This partial melting weakens the filament and enables grinding of the511

roller gears in the filament, which resulted in the observed defective feeding. This effect is probably512

present for the blends containing ibuprofen due to a decrease in melting temperature (Tm) of PCL and513

PEO with addition of IBU (Table 2). The drop in Tm occurs for both IBU-PCL and IBU-PEO but514

is more pronounced for the IBU-PEO mixtures. It demonstrates that IBU acts as a plasticizer and is515

well distributed and dissolved within the matrices,59 which negatively impacts the feeding behaviour. In516

another study, indomethacin (30% w/w), blended with PEO N10, acted as a plasticizer and also rendered517

a non-printable formulation at a nozzle size of �0.4.40 In this current research however, feeding and518

printing of the IBU blends was possible and reproducible at a printing temperature of 60 ◦C with a nozzle519

size of �0.6 and �0.8. This is probably due to the earlier described drop in back pressure. Another520

example of the influence of an API on the thermal properties of a polymer was described for blends521

containing paracetamol and polyvinyl-alcohol. The Tg of the blends diminished at higher paracetamol522

content, hereby reducing the necessary temperature for twin-screw extrusion and extrusion-based 3D523

printing.60524

As mentioned previously, printing was extremely difficult with EVA2825A. Next to its propensity to525

buckle (lowest Youngs’ modulus of 14.0 MPa), it also has a low melting point, similarly as the IBU blends.526

The polymer was not at all printable at nozzle size �0.4 and failed very often at nozzle sizes �0.6 and527

0.8. This combination of troublesome mechanical and thermal properties made this polymer not suitable528

for printing with the Prusa i3 MK3S.529

3.3. Solidification behaviour and visual quality530

After successful feeding and printing, the deposition on the build plate and solidification behaviour531

determines the visual quality of the tablet. As discussed previously, the addition of IBU to the PEO and532

PCL matrix decreased their melting temperature. For example, the melting point of PEO reduces from533

64.6 ◦C to 56.3 ◦C at 20%w/w IBU and to 48.3 ◦C at 40%w/w IBU. The drug substance dissolves in the534

polymer matrices and acts as a plasticizer by expanding the free volume between the polymer chains.15535

This effect is also visible when comparing the viscosity ratio (η0 drug loaded filament / η0 pure polymer)536

(Table 4). The viscosity ratio at 60 ◦C for PEO blends with IBU decreases from 0.388 to 0.074 when the537

content of IBU is doubled from 20% to 40%. This shows that IBU increases the molecular mobility of the538

matrices. This effect is more pronounced at elevated temperature, for example, the viscosity ratio of PEO539

with 20% IBU lowers from 0.388 to 0.162 when the temperature rises from 60 ◦C to 80 ◦C. As a direct result540

of this increased molecular mobility, the minimal printing temperature of IBU-loaded filaments is lower541

compared to drug-free filaments. PEO with 20% IBU could be printed at 60 ◦C compared to 80 ◦C for the542

pure filament at a nozzle size of �0.6. This effect was also seen with other drug-polymer combinations like543
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ciprofloxacin-loaded polycaprolactone16 and itraconazole-loaded hydroxypropyl methylcellulose acetaat.61544

Addition of the drug did not impede the applicability of the Cox-Merz rule for these polymer-drug545

dispersion, as there was an overlap of SAOS and SSRS measurements (Fig. 8).17546

Fewer studies have included the effect of the solidification rate of a semicrystalline polymer on the547

quality of the end-product. It is known that a semicrystalline polymer is more difficult to print than548

an amorphous one, due to the shrinking and warping effect during crystallization. In order to obtain549

a strong 3D printed tablet, a process of welding or healing through molecular diffusion between two550

subsequent layers should take place.50 Another prerequisite for a qualitative end-product is that strands551

should solidify quickly enough to support the weight of the subsequently deposited layer.62 Therefore,552

in some cases it might be beneficial to add crystalline filler material that increase the overall viscosity553

and crystallisation rate of the polymer-drug melt, as this might enhance the visual quality of the product554

as was shown already by the addition of metoprolol tartrate to PCL.39,15 The solidification behaviour555

of polymers is largely influenced by filler material, e.g. APIs that are either dispersed as crystals or556

dissolved. It was shown previously for example that ketoprofen dissolved in PEO, acted as a plasticizer557

and hence inhibited crystallization of the semi-crystalline matrix.15 In conclusion, solidification behaviour558

is vital for high weld strength and high quality end-products in material extrusion.46559

Influence of IBU on the solidification behaviour and visual quality of the end-product can be seen560

in Fig. 9. Pure PEO often shows voids between infill and shell due to insufficient welding. Addition of561

IBU lowers the cross-over point and overall viscosity during cooling, which improved the visual quality562

of the tablet. For example, the cross-over point during cooling decreases from 45.4 ◦C for pure PEO to563

41.9 ◦C when 20% IBU is added and to 27.14 ◦C when 40% IBU is added. Indeed, when the viscosity564

of the melt flowing out of the nozzle is too high, poor bond quality can be observed as also discovered565

by Yang et al.,35,63 and the addition of a viscosity-lowering agent might be beneficial in such occasions.566

However, when too much IBU is added, the visual quality of the end-product is worse. A similar effect567

was discovered when printing starch-based systems as a higher water content reduces the overall complex568

viscosity which hindered geometrical stability and softened the print.64 A similar observation was made569

for amorphous polymers: printing of Eudragit EPO yielded a collapsed and deformed structure but570

addition of a filler (tricalcium phosphate) or an immiscible drug which remained crystalline in the blend571

(hydrochlorothiazide) increased the overall viscosity of the blend and the quality of the final dosage572

form.43,65 The poorer tablet quality is possibly due to the large effect of IBU on the crystallization and573

solidification behaviour of PEO. A similar phenomenon occurs for PCL, as the tablet is easily deformed574

upon removal from the build platform and this effect is more pronounced when IBU is added. At the575

highest IBU concentration, the deformation of the tablet might even happen while printing.576
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4. Conclusion577

The current research showed that specific material properties determine the 3D printability and opti-578

mal process parameters for a certain formulation. Filaments should possess a high toughness and stiffness579

with low brittleness in order to be feedable and compatible with the printers’ gears. Secondly, if filaments580

are feedable, there is a complex interplay between their thermal, rheological and mechanical properties581

which determine the printability window. The minimal processing temperature for simple, linear mate-582

rials depends mainly on the flow behaviour, indicating that the process temperature should exceed the583

melt and cross-over point. Filaments with low elasticity modulus and/or complex molecular structure584

show a more complicated printing behaviour. In general, enlarging the nozzle diameter of the printer585

reduces the minimal printing temperature, but this effect is (partially) counteracted by an increase of586

volumetric flow. Finally, a low melting point of the polymer could result in softening on the gears, which587

impedes successful feeding.588

This study also investigated the effect of a plasticizing drug on the solidification behaviour of a589

polymer matrix and the resulting change in processability for material extrusion additive manufacturing590

and quality of the end-product. It was shown that ibuprofen acted as a plasticizer for PCL and PEO591

by decreasing the overall viscosity and the minimal printing temperature. Either the quality of the end-592

product was improved or over-plasticized structures were generated, depending on the ibuprofen content.593

A comparison of this study with other research projects also pointed out that moving towards a594

generalised pharmaceutical, filament-free 3D printer would enlarge the portfolio of printable formulations595

and give rise to more consistent results in research.596
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Table 1: Overview of the extrusion temperature for all filaments.

Matrix T(extr) T(die)
◦C ◦C

SP60D60 150 130
SP93A 120 100
EG72D 180 160
EVA1070 120 120
EVA2825A 100 100
HPC EF 150 120
PEO 70 65
IBUPEO20 65 50
IBUPEO40 65 50
PCL 80 70
IBUPCL20 75 60
IBUPCL40 50 50

798
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(a) (b)

(c) (d)

(e)

Figure 1: (a) The stress-strain curves of the filaments that broke during the tensile test at low displacement rate. (b)
The stress at the breaking point, (c) the strain at the breaking point and (d) the respective tensile energy to break these
filaments.(e) The Young’s modulus of all filaments, measured as the initial straight part of the stress-strain curve at the
lowest displacement rate. Red colored bars represent filaments which were not printable, in contrast to the blue colored
bars.
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(a) Cross-over point (G′=G”) for PEO and PCL.

(b) PEO �0.4

(c) PEO �0.8

(d) PCL �0.4

(e) PCL �0.8

Figure 2: Defects in shape or surface of the printed tablets can be attributed to certain rheological properties and differences.
(a) Cross-over temperatures for PEO and PCL. (b-c) Tablets of PEO were printed at 80 ◦C with different nozzle sizes (�0.4
or 0.8) showing the incomplete welding behaviour (black arrows) at lower nozzle diameter. (d-e) Tablets of PCL were printed
at 80 ◦C with different nozzle sizes (�0.4 or 0.8) showing the deformation of the PCL tablet at higher nozzle diameter (black
arrow).

(a) (b)

Figure 3: (a) Complex viscosity for PEO (green) and PCL (blue) (b) Elastic (G’, open symbols) and viscous (G", closed
symbols) moduli for PEO (green) and PCL(blue). PCL shows Maxwellian behaviour while PEO displays a more distinctive
elastic behaviour.

Figure 4: Complex viscosity as a function of temperature during a heating sweep. Red line represents the estimated maximal
viscosity at nozzle size �0.4 for a Prusa i3 MK3S system, above which printing is not possible. With higher nozzle diameter,
maximal viscosity is assumed to shift towards a higher value as indicated by the blue line.
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(a) (b) (c) (d)

Figure 5: (a) A simplified illustration of the structure of a 3D printed object (cross-section), showing road width and layer
height. (adapted from52) (b-d) Top views of HPC EF tablets printed with consecutive nozzle sizes �0.4, �0.6 and �0.8.
Note the visible enlargement of road width with increasing nozzle diameter.

Table 2: Printable filaments with their minimal printing temperatures at different nozzle diameters and their material
properties (melting point, cross-over point in heating). The maximal printing speed at different nozzle diameters is also
reported. When no print speed is mentioned, the tablet was printed at the maximal printing speed of the printer (90 mm/s
in the slicer), which is far above the actual speed the printer will attain when printing the tablet.

Minimal print temperature Material properties
�0.4 �0.6 �0.8 Tm TG′=G” Ea

Matrix ◦C ◦C ◦C ◦C ◦C kJ/mol
PEO 80 80 80 64.6 62.2 44.77
PCL 80 80 80 60.6 58.7 34.17
SP60D60 160 140 140 61.7, 128.9 131.5 73.46
SP93A 180 (3 mm/s) 160 160 7.9, 43.6 106.2 66.44

72.8, 126.2
EG72D 180 160 (3 mm/s) 160 (3 mm/s) 63.1 137.5 114.03

180 180 (10 mm/s)
EVA1070 160 (10 mm/s) 160 160 98.4 152.4 47.69
EVA2825A / / / 47.6, 72.9 68.1 52.82
HPC EF 160 140 140 186.8 187.7 n.a.
IBUPCL20 / 60 60 55.2 53.3 38.72
IBUPCL40 / 60 60 52.9 50.5 46.88
IBUPEO20 / 60 60 56.3 56.8 38.58
IBUPEO40 / 60 60 48.3 50.9 37.63

(a) (b)

Figure 6: Shift factor (aT) as a function of the inverse temperature (1/T) obtained from the master curve construction.
The Arrhenius fit was performed at 180oC (a) or 80oC (b).
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Table 3: Cross-model parameters of frequency sweeps at the minimum printing temperature (left) and normalized with the
model parameters of either PLA (200 ◦C or PCL (80 ◦C (right). A large variability between parameters of the different
filaments at their respective minimal printing temperature is shown. For EVA2825A, the parameters at 180 ◦C are shown
instead of at the minimal printing temperature as this polymer was not printable.

Print temperature (�0.4 mm) Normalized for PLA (200 ◦C)
Matrix η0 (Pa.s) τ∗ (Pa) n R2 η0 (Pa.s) τ∗ (Pa) n
SP60D60 2.03× 103 3.29× 105 0.204 0.9995 0.81 4.62 0.48
SP93A 5.18× 102 2.14× 105 0.397 0.9941 0.21 3.01 0.93
EG72D 8.41× 103 2.67× 105 0.317 0.9997 3.34 3.75 0.74
EVA1070 2.95× 104 3.23× 103 0.476 0.9996 11.72 0.05 1.12
EVA2825A* 5.65× 102 1.37× 104 0.404 0.9991 0.22 0.19 0.95
HPC EF 5.16× 105 1.64× 103 0.329 0.9999 205.07 0.02 0.77

Print temperature (�0.6 mm) Normalized for PCL (80 ◦C)
PEO 4.18× 104 5.70× 103 0.473 0.9998 9.19 0.01 2.53
IBUPEO20 1.62× 104 4.07× 103 0.503 0.9998 3.56 0.01 2.69
IBUPEO40 3.08× 103 4.60× 103 0.461 0.9998 0.68 0.01 2.47
PCL 4.55× 103 3.87× 105 0.187 0.9996 1.00 1.00 1.00
IBUPCL20 3.26× 103 2.73× 105 0.168 0.9991 0.72 0.71 0.90
IBUPCL40 1.43× 103 1.54× 105 0.164 0.9989 0.31 0.40 0.88

(a)

(b)

(c) IBUPCL20 �0.4

(d) IBUPEO20 �0.4

Figure 7: Melt compression failure occurs when printing with IBU mixtures, giving rise to deformation of the filament
(a) between the gears of the enclosed printing chamber (b). With IBUPCL, printing with �0.4 was possible but failure
mid-print occurred regularly (c) With IBUPEO, printing with �0.4 almost never gave a completed tablet (d).

(a) (b)

Figure 8: Shear viscosity (ηs) as a function of shear rate (SSRS) and complex viscosity (η∗) as a function of angular
frequency (SAOS) for (a) IBUPEO blends and (b) IBUPCL blends at 80oC, showing applicability of the Cox-Merz rule for
the drug-polymer dispersions.
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(a) (b)

(c) (d) (e) (f) (g) (h)

Figure 9: Complex viscosity as a function of temperature during a cooling run for PEO (a) and PCL (b) with 20 or 40%
ibuprofen. (c-e) PEO tablets printed at 80 ◦C, nozzle size �0.6 with increasing ibuprofen content from left to right (c 0%,
d 20%, e 40%). (f-h) PCL tablets printed at 80 ◦C, nozzle size �0.6 with increasing ibuprofen content from left to right (f
0%, g 20%, h 40%).

Table 4: Viscosity ratio of PCL and PEO in function of the ibuprofen concentration (% w/w).

Drug concentration
Polymer T (◦C) 20 % 40 %
PEO 60 0.388 0.074

80 0.162 0.040
PCL 60 0.716 0.314

80 0.336 0.143
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(a) (b)

Figure S1: (a) Overview of the Prusa MK3S with feeding chamber and hotend. (b) Detailed cross-section of the E3D V6
hotend.

(a)

Cross-model parameters
T η0 τ∗ n

140 ◦C 2.28× 103 1.16× 104 0.430
160 ◦C 1.13× 103 1.22× 104 0.425
180 ◦C 5.65× 102 1.37× 104 0.404
200 ◦C 3.26× 102 1.12× 104 0.403

(b)

Figure S2: (a) Viscosity versus shear rate at four temperatures for EVA2825A. Lines indicate the experimental data, while
the superimposed dots represent points predicted by the applied Cross-model. (b) Specific Cross-model parameters at each
temperature for EVA2825A.
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(a) (b)

Figure S3: Complex viscosity as a function of angular frequency for TPU EG72D at different temperatures (a). Master
curve at 180 ◦C by shifting complex viscosities, G′ and G” of individual frequency sweeps (b).

(a) (b)

Figure S4: DSC thermograms of IBU-PEO (a) and IBU-PCL (b) extrudates in a first heating scan. A shift towards lower
melting temperature is visible upon increase of the IBU content within the filament.
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