
 

ABSTRACT 
Feed filament properties important for 

successful fused deposition modeling 3D 
printing of personalized dosage forms were 
investigated using indomethacin as a model 
drug and poly(H-caprolactone) as a matrix 
polymer, with weight/weight ratios of 10/90, 
30/70, and 50/50 %. First, these were melt-
mixed and extruded into filaments with 
varying compositions using a co-rotating 
twin-screw extruder. The rheological 
properties of the extruded filaments were 
investigated and compared to those of the 
pure poly(H-caprolactone). The viscosity of 
the 10/90 and 30/70 mixtures was lower 
than that of the pure polymer, whereas the 
viscosity of the 50/50 mixture was 
significantly higher, showing characteristics 
typical for concentrated dispersions. Disk-
shaped model dosage forms were 
successfully printed from all the studied 
drug-polymer mixtures. 
 
INTRODUCTION 

Today’s pharmaceutical industry is 
operating by a “one size fits all” principle, 
allowing very little tailoring of a product 
between different patients1. In reality, the 
patients’ response to drugs and administered 
dose can vary significantly, depending on 
factors such as the gender, age, lifestyle, 
ethnic background, or a possible 
pathological state. In the medicine of the 
future, the aim is to treat the patients 
employing a personalized approach, 

selecting the most suitable drug in a 
precisely defined therapeutic dose according 
to the individual requirements, determined 
using highly sophisticated diagnostic tools2. 
Manufacturing of such personalized drugs, 
including, for example, combination drugs, 
tailored variable doses, or drugs aimed for 
different administration routes, demands a 
new kind of flexibility from the process and 
the equipment. 3D printing offers an 
interesting option as a flexible small-batch 
manufacturing platform typically required 
for personalized dosage forms3-5.   

Fused deposition modeling (FDM) is a 
3D printing technique where the raw 
material is fed into the heated printer nozzle 
as a filament, by counter-rotating pulling 
wheels. The filament melts as it enters the 
nozzle, and the yet solid part acts as a piston 
pushing the molten material through the 
nozzle orifice. The nozzle moves in the xy-
plane at a set speed, while the printing 
platform moves down allowing adding the 
material layer by layer to form the structure 
instructed by the CAD drawing file input6. 

The printability using the FDM method 
is affected by the feed material properties: 
Firstly, in the pulling wheels at the filament 
feed, where the filament has to be ductile 
enough to allow some bending, and hard 
enough not to be squeezed by the wheels. 
Secondly, a steady flow has to be ensured 
through the nozzle: A too viscous material 
or large filler particles or their agglomerates 
may clog the nozzle, whereas too runny 
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ABSTRACT
A high sensitivity system for capillary
rheometry capable of simultaneously de-
tecting the onset and propagation of insta-
bilities and the first normal stress differ-
ence during polymer melt extrusion flows
is here presented. The main goals of the
study are to analyse the nonlinear dynam-
ics of extrusion instabilities and to deter-
mine the first normal stress difference in
the presence of an induced streamline cur-
vature via the so-called ’hole effect’. An
overview of the system, general analysis
principles, preliminary results and overall
framework are herein discussed.

INTRODUCTION
Capillary rheometry is the preferred
rheological characterisation method for
pressure-driven processing applications,
e.g. extrusion, injection moulding. The
main reason is that capillary rheometry is
the only method of probing material rheo-
logical properties in processing-like condi-
tions, i.e. high shear rate, nonlinear vis-
coelastic regime, albeit in a controlled
environment and using a comparatively
small amount of material.1 Thus, it is
of paramount importance to develop new
techniques to enhance capillary rheome-
ters for a more comprehensive probing of
material properties. Extrusion alone ac-
counts for the processing of approximately
35% of the worldwide production of plas-
tics, currently 280⇥ 106 tons (Plastics Eu-
rope, 2014). This makes it the most im-
portant single polymer processing opera-

tion for the industry and can be found in
a variety of forms in many manufacturing
operations. Extrusion throughput is lim-
ited by the onset of instabilities, i.e. prod-
uct defects. Comprehensive reviews on the
subject of polymer melt extrusion insta-
bilities can be found elsewhere.4,6 A re-
cent method proposed for the detection
and analysis of these instabilities is that of
a high sensitivity in-situ mechanical pres-
sure instability detection system for cap-
illary rheometry.8,10 The system consists
of high sensitivity piezoelectric transducers
placed along the extrusion slit die. In this
way all instability types detectable, thus
opening new means of scientific inquiry. As
a result, new insights into the nonlinear dy-
namics of the flow have been provided.9,14

Moreover, the possibility of investigating
the reconstructed nonlinear dynamics was
considered, whereby a reconstructed phase
space is an embedding of the original phase
space.2,14 It was shown that a positive Lya-
punov exponent was detected for the pri-
mary and secondary instabilities in lin-
ear and linear low density polyethylenes,
LDPE and LLDPE,.14 Furthermore, it was
determined that Lyapunov exponents are
sensitive to the changes in flow regime and
behave qualitatively different for the iden-
tified transition sequences.14 It was also
shown that it is possible to transfer the
high sensitivity instability detection sys-
tem to lab-sized extruders for inline ad-
vanced processing control and quality con-
trol systems.13

A very recent possibility considered
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material may drool out spontaneously from 
the nozzle tip. In addition to the mechanical 
and melt flow properties, the thermal 
properties play an important role in cooling 
and solidification of the printed structure7. 

This work presents a pre-study for 3D 
printing, focusing on the rheological 
properties of drug containing feed filament 
for printing dosage forms using 
indomethacin (IND) as a model drug and 
poly(H-caprolactone) (PCL) as a model 
thermoplastic polymer matrix material. 
 
EXPERIMENTAL 

 
MATERIALS 

Poly(H-caprolactone) CAPATM 6500 
(Mw= 50 000 g/mol, Tm= 58-60 °C, and Tg= 
-60 °C, reported by the polymer supplier 
Perstorp, UK), purchased from Makerbot in 
filament form, was used as a model matrix 
polymer. Indomethacin J-form (Tm= 160 °C) 
was used as a model drug. IND and PCL 
were mixed in w/w ratios of 10/90, 30/70, 
and 50/50. 
 
METHODS 

The physical drug-polymer mixtures 
were melt mixed and extruded into filaments 
using a lab-scale co-rotating twin-screw 
extruder (Xplore Intruments, The 
Netherlands). The mixtures were first 
homogenized at T=100 °C in re-circulation 
mode for 5 min at a screw speed of 30 RPM, 
after which they were extruded at 5 RPM 
through a 1.5 mm circular die into a 
filament and cooled at ambient conditions. 

The rheological properties of the 
extruded filaments were investigated in 
steady-state rotational shear (SSRS) and 
small-amplitude oscillatory shear (SAOS), 
using AR2000 rheometer (TA Instruments, 
New Castle, DE, US) with 25 mm parallel 
plate setup and environmental test chamber.  

The printability was tested by producing 
model disks (diameter 9 mm, thickness 1.5 
mm) from the extruded filaments with each 
composition using a MakerBot Replicator 2, 

(Makerbot, New York, NY, US) 3D printer. 
The printer nozzle temperature was set to 
100 °C and the printer head speed to 90 
mm/s. 
 
Evaluation of the shear rate in the printer 
nozzle 

In order to estimate the feed filament 
viscosity in the 3D printing process, the 
volume flow rate through the printer nozzle 
was calculated from the pre-set nozzle speed 
  , i.e., the speed at which molten material 
is deposited from the nozzle. The volume 
flow rate   can be calculated using the 
radius of the nozzle exit   :  

 
           (1) 
 

The corresponding apparent shear rate at the 
nozzle wall can be then calculated as: 

 
 ̇     

    
    (2) 

 
With the printer nozzle radius of 0.2 mm 
and speed of 90 mm/s,  ̇  =1800 s-1. 

 
RESULTS 
Rheology 

For pure PCL, 10/90, and 30/70 mixtures 
the empirical Cox-Merz rule was found 
valid (Fig.1.), thus, estimations of the shear 
viscosity at high shear rates, encountered in 
the FDM on the basis of SAOS 
measurements. The decrease of viscosity 
(plasticization) compared to the pure PCL 
further indicates that most of the IND 
content is likely to be dissolved in PCL at 
the studied temperature8. No clear 
Newtonian plateau could be observed in 
SSRS for the 50/50 mixture, and the 
viscosity at low shear rates was roughly 
two-fold compared to the pure PCL. These 
observations indicate that the solubility of 
IND in PCL was exceeded and the 
undissolved IND content caused the mixture 
to have flow properties to approach 
concentrated dispersions. The steady-state 
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shear viscosity and complex viscosity did 
not show a good overlay, thus the Cox-Merz 
rule was not valid. Therefore, the flow 
properties at high shear rates encountered in 
the printing process are likely to deviate 
from the measured complex viscosity and 
cannot be directly evaluated from the SAOS 
results.  
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Figure 1. Shear and complex viscosity of 
PCL and extruded IND-PCL mixtures 
 

Printability 
All the custom-made extrudates proved 

to be printable at the same pre-set conditions 
as the pure PCL. However, the poor 
controllability of the filament thickness 
during extrusion led to some variation in the 
dimensions and surface quality of the 
printed objects (Fig.2.). 

 

 
Figure 2. Extruded filaments and the model 
disks (diameter 9 mm, thickness 0.5 mm) 

printed from them: (a) PCL, (b) 10/90, (c) 
30/70, (d) 50/50. 

 
Indomethacin is a white powder in its 

crystalline state, but turns yellow when it is 
amorphous or molecularly dispersed. Thus, 
the pale yellow color of the extrudates and 
printed tablets is indicating that at least a 
part of the indomethacin is amorphous 
and/or dissolved in PCL. 

 
CONCLUSIONS 

The rheological properties of the 
extruded IND-PCL filaments were 
compared to those of the pure PCL. The 
10/90 and 30/70 mixtures had a lower 
viscosity than the pure polymer, whereas the 
viscosity of the 50/50 mixture was 
significantly higher, showing dispersion-like 
rheological behavior. All the studied 
mixtures were successfully printed using 
FDM 3D printing technique. 

Further work will include the assessment 
of FDM 3D printability using different 
pharmaceutically relevant polymers as 
matrix materials, and the characterization of 
rheological, as well as mechanical and 
thermal properties of the drug-polymer 
mixtures. 
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