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carbonate) blends by fused filament fabrication and fused granulate
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Abstract
The application of 3D printing by fused deposition modeling (FDM) and the low-cost RepRap 3D printer for the processing of
poly-L-lactide (PLLA) and poly(L-lactide-co-trimethylene carbonate) (PLLATMC) blends was examined. Two blends with
different mechanical properties were selected and the general scheme of their processing was proposed. For 80:20
PLLA:PLLATMC blend, fused filament fabrication (FFF) and the standard configuration of 3D printer were used, whereas for
30:70 PLLA:PLLATMC, the device was modified based on custom project for the application of fused granulate fabrication
(FGF). The properties of the blends and their changes during the processing were analyzed by rheological measurements and size
exclusion chromatography. Selected parameters of the printing process were optimized and their influence on the quality of the
product was discussed. Both methods were used for the preparation of the scaffolds with different previously designed structures.
The geometry of the scaffolds was characterized in relation to the parameters of the printing process, and base on this, the
accuracy and precision of FFF and FGF methods were evaluated.
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1 Introduction

Natural and synthetic biodegradable polymers are one of the
most important groups of the materials used in medicine [1,
2]. To adjust their properties to the specific requirements they
are often applied as blends of an appropriate composition [2,
3]. In tissue engineering, biodegradable polymers are used to
prepare the scaffolds which support the regeneration of the
damaged tissues. Their function is to mimic the properties
and functions of the extracellular matrix. To ensure the posi-
tive results of treatment, the scaffolds should have a specific
structure [4–7]. The shape and the dimensions have to be
suited to the tissue defect. Microstructure including the poros-
ity and pore size distribution need to provide a favorable envi-
ronment for cell adhesion and proliferation. Mechanical

properties of the scaffold have to ensure the stabilization of
the defect site. Therefore, it is desirable to prepare the scaffolds
with the structure tailored to the needs of a specific patient.

Using 3D printing methods the object is prepared by suc-
cessive addition of the material to reproduce its virtual model
[8–10]. This approach is different in comparison to the tradi-
tional techniques where the material is formed (molding, cast-
ing, forging, etc.) or removed (milling, drilling, turning, etc.).
Stereolithography (SLA), selective laser sintering (SLS), and
fused deposition modeling (FDM) were among the first devel-
oped and successfully applied methods of 3D printing. For the
widespread use of FDM the RepRap project was established
[11]. This allows the introduction on the market a range of
low-cost solutions along with the devices and the software.
Various constructions of printers were designed including
Darwin and Mendel as one of the first and Prusa as one of
the most popular. All of them based on thermal processing of
the material whereas the differences were mainly among the
used mechanical parts. 3D printing methods are used to pro-
cess the polymers [12], ceramics [13], and metals [14] includ-
ing the materials applied in medicine [15, 16]. The products
have a precisely defined and designed geometry including the
shape, dimensions and porosity. The preparation of the
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scaffolds with potential application in tissue engineering is
one of the possibilities [17, 18]. In medicine, 3D printing
methods could be also used for the preparation of the prosthe-
ses [19], pharmaceuticals [20, 21], anatomical models [22] or
surgical devices [23].

Polylactide (PLA) is one of the most commonly applied
biodegradable polymers. It is usually produced by polycon-
densation or ring-opening polymerization [24, 25]. PLA is
widely used for the preparation of environmentally friendly
materials [26] where its properties may be modified by vari-
ous additives like soybean oil derivatives [27, 28]. It could be
processed by injection molding, blow molding, or
thermoforming [29], but in recent years, 3D printing methods
are increasingly often used [30]. Semi-crystalline poly-L-
lactide (PLLA) and amorphous poly-D,L-lactide (PDLLA)
are applied inmedicine including the materials for orthopedics
because of high mechanical properties of PLLA or the carriers
for bioactive molecules due to the faster degradation of
PDLLA [31]. PLLA scaffolds with the application in bone
tissue engineering could be prepared by FDM [32], also with
the additives as hydroxyapatite [33] or with collagen after
further modification [34]. Other methods of the preparation
include electrospinning for PLA scaffolds with hydroxyapa-
tite and collagen [35] or porogen leaching for the scaffolds
made of PLA blends with polyethylene glycol [36].
Amorphous poly(trimethylene carbonate) (PTMC) has only
limited applications comparing with the other biodegradable
polymers [37]. Because of its softness and low mechanical
strength, the blends of PLA and PTMC or the copolymers of
trimethylene carbonate with lactide or caprolactone are often
made [38]. In medicine PTMC could be used for the prepara-
tion of the tubular structures for vascular tissue engineering
[39], the carriers for bioactive molecules [40] or as the blends
with PLLA for the preparation of the nerve guidance channels
[41] or the materials for wound healing [42]. PTMC scaffolds
with the application in cartilage tissue engineering could be
prepared by SLA [43].

2 Materials and methods

2.1 Polymers and polymer blends

Semi-crystalline poly(L-lactide) (PLLA) in the form of white
fibers and amorphous poly(L-lactide-co-trimethylene carbon-
ate) 15/85 (PLLATMC) in the form of yellow granulate were
purchased from BioMatPol, Poland. The polymers are sold
under the trade names of BIOCOP® PLLA Sn free and
BIOCOP® PLLATMC 15/85, respectively. This medical-
grade polymers with high purity and synthesized using non-
toxic compounds could be used to prepare the materials with
potential application in tissue engineering. Rigid PLLA and
ductile PLLATMC were used to prepare a wide range of

polymer blends with different mechanical properties. For this
research, 80:20 and 30:70 (wt.%) PLLA:PLLATMC blends
were selected based on the preliminary tests as described pre-
viously [44].

2.2 Materials for 3D printing

Before further processing, PLLA and PLLATMC were dried
at 80 °C or 50 °C, respectively, for 24 h under the reduced
pressure of 10 mmHg. Both blends were prepared by melt
mixing using Zamak EH-16H (Zamak Mercator, Poland)
twin-screw extruder with nine heating zones. PLLA and
PLLATMC in an appropriate mass ratio were mixed and fed
into a hopper. The temperatures were optimized as 160 °C for
zone 1 and 175 °C for zones 2–9 or 130 °C for zone 1, 190 °C
for zones 2–6 and 150 °C for zones 7–9 while the screw speed
was set as 200 rpm or 250 rpm for the preparation of 80:20
PLLA:PLLATMC and 30:70 PLLA:PLLATMC blend, re-
spectively. The blends were dried at 60 °C for 24 h under
the reduced pressure of 10 mmHg and granulated.

Both PLLA:PLLATMC blends were processed using 3D
printing by fused deposition modeling (FDM). Depending on
the form of the material (filament or granulate), the method
was described as fused filament fabrication (FFF) or fused
granulate fabrication (FGF). 80:20 PLLA:PLLATMC granu-
late was processed into the form of filament using Brabender
19/25 (Brabender, Germany) single screw extruder with four
heating zones. The temperatures were optimized as 180 °C for
zone 1 and 200 °C for zones 2–4 while the screw speed was
set as 85 rpm. During the process, the product was spooled on
a reel. 30:70 PLLA:PLLATMC granulate was not processed
into the form of filament.

2.3 3D printing process

RepRapPro Tricolour Mendel (RepRapPro, UK) based on the
open-source RepRap project was applied as low-cost commer-
cially available 3D printer with the open construction adjusted
to process the thermoplastic polymers in the form of filament.
The material is melted and deposited layer by layer on a heat-
ed surface. Mendel design applies a printer head with a heater
and a nozzle moving in the x- and y-axes and a bed moving in
the z-axis which let to prepare the 3D object. The movements
are provided by stepper motors and appropriately arranged
pulleys and timing belts (x- and y-axes) or shaft couplings
and threaded rods (z-axis). Technical specification of the print-
er is described in Table 1.

For the processing of 80:20 PLLA:PLLATMC blend the
device was used in the standard configuration (FFF method),
while for 30:70 PLLA:PLLATMCblend, the constructionwas
modified based on our project and adapted to process the
material in the form of granulate (FGF method). In both con-
figurations, the melted material was extruded from a 0.5-mm
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nozzle forming the product on a heating bed with the temper-
ature of 20 °C and covered with Kapton tape. The initial dis-
tance between the nozzle and the bed was set as 0.1 mm. The
nozzle temperature and the printing speed were optimized as
200 °C and 10 mm s−1 for 80:20 PLLA:PLLATMC blend and
as 195 °C and 3 mm s−1 for 30:70 PLLA:PLLATMC blend.

2.4 Polymer processing characterization

The changes of the average molar mass during the processing
of 80:20 PLLA:PLLATMC and 30:70 PLLA:PLLATMC
blends were analyzed by size exclusion chromatography.
The tests were conducted for the initial physical mixtures of
the polymers, for the materials prepared for 3D printing (fila-
ment or granulate) and for the blends after the processing. VE
1122 pump (Malvern Panalytical, UK), two PLgel 5-μm
MIXED-C columns (Agilent Technologies, USA) and
Shodex SE-61 refractive index detector (Showa Denko,
Japan) were combined as the measuring system. For each test
100 μL of 0.3% solution of the polymer in chloroform after
filtration through 0.45 μm filter was used as the sample. Two
measurements were performed for each of them at the temper-
ature of 35 °C using chloroform as eluent at the flow rate of
1 mL·min−1 and polystyrene analytical standards.

The rheological properties of the blends were evaluated
using Ares-G2 rheometer (TA Instruments, USA) equipped
w i t h a p l a t e - p l a t e m e a s u r i n g s y s t em . 8 0 : 2 0
PLLA:PLLATMC and 30:70 PLLA:PLLATMC blends as
the samples in the shape of cylinders with a diameter of
25.00 mm and a height of 1.20 mm were analyzed at
200 °C. Three types of the tests were performed including
the flow ramp for increasing-decreasing shear rates between
10 and 100 s−1, the flow sweep for increasing-decreasing
shear rates between 10−2 s−1 and 104 s−1 and the frequency
sweep for angular speeds between 1 and 600 rad s−1 and the
amplitude of the stress of 1%.

2.5 Sample preparation and characterization

3D models of the samples were designed using Blender soft-
ware as porous scaffolds having the shape of cylinders with a

diameter of 15.15 mm and a height of 1.20 mm. The structure
was built of the parallel bars with 0°/60°/120° orientation
between the layers (ABC arrangement, Fig. 1). The height of
the layer and the thickness of the bar were equal to 0.3 mm so
their cross section was circular. Four 3D models with the
porosity of 65%, 55%, 45%, and 35% (35%, 45%, 55%, and
65% infill, respectively) were designed (Fig. 2) and saved as
*.stl files. This kind of file describes a 3D object in the
Cartesian coordinate system in the form of a surface mesh
consisting of triangles. Slic3r software was used to convert
*.stl files to *.gcode files with the application of appropriate
parameters of the printing process. This type of file includes a
set of instructions for the printer describing the material pro-
cessing conditions and the material deposition in the 3D build-
ing volume. 3D printer was controlled with Poronterface soft-
ware as a part of the Printrun package. Four scaffolds were
prepared during one printing process giving a total of twenty
samples of each type. The software based on the free GNU
General Public License is typically applied with the RepRap
3D printers.

The quality of the scaffolds was evaluated based on the
measurements of their diameter and height using a caliper
and the measurements of their weight using an analytical
weighing scale. Keyence VHX-900F (Keyence, Japan) opti-
cal microscope with the magnifications of × 20 and × 100 was
also applied for a visual examination of the scaffolds.

3 Results and discussion

3.1 Polymers and polymer blends

PLLA and PLLATMC were chosen for the preparation of the
materials for 3D printing based on two main criteria including
an appropriate mechanical and thermal properties, as de-
scribed previously [41]. For PLLA and PLLATMC ultimate
tensile strength was measured as 47.12 ± 0.98 MPa and 0.31
± 0.02 MPa, whereas Young modulus as 2485 ± 153 MPa and
0.64 ± 0.14 MPa, respectively. With significantly different
mechanical properties a wide range of the blends could be
prepared. Based on DSC analysis PLLA as the semi-
crystalline polymer demonstrated the glass transition at
45.56 °C and the melting point at 177.24 °C, while
PLLATMC as the amorphous polymer revealed only the glass

Fig. 1 The geometry of designed 3D models of the scaffolds

Table 1 RepRapPro Tricolour Mendel specification according to the
manufacturer.

Parameter Value

Overall size (width × length × height) [mm] 500 × 460 × 410

Build volume (width × length × height) [mm] 210 × 190 × 140

Nozzle diameter [mm] 0.5

Minimal layer height [mm] 0.1

Maximum heating bed temperature [°C] 150

Maximum nozzle temperature [°C] 275
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transition at − 7.38 °C. Therefore, both of them as the thermo-
plastic materials could be processed using 3D printing by
FDM. The third criterion was additionally assumed taking into
consideration the potential application of the product. For tis-
sue engineering, both biodegradable polymers have to be
commercially available with medical-grade quality.

80:20 PLLA:PLLATMC and 30:70 PLLA:PLLATMC
(wt.%) blends were selected and analyzed, as described pre-
viously [41]. The blends have significantly different mechan-
ical properties, so they could be assumed as the two materials
applied in tissue engineering of two various types of tissues
( f o r e x amp l e bone a nd c a r t i l a g e ) . Fo r 80 : 20
PLLA:PLLATMC and 30:70 PLLA:PLLATMC blends, ulti-
mate tensile strength was measured as 30.49 ± 3.06 MPa and
0.34 ± 0.02 MPa, whereas Young’s modulus as 1786 ±
81 MPa and 2.95 ± 0.36 MPa, respectively. PLLA after the
addition of a relatively small amount of PLLATMC (as is
the case of 80:20 PLLA:PLLATMC blend) retains high me-
chanical properties, but becomes more flexible which is de-
sired for the materials applied in 3D printing. In the typical
form of filament, it should not be too brittle to facilitate the
manipulation and application for the standard 3D printers.
Similarly, PLLATMC with the addition of PLLA (as for
30:70 PLLA:PLLATMC blend) is more rigid, but still has
low mechanical properties. The thermal properties were sim-
ilar for both blends. For 80:20 PLLA:PLLATMC two glass
transitions were observed at − 4.13 °C and 49.49 °C and the
melting point at 179.90 °C, while for 30:70 PLLA:PLLATMC
two glass transitions at − 10.73 °C and 49.36 °C and the melt-
ing point at 176.68 °C. These temperatures were used as the
reference values during the optimization of the 3D printing
process parameters.

3.2 Materials for 3D printing

According to ISO/ASTM 52900:2015 standard, the material
extrusion is one of the seven approaches to the processing of
materials using 3D printing. In this technique, the material is
melted, pushed through a nozzle and deposited layer by layer
to reproduce the previously designed model of the object.
FDM is the general name for this type of 3D printing, but
depends on the form of material and the type of the extruder
two basic and different method could be distinguished. The
most widely used FDM method is FFF where the material in
the form of filament is transferred by the gears. Its popularity

based on relative simplicity and broad availability of the low-
cost solutions in the market. Preparation of high-quality fila-
ment with a specific and constant diameter is the basic require-
ment, so only certain materials with the appropriate mechan-
ical properties could be processed by FFF. The filament
should not be too brittle or too flexible because either it could
break in the extruder or it could block the gears. As an alter-
native, the second FDM method could be used where the
material is applied directly in the form of granulate. In this
work, it was named as FGF. In comparison with FFF, this
method is not so limited by the type of material, but the con-
struction of 3D printer is considerably more sophisticated to
ensure the complete melting, homogeneous flow, and uniform
deposition. For this reason, despite FGF versatility, the low-
cost solutions are not available on the market.

The general scheme of PLLA:PLLATMC scaffold prepa-
ration was determined taking into consideration the properties
of the polymers and the capabilities of FFF and FGF methods
(Fig. 3). At first, both PLLA:PLLATMCblends were prepared
in the form adequate for 3D printing. Applied parameters in-
cluding the temperatures of the extruder heating zones and the
screw speeds were optimized based on our experience in the
area of polymer processing. The form of filament was desired
because of its simple application using the standard low-cost
3D printer. For 80:20 PLLA:PLLATMC blend with high me-
chanical properties the procedure involves two steps with
granulate as the intermediate. High-quality filament was pro-
duced with a diameter of 1.71 ± 0.04 mm (based on 100 mea-
surements along the whole length using caliper) where 1.75 ±
0.05 mm is generally accepted as the standard for commer-
cia l ly avai lable mater ia ls . In i t ia l tes t for 30:70
PLLA:PLLATMC blend showed that because of its signifi-
cantly lower mechanical properties, the filament with appro-
priate quality could not be prepared. Therefore, for this blend,
the form of granulate was applied for 3D printer. For these
reasons, the general scheme of PLLA:PLLATMC scaffolds
preparation consists of three steps in case of 80:20
PLLA:PLLATMC blend and two steps for 30:70
PLLA:PLLATMC blend.

3.3 3D printing process

In this work, the RepRap 3D printer was applied as the exam-
ple of low-cost commercially available device. Based on the
open-source project and build mainly from cheap standard

Fig. 2 The models of the
scaffolds with different porosities
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parts it gives the possibility to modify the construction. This
could be very useful when non-standard materials are proc-
essed by 3D printing.

For 80:20 PLLA:PLLATMC blend, the printer was applied
in standard configuration using the material in the form of
filament. However, for 30:70 PLLA:PLLATMC blend, it
was necessary to adapt the device and install an appropriate
module to process the granulate (Fig. 4). For the purpose of
the project these preliminary assumptions were formulated:

& New module should guarantee the complete and homoge-
neous melting of the granulate with a precise control of the
temperature.

& Modified device should ensure the deposition of a certain
amount of the melted material.

& New module should be adjusted to the standard frame-
work of 3D printer.

& New module should have a limited mass to avoid an ex-
cessive load on the moving parts.

& Standard parts including these from the RepRap project
should be used where it is possible.

& The module should be easy to assembly and disassembly
depends on the adaptation of the printer for FGF or FFF
method.

Based on them the custom modification was introduced
and tested.

New module was installed on a frame for x-axis in
the space of a standard 3D printer head used for the
processing of filament. The main parts (Fig. 5) include
NEMA 17 stepper motor (a), shaft coupling (b), 8 mm
diameter screw (c), 40 W ceramic heater (d), 100 k
thermistor (e), aluminum heating block (f), 0.4 mm noz-
zle (g), insulation (h), and two cooling turbine fans (i).
The screw and the heating block were prepared espe-
cially for the module whereas all other parts were stan-
dard and commonly used in 3D printers and similar
devices. The stepper motor, ceramic heater and thermis-
tor were the same type as these in the standard config-
uration of the 3D printer so the original wiring and
plugs could be used. Vertically aligned screw driven
by the stepper motor was applied to extrude the material
through the heating block and the nozzle.

The optimization of the 3D printing process is performed to
ensure the highest quality of the prepared product. For this
method the quality could be characterized according to the
following terms:

& Resolution—a size of the smallest elements which could
be obtained during the process.

& Accuracy—consistency between the obtained and the de-
signed geometry of the product.

& Precision—repeatability of the product geometry during
the same subsequent processes.

Fig. 4 3D printer in the standard (a) and modified (b) configuration adapted for the processing of filament or granulate, respectively

Fig. 3 The general scheme of
PLLA:PLLATMC scaffold
preparation
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& Tolerance—acceptable difference between the obtained
and designed geometry of the product with regard to spe-
cific requirements.

The conditions and parameters of the printing process for
both PLLA:PLLATMC blends were optimized for the prepa-
ration of the scaffolds with potential application in tissue en-
gineering. Therefore, the test was performed for various po-
rous structures with dimensions of the order of millimeters.
There are few factors which have to be considered during the
optimization to ensure the correct 3D printing process and
high quality of the product.

An appropriate and permanent adhesion of the product to
the heating bed during its preparation is the basic problem. For
this, three factors should be analyzed including the type of the
material covering the heating bed, the temperature of the bed
and the initial distance between the nozzle and the bed.
Specific materials are used on the glass surface of the bed to
improve the adhesion of the product. Kapton tape was applied
because of its resistance for heat and chemicals, but other
commercially available materials like foils or sprays are also
in widespread use. Heating of the bed during the 3D printing
process should keep the product at the temperatures above the
glass transition of the material when the mobility of the

polymer chains is increased. This ensures better adhesion be-
tween the product and the bed and also between subsequent
deposited layers, but at the same time, the thermal deforma-
tions of the product could arise. To avoid this undesirable
effect, the temperature of the heating bed was kept at 20 °C.
The initial distance between the nozzle and the bed should be
set at the distance smaller than the height of the first layer. This
could also introduce some deformations of the geometry, but
increased spreading of the material on the bed significantly
improves the adhesion. Therefore, this distance was set as
0.1 mm.

The nozzle temperature and the printing speed are the two
critical factors which substantially influence the quality of the
product prepared during the 3D printing process. Both param-
eters were optimized to provide the uniform and homoge-
neous flow of the melted material and to reduce the die swell.
This gives the proper reproduction of the designed geometry
and the high resolution which are crucial for the preparation of
the scaffolds. Initially after melting the polymer chains are
entangled and randomly oriented. In the nozzle, they begin
to deform and order parallel to the direction of the flow.
After they leave it, the previous more spherical conformations
are rearranged. The rate of this stress relaxation is increased at
higher temperatures, and consequently, the die swell is

Fig. 5 New module applied for
the processing of material in the
form of granulate (letters indicate
the parts referred in the text)

Table 2 The changes in the
average molar mass during the
processing of blends

80:20 PLLA:PLLATMC 30:70 PLLA:PLLATMC

Mn [kg·mol
−1] ΔMn [%] Mn [kg·mol

−1] ΔMn [%]

Initial mixture of the polymers 92.977 ± 8.186 0 63.377 ± 5.122 0

Material applied for 3D printer 61.215 ± 1.763 − 34.2 52.241 ± 0.716 − 17.6
Material after 3D printing process 58.690 ± 1.413 − 36.9 39.186 ± 0.635 − 38.2
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reduced. However, at the same time, the viscosity decreases
resulting in the deformation of the deposited material. At
higher temperatures, thermal degradation is also increased
which significantly affect the properties of the material.
After taking into account these effects the nozzle temperature
was optimized as 200 °C for 80:20 PLLA:PLLATMC blend
and as 195 °C for 30:70 PLLA:PLLATMC blend. The test
was performed at 5 °C intervals and the resolution for pre-
pared samples was evaluated by optical microscopy. The
printing speed is defined as a distance traveled by the nozzle
at a given time during the printing. Shorter duration of the
process is desired, but at higher printing speeds the uniform
flow of the melted material and its deposition are disturbed.
The time between the preparation of the subsequent layers is
also insufficient for the cooling and consequently the signifi-
cant deformations could occur. On the contrary, at lower print-
ing speeds the contact between the hot nozzle and the previ-
ously deposited material is long. This could also result in the
deformations and thermal degradation. Based on these consid-
erations and the tests, the printing speed was optimized as
10 mm s−1 for 80:20 PLLA:PLLATMC blend and 3 mm s−1

for 30:70 PLLA:PLLATMC blend. The lower value for the
secondmaterial used in the form of granulate was necessary to

ensure its complete melting and homogeneous flow with the
application of the custom modification of the printer.

3.4 Polymer processing characterization

Thermal processing of the polymers always results in the re-
duction of their molar mass. This undesirable effect is a con-
sequence of the breakage in the chemical bonds of polymer
chains and leads to the changes in the material properties. For
polyesters depolymerization and intramolecular or intermo-
lecular transesterification are assumed to be the dominant
mechanisms. They are more intense in the presence of cata-
lysts remnants, monomers and other impurities. Therefore, for
the applied medical-grade polymers, the occurrence of these
mechanisms should be limited. The changes in the average
molar mass during the processing of blends were analyzed
by size exclusion chromatography. Three tests were per-
formed for each blend at the different stages of their
processing.

The first test was conducted for the initial physical mixture
of the polymers in a specific weight ratio, the second for the
blend in the form applied for 3D printer (filament or granu-
late), and the last for the blend after the 3D printing process.

Fig. 6 The dependence of the stress (a) and the viscosity (b) on the increasing-decreasing shear rates between 10 and 100 s−1 (flow ramp test) for 80:20
PLLA:PLLATMC and 30:70 PLLA:PLLATMC blends at 200 °C

Fig. 7 The dependence of the stress (a) and the viscosity (b) on the increasing-decreasing shear rates between 10−2 s−1 and 104 s−1 (flow sweep test) for
80:20 PLLA:PLLATMC and 30:70 PLLA:PLLATMC blends at 200 °C
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The results are presented in Table 2. In the first stage of the
process, the decrease in the average molar mass calculated in
the reference to the initial mixtures of the polymers was 34.2%
for 80:20 PLLA:PLLATMC and 17.6% for 30:70
PLLA:PLLATMC. The higher value for the first blend is a
result of the longer thermal processing including a two-step
preparation of the filament in comparison with a one-step
preparation of the granulate for the second blend.

However, after the 3D printing process, the decrease in the
average molar mass was calculated as 36.9% for 80:20
PLLA:PLLATMC and 38.2% for 30:70 PLLA:PLLATMC,
so the results are similar for both blends. Contrary to the first
stage, the thermal processing of 80:20 PLLA:PLLATMC
blend with the application of FFF method is shorter as a result
of the higher printing speed (10 mm·s−1). For 30:70
PLLA:PLLATMC blend, the overall time of the contact with
high temperature is significantly longer not only as a conse-
quence of lower printing speed (3 mm·s−1) but also because of
the application of the bigger heating element used to ensure
complete melting of the material in the modified construction
of the printer.

The parameters of thermal processing of the polymers are
also related to their rheological properties. Therefore, they
were characterized for both blends at the same temperature
of 200 °C. During the measurements, the dependence of the

stress and the viscosity on the increasing-decreasing shear
rates was analyzed. The shear rates were applied in the range
from 10 to 100 s−1 for the flow ramp test (Fig. 6) and from
10−2 s−1 to 104 s−1 for the flow sweep test (Fig. 7). For the first
one, the values are typical for the processing of polymers by
FDM, whereas for the second one, they are corresponding to
the dynamic conditions of the process.

For both blends, the stress-shear rate and the viscosity-
shear rate curves form the hysteresis loops and thixotropy is
observed. Therefore, the analyzed properties depend on the
time scale of the measurements. For melted polymers with
the increasing shear rates, the spatial arrangement of the poly-
mer chains is damaged. Then, with the decreasing shear rates,
this structure is reconstructed, but this process takes a longer
time. As a consequence, the changes in the stress and the
viscosity are not the same for the increasing and decreasing
shear rates.

In the measuring conditions, the viscosity decrease with the
shear rate, so both blends act as non-Newtonian fluids. For
melted polymers, this parameter changes with their flow rate.
Initially, the polymer chains in the lowest energy conforma-
tions are entangled and randomly oriented. The flow resis-
tance and consequently the viscosity are constant. Then, with
the increasing flow rate, they start to deform and align in the
direction of the flow. Their interactions get lower and as a

Fig. 8 The dependence of the storage modulus (G’), the loss modulus (G”) and the complex viscosity (η*) on the angular speeds between 1 rad·s−1 and
600 rad·s−1 (frequency sweep test) for 80:20 PLLA:PLLATMC (a) and 30:70 PLLA:PLLATMC (b) blends at 200 °C

Table 3 The summary of the
geometry parameters for 80:20
PLLA:PLLATMC and 30:70
PLLA:PLLATMC scaffolds
prepared by FFF and FGF
methods, respectively

Sample Obtained height
[mm]

Obtained diameter
[mm]

Obtained porosity
[%]

Designed porosity
[%]

S1 1.05 ± 0.02 15.15 ± 0.02 64.9 ± 0.7 65

S2 1.00 ± 0.01 15.11 ± 0.02 54.7 ± 0.6 55

S3 0.98 ± 0.01 15.09 ± 0.03 44.7 ± 0.6 45

S4 0.97 ± 0.01 15.06 ± 0.02 34.5 ± 0.7 35

S5 0.90 ± 0.02 14.89 ± 0.05 66.0 ± 1.6 65

S6 0.95 ± 0.02 14.80 ± 0.05 53.8 ± 3.0 55

S7 0.91 ± 0.01 14.86 ± 0.06 44.3 ± 3.8 45

S8 0.93 ± 0.02 14.85 ± 0.06 34.6 ± 3.2 35
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result, the viscosity decrease. This effect is characteristic of the
non-Newtonian fluids. Finally, at sufficiently high flow rates,
the polymer chains are aligned in parallel. The flow is orient-
ed, and consequently, the viscosity is constant again.

M e a s u r e d v i s c o s i t y w a s h i g h e r f o r 8 0 : 2 0
PLLA:PLLATMC blend which, given the similar chemical
structure of the polymers, could be attributed to higher aver-
age molar mass in comparison with 30:70 PLLA:PLLATMC
blend.

Additionally, the frequency sweep test for angular speeds
between 1 and 600 rad s−1 was performed (Fig. 8). For this, the
amplitude of the strain of 1% is constant, whereas the frequen-
cy varies. In the measuring conditions, the blends were char-
acterized for the relatively small changes in the strain which
are the typical conditions for the processing of polymers by
FDM. The storage modulus, the loss modulus, and the com-
plex viscosity were analyzed. The storage modulus corre-
sponds to the elastic character of the material and to the
retained energy during its deformation, whereas the loss mod-
ulus represents the viscous character and the dispersed energy.

Total resistance to the flow with the changes of the angular
speeds is described by the complex viscosity. In the measuring
conditions, both blends show viscoelastic behavior typical for
the melted polymers with the loss modulus higher than the
storage modulus. With the increasing angular velocities the
complex viscosity decrease and both moduli increase. This
is a result of the damages of the polymer chains arrangement
with the changes in the stress.

3.5 Sample preparation and characterization

After the optimization of the 3D printing process parameters,
they were applied for the preparation of the polymer scaffolds.
Two series of the samples were prepared including 80:20
PLLA:PLLATMC scaffolds by FFF method (S1-S4) and
30:70 PLLA:PLLATMC scaffolds by FGF method (S5-S8)
based of four different designed 3D models with the porosity
of 65% (S1, S5), 55% (S2, S6), 45% (S3, S7) and 35% (S4,
S8). The height, the diameter and the mass of the samples
were measured and based on them the porosity was calculated

Fig. 9 Microscopic images of 80:20 PLLA:PLLATMC (a and b, sample S1) and 30:70 PLLA:PLLATMC (c and d, sample S5) scaffolds with 65%
porosity at the magnification of × 20 (a and c) and × 100 (b and d)

Fig. 11 Microscopic images of 80:20 PLLA:PLLATMC (a and b,
sample S3) and 30:70 PLLA:PLLATMC (c and d, sample S7) scaffolds

with 45% porosity at the magnification of × 20 (a and c) and × 100 (b and
d)
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Fig. 10 Microscopic images of 80:20 PLLA:PLLATMC (a and b, sample S2) and 30:70 PLLA:PLLATMC (c and d, sample S6) scaffolds with 55%
porosity at the magnification of × 20 (a and c) and × 100 (b and d)



(Table 3). The values of these parameters could be referred to
the accuracy, whereas their standard deviations to the preci-
sion of the 3D printing method. Microscopic images of the
scaffolds are presented in Figs. 9, 10, 11, and 12. It was ob-
served that the geometry of the designed models was fully
reproduced with the application of both FFF and FGF
methods.

A few factors influencing the difference between obtained
and designed geometry should be considered. The height of
all scaffolds is reduced by 0.2 mm as a result of the difference
between the first layer height of 0.3 mm and the initial nozzle-
bed distance of 0.1 mm. The height and the diameter are lower
than designed because of the shrinkage of the materials after
the thermal processing which is higher for 30:70
PLLA:PLLATMC blend in comparison with 80:20
PLLA:PLLATMCblend. For the diameter, this effect is slight-
ly diminished by the deformations related to the initial posi-
tion of the nozzle. As a consequence, the obtained and de-
signed porosity are more similar to each other for 80:20
PLLA:PLLATMC scaffolds in comparison with 30:70
PLLA:PLLATMC scaffolds. Furthermore, the difference in
the geometry parameters of the specific sample is higher for
30:70 PLLA:PLLATMC blend. This could be explained as a
consequence of the characteristic material deposition for FFF
and FGF. The process is more stable and precise with the
application of the filament in comparison with the granulate.
Nevertheless, for both blends and both applied methods of
their processing the geometry tolerance of the obtained scaf-
folds is appropriate for their potential application in tissue
engineering. This also confirms a correct construction, opti-
mization and application of the custom modification of 3D
printer. It should be also noted that during the designing of
3D model it could be appropriately resized to compensate the
changes of the dimensions related to the described effects. As
a consequence, the quality of the prepared samples could be
enhanced.

4 Conclusions

PLLA:PLLATMC blends could be processed using 3D print-
ing by FDM and the low-cost RepRap 3D printer. However,

depending on their mechanical properties a different approach
has to be applied. The general procedure consists of two stages
including the preparation of the material for 3D printing and
the preparation of a specific product by 3D printing. The
blends with sufficiently high mechanical properties like
80:20 PLLA:PLLATMC could be prepared in the form of
filament and processed using the FFFmethod and the standard
configuration of 3D printer. Otherwise, as for 30:70
PLLA:PLLATMC blend with low mechanical properties, the
material has to be processed directly in the form of granulate.
It requires the modification of the 3D printer construction to
adapt to the FGF method. This was possible with the appli-
cation of the RepRap 3D printer based on the open-source
project, whereas in the case of many commercially avail-
able 3D printers, the modifications could not be intro-
duced or they are highly expensive. 3D printing in com-
parison with many traditional methods of material pro-
cessing, allows for the preparation of the products with
a precisely defined and designed geometry including the
shape, dimensions, porosity and pore size distribution.
This could be used in case of the scaffolds for the therapy
tailored to the needs of the specific patient. Detailed char-
acterization of the samples shows that both FFF and FGF
could be applied for the preparation of the scaffolds with
high quality appropriate for their potential application in
tissue engineering. FFF in comparison with FGF provides
the higher precision and accuracy of the method, but the
overall procedure is longer. In general, FGF is a more
versatile method which could be applied to various ther-
moplastic polymers also with the additives when the brit-
tleness of material makes the preparation of the filament
difficult. However, for this method, the slightly worse
quality of the product should be taken into consideration
with regard to the specific requirements.
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tation, distribution and reproduction in any medium or format, as long as
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Fig. 12 Microscopic images of 80:20 PLLA:PLLATMC (a and b,
sample S4) and 30:70 PLLA:PLLATMC (c and d, sample S8) scaffolds

with 35% porosity at the magnification of × 20 (a and c) and × 100 (b and
d)
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