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Abstract

Tissue engineering is responsible for developing biological substitutes that restore, maintain or
improve tissue function. A solution to achieve this is to implant scaffolds on the affected tissue. These
support structures will be responsible for cell protection, oxygenation and nutrition, while supporting
mechanical loads during the regeneration process. They should also be biodegradable in order to be
gradually replaced by healthy tissue. From the available scaffolds manufacturing techniques, fused
filament fabrication has been used recently. This technique does not use organic solvents and has the
ability to produce complex geometries. In this paper the influence of manufacturing parameters was
assessed. Different temperatures, extrusion speeds, filament offset distances and layer thicknesses
were tested and their effect analyzed regarding scaffold morphology and mechanical properties. By
decreasing the filament offset distance, three different scaffolds porosities were obtained, increasing
the mechanical properties. Combining higher printing temperatures with slow extrusion speeds and
low layer thickness, a maximum yield stress of 28 MPa and apparent compressive modulus of
942 MPa were obtained. With these preferred parameters, two different manufacturing schemes and

geometries were tested. While using a double layer printing scheme one obtains an average of 70%



increase in mechanical properties, using a staggered configuration can decrease mechanical properties
up to 84%.

Keywords: 3D printing; Bone replacement; Scaffolds; Porosity; Mechanical behavior

1 Introduction

Structural function is the main attribute of the hard tissues in the human skeleton. As a dynamic tissue, bone is in
a constant process of remodeling and repair, adapting to the mechanical demands of everyday life. However,
bone tissue may suffer trauma, disease or infection, requiring medical regeneration, filling or replacement [1].
More and more often the bone healing response is clinically stimulated through bone grafts or substitute
materials, with bone being the second most common transplant worldwide (after blood), with more than four
million actions performed annually [1]. To overcome the limitations associated with conventional bone grafts
(allo, xeno and autografts), research in Bone Tissue Engineering (BTE) is directed to the creation of alternatives.
In this context, the development of porous three-dimensional scaffolds, incorporating osteoblasts and growth

factors to support bone regeneration, has become a key engineering area [1].

Scaffold structures mimic the bone microenvironment, allowing the development of living tissue constructions
that are structural, functional and mechanically comparable to natural bone [1]. Scaffold are seeded in vitro with
activated cells and then implanted in vivo at the damaged site. They gradually disintegrate and are absorbed into
the body, as cells of new biological tissue proliferate through the porous structure [2]. Control of scaffold
parameters is essential to guarantee the therapeutic efficacy of the implant, with three main factors to consider:
composition, structure and mechanical properties [2,3]. An ideal scaffold consists of biodegradable and
biocompatible material (including its degradation products), of suitable composition to provide bioactive
environment in which cells attach and proliferate [1]. Both polymeric materials and bioactive ceramics have been
used in order to achieve these goals, but lately the use of composite materials is also on the rise [4]. Polylactic
acid (PLA), polycaprolactone (PCL), polyether ether ketone (PEEK) or poly (glycolic acid) (PGA) are examples
of polymeric materials, while hydroxyapatite (HA) and tricalcium phosphate (TCP) have been used as bioactive
ceramics. The macroscale scaffold architecture defines the geometry of the device, designed according to patient
and organ specificities, while structure at the microscale reflects the required porosity parameters, which should
be projected according to the cells in the tissue to be regenerated [2,5]. Bone tissue regeneration in particular
requires high pore fraction (60-90%) to allow cell migration into the structure and to accommodate sufficient cell
mass for tissue repair and vascularization, nutrient diffusion and waste excretion [1,2]. Porosity must include
macropores in the 100-350 um range and micropores below 20 um [6,7]; pore interconnectivity above 50 um is
required to allow cell migration, which is also affected by pore shape and tortuosity [2,7]. The smaller the pore
size, the larger the scaffold's surface area, increasing the availability of structural sites for interaction with cells.
Scaffolds must also present structural stability similar to the tissue in which it will be implanted [1], while
mechanical performance and porosity vary inversely [1,3]. Localized higher porosity (with macropores above
1 mm) might also be used with beneficial results, without affecting scaffold's mechanical properties. Egan et al.
have usefully implemented central voids in lattice scaffolds, improving oxygenation and nutrient transport, with
almost no impact on scaffold's compression stiffness [8]. Mechanical properties must ensure that the structure
may suffer elastic deformation before being implanted without permanent damage, has sufficient strength for
handling during sterilization, and provides support when applied in vivo, allowing the mechanical use of the new
tissues in real environment [2]. The most relevant mechanical properties of scaffold include rigidity, compressive

strength and fatigue strength; ideally compressive strength should match that of cortical bone (100-230 MPa),



and Young's modulus of 7-30 GPa [1]. Mechanoregulatory effects are also critical for influencing bone tissue
growth and cell differentiation in vivo: if forces transferred under physiological conditions are not replicated in
the scaffold, the stimulus received by cells may cause them to move away from their osteogenic lineage towards

undesirable morphology [1].

To this end, BTE has developed scaffolds using a variety of manufacturing processes and biomaterials, with
numerous successful products. However, several scientific and technological challenges remain unmet [1].
Choosing between acellular and cell loaded scaffolds, requiring cell collection and inducing morbidity risk.
Generating sufficient scaffold vascularization with enough penetration to ensure cell viability and achieving the
desired control over scaffold degradation, without affecting scaffold mechanical properties or inducing
inflammatory responses. Tailoring scaffolds mechanical behavior to meet individual necessities, while scaling up
scaffold biofabrication, are just a few of these challenges [1,3]. In this context, the current paper approach the
need to better adapt scaffolds’ mechanical performance to the anatomical loading conditions of individual bone
defects, to reduce the occurrence of failure [1]. Achieving satisfactory mechanical performance requires well-
applied replication of a set of properties including stiffness, compressive strength and fatigue strength [1], while
maintaining an adequate porosity and interconnected pore structure. This work approaches these issues through
forming by additive manufacturing (AM), a most promising processing philosophy due to the greater control,
precision and repeatability over the architecture, morphology and anisotropy of designed geometries [1,5,9]. In
fact, layer-on-layer deposition ensures more precise control over the size, shape and interconnectivity of the
macro and micropore structure [10]. Among AM, fused filament fabrication (FFF) has been established as a
most suitable technology for processing synthetic polymer scaffolds [5,9]. Several studies have previously
reported successful in vitro use of biocompatible scaffolds resulting from FFF manufacturing of PLA [3,11-13].
Using FFF allows for a biocompatible polymer like PLA in a filament form to be heated, fused, extruded
through a nozzle and deposited in a predefined pattern. It is then possible to create from simple to complex
scaffolds designs, controlling overall porosity, porous dimensions and connectivity [1]. Without the need for
using solvents and other chemical products, this manufacturing technique can be used to print polymer and living

cells composites with no toxicity risk, when using a polymer with a low melting temperature [14].

Among the most common synthetic biodegradable polymers in medical applications, polylactic acids (PLAs) are
one of the most promising, due to their relatively strong mechanical properties (elastic modulus between 3 and
4 GPa, tensile strength between 50 and 70 MPa) [15,16]. PLAs are aliphatic polyesters, with (C3H40,),
backbone and typically low molecular weight (Fig. 1). The abbreviation is taken to represent either poly (lactic
acid) (if the material is obtained by step growth polymerization of lactic acid) or polylactide, when obtained by
ring-opening polymerization of cyclic lactide) [17-19]. The pure stereo-regular forms of lactic acid are L-lactic
acid and p-lactic acid; their polymerization respectively yields poly (rL-lactic acid) (PLLA) and poly (p-lactic
acid) (PDLA); polymerization of mixtures produces amorphous poly (D,L-lactic acid) (PDLLA) [17-20]. PLA
can be either amorphous or semicrystalline (up to 40% crystalline max) depending on its stereochemical
architecture and thermal history [21]: PLAs containing more than 93% L-lactic acid can crystallize; yet, if
presenting a high molecular weight or if it contains less than 93% L-units, it is usually amorphous [21]. In the
biomedical field, the use of PLA has been approved by regulatory agencies in many countries to manufacture
various bone implants, including screws and fixation devices [1,15,22]. Amorphous PDLLA is typically used
for controlled drug release, while semicrystalline PLLA is selected for applications where higher mechanical and
thermomechanical properties are required [16]. PLAs degrade chemically, leading to the formation of low-molar
mass polyester fragments, carbon dioxide (CO,) and water (H,0O) [20]. The human body can reabsorb these
products with minimal reaction of the tissues [20]. PLLA is a more slowly degrading polymer than PDLA [20]:



high molar mass PLLA can take from two to five and half years for total resorption in vivo; because of its
amorphous character, poly (D,L-lactic acid) is hydrolyzed and loses its chain length within 1-2 months and
completely loses its mass within 12-16 months [20]. FFF processing makes use of commercial PLA filament.
The distribution of repeating units, average molecular weight, degree of crystallinity and glass transition
temperature can differ very much in the purchased material, depending on the synthesis route, feed and heating
program [19,23]. Purposeful or unintended changes in one or more of these factors cause changes in material
bulk characteristics, including mechanical properties, water uptake, and degradation, which in turn will cause a

change in cellular reaction to the material after implantation [17].

alt-text: Fig. 1

PLA. (a) Polylactic acids structural formula showing the ester group contained within the CH3 CHC(=0O)O repeating unit,
while alcohol (-OH) and carboxylic acid (-COOH) are the end groups of PLA macromolecules [24]. (b) Sample of the used
commercial filament (knife cut).

In this context, this work studies the effect of FFF processing parameters (temperature, speed, orientation, layer
thickness) upon a PLA commercial filament, aiming to establish preferred processing parameters rendering
structural scaffolds able to mimic the mechanical, morphological and biochemical stimuli to which cells are

exposed, improving osteogenesis.

2 Experimental
2.1 Materials

Commercial PLA (Fig. 1a) spooled filament with @ 1.75 mm from BQ/Spain (Fig. 1b) was used in the

manufacture of all scaffolds. Table 1 shows characteristics of the used filament according to the producer.

alt-text: Table 1
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Properties of the used PLA filament, according to producer.

PLA (%) Density (g/cm?) T (°0) Ty (°C) T printing (°C)
100 1.24 145-160 56-64 200-220

T, : melting temperature; T g: glass transition temperature; 7 py.jnsing : recommended range of printing temperatures.

2.2 PLA characterization

PLA material as-supplied and after FFF processing was characterized by rheological and thermal analysis,

scanning electron microscopy (§ 2.4.1), and Raman spectroscopy.
2.2.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was carried out (TA Instruments, Q200) to evaluate the physical
transformations taking place and the degree of crystallinity of the PLA polymer with increasing processing
temperature. As-supplied samples were tested; samples removed from scaffolds after AM at 200 °C and 220 °C
were also tested, to evaluate the effect of thermal history applied during polymer synthesis or processing upon
polymer properties [25]. Tests were carried out up to 250 °C, at 10 °C/min heating rate and under nitrogen gas
flow (20 ml/min). At least three tests were carried out for each material (approx. 10 mg) to ensure reproducibility.
The degree of crystallinity (X.) (i.e., the percentage of crystalline content in the polymer before thermal
analysis) was calculated using Eq. (1) [21,25,26].

AH, — AH,,
AHO

m

X = 100 %

(1

where AH,_ and AH,. are respectively the enthalpy of melting and the enthalpy of cold crystallization (which

takes place during the measurement); AH? is the enthalpy of melting for a pure PLA crystal of infinite size
(93.7 J/g) [27].

2.2.2 Rheology

The viscosity curve of PLA was determined using a Bohlin Gemini HRNANO rotational rheometer. The
measurements were performed under a constant temperature of 200 and 220 °C and the measuring system used
was cone and plate (1°, 25 mm). Before starting the measurements, the samples were subjected to a pre-shear
stage of 10 s~! applied during 60 s followed by an equilibrium time (the time elapsed after stopping the pre-

shear and starting the measurements) of 120 s.

The viscosity was measured as a function of the shear rate, which was applied in the range 10-1000 s~!. At

least three replicas were considered.
2.2.3 Raman spectroscopy

Identification of the functional groups of PLA as-supplied and after AM and their characterization regarding
shape, position and intensity was carried out using Raman spectroscopy (HR Evolution, Horiba Jobin-Yvon).
Raman spectra were collected using 532 nm laser, 100X objective, 5 accumulations and 10 s acquisition. All

plots were collected in the 200-3200 cm™! spectral range. Daily calibration of the relative line position was



carried out using as reference the 520 cm™! phonon mode from silicon. The software FITYK 0.9.8 [28] was

used for background removal and peak fitting, which was carried out with Lorentzian function [29].
2.3 Scaffolds design and manufacturing

Scaffolds were first designed as 12.7 X 12.7 X 25.4 mm blocks (complying with dimensions in ASTM-695
specification) and modeled in Onshape (https://www.onshape.com/) CAD software. Each block was imported to
Cura (https://ultimaker.com/software/ultimaker-cura) slicing software and transformed into a scaffold, using no
top or bottom layers and no side walls. Offset distance between filaments was set to 1333, 800 and 571 wm,
corresponding to 30, 50 and 70% infill respectively. Filaments were layered in a rectangular 0°/90° infill pattern
(Ortho, Fig. 2a), resulting in 70, 50 and 30% porosity scaffolds with 100% pore interconnectivity. Printing speed
of 30 mm/s and 45 mm/s, printing temperature of 200 °C and 220 °C (corresponding to the maximum and
minimum printing temperatures recommended by the PLA supplier, Table 1), and layer thickness of 200 um and
300 wm were tested. A total of 8 different manufacturing parameters combinations were produced for each

scaffold porosity, resulting in a total of 24 Ortho configurations to be tested (Table 2).

alt-text: Fig. 2

1 | - I S 5 N i E— i S—

T - - T E.: [ ] 1 l.i { f{ i‘{ i‘ ‘_I *i *i }
; :; ::; L E‘!1Ir=1lr!1lri 1 i B R ,_}._i_Li_Li_l
———0o—d bBbo0—od 8 8 8 8 g gg9g

- b b b
T [EEE
b=l T e

i i =
(a) f"}_ﬂHH}J_{rll L] I{d}E::IE:":IE::I

—]
—
—
S
—
S

—
—
—
S—
—

Front and top views of a) single layer, b) single layer staggered, ¢) double layer and d) double layer staggered orthogonal
scaffolds.
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Tested FFF printing parameters and manufactured specimens.

Design
Temperature (°C) Speed (mm/s)  Infill (%) Layer thickness (um)
Ortho  Displ 2xOrtho  2xDispl

200 45 30 200 S132


https://www.onshape.com/
https://ultimaker.com/software/ultimaker-cura

300 S133

200 S152
50
300 S153
200 S172
70
300 -
200 5232
30
300 5233
200 5252
30 50
300 5253
200 S272
70
300 5273
200 S332
30
300 S333
200 S352
45 50
300 S353
200 S372
70
300 S373
150 254315
220 30 200 S432 ST432 25432 28T432
300 5433 ST433 25433 2ST433
150 254515
30 50 200 5452 ST452 25452 25T452
300 5453 ST453 25453 25T453
150 254715
70 200 5472 ST472 25472 28T472
300 5473 ST473  2S473 25T473

The Ortho samples were submitted to compression mechanical test (§ 2.4.3), and the processing parameters
rendering the best mechanical performance were selected to produce additional designs (Table 2). On this second
phase, the original manufacturing gcode files were manually configured. The first two layers designed by Cura
were copied along the height direction and offsetted in the xy plane. The correct layer height coordinate and the
necessary material amount to be extruded, are easily calculated using and Excel spreadsheet and exported as a
gcode file. Manually configured gcodes have many advantages [3]: material deposition pattern can be
customized, including layer thickness, printing speed and temperature, and filament offset distance. This enabled

more complex designs to be created, and three different configurations were then designed. Offsetting one layer



allowed to obtain a staggered configuration (Disp/, Fig. 2b), in which sequential layers do not share the same
support points, therefore introducing structural bending and reducing overall structural rigidity. By repeating the
same layer, a double layer configuration was achieved (2xOrtho, Fig. 2¢) and 2xDispl, Fig. 2d), increasing the
dimension of the scaffold lateral pores. A special 150 wm layer thickness 2xOrtho series of scaffolds was printed

in order to isolate the scaffold's lateral pore dimension effect, when compared against 300 wm Ortho series.

All specimens were printed in a Blocks Zero (Blocktec) 3D Printer. Each scaffold layer was printed in a single
motion, by printing parallel filaments in opposite directions. This process maintains filament characteristics in
each layer but has the disadvantage of producing scaffolds with partially closed pores on the side walls. For each

configuration three samples were produced (n = 3), for reproducibility assessment throughout all further tests.
2.4 Scaffolds characterization
2.4.1 Scanning electron microscopy

The morphology, porosity and defect features of as-supplied filament and of produced PLA scaffolds were
analyzed by scanning electron microscopy (SEM) (Hitachi S2400). Samples for SEM observation were
previously coated with Au-Pd alloy to assure adequate electrical conductivity. Dimensions of as-supplied
filament, scaffold pore design size and scaffold filament diameter and overall compliance to projected

random positions were measured in each sample for reproducibility assessment.
2.4.2 Micro-CT analysis

The analysis of the morphological and internal structure of the scaffolds was made using an X-ray micro-CT
scanner (Skyscan 1172 MicroCT, Kontich, Belgium)). X-ray digital radiographs were recorded at different
angles during step-wise rotation between 0 and 180° around the vertical axis, with 0.5° rotation step. Samples
were scanned at a voltage of 100 kV with current intensity of 100 pA. The pixel resolution was set at 18.09 um
and two sequential acquisitions were performed for each scaffold. Acquired image data were qualitatively and
quantitatively interpreted using 3D tomographic reconstruction NRecon®, visualization (CTVox®) and
calculation (CTAn®) softwares.

2.4.3 Mechanical testing

Scaffolds were tested under monotonic compression, accordingly to ASTM-695 standard, using an
electromechanical test machine (TS300, Impact Test Equipment). Design and manufacturing parameters
influence on scaffold mechanical behavior was analyzed, determining specimen apparent compressive yield
stress o. The specimen compressive modulus £ was also determined, considering that specimen strain € is obtain

dividing specimen height variation Az by the specimen initial height 4.

™ 1Q

@)

Each specimen series (n = 3) was tested using a constant 1 mm/min speed, using a 50 kN load cell. In order to
identify possible significant statistical differences between different manufacturing parameters and scaffolds

geometries, Kruskal-Wallis non-parametric test for small samples was used, with a = 0.05.


https://imagej.nih.gov/ij/

3 Results

3.1 Effect of processing temperature upon PLA polymer

FFF requires processing temperature above the polymer melting point, for the chains to move relative to each
other, allowing polymer to flow. Melt flow is dominated by viscosity and influenced by many other polymer
characteristics (nature, grade and additives) and flow conditions (melt temperature, flow rate, channel size, and
melt pressure) [30], and it is determinant for materials’ extrusion and printability [31]. Under these circumstances,
it is useful to assess the relationship between FFF temperature and dynamic properties of the material, through
rheological, measurements [32]. This is particularly important in the case of PLA, given the unique nature of its
rheology: besides presenting strain hardening extensional behavior, its chemical stability can be adversely
affected above the melting temperature, where both chain hydrolysis and pyrolysis become important [32]. Fig. 3
shows viscosity evolution of the used commercial PLA with increasing shear rate, at 200 °C (Figs. 3a) and
220 °C (Fig. 3b).
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Viscosity vs shear rate log curves for BQ PLA melts at (a) 200 °C and (b) 220 °C (which correspond to the tested printing
temperatures), fitted using the Bird-Carreau-Yasuda model [33].

Both temperatures are sufficiently above the melting temperature (please refer to Fig. 3) for the polymer to
behave as a liquid with measurable viscosity. As expected [32,34], PLA shows shear-thinning rheological
behavior at both tested temperatures, corresponding to viscosity decrease with increasing shear rate (and shear
strain). The value of zero-shear viscosity 7, as the shear rate approaches zero is approx. 28.6 Pa s at 200 °C and
4.6 Pas at 220 °C. Both curves present a lengthy lower Newtonian region, respectively up to 7. = 100 s~! and
7. =223 s~!, followed by the shear-thinning zone. Within the tested shear rate range, the upper Newtonian
region was not reached; also viscosity values are always lower at 220 °C than at 200 °C. The melt viscosity
performance described in Fig. 3 is expected to be considerably dependent on the weight average molar mass of
PLA at the tested temperatures [35]: the higher the molar mass, the higher the chain length and its degree of
entanglement, leading to decreased chain flexibility and higher melt viscosity for low and intermediate shear rate

range [34,35]. The quite abrupter slope change at the end of the lower Newtonian region of the 200 °C curve



appears to confirm more extensive entanglements between PLA molecules, which correspond to strong
couplings that act in a localized manner, contributing to increased material elasticity (similarly to cross-links) [34
]. At this lower temperature, viscosity increases rapidly and polymer melt is expected to display a more

pronounced elastic recovery from any deformation [34] than at 220 °C.

The crystallinity, glass transition, cold crystallization and melting of PLA were assessed by DSC (Fig. 4a)
Samples removed from FFF specimens printed at 200 °C (Fig. 4b) and 220 °C (Fig. 4c) were also submitted to
thermal analysis. Table 3 summarizes the corresponding transformation onset and peak maximum, and the

percentage crystallinity (X ) in the materials (Eq. (1)).

alt-text: Fig. 4
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Transformation temperatures and crystallinity vs polymer thermal history.

Glass transition Cold crystallization Melting
X

Filament ¢

Tg T peak Tee T peak Xee onset Tmy Tm) (%)

°O) °O) °O °O) (%) °O °O O
As-supplied 62 65 99 110 74.6 144 150 155 3.1
After FFF at 200
oC 62 65 100 114 69.9 150 151 155 6.9

After FFF at 220 62 67 102 117 65.2 146 - 155 30.9



oC

All obtained DSC heating plots show endothermic peaks corresponding to glass transition and to crystal melting,
and one exothermic peak corresponding to cold crystallization. In every case, melting is finished below 160 °C,
well below both tested FFF temperatures. The as-supplied commercial PLA material is expected to have been
formed to filament shape by melt extrusion, the most important technique for PLA forming in many conversion
processes of continuous profiles [36]. To ensure that all the crystalline phases in PLA are melted and to achieve
an optimal melt viscosity for processing, the extruder heater is usually set at 200-210 °C [36]. The commercial
PLA material tested already carries a previous thermal history. The onset of glass transition for as-supplied PLA
filament (Fig. 4a, Table 3) takes place at 62 °C, in good agreement with reported values [17,19-21]. Cold
crystallization starts at approx. 99 °C and corresponds to an extent of crystallization of 74.6%. Cold
crystallization is typical of polymers prone to crystallize but that have previously been cooled quickly enough to
avoid chain rearrangement [21]. This indicates that filament cooling rate in the course of its extrusion process is
fast enough for the resulting PLA filament to remain mainly amorphous [25]. However, although during DSC
molecular mobility is severely restricted below Tg, small crystallites are allowed to form in the polymer above
that temperature, and PLA's ability to rearrange manifests. The cold crystallization process is finished below
122 °C, and melting takes place afterwards, with onset at 144 °C. Two melting peaks appear to overlap, with
peak maxima at 150 and 155 °C. The presence of two peaks is expected to result from a change in crystal
morphology: T,,; corresponds to melting of spherulites (formed at lower crystallization temperature), while T,
corresponds to melting of hexagonal crystals (formed at higher crystallization temperature) [21,25]. The
calculated intrinsic as-supplied polymer crystallinity (after subtracting cold crystallization) is only 3.1%. The
DSC plot of the material after withstanding FFF at 200 °C (Fig. 5b, Table 3) is quite similar, although a two-fold
increase in polymer crystallinity (6.9%) and a lower percentage of crystallites formed on cold crystallization
(69.9%, corresponding to a 6.3% decrease) result. The similarity is expected to arise from the fact that both
systems were (expectedly) cooled from approx. the same temperature, rendering similar rearrangement by the
end of the corresponding cooling step. However, after withstanding FFF at 220 °C, striking differences arise on
PLA melting behavior (Fig. 5c, Table 3). Glass transition and cold crystallization present less 12.6% and 6.7%
cold crystallization when compared to as-supplied material and to material FFF at 200 °C, respectively. Also,
only one melting peak arises (with peak maximum at 155 °C) and overall melting enthalpy (corresponding to the
area below the melting peak in the corresponding DSC plot) is quite high, as well as intrinsic crystallinity
(30.9%, corresponding to almost a ten-fold increase compared to as-supplied material). The higher crystallinity is
expected to result from the overall lower melt viscosity at 220 °C (Fig. 3), rendering higher chain mobility [21,26
]. Chain mobility is also improved by the lower chain length at 220 °C. Finally, the supercooling range is much
more extended than when cooling starts at 200 °C, providing increased time for crystal nucleation and growth [
21], and allowing full transformation of spherulites into the higher temperature hexagonal-shaped crystals. The

presence of a single polymorph is thus expected to correspond to a single melting peak in Fig. Sc.

alt-text: Fig. 5
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Raman plots of the used PLA in the 200 to 3200 em~! spectral range: (a) room temperature, and after heating at (b) 200 °C
and (c) 220 °C.

Filament as-supplied, and material after FFF at 200 and 220 °C was also submitted to Raman spectroscopy (Fig.
5), since changes in the Raman spectra of lactic acids can be correlated with their polymerization degree [24],
crystallinity level [18], and stereo configuration [37]. Besides the repeating unit, PLA (Fig. 1) contains an
alcohol (-OH) and a carboxylic acid (-COOH) end group. Changes in the crystallinity degree and average chain
size can be followed by analyzing the position and/or intensity of Raman peaks characteristic of the vibrations
modes of the repeat unit (C=0, COC, and C-C), in comparison to end groups modes [24]. In as supplied PLA
(Fig. 5a) the characteristic peak for C=0 stretching appeared as a broad asymmetric band around 1776 cm™".
The fact that this band is not sharp and well defined indicates that the material is mainly amorphous [18,19],
although the splitting shoulder (1760 cm™!) suggests some degree of crystallinity. This is confirmed by the
presence of bands at 308, 411, 528 and 935 cm™!, as well as by bands at 1392 and 1311 cm™!: although these
bands are very weak in the obtained spectra, they are indicative of some degree of crystallinity among the
disordered structure [18,19]. The strong band at around 875 cm™! (ester C—-COO stretching) has also been
assigned to semicrystalline PLA [38]. The asymmetry of the C=0 band (1776 cm™!) appears to increase with
increasing processing temperature (Fig. 5b and c), suggesting decreasing perturbation of the helical chain
structure of PLA.

The sharp peak splitting at 1345 cm™! is expected to be due to crystallinity [19], in good agreement with the
evolution in crystalline contents determined by DSC (Table 3). This new peak increases intensity and narrows
from 200 to 220 °C, characteristic of a higher crystallinity degree. The variation of the maximum intensity ratio
of the C—-COO peak around 875 cm~! and the CH 5 asymmetric bending around 1460 cm™! has been related to
the degradation of the PLA chain [24]. The value of the Ig;5/,745 intensity ratio is 1.98 in as-supplied filament,
decreasing to 0.91 and to 0.61 in PLA extruded at 200 °C and at 220 °C, respectively. It is thus expected that
increasing degradation is taking place with increasing AM temperature, with separation of water soluble
oligomers within the polymer [23,37]. This is supported by presence of very weak bands around 1240 cm™!
(CO stretching of the acid end group coupled to OH bending of the end alcohol group), 1106 cm™! (CO
stretching of the end alcohol group), and 856 cm™! (C-COOH stretching of the end alcohol group) [24]: the



appearance of bands associated to the end groups is related with a decreasing average number of units in the
polymer chain, with the number of end groups proportionally raising as the total chain length decreases [24]. The
absence of a band around 1745 cm™! allows to establish that the poly (D,L-lactide) stereo complex is not present

[38], in good agreement with the high achievable crystallinity in the system at 220 °C.

Overall, results from rheologic, thermal and spectroscopic analysis suggest that the used commercial PLA is a
low molecular weight polymer containing only L-units, mainly with amorphous character and slow
crystallization ability. Processing at 200 °C slightly increases the crystalline extent and introduces crystal
polymorphs. Increasing FFF temperature to 220 °C noticeably promotes crystallization on cooling, while it also
leads to polymer degradation with chain length decrease, with implications in the selection of processing

parameters.
3.2 Effect of processing parameters upon PLA printability

PLA printability at both tested temperatures can be estimated from its rheological properties together with
manufacturing parameters. The printing pressure AP necessary to achieve the desired melt volume flow rate (Q)

through a nozzle of radius (R) and length (L) at a specified flow rate can be calculated using (Eq. (3)) [31].
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The influence of temperature and shear rate 7 upon steady state shear viscosity # of a shear-thinning polymer
melt can be fitted with the Bird-Carreau-Yasuda model (Eq. (4)) [33]:
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where 7o is the zero shear rate viscosity, . the infinite shear rate viscosity value (negligible), 1 the relaxation
time, n the power law index and « a constant (originally considered by Bird-Carreau equal to 2). Material flow

0 and shear rate y can be calculated respectively from Eq. (5) and the Rabinowitsch equation (Eq. (6)) [31].

O=v-t-d
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where v is the printing speed, ¢ the layer thickness and 4 the nozzle exit diameter. Table 4 summarizes the
calculated flow, shear rate and printing pressure, considering a filament diameter of 1.75 mm and a nozzle exit

diameter of 400 wm.
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Table 4

@ The table layout displayed in this section is not how it will appear in the final version. The representation below is
solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view
the Proof.

Calculated shear rate, material viscosity and necessary printing pressure at nozzle entrance and exit, considering different
processing temperature, printing speed and designed layer thickness.

Layer Thickness (um) 200 200 300 300
Printing Speed (mm/s) 30 45 30 45
Material flow (mm3/s) 24 3.6 54
Entrance y (1/s) 4.56 6.84 10.26
Printing Temperature (°C) Exit ¥ (1/s) 381.97 572.96 859.44
Entrance 1 (Pa.s) 25.09 25.06 25.00
Exit 1 (Pa.s) 8.58 597 4.07
200 Entrance AP (Pa) 2877 4'311 6’451
Exit AP (Pa) 16388 17’108 17'495
Total AP (Pa) 19265 21’418 23’945
Entrance 1 (Pa.s) 4.75 4.72 4.67
Exit 1 (Pa.s) 3.60 3.38 3.13
220 Entrance AP (Pa) 545 811 1205
Exit AP (Pa) 6’875 9’669 13’441
Total AP (Pa) 7'420 10480 14’645

Fig. 3 shows two different material behaviors. When printing at a lower temperature (200 °C), PLA filament
changes behavior from Newtonian to power-law, as material flows from the nozzle entrance to its exit. Table 4
shows shear rate increasing from 4.56 1/s to 10.26 1/s on the nozzle entrance, as layer thickness and printing
speed increases. This corresponds to a Newtonian material behavior resulting in a higher material viscosity, but
due to the higher nozzle diameter, the resulting necessary pressure to keep material flow is very low (maximum
of 6’451 Pa). When exiting the nozzle, shear rate can increase up to 859.44 1/s, setting the material on the
power-law region, reducing viscosity to 5.00 Pa s and increasing the necessary flow pressure to 17495 Pa.
Therefore, when using demanding printing conditions (high printing speeds and layer thickness) at low
temperatures, the printer may lack the ability to push the filament, leading to nozzle clogging. And even if the
printer is able to develop the necessary pressure, the filament may buckle also leading to nozzle clogging [31].
This was verified on our experiment, as it was not possible to print scaffolds with 70% infill, with a 45 mm/s
printing speed and 300 um layer thickness at 200 °C (Table 1). Print at higher temperatures (220 °C), Table 4
and Fig. 3 shows that PLA filament will behave as a quasi-Newtonian fluid, with a viscosity ranging from 4.75

to 3.13 Pa s, reducing the total amount of pressure necessary to print the material, from 23945 Pa (200 °C) to



14’645 Pa (220 °C). A minimum 39% reduction, when printing with the most demanding conditions, will lead to

higher quality printed scaffolds.
3.3 Selection of preferred printing parameters

Successful FFF manufacture requires the combination of a set of fundamental conditions [31]: the material must
adequately flow through a given diameter nozzle at a specified flow rate; the extruded material must hold the
desired shape and must be dimensionally stable during transition to the final solid state at room temperature; the
extruded structure must be able to perform under the imposed mechanical requirements. In this context, the
Ortho geometry scaffolds configurated in the Cura software (Table 2) were used to assess the parameters

combinations rendering higher printability.

Fig. 6 summarizes the geometrical features of produced Ortho scaffolds. The measured printed filament width
varies considerably depending on processing parameters. Overall, FFF at 200 °C (Fig. 6a) appears to result in
higher scattering of filament width values, ranging from to 389 = 19 um (30 mm/s, 30% infill, 300 um tailored
thickness, Fig. 7a) to 313 + 39 um (45 mm/s, infill 50%, 300 um, Fig. 7b), while it was not even possible to
print the 70% infill scaffold (45 mm/s, 300 um) due to lack of material extrusion. Regardless of printing speed,
geometric compliance at 200 °C appears to decrease with infill when the tailored thickness is 300 um, yet it
increases with increasing infill when tailored thickness is 200 um. Increasing the printing speed to 45 mm/s and
the layer thickness to 300 um, increases the material flow up to 5.4 mm?>/s. Although the material behavior
changes from Newtonian to power-law (Table 4), decreasing viscosity to 5.00 Pa s, nozzle geometry leads to an
overall pressure increase to 23’945 Pa. As a result, the printer was not able to extrude the necessary amount of
material. As the infill parameter is increased from 30% to 70%, more material must be extruded through the
nozzle, and since the printer lacks this ability, filament width will decrease, eventually leading to nozzle clogging
[31]. On its turn, filament width resulting from FFF at 220 °C (Fig. 6b) ranged from approx. 393 um (samples
printed at 30 mm/s and 300 um tailored thickness, regardless of the infill, Fig. 7d-f) to 341 £ 53 pum (45 mm/s,
30%, 200 um, Fig. 7c). In every case attained width values are lower than the used nozzle diameter (400 um),
with a deviation between —2.7% and —21.7% for FFF at 200 °C, and between —1.7% and —14.7% for FFF at
220 °C. Regardless of printing speed, geometric compliance at 220 °C again increases with increasing infill
when tailored thickness is 200 um, yet it is approx. constant when the tailored thickness is 300 um. Fig. 3 shows
a reduced material viscosity when printing at 220 °C, leading to overall reduced printing pressures (Table 4). The
printer is therefore able to extrude the necessary amount of material, and the final filament width will depend on
the remaining process variables. When extruding, filaments will be supported by the bottom layer. Increasing the
infill percentage, decreases the distance between filament supports therefore reducing filament stretching
between supports and increasing the resulting filament width. Increasing printing speed will increase filament
stretching, reducing filament width, while increasing layer thickness increases filament rigidity, increasing the
resulting filament width [39]. Pore cross-sectional area was also determined in the produced geometries,
rendering a comparable trend. In every case attained pore area is higher than the designed value (0.870, 0.160
and 0.029 mm?, for 30%, 50% and 70% infill respectively). Pore area depends primarily on filament width. For
scaffolds printed at 200 °C (Fig. 6¢) the lower than expected filament width, due to printing limitations, resulted
in higher pore areas when compared with the scaffolds printed at 220 °C (Fig. 6d). The higher geometric
compliance on scaffolds printed at 220 °C is expected to result from the decrease of PLA melt viscosity and
elasticity [36].

alt-text: Fig. 6
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Low magnification images (top view) of produced Ortho scaffolds. FFF at 200 °C: (a) the best geometric compliance was
obtained with 30 mm/s, 30%, 300 wm combination; (b) the worse resulted from 45 mm/s, infill 50%, 300 um. FFF at 220 °C:



(c) the worse geometric compliance was obtained with 45 mm/s, 30%, 200 um combination; The use of the 30 mm/s, 300 pum
combination resulted in the best results, both at (d) 30%; (¢) 50%; and (f) 70% tailored infill.

Fig. 7 also draws attention to the effect of thermal degradation of PLA upon FFF processed parts, with extensive
fouling visible on the surface of scaffolds printed at 220 °C (Fig. 7c-f). Fouling is directly caused by thermal
degradation of PLA above 200 °C [36]: depolymerization results in the formation of monomer and oligomer

lactides, that gradually build up on part and equipment surfaces [36].

The produced Ortho scaffolds were submitted to monotonic compression tests. Baptista et al. [40] previously
reported results on the influence of different manufacturing parameters on mechanical properties for 50% infill
scaffolds. The current paper expands that preliminary work for other infill values, illustrating the influence of
scaffold porosity on mechanical properties. Fig. 8 shows the three typical compression curves obtained,
depending on scaffold infill. The compression curve for porous scaffolds can be divided into four different
regions [13]: (1) a region of linear elastic behavior; (2) a region of almost constant stress level, where scaffold
deformation increases while stress levels remain constant, due to layer buckling and collapse; (3) a region where
the compression slope increases at a higher rate, after the majority of scaffold pores has collapsed [41]; and (4) a
final region where stress might decrease as scaffold structure starts to fail and break down. As porosity decreases
both the apparent compressive modulus and the yield stress increase. Both compression modulus and yield stress
can increase from two-fold, when comparing scaffolds with 30% and 50% infill, up to seven-fold, when

comparing an increase from 30% to 70% infill.

alt-text: Fig. 8

35 I I | T
@ (2) - 3) _eegee
30 ! . —
= ™ - |
co . -
= 25 : Y N trsssccccce- -
" | [ ]
“ I - . .
5 20 -1 I I
in - . {
v I
@ 1i 1 I |
5 "o
E 10 h I '
] o 1 (4)
5o . —
! | |
0 1
0% 5% 10% 15% 20% 25% 30% 35% 40%
Compression Strain
Infill 30% ====50% = = =70%

Stress-Strain compression curve for 30%, 50% and 70% infill scaffolds, 3D printed at 220 °C with a 30 mm/s speed and
200 um layer thickness.

Considering 200 um layer thickness Ortho scaffolds with 30% infill, apparent compressive modulus increased
from 212 £ 45 MPa to 257 = 7 MPa when FFF temperature increased from 200 °C (Fig. 9d) to 220 °C (Fig. 9b)
and speed increased from 30 mm/s (Fig. 9d) to 45 mm/s (Fig. 9a). Increasing scaffold infill to 50%, leads to an

overall increase in mechanical properties. While printing at 200 °C with a 45 mm/s speed resulted on a



480 £ 5 MPa compressive modulus, increasing the temperature to 220 °C and reducing the printing speed to
30 mm/s, increased the compressive modulus to 555 + 19 MPa. A similar behavior was obtained for the 70%
infill scaffolds, with compressive modulus increasing from 625 + 68 MPa to 942 + 22 MPa, in the same

conditions.
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Combining 300 um layer thickness scaffolds with the 200 °C printing temperature, considerably reduces the
scaffold's mechanical properties. When printing at the lower temperature and higher speed (45 mm/s), scaffold
compressive modulus decreased to a minimum of 23 + 2 MPa for a 50% infill scaffold, while it was not possible
to print the 70% infill scaffold due to lack of material extrusion. Decreasing the printing speed to 30 mm/s,
increased the overall mechanical properties, yet compressive modulus showed no statistically significant
differences for different infill percentages, reaching a maximum value of 146 + 22 MPa (Fig. 9d). Mechanical
properties for the 300 um layer thickness scaffolds printed at 220 °C (Fig. 9b), showed similar behavior to the
200 um layer thickness scaffolds (Fig. 9a), but with inferior values. The minimum value of compressive modulus
(148 £ 17 MPa) was obtained for a 45 mm/s speed and 70% porosity, while the maximum value
(617 = 70 MPa) was obtained with 30 mm/s speed and 30% porosity. Rodrigues et al. [13] have obtained similar
values for 60% porosity scaffolds, while Germain et al. [12] obtained slightly inferior results when analyzing

70% porosity scaffolds (orthogonal scaffolds design in both reports).



The evolution of scaffold yield stress was very similar. For 200 um layer scaffolds, yield stress varied from a
minimum of 5.5 £ 1.0 MPa (200 °C, 30 mm/s and 70% porosity) to a maximum of 27.8 + 0.4 MPa (220 °C,
30 mm/s and 30% porosity). For 300 um layer scaffolds, yield stress values were very modest when printed at
200 °C, reaching a maximum of 19.8 + 0.3 MPa (200 °C, 30 mm/s and 30% porosity).

It is clear that the preferred manufacturing parameters are obtained when printing at 220 °C (higher temperature)
and 30 mm/s (lower printing speed), where the resulting scaffolds showed better mechanical properties. Scaffold
layer thickness should be set to 200 wm, in order to achieve improved mechanical properties. Finally, scaffold
infill parameter affects both mechanical properties and porosity, therefore it should be tailored according to

scaffold specific application.
3.4 Influence of scaffold design

In order to assess scaffold design influence on scaffold morphology and mechanical properties, four different
designs (Ortho, Fig. 10a, 2xOrtho, Fig. 10e, Displ, Fig. 10b and 2xDisp/, Fig. 10c) were generated and printed
using the previously determined preferred manufacturing parameters. Fig. 11 summarizes the geometrical
features of produced Ortho and Displ scaffolds. The measured printed filament width varies considerably

depending on scaffold design.
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SEM scaffold morphology for different designs; (a) Ortho; (b) Displ and (c) 2xDispl scaffolds, printed with 200 um layer
thickness, and 2xOrtho scaffolds printed with (d) 150 um, (¢) 200 pm and (f) 300 um, 30 mm/s speed and 220 °C printing

temperature.
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Comparison of geometric features of scaffolds printed at 220 °C at 30 mm/s with (a) Ortho; (b) 2xOrtho; (c) Disp; and (d)
2xDisp geometry, with different layer thickness (200 um and 300 pm).

Overall, Ortho (Fig. 11a) and Disp (Fig. 11c) designs appear to result in higher scattering of filament width
values, respectively ranging from to 352 £ 38 um (30% infill, 200 wm tailored thickness) to 393 + 16 um (70%,
300 um), and from 355 = 53 um (30%, 200 um) to 432 £ 17 um (70%, 300 um). Regardless of designed
pattern and of tailored thickness, filament width appears to increase with infill percentage. At 70% infill, except
for Ortho samples, all geometries display filament width higher than the used nozzle diameter (400 um). The
deviation is of 4.6% and 7.0% for 2xOrtho samples respectively aimed at 200 wm and 300 um filament
thickness, and of 6.1% and 7.4% for Disp samples aimed at 200 um and 300 um filament thickness. In these
cases, geometric compliance with nozzle dimensions is higher at 50% infill. The 2xDisp samples show the
higher compliance with nozzle diameter, with a variation of —1.6% at 200 um and of 0.6% at 300 pm. 3D
printing scaffolds with a lower layer thickness (150 um, Fig. 10d) showed that filament width is proportional this
parameter (Fig. 10d-f and Fig. 11b). When compared against scaffolds with similar lateral pore dimension
(300 um Ortho), filament width may decrease up to 10%. No significant statistical variance was found between
scaffold designs. Therefore, filament width is only a function of process parameters, as shown in the previous
section. Scaffolds pore cross-sectional area was also evaluated. Fig. 12 show the resulting pore area reduction

when using the staggered (Disp/) configuration.
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Regarding scaffold mechanical properties, Fig. 13 shows the influence of scaffold design on apparent
compressive modulus and yield stress. Staggered configurations show decreased mechanical properties, when
compared with aligned scaffolds. Using a double layer configuration, increased both scaffold compressive

modulus and yield stress.
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220 °C, with 30 mm/s speed and 200 um layer thickness.

Fig. 13 shows the obtained differences between Ortho a), 2xOrtho b), Displ c¢) and 2xDispl d) scaffolds. 3D
printing speed and temperature were constant (220 °C and 30 mm/s), while layer thickness also varied from 200

to 300 um. As expected, decreasing scaffold porosity, increased mechanical properties, on all four different



scaffolds’ designs. The layer design, single or double layer, also showed major influence on scaffold behavior.
While single layer Ortho scaffold compressive modulus varied from 133 £ 1 MPa (70% porosity, 300 wm) to
918 = 31 MPa (30% porosity, 200 um), double layer 2xOrtho scaffold compressive modulus increased to a
minimum of 211 + 5 MPa and a maximum of 1018 + 13 MPa. A similar behavior was found for staggered
configurations, Displ and 2xDispl scaffolds. Compressive modulus minimum values were obtained for 30%
infill scaffolds, with 200 um layer, increasing from 31 = 1 MPa to 90 £ 2 MPa. While maximum values were
obtained for 70% infill scaffolds, also with 200 wm layers, increasing from 653 = 7 MPa to 919 £ 5 MPa.
Finally, layer thickness was also assessed. Fig. 14 shows that increasing layer thickness decreased the Ortho and
2x0rtho scaffold mechanical properties, while not affecting the mechanical properties on the majority of the
Displ and 2xDispl scaffolds configurations. Fig. 14 d) shows the configurations where significant statistical
differences were found (2xDisp! scaffold with 70% infill). For these configurations, increasing layer thickness

also leads to a decrease in mechanical properties.
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Comparison between different scaffolds geometries, layer thickness and porosities regarding compressive modulus, a) Ortho;
b) 2xOrtho; ¢) Displ and d) 2xDispl scaffolds.

Overall staggered configurations shown reduced mechanical properties. Both Gregor et al. [3] and Navarro et al.
[42] reported compressive modulus reduction from 50% to 70%, when using staggered scaffolds designs. Fig. 14
shows an average 49% decrease on the compressive modulus of Disp/ vs Ortho scaffolds, with a major
difference between 192 £ 4 MPa and 31 £ 1 MPa (—84%) for 30% infill, 200 um scaffolds and a minor
difference between 749 + 16 MPa and 659 + 16 MPa (—8%) for 70% infill, 300 um scaffolds.



A special 2xOrtho scaffold configuration was also printed with a 150 um layer thickness. Therefore, these
scaffolds lateral pore dimension (300 um) is equal to the 300 um Ortho scaffold. Fig. 14b shows an increased
mechanical performance when scaffold's layer thickness is reduced (301 = 11 MPa to 1088 £+ 9 MPa, as scaffold
infill increases from 30 to 70%). When compared to the corresponding properties of the 300 um single layer

scaffold, apparent compressive modulus increases up to 2.3-fold, for the same lateral pore dimension.

Scaffold yield stress followed the same behavior as compressive modulus. Orthogonal scaffolds minimum yield
stress was 3.5 = 0.1 MPa, for the Ortho, 30% infill, 300 um scaffold, while the maximum yield stress was
30.3 £ 0.3 MPa, for the 2xOrtho, 70% infill, 150 um scaffold. Staggered configuration showed inferior yield
stress levels, with the minimum value of 1.1 = 0 0.1 MPa, for the Displ, 30% infill, 200 um scaffold, and the
maximum value reaching 27.6 £ 0.1 MPa, for the 2xDispl, 70% infill, 200 um scaffold.

3.5 Micro-CT porosity analysis

In order to assess scaffold porosity and pore interconnectivity, Ortho scaffolds printed with the preferred
manufacturing parameters were analyzed by u-CT [43]. Table 5 shows obtained values before mechanical
compression and after 40% strain compression test. Differences between theoretical values and experimentally
determined values are within the same range as obtained by Germain et al. [12]. Open porosity is very close to
100%, suggesting that all pores are interconnected, which is mandatory for bone replacement scaffolds. After
40% compression and load removal, there is an 8-24% decrease in porosity. This decrease is a consequence of
pore collapse and increases as filament offset distance decreases. Nevertheless, the remaining pores are still fully
interconnected. Fig. 15 shows scaffold morphology and pores distribution for the three different Ortho scaffold
porosities. As mentioned, decreasing the pore size (by increasing scaffold infill percentage) will increase the
scaffold's surface area. Measured using surface density parameter (scaffold surface divide by total analyzed
volume), Table 5 shows an increase from 3.03 mm?/mm? to 5.03 mm?/mm?, as scaffold infill increases. Once

deformed, pore collapse will lead to a surface density decrease.
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Micro-CT measured scaffolds porosities, percentage of interconnected (open) pores and surface density on ortho scaffolds
with different theoretical porosities.

Scaffold Infill 30% 50% 70%
Porosity (%) 67.7 492 32.7
Untested Open porosity (%) 100.0 99.9 99.7
Surface density (mmz/mms) 3.03 4.28 5.03
Porosity (%) 62.2 435 249
Tested Open porosity (%) 100.0 100.0 99.8

Surface density (mmZ/mm?) 2.96 3.53 3.42
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a) axial view and b) coronal view of an Ortho scaffold with 30% infill; c¢) axial view and d) coronal view of an Ortho scaffold
with 50% infill; and e) axial view and f) coronal view of an Ortho scaffold with a 70% infill.

4 Discussion and conclusions

Porous thermoplastic scaffolds can be used to replace bone tissue, after trauma, disease or damage, as long as
several characteristics are ensured while bone tissue regenerates, mainly biocompatibility, fully interconnected
porous structure and ability to withstand mechanical loads [4]. In this context PLA scaffolds were 3D printed
using FFF manufacturing technique, with the goal of determining the manufacturing parameters and scaffold
design influence upon specimen morphology and final mechanical performance. Scaffold designs were

customized, including variable layer thickness, printing speed, printing temperature and filament offset distance.

Scaffold porous structure was analyzed by Micro-CT scanning. Three scaffolds with different infill parameters
were selected, after determining the preferred manufacturing parameters. When analyzing an Ortho scaffold
with 30% infill, Micro-CT determined scaffold porosity (67.7%) was very close to the theoretical value (70%).
All the pores were open, which means that a fully interconnected pore structure was achieved with our
manufacturing methodology. After 40% strain compression and stress removal, the porosity of this scaffold was
62.2%, as measured by Micro-CT, and all pores remained open. This suggests that although some pores have
collapsed by the applied deformation, all the remaining pores are still fully interconnected. Table 5 shows similar
behaviors for the 50% infill and 70% infill scaffolds. After compression, lower porosity scaffolds show a higher
number of closed pores. Lower porosity scaffolds were achieved by reducing the pore size, therefore by
applying the same deformation, more pores will be closed, due the filament transverse deformation. Still, even

after compression testing, Micro-CT shows that different porosity scaffolds pores will be fully interconnected.



Therefore, using FFF to manufacture PLA scaffolds is a viable strategy. Porosity influences both cell attachment
and growth, and scaffold mechanical properties [1,2,6,7], and can be fine-tune by using different manufacturing
parameters [39]. Micro-CT analysis showed that surface density is influenced by porosity. Increasing porosity,
reduces scaffold pore size and increases surface density, allowing for more interaction sites between scaffold and

cells, improving cell attachment and growth.

Current work shows that selecting the ideal manufacturing parameters is essential to obtain higher mechanical
properties and provides a guide for tailoring these properties according to different applications. Manufacturing
parameters' influence on scaffold morphology and mechanical properties can be analyzed from a printability
model perspective, which depends on rheological and thermo-physical material properties [31]. Thus, printability
depends on the FFF printer ability to develop the necessary pressure to extrude the designed amount of material
and also on the material ability to form strong connections between printed layers. Fig. 3 shows that material
viscosity is highly dependent on FFF temperature. As temperature increases, PLA viscosity decreases, lowering
the necessary pressure to extrude and print scaffolds. At 220 °C PLA viscosity and shear rate show typical
power-law fit, while at 200 °C there is clear transition between Newtonian and power-law behaviors (Fig. 3). In
order to calculate the total amount of pressure need to extrude PLA through the nozzle the Rabinowitsch model
was used in conjunction with the power-law model. The resulting pressure depends on the printing temperature,
speed and chosen layer thickness. When trying to print with demanding conditions (low temperature, high speed
and layer thickness) pressure rises to 23945 Pa, leading to nozzle clogging due to the 3D printer inability to
extrude the filament or due to filament buckling [31]. Temperature plays a major role, and by increasing
temperature to 220 °C, the resulting pressure decreases to 14’645 Pa. By reducing printing speed to 30 mm/s and
layer thickness to 200 um, pressure reduces to 7'420 Pa, resulting in high quality scaffolds. This analysis also
showed that the necessary pressure to extrude the filament comes from the final part of the nozzle, where the
filament diameter reaches the minimum value (400 wm), while the nozzle entrance only contributed with around
5-10% of the total pressure, reaching 20% when the printing parameter become more demanding (Table 4).
Therefore, selecting the correct nozzle exit diameter can also be an important manufacturing parameter, and it
might be possible to print at lower temperatures, while using a higher nozzle exit diameter to lower the total
amount of pressure necessary to extrude the filament. PLA high printing temperatures are then a material
disadvantage, when compared with other biocompatible polymers like PCL. Szojka et al. [44] and Domingos et
al. [39] have successfully 3D printed PCL scaffolds using similar designs and porosities, while Serra et al. [42]
have combine PEG and PLA polymers, reducing the printing temperature, to obtain high resolution scaffolds
with fully fused support points.

The length of the chain is the main factor determining the rheology, although many others are also influential [34
]. A long chain will occupy a great deal of space compared to its atomic dimensions. The possibility of polymer
molecules linking together temporarily by intermolecular forces increases still further the space over which the
influence of an individual molecule is felt. If the polymer chain is long enough, the intermolecular association
known as entanglement occurs. The entangled polymer, gives rise to the effects of high elasticity, such as normal

stresses and high extensional viscosity [34].

Figs. 6 and 11 show that filament width also depends on FFF processing parameters. When printing with
demanding parameters (200 °C, 45 mm/s and 300 wm) filament width was inversely proportional to the infill
parameter, and it was not possible to print the scaffold configuration with 70% infill. This is justified by the high
values of necessary pressure to extrude the filament, leading to nozzle clogging. Fig. 9c and d also show that
printing BQ PLA filament at 200 °C with a layer thickness of 300 um lead to very poor mechanical properties.

This is attributed to low adhesion between scaffold layers. In this case the printer must extrude a high amount of



material, at low temperature. When depositing the top layer, support points are fused with the bottom layer, but at
low temperature and while extruding high material quantities, the energy density is not enough for the complete
fusion between layers, reducing the mechanical properties. For the remaining configurations Fig. 6 shows that
filament width is proportional to scaffold infill and layer thickness, but inversely proportional to printing speed.
Domingos et al. [39] have also analyzed this problem, on bioprinted PCL scaffolds. While printing, the filament
is suspended between a fixed point and the moving nozzle. Increasing printing speed will lead to filament
stretching and reduced filament width. Increasing scaffold infill, reduces the filament offset distance and the
support points will be closer, filament stretching is reduced and therefore, filament width will increase. Finally,
layer thickness increase will increase filament rigidity and reduce filament stretching. Analyzing Fig. 6¢ and d
one can verify that pore area is a function of the resulting filament width. As the final filament width was inferior
to the theoretical value, pore areas were higher than expected. The final mechanical properties, apparent
compressive modulus (Fig. 9) and yield stress, were well correlated with the filament width. Increasing
temperature and scaffold infill and reducing printing speed will lead to higher mechanical properties, with
scaffold apparent compressive modulus reaching 942 MPa and yield stress 27.8 MPa for the preferred
manufacturing parameters (220 °C, 30 mm/s, 200 um and 70% infill). Although higher filament width will lead
to higher mechanical properties, due to higher contact areas between layers, layer thickness is also important.
Our work shows that increasing layer thickness will result in lower mechanical properties. This might be
connected to poorer adhesion between layers (as previously explained) or due to structural buckling, resulting

from higher columns length [41].

Finally, in this paper, scaffold design influence on mechanical properties was also explored. Four different
configurations were developed, by using a double layer configuration and by staggering filaments between
layers. Fig. 14 show that staggered configurations (Disp/) have lower mechanical properties, but lower pore
areas which will provide better cell support by limiting cell vertical movement. Poorer mechanical properties are
justified by the introduction of bending between support points. Loads are now transferred between layer on an
offset position, increasing scaffold overall deformation and reducing apparent compressive modulus and yield
stress [42]. This problem might be solved by increasing layer thickness, increasing filament bending rigidity, or
by printing scaffolds on a double layer configuration. In this case one will also get an improved adhesion
between layers, increasing the overall scaffold mechanical properties. By 3D printing with the preferred
parameters a 2xOrtho scaffold with 70% infill and 150 wm layer thickness it was possible to obtain the
maximum value of 1’088 MPa for the scaffold apparent compressive modulus and yield stress of 30.3 MPa. A
special 150 um layer thickness 2xOrtho scaffold configuration was printed in order to isolate scaffold's lateral
pore dimension influence on mechanical properties. These scaffolds lateral pore (300 um), is equal to the single
layer 300 wm layer thickness Ortho scaffolds. Our results showed that while increasing layer thickness,
decreases both scaffold yield stress and apparent compressive modulus, using a double layer configuration,
increases scaffold's mechanical properties. Therefore, when comparing a single layer scaffold with a higher layer
thickness, with a double layer scaffold with a lower layer thickness, but with the same lateral pore dimension,
one should expect the second configuration to display a higher yield stress and apparent compressive modulus.
This behavior was verified when comparing 300 um Ortho with 150 um 2xOrtho scaffold's apparent
compressive modulus, where a maximum 2.3-fold gain was obtained for lower infill percentage scaffolds. This
direct comparison of scaffolds with the same lateral pore dimension, allowed for a clear understanding of the

layer thickness and layup design influence on scaffold's mechanical behavior.

Our results show that PLA outperforms both acrylic-based polymers and PCL. When compared with resin-based

cured lattice scaffolds, our results show a significantly higher performance. Scaffolds printed with 400 um beam



diameter, using resin-based cured lattices, and 50 or 30% infill, showed 60.6 and 27.8 MPa apparent
compressive modulus respectively [8]. While our results show that when 3D printing equivalent PLA scaffolds,
with 400 um filament diameter and scaffold infill percentages, apparent compressive modulus increases to 458
(specimens S432) and 192 MPa (specimens S452) respectively. While our work shows that increasing layer
thickness decreases mechanical performance, Egan et al. showed that acrylic-based polymers scaffold's
performance can be improved, increasing beam diameter [8]. When compared with PCL printed scaffolds, our
results show that PLA can be used as a higher performance material. Schipani et al. experimental tests on similar
Ortho aligned PCL scaffolds, with infill percentages between 20 and 40%, resulted on an average 25 MPa
apparent compressive modulus [45]. Similar modulus reduction behavior was also found when using displaced
scaffolds designs. While Domingos et al. [39] achieved apparent compressive modulus up to 80 MPa for 50%
infill PCL scaffolds, our results shows that PLA outperforms PCL with an equivalent value of 458 MPa.
Increasing bioprinting temperature, reducing printing speed and layer thickness, allows for higher mechanical

properties, in the same fashion as FFF printing.

Overall this paper shows that FFF 3D printing of PLA scaffolds is a viable manufacturing process. Different
designs of porous structures with full interconnectivity were achieved. Even after 40% compressive deformations
the pores remains fully interconnected, allowing for cell oxygenation and nutrient diffusion. Compressive
deformation reduces scaffold porosity, due to pore collapse, but scaffold infill parameter allows to tailor scaffold
porosity to specific applications. 3D printing parameters are very important for scaffold final morphology and
mechanical properties. Reducing printing temperature and increasing printing speed and layer thickness,
increases the necessary pressure to extrude the filament, leading to nozzle clogging and reduced filament width.
This affects the scaffold mechanical properties. Therefore, ideal 3D printing conditions include high printing
temperatures and low printing speeds, in order to increase filament width, and to reduce layer thickness to
increase scaffold mechanical properties. Scaffold infill also affects mechanical performance, controlling porosity

and filament width. This parameter should be used to tailor scaffolds for the required application.
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Highlights

* 3D printing process parameters strongly influence scaffold mechanical properties.

» Parameters should be set after thermal and rheologic material analysis.

* Scaffold filament offset distance enabled both porosity and mechanical behavior tailoring.

* Both align and staggered scaffold configurations allows for fully interconnected pore structures.

* Staggered scaffold configurations have reduced mechanical properties due to filament bending.
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