C@ Bio-Design and Manufacturing (2021) 4:222-242
7Y™ https://doi.org/10.1007/542242-020-00122-3

RESEARCH ARTICLE q

Check for
updates

Experimental and numerical characterization of 3D-printed scaffolds
under monotonic compression with the aid of micro-CT volume
reconstruction

R. Baptista'>® . M. F. C. Pereira?® - A. Mauricio?® - D. Rechena®*® . V. Infante3® . M. Guedes'*

Received: 21 October 2020 / Accepted: 15 December 2020 / Published online: 8 January 2021
© Zhejiang University Press 2021

Abstract

Even when damaged by injury or disease bone tissue has the remarkable ability to regenerate. When this process is limited
by large size bone defects, tissue engineering is responsible for restoring, maintaining or improving tissue function. Scaf-
folds are support structures, designed to be implanted in the damaged site, supporting mechanical loads and protecting the
regenerating bone tissue. In this paper, 3D-printed PLA scaffolds with three different porosity values and two different
geometries were experimentally and numerically characterized. Micro-CT analysis showed that fused filament fabrication can
be used to produce scaffolds with the desired porosity and 100% of interconnected pores. Under monotonical compression,
scaffolds apparent compressive modulus increased from 89 to 918 MPa, while yield stress increased from 2.9 to 27.5 MPa
as porosity decreased from 70 to 30%. Open porosity decreased up to 8% on aligned scaffolds and 14% on staggered scaf-
folds, after compression, while scaffold’s surface-to-volume ratio highest reduction (7.48 to 4.55 mm‘l) was obtained with
aligned low porosity scaffolds. Micro-CT volume reconstruction allowed for scaffold simplified numerical models to be built
and analyzed. Excellent agreement was found when predicting scaffold’s apparent compressive modulus. Overall, it can be
concluded that 3D printing is a viable scaffold manufacturing technique for trabecular bone replacement.

Keywords Scaffold - Pore design - Mechanical behavior - Micro-CT analysis - Finite element method

Introduction

Bone tissue has the remarkable ability to regenerate when
damaged by injury or disease, although this process can be
hindered by large size bone defects. In this case, bone tissue
engineering (BTE) can be used to restore or improve tissue
function, namely through the use of scaffolds. Scaffolds are
porous support structures, designed to be implanted on the
damaged site to provide a reproducible, biocompatible, and
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biodegradable structure that replicates the mechanical char-
acteristics of bone tissue, protecting it during regeneration
[1]. Depending on the selected material and manufacturing
technique, it is possible to develop scaffolds with structure
and mechanical performance closely resembling those of
bone. Scaffolds’ mechanical properties should be sufficiently
high to protect new bone tissue from excessive loading,
including under compression. Simultaneously, scaffolds
must present a fully percolated pore structure, enabling cell
migration, adhesion and growth, as well as cell oxygenation
and nutrition, culminating in the production of extracellular
matrix (ECM) [2].


http://orcid.org/0000-0002-5955-8418
http://orcid.org/0000-0002-7932-8062
http://orcid.org/0000-0001-5612-5388
http://orcid.org/0000-0002-3833-5776
http://orcid.org/0000-0003-0860-2404
http://orcid.org/0000-0003-2552-8437
http://crossmark.crossref.org/dialog/?doi=10.1007/s42242-020-00122-3&domain=pdf
https://doi.org/10.1007/s42242-020-00122-3
https://doi.org/10.1007/s42242-020-00122-3

Bio-Design and Manufacturing (2021) 4:222-242

223

Conventional fabrication techniques of polymeric scaf-
folds—e.g., solvent casting/particulate leaching [3-5], fiber
bonding [6-8], and thermally induced phase separation
[9-11], are limited by low reproducibility and long prepara-
tion times. In this context, alternative methods have been
studied and implemented in recent years, including additive
manufacturing processes. The most used is the fused fila-
ment fabrication (FFF) process (also known under the trade-
mark Fused Deposition Modeling, FDM), where the struc-
ture is produced layer by layer using data from computer
aided design (CAD) files [12]. Since it renders strict con-
trol over the shaping process, FFF makes possible to create
identical macroporous scaffolds of different chemistry and
microporosity [13]. Several studies have proposed the FFF
production technique in different areas of scaffolds applica-
tion. Namely, this technique was used to produce poly(lactic
acid) (PLA) gyroid scaffolds [14], where the printing param-
eters were optimized by analyzing scaffold porosity (meas-
ured by micro-CT) and mechanical properties (assessed by
compression test) versus the effect of geometry, printing
resolution and PLA crystallinity. In another study [15], the
printability of a poly(e-caprolactone)/bioactive glass (PCL/
BAG) composite and L-lactide/e-caprolactone 75/25 mol%
copolymer (PLA/PLC) was demonstrated; the authors also
showed that the resulting compressive properties were sig-
nificantly dependent on porosity level and structural geome-
try. A review was also presented [16] regarding the relation-
ship between geometry and performance of BTE scaffolds
produced by the FFF technique. Nevertheless, no general
consensus was found yet concerning the optimal scaffold
geometry for biological performance, indicating the need of
further research with medical/biological focus. In this frame
Roseti et al. [2] produced a variety of scaffolds to study the
improvement of cell viability, attachment, proliferation and
homing, osteogenic differentiation, vascularization, host
integration and load bearing. Zhang et al. [17] reported a
study on materials selection, scaffold design optimization
and their preclinical and clinical applications in the repair of
critical-sized bone defects. Both works reported encourag-
ing results, but pointed out that the obtaining of regulatory
approval requires more in-depth studies taking place at large
scale [2]. They also highlighted the improvement of scaffold
microstructure as a mandatory target, namely by incorpora-
tion of clinical imaging and mathematical modeling into the
forming process.

From all scaffold characteristics, pore size, scaffold
porosity, pore configuration (or design) and layer thickness,
the first two are considered to be the most important for cell
adhesion, proliferation and tissue regeneration [17]. Scaf-
folds must provide high porosity and a pore size between
200 and 500 pm, for optimal cell penetration, migration and
growth, as well as for optimal tissue vascularization and
regeneration [2]. Hollister et al. or Cavo and Scaglione, have

reported the use of pores with sizes up to 1200 pm with
contradictory results. While Cavo and Scaglione achieved
better cell proliferation and adhesion, after 7 days of in vitro
experiments, when using 600 pm pore scaffolds vs 300 and
900 pm ones [18]. Hollister et al. reported no significant dif-
ferences between 300 and 1200 pm pore scaffolds regarding
in vivo bone formation [19]. Although macroporosity plays
an important role on osteogenic outcomes, porosity, perme-
ability or pore surface roughness may enhance cell adhesion,
proliferation and bone formation [20].

Although the literature on the experimental mechanical
behavior of scaffolds is quite vast, numerical studies have
not received many contributions. Moroni et al. [21] obtained
a relative deviation less than 15% between the experimental
and numerical results for all of the constructs with dynamic
stiffness above 1 MPa. They conclude that the mathemati-
cal model introduced can be used to predict the dynamic
stiffness of a porous polyethyleneoxide-terephthalate/poly-
butylene-terephthalate (PEOT/PBT) scaffold, and to choose
the biomechanically optimal structure for tissue engineering
applications. Wieding et al. [22] carried out a numerical
approach to match open-pore metallic scaffold structures to
the elastic properties of human cortical bone, and found that
the use of a numerical optimization process is a feasible tool
to reduce the amount of required titanium without negatively
influencing the biomechanical performance of the scaffold.

The current paper aims to contribute to the effort of scaf-
folds design optimization, by developing a numerical model
of 3D-printed scaffolds configuring three different poros-
ity values and two different geometries. A detailed char-
acterization of the scaffolds behavior under experimental
mechanical testing and their geometrical and morphological
characterization obtained by microtomography (micro-CT)
and scanning electron microscopy (SEM) are provided and
compared with results obtained by numerical simulation.
The developed model is expected to reliably estimate the
behavior of FFF scaffolds (within the tested geometries)
with variable porosity, without the need to carry out experi-
mental mechanical tests at the large scale required in health
care.

Materials and methods
Materials

PLA material for 3D printing was acquired from BQ Engi-
neering in the form of & 1.75 mm filament. According to
the manufacturer PLA filament density is 1.24 g/cm?, with
melting temperature in the 145-160 °C range and glass tran-
sition temperature between 56 and 64 °C; the recommended
printing temperature range is 200-220 °C.
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Scaffolds design and manufacturing

Scaffolds were manufactured by FFF using a Blocks Zero
(Blocktec) 3D Printer. Two different geometries were pro-
duced by manually creating gcode files, that are interpreted
by the 3D printer. Each layer was printed in a single motion,
by depositing parallel filaments at a constant rate (30 mm/s)
in alternate directions (Fig. 1a). A & 400 pm nozzle was
used for all printing jobs, creating a filament with approxi-
mately equal width (a). Three filament offset distances d,
were used (Table 1), creating scaffolds with 30, 50 and 70%
infill. In one geometry—Ortho, each sequential layer was
rotated by 90°, creating a 0/90° orthogonal aligned grid. The
scaffold main pores have square shape, with tailored sizes
and areas between 171 and 933 um and 0.029 and 0.870 mm?

(Table 1). In the other geometry—2xDispl, a staggered
double-layer configuration was used. Each sequential layer
was repeated and, by displacing the layer origin by d g../2,
the support points became suspended, introducing filament
bending on the scaffold. In this configuration the scaffold
main pores have the same dimensions as in Ortho counter-
parts, but the underlying layers are expected to reduce verti-
cal motion of eventual cells, allowing for better cell support
[16] (Fig. 1b). All scaffolds were produced with previously
optimized parameters [23, 24] and dimensions complying
with ASTM-D695 standard (12.7 X 12.7 X 25.4 mm). Print-
ing temperature was set to 220 °C and layer thickness to
200 pm. Resulting scaffold lateral pores height is 200 pm
(b) for the single layer configuration, and 400 pm (c) for the
double-layer configuration.

Fig. 1 Designed scaffolds
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Table 1 Scaffold design parameters (infill, filament offset and staggered filament displacement), theoretical porosity and pore size and area val-

ues, and layer thickness

Specimen Scaffold infill Filament offset Filament displace- Scaffold poros- Pore size (um) Pore area (mm?) Layer

(%) (um) ment (um) ity (%) thickness
(um)

Ortho-30 30 1333 - 70 933 0.870 200

Ortho-50 50 800 - 50 400 0.160

Ortho-70 70 571 - 30 171 0.029

2xDispl-30 30 1333 666.5 70 933 0.870 2x200

2xDispl-50 50 800 400.0 50 400 0.160

2xDispl-70 70 571 285.5 30 171 0.029
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Morphological analysis
Scanning electron microscopy

SEM (Hitachi S2400) was used to study the morphology,
filament width, pore area and defects features of FFF-printed
PLA scaffolds before and after mechanical testing. Samples
were previously coated with Au—Pd alloy to assure adequate
electrical conductivity during observation. Measurement of
scaffolds dimensions (pore size, filament width and pore
area) were carried out by image analysis using the Imagel
freeware (https://imagej.nih.gov/ij/); at least 20 random
positions were measured in each sample for reproducibility
assessment.

Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) was carried out
(TA Instruments, Q200) to evaluate the effect of FFF and of
mechanical testing on the degree of crystallinity of the used
PLA polymer. Samples of as-supplied filament, samples
removed from scaffolds after FFF and samples removed from
scaffolds compressed up to 40% strain were encapsulated in
aluminum pans and heated up to 230 °C at 15 °C/min heat-
ing rate, under nitrogen gas flow (20 ml/min). At least three
samples (approx. 9 mg), were tested for each condition to
ensure reproducibility. The enthalpy value associated with
cold crystallization and melting events was measured as the
area under the corresponding peak in the DSC plot. The
degree of crystallinity associated with cold crystallization
(X.) and to the semi-crystalline PLA polymer (X)) were,
respectively, calculated using Eqgs. 1 and 2 [25-27].

AH

cc
X, =100 x _AH,OH (1)
AH, — AH,,
Xpol =100 x A—I-[gl (2)

where AH,, and AH_, are, respectively, the enthalpy of melt-
ing and the enthalpy of cold crystallization (which takes
place during the measurement); AHg1 is the enthalpy of melt-
ing for a pure PLA crystal of infinite size (93.7 J/g) [28].

Micro-CT

X-ray micro-computed tomography (micro-CT) was used
to assess the three-dimensional structure of as-printed and
deformed scaffolds. Digital radiographs were acquired with
a micro-CT scanner (Bruker, SkyScan 1172), by rotating
the specimen over 180° with a fixed 0.5° step. Experimental
conditions were set to optimized acquisition time and best
image contrast, with pixel size resolution of 18.09 pm and an

average of five radiographs per position. Slice reconstruction
was carried out with NRecon®1.6.3 routine, and volumetric
visualization was achieved with DataView® and CTvox®
programs (https://www.bruker.com). Volume analysis was
carried out afterward using CT-Analyser software (https://
www.bruker.com). Digital Imaging and Communications
in Medicine (DICOM) formatted images were loaded and
the region of interest (ROI) was defined, using polygons to
interpolate the scaffold shape (including PLA material and
pore geometry) along its full height. An attenuation coef-
ficient filter was set between 0.00252 and 0.01604 to create
a binary image set, which was further copied to the custom
processing module, for ROI despeckle and complete 3D
analysis. Total ROI (V) and object (V,5) volume, were used
to calculate scaffold density (p) and porosity (P) (Eq. 3).

(%)
P=100(1-p)=100{1 - — 3)
Vo

Scaffolds open porosity P, (Where closed or not inter-
connected pores are not taken into account) was also calcu-
lated; P, is expected to match the tailored 70, 50 and 30%
design values, in order for all pores to be interconnected.
Object surface area (S) was determined, enabling calcula-
tion both of scaffolds surface-to-volume ratio S, (Eq. 4) and
surface density S, (Eq. 5)

S

So = —

0=y )
S

S, = Vi ®)

All measures were carried out in as-printed and deformed
scaffolds after 40% compression, to assess the effect of
mechanical deformation upon pore collapse and surface
density variation.

Mechanical testing

Scaffolds were experimentally tested under monotonical
compression. An electromechanical test machine (TS300,
Impact Test Equipment), with a 50 kN load cell, was used
to carry out mechanical compression with a constant 1 mm/
min speed until strain € reached 40%. Scaffold’s apparent
compressive yield stress ¢ and compressive modulus E were
estimated for each specimen.

Compression simulation by finite element method
Although scaffold filaments were tailored for constant width
(400 um) and height (200 um) (Fig. 2a), local variations

(Fig. 2b) are to be expected as a consequence of stretching
due to filament suspension and high printing speed [29]. In

@ Springer
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Fig.2 a Tailored single layer
scaffold with constant filament
width (a =400 pm) and thick-
ness (b=200 um), b simulated
single layer scaffold with differ-
ent minimum (a,,;,) and maxi-
mum (a,,,,) filament width due
filament stretching, representing
c interference with previously
printed layers, d resulting pore
shape

Fig.3 Generation of a scaffold CAD model from a periodic volume

as much, for each scaffold configuration a simplified finite
element method (FEM) model was produced using the
results of micro-CT volume reconstruction regarding mini-
mum (d,,;,) and maximum (a,,,,) filament width distribution
(Sect. 3.2).

The CAD model for each scaffold was built through
the patterning of periodic structures over two orthogonal
directions so that a 12 mm X 12 mm cross section area was
obtained. The resulting geometry was then patterned on the
direction perpendicular to the cross section in order to obtain
5 cross section instances along its perpendicular direction
(Fig. 3). Six different CAD models were generated from the
periodic structures as presented in Fig. 4.

FEM models were constructed in the NX Nastran’s lin-
ear elastic solver SOL101, using CTETRA(4) linear ele-
ments. Element size was set to 0.125 mm for all scaffold
configurations, except for 2xDispl-70 where, due to com-
plex model geometry, element size was set to 0.09375 mm.

@ Springer

Fig.4 Repeating structure of each simulated scaffold a Ortho-30, b
Ortho-50, ¢ Ortho-70, d 2xDispl-30, e 2xDispl-50, f 2xDispl-70

A convergence study demonstrated that using smaller ele-
ment sizes, did not affect the obtained stress and strain
fields. A normal strain field, e, of 0.01 was enforced on
the top and bottom of the scaffold model and symmetry
boundary conditions were enforced on its midplanes folds.
The reaction force was then computed at one of the scaf-
fold boundaries. The apparent compressive modulus for
each scaffold E,,,, was then determined using Eq. 6, where
F is the total reaction at one of the boundaries and A is the
model cross-sectional area [30].
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Numerical results were afterward compared with the cor-
responding experimental values, and the relative error for
each scaffold geometry was computed. Since the apparent
compressive moduli were computed through linear elastic
FEM models, the obtained moduli are proportional to the
Young’s modulus of the filaments Eg);. In order to deter-
mine the optimal Eg;, value that should be applied to the
model, a calibration between numerical and experimental
apparent compressive modulus was performed. Filament
Young’s modulus was estimated by minimizing the average
error between all scaffold models (Eq. 7):

6

min l Enum - Eexp (7)
En 6 & Eexp i
Results

Geometrical characterization

Low magnification images of printed scaffolds are shown
in Fig. 5. Single-layer aligned scaffolds (Ortho, Fig. 5a—c)
clearly display not constant printed filament width, con-
trarily to design impositions (Fig. 1a, b). This is expected

(d)

Fig.5 Top view low magnification SEM images of filament stretch-
ing with different a_, and a;,
¢ Ortho-70 scaffolds; scaffolds with bottom staggered layers,

in a Ortho-30, b Ortho-50 and

to result from filament stretching during extrusion, which
leads to smaller width values as distance from crossover
points (which act as support sites) increases [31]. Table 2
shows a minimum value of 299 + 18 pm and a maximum
of 403 +23 pm for the Ortho-30 scaffold. As scaffold infill
increases to 50 (Fig. 5b) and 70% (Fig. 5c) the difference
between the maximum and minimum obtained values
decreases (Table 2), reaching the lowest difference (36 um)
for the Ortho-70 scaffold. This is expected to result from the
concomitant decrease in offset distance between filaments,
minimizing the polymer stretching effect. Low (Fig. 5d—f)
and high magnification images (Fig. 6b) show different
behavior for double-layer staggered scaffolds (2xDispl). The
described stretching effect is visible for the “first” layer, but

Table 2 Filament minimum, maximum and average width, and pore
area in single-layer aligned and double-layer staggered scaffolds as
measured by SEM image analysis

Specimen @y, (MM) @y, (UM)  @.q (um)  Pore area (mm?)
Ortho-30 299+18  403+23  344+56  1.007+0.027
Ortho-50 318+11 378+16  344+34  0.188+0.003
Ortho-70 351+11 387+4  369+21  0.045+0.005
2xDispl-30  372+5  390+11  383+16  0.903+0.011
2xDispl-50  375+7  380+15  377+55  0.173+0.015
2xDispl-70  382+6 391+6 386+7  0.034+0.002

Qo Minimum filament width; a,,,,: maximum filament width; a

average filament width

med-

e (1)

expected to offer restricted vertical cell movement in d 2xDispl-30, e
2xDislp-50 and f 2xDispl-70 scaffolds
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(a)

Fig.6 Detail of bottom staggered layer in a 2xDispl-30 and b
2xDispl-50 scaffolds (top view), showing minimized stretching on
the second printed layer (arrows point to higher stretching on the first

polymer stretching is minimized in the subsequent layer.
When printing a double-layer configuration, the second
layer is printed with full support, over the first layer that has
meanwhile cooled down. The difference between maximum
and minimum filament width is thus smaller in this con-
figuration, reaching a minimum value of 9 um (2xDispl-70).
The presence of staggered layers, while not affecting pore
shape or dimensions (Fig. 6a), adds additional restriction
to the vertical motion of incorporated cells, increasing the
probability of cell adhesion and growth [16, 17]. Filament
width is still proportional to scaffold infill, with minimum
filament width increasing from 372 +5 pum (2xDispl-30) to
382+ 6 um (2xDispl-70). Overall, filament width is higher
in double layer than in single-layer scaffolds, but always
smaller than the nozzle’s diameter (400 um). It should be
mentioned that in all scaffolds the filament surface was
covered with small particles (Fig. 6b, c), which have been
attributed to 3D printing process defects, with potential to
positively influence cell adhesion and growth [1, 32].

Pore size is highly dependent on scaffold infill. As would
be expected, pore area decreases with increasing scaffold
infill (Table 2), for both single-layer aligned and double-
layer staggered scaffolds. Maximum pore area was obtained
for Ortho-30 scaffold (1.007 +0.027 mm?), while minimum

Fig.7 Stress—Strain compres- 40

sion curves for single-layered 35

aligned scaffolds with a 30%

(Ortho-30), b 50% (Ortho-50) 30

and ¢ 70% (Ortho-70) infill; and 25

double-layered staggered scaf-

folds with d 30% (2xDispl-30), 20
15
10

Ortho

e 50% (2xDispl-50) and f 70%
(2xDispl-70) infill

Compression Stress (MPa)

0% 10% 20%

Compression Strain
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layer); ¢ Defects on the surface of Ortho-30 filaments (top view),
detail of small particles on the surface

scaffold pore area was obtained for 2xDispl-70 scaffold
(0.034 +0.002 mm?). Pore area is a function of scaffolds’
filament width [33], increasing as filament width decreases.
Since filament width was lower for single-layer scaffolds,
pore area was higher when compared to that of pores in
double-layer scaffolds. Finally, pore area values are higher
than the corresponding design values in all produced scaf-
folds (Table 1), while minimum filament width showed
opposite behavior. Again, the deviation between measured
and designed pore fraction is higher in single-layer aligned
scaffolds than in double-layer staggered scaffolds and sub-
stantially decreases with increasing infill.

Mechanical behavior

All scaffold configurations were tested under monotonic
compression conditions. Figure 7 shows the obtained
stress—strain relations for single-layer aligned scaf-
folds (Fig. 5a—c) and for double-layer staggered scaf-
folds (Fig. 5d—f). On both configurations, the shape of the
stress—strain curve does not totally comply with the typi-
cal curve for porous polymeric materials. The typical curve
comprises three different regions: the initial linear region,
corresponding to the linear deformation of the porous

N
o

2xDispl (f)

N W W
v O un

[N
[6,]

Compression Stress (MPa)
[ N
o o

30% 40% 0% 10% 20% 30% 40%
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structure; a constant stress plateau follows, associated with
the progressive collapse of pores wall structure, leading to
structural damage accumulation; and finally the total col-
lapse of the remaining open pores, leads to a very rigid
structure, resulting in a region of exponential stress increase
[34, 35]. Only the first two regions are clearly identifiable in
the produced scaffolds under the used test conditions.
Yield stress occurs around 4% strain for both aligned
and staggered scaffolds, while both yield stress and appar-
ent compressive modulus increases with scaffold infill
(Table 3). In aligned scaffolds (Fig. 7a—c) yield stress
values range from 6.4 to 27.5 MPa and apparent compres-
sive modulus values range from 239 to 918 MPa when
infill increases from 30 to 70%. In staggered scaffolds
(Fig. 7d-f) yield stress values range from 2.9 to 27.5 MPa
and apparent compressive modulus varies between 89 and

Table 3 Single-layer aligned and double-layer staggered scaffolds
apparent compressive modulus and yield stress

Specimen Ey, (MPa) o, (MPa)
Ortho-30 239+31 6.4+0.6
Ortho-50 57019 16.0+0.3
Ortho-70 918 +£22 27.5+04
2xDispl-30 89+3 29+0.1
2xDispl-50 414+5 129+0.3
2xDispl-70 913+5 27.5+0.1

913 MPa. These values indicate that, as expected, both
yield stress and apparent compressive modulus of stag-
gered scaffolds are affected by structural bending. In the
2xDispl-30 the apparent compressive modulus of 89 MPa
corresponds to a 63% decrease compared to its aligned
scaffold counterpart. Increasing scaffolds infill to 50%
reduces that difference to 23%, while almost no difference
was found between aligned and staggered scaffolds with
the highest tested infill (70%). This indicates that increas-
ing scaffolds infill (i.e., decreasing structural porosity),
minimizes structural bending, leading to increased rigidity.

Regarding the third stress—strain region, stress values
increase appears not to reach exponential growth in scaf-
folds with 50 and 70% infill, both in the case of single-
layered aligned (Fig. 7b, ¢) and of double-layered stag-
gered (Fig. 7d—f) configurations. This indicates that the
maximum applied compression strain (40%) is not enough
to cause full macropores collapse. In single-layered
aligned scaffolds with 30% infill, stress decreases in the
third region (Fig. 7a), while it appears to remain constant
throughout in double-layered staggered scaffolds with 30%
infill (Fig. 5d). SEM observation after monotonic com-
pression test showed that scaffolds with 50 and 70% infill
suffer extensive overall deformation (e.g., Fig. 8a), but
individual filaments remain wholesome. However, scaf-
folds with 30% infill display numerous fractured filaments.
Interestingly, fracture appears to occur in brittle mode in

Fig.8 Low magnification SEM images after monotonic compression
test. a Example of extensive structural deformation (Ortho-50, front
view). Brittle fracture in Ortho-30: b crack opening, and ¢ fracture

surface. Ductile fracture in Disp-30: d general front view; e crazing
and pore coalescence; and f fracture surface
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the case of aligned scaffolds (Fig. 8b, c) and in ductile
mode in staggered scaffolds (Fig. 8d—f).

Since mechanical properties of polymers are significantly
influenced by their degree of crystallization [23, 36], DSC
thermal analysis was used to assess the effect of FFF manu-
facturing and of compression testing upon the crystallinity
of the used PLA material. Crystallinity fraction was calcu-
lated from the enthalpy values associated with polymer cold
crystallization (Eq. 1) and melting (Eq. 2).

All obtained DSC heating plots (Fig. 9a, b) show two
endothermic peaks corresponding to glass transition and
to crystal melting, and one exothermic peak corresponding
to cold crystallization. Cold crystallization corresponds to
the ability of unstable chains (whose presence in the mate-
rial results from chain rearrangement being hindered by
fast cooling) to go through posterior crystallization, with

2 A - T (a) after FFF
v 0.8 A
0.6 i Ortho-70
. 0.4 - Ortho-50
{D 4
0.2 -
E ] Ortho-30
(] 0 A
- J
% -0.2 1 filament
U - 4
T 0.4 ]
-0.6 +
‘08 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
50 80 110 140 170 200 230
T(°C)
35 T () After FFF
30 ()
] ® cold
25 i_ ® crystallization
S @ @ 8
=20 1 E
= 1| oOrtho
r=015 1| @2xDisp
g 1 B
Glo E_ EJ . |
. polymer
5t = o crystallinity
0 ! f f i f f } } i

0 10 20 30 40 50 60 70 80 90 100

Infill (%)

formation of new ordered structures at the transition zone
between existing crystallites and amorphous regions [27].
The tested samples (including as-supplied filament, printed
scaffolds and scaffolds after compression test) displayed
glass transition onset within 69.2 + 1.1 °C; cold crystal-
lization took place approx. in the 99-122 °C range; melt-
ing onset occurred around 135 °C, and was finished below
160 °C (well below the used FFF temperature, 220 °C)
(Fig. 9a, b). These values are in good agreement with lit-
erature reports for semi-crystalline PLA [26, 37-39]. It
should be mentioned that cold crystallization is present in
polymers prone to crystallize but in which crystallization is
(partially) prevented by fast cooling from the melt state, such
as PLA [26]. In the course of DSC analysis, the mobility of
the macromolecular chains is severely restricted while test
temperature is below T,. However, above that temperature
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Fig. 9 Thermal analysis results. DSC plots obtained on heating up to 230 °C for aligned scaffolds a before, and b after compression test. Evolu-
tion of calculated PLA crystallinity values with manufacturing and testing demands on ¢ aligned, and d staggered scaffolds
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small crystallites are allowed to form, and the ability of PLA
to rearrange manifests [27]. In as much, the microstructural
history of the produced PLA scaffolds can be approached
through the enthalpy values associated with the thermal
phenomena developed in the course of DSC heating: while
the DSC plot and transition temperatures of the PLA mate-
rial after withstanding FFF at 220 °C (e.g., Fig. 9a, b) are
similar to as-supplied material, significantly different values
of enthalpy associated with cold crystallization and melting
thermal phenomena arise (Fig. 9c, d).

A crystallinity fraction around 2% was calculated for the
used PLA filament, while the corresponding cold crystal-
lization amounted to approx. 24%. This indicates that fila-
ment cooling after forming was fast enough to avoid PLA
chain rearrangement [26] resulting in a mainly amorphous
material [26, 27], that has however the potential to further
crystallize. The FFF process has the ability to prompt PLA’s
ability to rearrange and after printing PLA not only presents
higher crystallinity than in the filament form, but also dis-
plays increasing crystallinity with increasing scaffold infill.
This is expected to result from the higher number of stretch-
ing operations and higher residence time at melt temperature
required to fulfill the scaffolds design, introducing increased
chain mobility and chain alignment in the course of the FFF
extrusion operation [26]. For the same reason the degree of
crystallinity is higher in single-layer aligned scaffolds (y,,
ranging between approx. 4 and 12% for infill between 30 and

Fig. 10 Micro-CT images of
single-layer aligned scaffolds.
Front view (upper images) and
top view (bottom images) of
scaffolds with a 30, b 50 and ¢
70% infill (as-printed scaffolds)

I T . |

}
(a) .

spemanl|

70%, Fig. 9¢) than in double-layer staggered scaffolds (v,
between 2 and 9% for infill between 30 and 70%, Fig. 9d).
Aligned scaffolds present similar cold crystallization val-
ues after AM regardless of the infill (y,,=21.9+1.0), and
somewhat lower (8.8%) than as-supplied filament. In stag-
gered scaffolds the amount of cold crystallization increases
around 13% compared to as-supplied filament (possibly
because of higher cooling rate) and is similar for all infills
(1.c=27.0%3.1) expectedly because of their similar thermal
history. After compression test PLA crystallinity decreases
for aligned scaffolds (y,, ranging between approx. 0.5
and 7.8% for infill between 30 and 70%, Fig. 9c), while it
remains approx. the same in staggered scaffolds. Also, cold
crystallization after testing in aligned scaffolds increases to
Xee=24.9+0.9% (13.4% increase), while it more slightly
decreases (3.5%) in staggered scaffolds (y.,=26.0+1.5%).

Volume analysis

Micro-CT images of as-printed aligned scaffolds are shown
in Fig. 10. Apparently, filaments are evenly aligned and
regularly spaced (Fig. 10, upper images) for all infill values.
Top views (Fig. 10, bottom images) show crossover points
where higher filament width is visible. All pores appear to
be interconnected. Measured porosity values (Table 4) of
as-printed scaffolds were, respectively, 2.30 and 0.80% lower
and 2.66% higher than the design values of 70 (Ortho-30),
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Table 4 Micro-CT volume analysis on single-layer aligned scaffolds,
before and after 40% compression testing

Ortho-30  Ortho-50  Ortho-70

As printed

Total porosity (%) 67.70 49.20 32.66
Open porosity (%) 67.70 49.16 32.56
Surface-to-volume ratio (mm™') ~ 9.38 8.42 7.48
Surface density (mm™') 3.03 4.28 5.03
As tested

Total porosity (%) 62.15 43.45 24.90
Open porosity (%) 62.15 43.45 24.85
Surface-to-volume ratio (mm™")  7.81 6.24 4.55
Surface density (mm™') 2.96 3.53 342

50 (Ortho-50) and 30% (Ortho-70); the best correlation was
thus obtained for Ortho-50. Very high pore interconnectivity
was achieved, with calculated closed pores fraction of only
0.1, 0.04 and 0% for 70, 50 and 30% designed scaffold infill.
Object surface-to-volume ratio (an important morphological
parameter, since high surface-to-volume ratio values have
shown positive effects on cell adhesion and growth [30, 40])
appears to be proportional to scaffold porosity, decreasing
from 9.38 to 7.48 mm™! as porosity decreases from 67.70 to
32.66%. The reduction in filament offset distance associated
with the decrease in scaffold porosity increases the number
of crossover points, thus reducing the available area for cell
adhesion and growth (by a total of 0.32 mm?). Also, decreas-
ing scaffold filaments offset distance increases the number
of filaments per layer, thus increasing the overall surface
area for cell adhesion and growth. Table 4 shows that over-
all surface density increased as scaffold porosity decreased;
surface density reached 5.03 mm™" on Ortho-70 scaffolds.

Fig. 11 Micro-CT images of
single-layer aligned scaffolds
after compression test. Front
view (upper images) and top
view (bottom images) of scaf-
folds with a 30, b 50 and ¢ 70%
infill
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As would be expected, compression loading resulted in
the deformation of the aligned scaffolds (Fig. 11). Strained
structures display regions where normal deformation is
present and regions where shear deformation dominates.
While normal deformations lead to pore collapse and appar-
ent compressive modulus increase, shear deformation is
expected to lead to scaffold damage and failure. Isometric
images and videos for all scaffold configuration are pro-
vided as supplementary materials. In fact, shear deformation
acts upon filaments (Fig. 8a), originating the formation of
wrinkles and folds that act as sites for microcrack initiation
(Fig. 8b) and propagation [41], leading to filament brittle
fracture (Fig. 8c) as previously discussed.

After compression scaffolds showed an overall poros-
ity decrease, corresponding to reduction around 5.55, 5.75
and 7.76% for Ortho-30, Ortho-50 and Ortho-70 scaffolds
(Table 4). The porosity decrease is expected to result mainly
from the compression of macropores in the constant stress
region of the stress—strain curve (Fig. 5), with significant
reduction in open porosity. Closed porosity also appears to
have been eliminated in Ortho-50 scaffold, and significantly
decreased in Ortho-70 scaffold. Compression additionally
results in the decrease in scaffolds surface-to-volume ratio
and surface density. After 40% compression strain scaffolds
surface-to-volume ratio decreased around 17% for the lower
infill scaffolds (Ortho-30) and around 39% for the higher
infill scaffolds (Ortho-70). Similar behavior was found
for surface density values. This suggests that the surface
of lower porosity scaffolds is more affected by compres-
sion, since open pores collapse and filament merging toil to
reduce scaffolds surface in a higher extent. It is thus to be
expected that the ability for cell adhesion and growth [30,
40] will be more sensitive to scaffold deformation in scaf-
folds with initially lower pore volume fraction.
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Micro-CT images of as-printed double-layer staggered
scaffolds (Fig. 12, upper views) show the staggered layers,
with filament offset creating a suspended beam. As would be
expected, the number of crossover points increases as scaf-
fold infill percentage increases. Measured porosity values
(Table 5) of as-printed scaffolds were, respectively, 1.85 and
0.68% lower and 3.89% higher than the design values of 70
(2xDispl-30), 30 (2xDispl-70) and 50% (2xDispl-50); the
best correlation was thus obtained for 2xDispl-70 scaffold.
Very high pore interconnectivity was achieved, with calcu-
lated closed pores fraction of only 0.1, 0.04 and 0% for 30,
50 and 70% designed scaffold infill.

After compression, 2xDispl-30 scaffolds (Fig. 13a) dis-
play dominant normal deformation behavior, while both
2xDispl-50 (Fig. 13b) and 2xDispl-70 (Fig. 13c) scaffolds
show areas where shear deformation behavior is dominant.
This behavior is also visible in 3D micro-CT images pro-
vided as supplementary materials.

After compressions scaffolds porosity decreased around
22.53% for 2xDispl-30 and 13.29% 2xDispl-50 scaffolds. By
staggering layers and introducing structural bending, stag-
gered scaffold pores are more easily collapsible. Still, com-
paring both scaffold density and open porosity percentages,
it is possible to verify the low level of closed pores. With
a total of 0.1% of closed pores after 40% compression, 3D
printing allows to manufacture scaffolds with almost 100%

Fig. 12 Micro-CT images

of double-layer staggered
scaffolds. Front view (upper
images) and top view (bottom
images) of scaffolds with a 30,
b 50 and ¢ 70% infill (as-printed
scaffolds)

d
)] C——

Table 5 Micro-CT volume analysis on double-layer staggered scaf-
folds, before and after 40% compression testing

2xDispl-30 2xDispl-50 2xDispl-70

As printed

Total porosity (%) 68.15 53.89 29.32

Open porosity (%) 68.15 53.89 29.31

Surface density (mm™') 2.88 3.99 4.77

Surface-to-volume ratio 9.05 8.66 6.76
(mm™)

As tested

Total porosity (%) 54.38 40.60 28.16

Open porosity (%) 54.38 40.59 28.09

Surface density (mm™") 4.02 4.23 4.81

Surface-to-volume ratio 8.81 7.12 6.70
(mm™)

pore interconnectivity. Table 5 also shows that 2xDispl-70
scaffold was the most resistant to pore collapse. With as
much as 28.09% of open pores, this scaffold outperformed
the aligned counterpart. With similar apparent compressive
modulus (Table 3) this behavior was to be expected.

Table 5 shows that both staggered scaffolds object sur-
face-to-volume ratio and object surface density were inferior
to those determined for their aligned counterparts (Table 4).
When using a double-layer design two filament share a
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Fig. 13 Micro-CT images of
double-layer staggered aligned
scaffolds after compression test.
Front view (upper images) and
top view (bottom images) of
scaffolds with a 30, b 50 and ¢
70% infill

(a)

Table 6 Filament minimum width, thickness and cross-sectional area,
measured in Micro-CT analysis, for single-layer aligned and double-
layer staggered scaffolds

Specimen Qi (UM) b (um) Cross-
sectional area
(mm?)
Ortho-30 297+30 268 +33 0.080
Ortho-50 31120 246+ 16 0.077
Ortho-70 365+31 210+ 16 0.077
2xDispl-30 362+25 492 +20 0.178
2xDispl-50 358+05 450420 0.161
2xDispl-70 393+23 405+ 14 0.159

a_. . minimum filament width; b: filament thickness

min*

common face, the final surface area available for cell adhe-
sion is reduced. While double-layer scaffolds 3D printing
improves mechanical performance [24], one should consider
this side effect. Still, once compressed staggered scaffolds,
both ratios showed an inferior reduction. Using a double-
layer staggered configuration resulted in an increased object
surface, where cells are able to growth.

Micro-CT volume analysis was also used to determine
scaffold filament width and height. Table 6 shows the
obtained results for both single-layer aligned and double-
layer staggered scaffolds. Filament width corresponds only
to the minimum obtained value (due to filament stretching
under suspension). Aligned scaffolds minimum value was
obtained for the Ortho-30 scaffold (297 +30 pum), due to
a higher distance between support points (1333 pm). And
a maximum value of 365 +31 pum (Ortho-70), where the
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inferior filament offset distance (571 um) reduces stretching
to a minimum. As mentioned, when using a double-layered
configuration (Table 6) the second layer will be fully sup-
ported while printing; therefore filament width increased
between 8 and 22% and is now closer to the 400 um design
value. Filament height behavior was opposite, with height
decreasing with infill percentage increase. FFF 3D printing
sets the amount of material to be extruded and synchronizes
this value with the printing speed. Therefore, as filament
width decreases, filament height must increase in order to
keep filament cross-sectional area constant. Table 6 shows
that Micro-CT estimated width and height correspond to
cross-sectional areas very close to the design values (0.080
and 0.160 mm? for both single- and double-layer scaffolds,
respectively).

Finite element analysis

SEM (Table 2) and micro-CT (Table 6) analysis show that
filament width is not constant. As FFF 3D printing mate-
rial extrusion output is constant, filament width decrease,
leads to filament height increase. Material interference on
crossover points (Fig. 2c), increases local filament width to
a maximum value [42]. Figure 2d shows the CAD model
used for FEM analysis, where filament width decreases with
between crossover points. Gleadall et al. [42] consider essen-
tial to model variable filament width over crossover points,
in order to capture the correct scaffolds behavior. Filament
offset distances were considered equal to the designed values
(Table 1) and both double-layer and staggered designs were
modeled.
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Filament’s Young’s modulus Ey;; were estimated by
minimizing the average error between the numerical and
experimental results. An Eg;; of 1903 MPa was obtained
with an average error of 6.93 x 10~°%. Table 7 presents the
corrected numerical scaffold apparent compressive moduli.
The lowest apparent compressive modulus occurred for the
double-layered staggered scaffold and an infill of 30% whilst
the highest value occurred for both scaffolds with a 70%
infill. Note that, the highest experimental apparent compres-
sive modulus occurred for the Ortho-70 scaffold while the
highest numerical modulus was obtained for the 2xDispl-70
scaffold. The Ortho-70 scaffold did present a higher stiffness
variability (=22 MPa), than the 2xDispl-70 scaffold (£5),
which accounts for the difference between results.

Discussion

In this paper, a commercial FFF 3D printer was used to
manufacture PLA scaffolds for trabecular bone replacement.
Two different scaffold pore designs with three different pore
sizes were tested under monotonic compression. Both SEM
and Micro-CT analysis were performed on all specimen’s
configuration before testing, and Micro-CT volume analy-
sis was also performed after 40% compression testing. Pore
design and dimension influence on scaffold’s mechanical
performance, morphology, porosity, pore interconnectivity
and object surface density was assessed. Thermal analysis
was performed in order to assess the crystallinity degree on
both as-printed and deformed PLA scaffold material. Crys-
talline and amorphous polymers may show brittle to ductile
fracture behavior, therefore DCS thermal analysis provided
good correlation with the resulting scaffold fracture mode.
Numerical simulation allowed a complete assessment of
scaffold’s deformation behavior. The use of commercially
available PLA filament, a fully biocompatible material [43,
44] and low-cost FFF printing solutions has been proven
effective in order to manufacture bone replacement scaffolds
[1]. Several authors use simple scaffold designs, with single
or double-layer configurations, of parallel filaments extruded
in a continuous motion [1, 8, 29, 45, 46]. But 3D printing

Table7 Apparent compressive moduli, E, for each scaffold, with

num?*

Eg;=1903 MPa

Specimen Eep (MPa) E, ., MPa) Error (%)
Ortho-30 239+31 194 —18.91
Ortho-50 570+ 19 553 —-2.94
Ortho-70 918+22 1022 11.28
2xDispl-30 89+3 84 —5.88
2xDispl-50 414 +5 432 4.44
2xDispl-70 913+5 1023 12.01

might even be used to produce more complex scaffold geom-
etries, like the gyroid periodic surface, mimicking trabecular
biological structures [14].

Scaffolds comprised of parallel filaments printed at three
different offset distances were manufactured. Ranging from
571 to 1333 um, these offset distances allowed for 30 to
70% porosity scaffolds, with pore sizes between 171 and
933 um in theory. While some authors consider the ideal
scaffold characteristics to include high porosity and 200
to 500 pm pores, in order to enhance cell adhesion, prolif-
eration, ECM production and tissue regeneration [2, 17].
Different reports show that other characteristics, like pore
surface finish or permeability, enable pores up to 1200 pm
to be as effective in bone tissue regeneration [19, 20]. Two
different pore designs were produced, one with single-layer
aligned filaments (Ortho), and other with double-layer stag-
gered filaments (2xDispl). Theoretical pore design does not
affect scaffold porosity. Printed with previously optimized
parameters, both printing temperature and speed influence
filament dimensions [23, 24]. Higher temperatures and lower
speeds will increase filament width. Both parameters were
set according to PLA supplier specifications and previous
experiments [41, 47, 48]. SEM morphology analysis showed
that scaffold infill percentage affects minimum filament
width. For single-layer scaffolds, lower infill percentage
(30%) lead to filament stretching during printing. Filament
width decreased from 403 um on crossover points to 299 um
while suspended (Table 2). This finding was already verified
by Domingos et al. [29], Yan et al. [49] or Trachtenberg et al.
[8], for PCL and PLA scaffolds. While Gleadall et al. [42]
considers this feature to be fundamental in order to explain
scaffold’s mechanical behavior. Higher scaffold infill values
(70%) reduced filament stretching, as filament support points
are closer together, decreasing the difference between fila-
ment maximum (387 um) and minimum (351 um) width
(Table 2). For double-layer scaffolds, minimum filament
width was still found to be proportional to filament offset
distance, but the support provided by the first layer, reduced
filament stretching to a minimum. The average filament
width was not found to be proportional to scaffold infill but
is higher for double-layer scaffolds.

According to Domingos et al. [29] and Moroni et al. [50],
scaffold pore size, porosity and mechanical performance is
highly dependent on filament width. With an overall filament
width smaller than the 3D printer nozzle diameter (400 pm),
pore areas were consistently higher than the designed values
(Fig. 14c). Pore area reached 1.007 mm? for the Ortho-30
scaffold and 0.903 mm? for the 2xDispl-30 scaffold, for a
design value of 0.870 mm?. With increasing scaffold infill,
the difference between measured and designed pore area
increased, reaching a maximum of 55% for the Ortho-70
scaffold (Table 2). These values reveal the limitations of
the FFF technology for manufacturing scaffolds with pores
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Fig. 14 a minimum filament 450
width measured using SEM 400
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images, b maximum filament € 350
height measured using Micro- 2 300
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smaller than 171 um, affecting both scaffold’s porosity and
mechanical performance. Relationship between filament
width (Fig. 14a) and height (Fig. 14b) was consistence with
the design amount of material to be extruded per layer. 3D
printing process parameters were well optimized. Scaffold
porosity was determined using Micro-CT volume analysis
[14, 49]. Good correlation was found between designed and
measured scaffold density (Fig. 14d). Scaffold’s open poros-
ity was also measured and a minimum of 99.9% of inter-
connected pores was found. FFF 3D printing is therefore a
viable tool to manufacture scaffold for bone replacement, as
pore interconnectivity is essential for cell migration, oxy-
genation, nutrient diffusion and waste product removal [51].

Micro-CT analysis also showed that object surface-to-
volume ratio decreases with scaffold’s infill percentage
(Tables 4, 5). As more crossover points are added to the
structure, less object surface is available for cell adhesion
and growth, within the same object volume. A maximum
ratio of 9.38 mm™! was obtained for the Ortho-30 scaffold.
On the other hand, increasing scaffold infill, increases the
overall available surface area available for cell adhesion
and growth, increasing scaffold surface density. A maxi-
mum value of 5.03 mm~! was obtained for the Ortho-70
scaffold. Overall, both ratios were higher for single-layer
scaffolds, as on double-layer scaffolds one filament face is
shared between layer, reducing the available surface for cell
adhesion and growth.
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Under compression, scaffold’s behavior (Fig. 7) was simi-
lar to polymeric porous media [14, 29, 32, 52]. From the ini-
tial linear elastic region, the scaffold’s apparent compression
modulus was determined. And from the transition between
the initial and the second region, occurring around 4-5%
strain, the yield stress was also determined. Due to parameter
optimization the lowest apparent compressive modulus was
obtained for the Ortho-30 scaffold (239 MPa). This value is
higher than the one obtained by Germain et al. [14] in simi-
lar conditions. Increasing scaffold infill, increased apparent
compressive modulus, due to a higher number of crosso-
ver points per square millimeter. On aligned scaffolds these
points are responsible for load transmission between lay-
ers and scaffold’s stiffness [16]. Obtained scaffold apparent
compressive modulus increased to 570 MPa for the Ortho-50
scaffold, a higher value than the ones obtained by Rodri-
gues et al. [52] (300 MPa) or Corcione et al. [32] (239 MPa)
for similar PLA scaffolds, but similar to the one obtained
by Rosenzweig et al. [53] (550 MPa). Maximum scaffold
apparent compressive modulus, 918 MPa, was obtained
for the Ortho-70 scaffold (Fig. 15b). Several authors have
manufactured and tested staggered scaffold configurations,
and verified that by staggering consecutive layers, struc-
tural bending is introduced, reducing scaffold’s apparent
compressive modulus [16]. Crossover points, where load is
transmitted between layer, are no longer shared. Each fila-
ment now acts as a suspended beam with an applied load
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in the middle section. Scaffold’s apparent compressive
modulus is expected to decrease around 50 to 70% [1, 46,
54]. 2xDispl-30 scaffold apparent compressive modulus
decreased to 89 MPa, a 62% reduction when compared to the
Ortho-30 scaffold. A similar behavior was verified by Serra
et al. [46]. 2xDispl-50 scaffold apparent compressive modu-
lus decreased to 414 MPa, a 27% reduction, while almost no
decrease was verified for the 2xDispl-70 scaffold (Fig. 15b).
Therefore, using higher infill scaffolds improved staggered
scaffold’s mechanical performance.

When compared with human and bovine trabecular bone,
the designed scaffolds meet both the necessary yield stress
and apparent compressive modulus. With a wide variety of
values available from the literature [55, 56], trabecular bone
yield stress may range from 1.92 MPa [57] to 14.22 MPa
[58]. According to Taylor [59] testing conditions, preserva-
tion methodology and species differences may justify such
discrepancies. Determined scaffold’s yield stress ranged
between 2.9 MPa (2xDispl-30) and 27.5 MPa (Ortho-70 and
2xDisp-70). With a good correlation found between yield
stress and scaffold infill (Fig. 15a), it is possible to tailor
scaffold yield stress in order to manufacture specific scaf-
folds according to application requirements using a power
law relationship:

Y= apb (8)

where a and b power-law parameters can be determined
(Table 8) using scaffold’s p density.

Trabecular bone apparent compressive modulus is also sub-
ject to variation. Skalka et al. [60] determined an average value
of 291 MPa, while other authors report a range between 50 and

500 MPa [55, 56]. Once again, designed scaffolds cover this
range, and scaffold’s infill might be used to tailor specific bone
replacement scaffolds (Fig. 15b) [61].

An increase in temperature brings about changes in the state
of the amorphous polymer (e.g., PC, GPPS, PMMA, PVC,
ABS), and hence, brings changes in the tensile behavior of
the polymer. Semi-crystalline polymers follow the mechani-
cal behavior of amorphous polymers at the low temperature.
Hence, their ductile-brittle transition temperature is estab-
lished by the amorphous content of the material. Brittleness is
a general term indicating that a polymer absorbs relatively little
energy during fracture, i.e., it may simply mean that it breaks
easily, while ductility of a material is its ability to deform
under load. It is above this transition temperature that polymers
become sufficiently ductile that they can exhibit necking. Thus,
the more crystalline is the material is, the less sensitive it is to
the changes brought by the amorphous content.

Crystalline polymers show high strength & less ductility
than the same polymers in the amorphous state at the same
temperature. Melt processing to shape polymers may introduce
several features which can promote embrittlement, e.g., Devel-
opment of anisotropy by alignment of molecules or fibrous
fillers; inhomogeneity giving a distribution of microstructure
throughout the wall thickness of a product or residual stress
caused by solidification from the melt during cooling.

Thermal analysis results show different degrees of crys-
tallinity for aligned and staggered scaffolds (Fig. 9c). Both
were higher than the crystallinity degree of the original PLA
filament before 3D printing. Crystallinity also increased
with scaffold infill. By increasing infill value, the offset dis-
tance between filament decreases, increasing the number of

Table 8 Power-law correlation

Scaffold design Yield stress Apparent compressive modulus
parameters between scaffold
density and both yield stress and a b P a b P
apparent compressive modulus

Ortho 0.0182 1.7266 0.9992 1.0599 1.5975 0.9976

2xDislp 0.0003 2.6766 0.9953 0.0075 2.7690 0.9958
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stretching operation during scaffold manufacture. Increasing
scaffold infill also increases the amount of material printed by
square millimeter, decreasing filament cooling. This allows for
higher chain mobility and alignment, increasing scaffold crys-
tallinity. When printing a double-layer configuration, while the
first layer is still stretched during 3D printing, the second layer
is fully supported, and minimum stretching will occur. This
assumption is in good agreement with the lower filament width
variation found in SEM analysis and with the lower material
crystallinity degree found on double-layer staggered scaffolds.
Figure 8c shows that aligned scaffolds fracture appear to occur
in brittle mode, while Fig. 8f shows that staggered scaffold
fracture appears to occur in ductile mode. Thermal analysis
results confirm that the stronger and less ductile scaffolds cor-
respond to a higher degree of crystallization.

Micro-CT analysis shows that scaffold compression
resulted in areas where shear deformation dominates. This
is a consequence of high specimen height and internal scaf-
fold defects, leading to buckling. This may be considered an
ASTM-D695 standard limitation, as in practice scaffolds are
applied as multiple lower profile sections, reinforced with
an intramedullary nail or plate. Bending and shear are sup-
ported by these components, and scaffold will be mainly
subjected to compression loads [62]. Even after 40% com-
pression testing, all remaining pores are fully interconnected,
maintaining the necessary environment for cell development
and activity. Still, open porosity decreased for all scaffold
configurations, reaching a minimum value of 24.85% for
the Ortho-70 scaffold. This is a consequence of macro-pore
collapse, due to compression. While pore collapse leads to
scaffold stiffness increase, less surface area will be avail-
able for cell adhesion and growth, as verified by an object
surface-to-volume ratio and object surface density decrease
(Tables 4, 5). When analyzing TiO, loaded polyurethane
scaffolds, Fostad et al. [63] found strong experimental corre-
lation between scaffold’s apparent compressive modulus and
(a) density, (b) object surface-to-volume ratio and (c) fila-
ment width. No experimental correlation was found between
scaffold’s apparent compressive modulus and pore area.
Our research showed evidence of correlation between scaf-
fold’s Mechanical properties and both designed and Micro-
CT measured scaffold’s density (r>0.9976, p <0.0309).
Regarding object surface-to-volume ratio, experimental
correlation to scaffold’s apparent compressive modulus
evidence was only found for Ortho scaffolds (r=—0.9998,
p=0.0131) [2xDispl scaffolds (r=—10.9708, p=0.1543)].
No experimental correlation was found between scaffold’s
mechanical properties and both filament width and pore area
(p>0.1). When tailoring scaffold’s performance, one must
consider that increasing scaffold’s mechanical performance
will affect cell migration, adhesion and growth.

Future simulations should also cover scaffold perme-
ability, in order to tailor scaffolds ability to support cell

@ Springer

oxygen supply, nutrient diffusion and waste removal [30,
64]. According to the Kozeny—Carman model, porous media
permeability may be estimated as:

P3
K=C-.g ©)

Q2

SO

where C;_, is a non-dimensional constant [65]. Liu et al.
[30] numerical analysis showed that C,__ is a function of
scaffold porosity, decreasing with an increase in porosity
in a quadratic fashion. Other authors, like Lipowiecki et al.
[66] report a constant value of 0.2 for C_,.. In our case, for
both Ortho and 2xDispl scaffolds (Eq. 9) renders a twofold
decrease in permeability as scaffold’s infill increases from
30 to 50% (0.706 x 107°-0.336 x 10> mm™2) and a sixfold
decrease in permeability as scaffold’s infill increases from
30 to 70% (0.706 x 107-0.124 x 10> mm™). Once again,
increasing scaffold’s mechanical performance will affect
scaffold’s ability to provide cells with the necessary tissue
regeneration conditions.

Through finite element simulation, the filament elasticity
properties were estimated from their macroscopic counter-
parts. Simulations indicate that, the elasticity modulus of
the filament is of, approximately, 1903 MPa. This value is
lower to the one obtained by Gleadall et al. (2450 MPa) [42],
but both are within the expected range for PLA for medical
applications [67]. With this Young’s modulus, estimates for
scaffold’s apparent compressive moduli were obtained, with
relative errors ranging between — 18.91 and 12.01%. These
error values are consistent with other works dealing with
FEA simulations of scaffolds [30, 42, 68].

According to the simulation results, for the same infill,
aligned scaffolds tend to present a higher stiffness than the
staggered ones. The higher stiffness of the aligned scaf-
folds is a result of load transmission along crossover points
between different filaments, as opposed to the staggered
configurations where the loads between slices are trans-
mitted through filament bending [68]. Figure 16 shows the
von Mises Stress field on the Ortho-30 scaffold, indicating
the filaments, outside of the crossover points, only present
residual stresses, while the crossover points themselves act
as load bearing as observed by Gleadall et al. [42] and by
Eshraghi and Das [68]. The results for the staggered fila-
ment scaffolds are also consistent with other results in the
literature where loads are transmitted between layers through
filament bending [16, 46]. This bending behavior can be
observed in Fig. 17 where higher stresses occur in regions
connecting parallel filaments diagonally along perpendicular
filaments.

In this paper, scaffold’s apparent compressive moduli
were estimated through the computation of the resulting
reaction loads over a uniform strain field applied at the top
and bottom surfaces. Future works should consider different
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Subcase - Static Loads 1, Static Step 1
Stress - Element-Nodal, Averaged, Von-Mis
Min : 0.01, Max : 52.47, Units = MPa

(a)

2xDispl-30_NX_sim1 : ZZ Resul
Subcase - Static Loads 1, 1
Stress - Element-Nodajad

C))

(b)

Fig. 17 von Mises Stress field for the 2xDispl-30 scaffold showing: a filament bending and b higher stress level in regions connecting parallel

staggered filaments

approaches for the correlation between microscopic and
macroscopic properties such as numerical homogenization.
Numerical homogenization is considered one of the most
efficient ways to determine the macroscopic properties of
non-homogenous materials on the microscopic scale, such
as composites or scaffolds [69-71].

Conclusions

This paper presented a complete methodology that com-
bines both experimental and numerical approaches to
enhance scaffolding for BTE knowledge. It is possible to
tailor scaffold behavior using different infill percentages. By
increasing this design parameter, pore size decrease from

933 to 171 um, while mechanical performance increased to
a max. 27.5 MPa yield stress and 918 MPa apparent com-
pressive modulus. Object surface-to-volume ratio decreased
with scaffold’s infill percentage, while object surface den-
sity increased with scaffold’s infill percentage, affecting
scaffold’s permeability. Therefore, as more area becomes
available for cell adhesion and growth, permeability will
decrease, limiting scaffold ability to provide the necessary
conditions for cell proliferation. This shows that while pore
size is an important feature, other factors may also improve
scaffold behavior. Staggered scaffolds may provide better
vertical cell support, but their mechanical properties values
decreased up to 62%, due to structural bending. Scaffold
infill percentage also affected material crystallinity degree.
Increasing scaffold infill percentage, increases the number
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of stretching operations and crystallinity degree, leading to
filament brittle fracture. It is recommended to print scaffolds
using a double-layer configuration, as the first layer will pro-
vide additional support, reducing stretching and crystallinity.

Micro-CT volume reconstruction provided the dimen-
sional analysis to create an accurate parametric numerical
model for FEM. The model considers both the stretching
effect between crossover points, that reduces filament width,
and the filament widening effect over crossover points, due
to material interference. As infill percentage increased from
30 to 50% on single-layer orthogonal scaffolds, experimental
results showed an apparent compressive modulus 2.4-fold
increase. The developed model predicted this increase to be
2.9-fold. Between aligned and staggered configurations, the
model predicted up to 57% decrease in mechanical proper-
ties. This show a good correlation between experimental and
numerical results, allowing the model to be used to validate
future scaffold designs before manufacturing.
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