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ABSTRACT

This study aims to determine the dimensional accuracy and porosity of polylactic acid scaffold using 3D printing and
the value of the effective elastic modulus. The main contribution of this research is to obtain the most suitable scaffold
porosity for use as cancellous bone implants. It was obtained by comparing the dimensions and porosity of the printed
scaffold with the CAD model and its effective modulus of elasticity with the cancellous bone. The 3D printing machine
makes four scaffolds with varying porosity and one scaffold with 0% porosity. Scaffold dimensions were measured
using a caliper. Measuring the volume of solids using a measuring cup and ethanol gives a porosity value, while as a
benchmark for the total volume of the scaffold using 0% porosity. Computer simulation with MSC Marc software
produces the effective modulus of elasticity. Scaffold with porosity variants of 42.9% and 58.1% showed that the results
of the printed scaffold were perfect, while the porosity of 22.3% and 73.4% gave wrong impressions because they had
too small pores or features. On the other hand, scaffolds with porosity of 58.1% and 73.4% had adequate elastic modulus
corresponding to the span of cancellous bone. It was concluded that the porosity of the 58.1% scaffold was the best for
use as a cancellous bone implant with accurate fabrication results.
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1. INTRODUCTION scaffold must also be produced with interconnected

networks to mimic natural network architectures [1].
Bone generally can fully regenerate in the event of

damage, but only to a minor one. Enormous bone damage
such as trauma, infections, tumors cannot regenerate fully
without assistance. Therefore, tissue engineering in bone
scaffolding is now a promising method of healing or
replacing damaged bone.

The ideal scaffold must meet several criteria. First, the
scaffold must have suitable mechanical properties,
porosity, and pore size and be biocompatible. Then, the

Among the many scaffold fabrication methods used
for bone tissue engineering, three-dimensional printing is
one of the newest manufacturing methods which are
interesting [2][3][4]. It is a technology that can quickly
create complex 3D structures. First initiated by Charles
W. Hull in 1984 [5] , this technology can overcome many
of the limitations of conventional fabrication methods
such as electrospinning [6] and supercritical fluid
foaming [7].
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One of the materials that can be used as a bone
scaffold and can be manufactured using 3D printing is
Poly (lactic acid) (PLA) [8][9]. This material is a
biodegradable polymer from renewable resources such as
corn, flour, wheat, or rice. The material properties of PLA
have been the subject of extensive research, including
those in the biomedical field [10]. PLA is one of the most
promising biodegradable polymers because it has good
mechanical and biological properties such as
biocompatibility and biodegradability. The degradation
product of PLA is lactic acid which is non-toxic as well.
It makes PLA preferred for applications in the biomedical
field. Therefore, we decided to research a 3D printed PLA
scaffold that focused on its elastic modulus and the
machine's ability to print it.

2. MATERIALS AND METHOD

Scaffolds are based on the negatives of the Schwarz-
Primitive structure (NSP), which has previously been
investigated for its use for bone tissue engineering
[11][12][13]. The NSP unit cell design as shown in figure
la. There are four different porosities ® of unit cell
scaffold were considered (22.3%, 42.9%, 58.1%, 73.4%)
following the range of porosity of cancellous bone
structure [14][15]. The scaffolds pore size adjusted with
diameters of 0.81 mm, 1.17mm, 1.4mm, and 1.72mm
respectively. All scaffold models have a pore diameter of
more than 0.8mm due to the FDM machine's limitations,
which will make it challenging to print [4]. In addition,
pore scaffold larger than 0.4mm are preferable for cell
migration, proliferation and angiogenesis [16]. The unit
cell scaffold was duplicated and combined then cut with
a diameter of 8 mm and a height of 16 mm according
ASTM D695. In addition, a solid model was created in
order to morphological characteristic and simulation
purposes. The cylindrical model scaffold as shown in

figure 1b.
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Figure 1. a) The NSP unit cell scaffold structure with
porosity of 22.3,42.9, 58.1 and 73.4 respectively; b) The
unit cell was duplicated and assembled then cut with a
diameter of 8 mm and a height of 16 mm according
ASTM D695.

The scaffold is fabricated with natural polylactic acid
(PLA) material on a Fused Deposition Modeling (FDM)
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3D printer with a core XY construction. First, CAD
design files were prepared with Dassault Solidworks
software. Then all these CAD files were exported to
stereolithography (stl) format. The exported CAD file is
processed using the Ultimaker Cura 4.1.0 slicer software.
In this slicer, several printing-related settings can be
manipulated. A layer height of 0.1mm is used for printing
this scaffold, a nozzle size of 0.2mm, a nozzle
temperature of 220°C, and a printing speed of 30mm/s.
The object's orientation is made vertical because the 3D
printed object has anisotropic properties [17], which
means that its strength depends on the orientation of the
printout. So that the printout is not contaminated by the
print base using non-biodegradable PMMA [18], a raft or
interface layer is used between the print object and the
print base. In addition, it is set that the printer prints five
scaffolds at once for more even cooling of the object.
Once setup is complete, this cutter will generate a G code
file for the 3D printer. Ten samples were made for each
variant so that the test results data were accurate. After
slicing, the G code file is sent to a USB-connected 3D
printer using the Repetier Host software. This software
also manages the printer firmware settings and monitors
the printing process. This software can also set several
parameters while printing, such as nozzle temperature
and printing speed. A DIY 3D printer used is a machine
is a Core XY 13 kit designed by Karya Resin 3D that has
been modified in such a way as to achieve the level of
precision and accuracy required to print small scaffolds,
with a maximum theoretical resolution of 0.2 x 0.2 x
0.05mm.

This kit initially consists of a laser-cut plywood and
acrylic frame, an acrylic (PMMA) print bed, 6mm steel
rods with bimetal bushings for X and Y axes linear
guides, and 8mm steel rods with bimetal bushings for the
Z-axis. This machine uses an XY core configuration with
3mm GT2 belts. The Z-axis also uses a belt, unlike most
3D printers, which use a leadscrew. As the actuator,
NEMA 14 stepper motors are used for the X and Y axes,
and an unknown type of stepper motor for the Z-axis.
This kit does not include the extruder and the electronics.

In completing the kit, an E3D titan toothed extruder is
used with a NEMA 17 stepper motor as the filament
drive, and then an E3D V6 hot tip is used to melt the
filament the extrusion head. For electronics, an Arduino
Mega 2560 and a RAMPS 1.4 board with Repetier
firmware are used. These electronics will control all 3D
printer functions, such as movement of the extrusion
head, movement of the filament, and the melting
temperature of the filament.

The modification made from this kit is to replace the
bushing component with a roller whose preload can be
adjusted by turning the screw on the 3D print carriage to
reduce the slop that occurs due to the gap between the rod
and bushing. As for the extrusion head, the nozzle is also
changed from the original 0.4mm diameter to 0.2mm.
The 3D printer components as shown in figure 2.
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Figure 2. Top view of the coreXY 3D printer, showing
the components used

After the printing is complete, the scaffolds are lifted
from the print bed, removed from the raft, and cleaned of
unwanted artifacts such as thin fibers and clumps of
material that arise from the printing process. The
specimen after printed as shown in figure 3.

: Il
Figure 3. Print result of 45% porosity scaffold variant
before and after cleaning

Measurement of the outer dimensions of the scaffolds
is done by measuring the height and diameter using a
caliper with an accuracy of 0.02mm.

The measurement of the porosity of the prints is
carried out by measuring the volume using a measuring
cup containing ethanol liquid. Ethanol is put into a
measuring cup until the surface reaches a certain height,
then the scaffold is inserted. From the change in surface
height of ethanol, the volume of the solid part of the
scaffold is known.

After the volume of the scaffold is known, the next
step is to find the pore volume with Equation 1
Vp = V-V 1)

Where V}, is the volume of the pore, V; is the volume
of the solid portion of the scaffold, and V; is the total
volume of both solid portion and the pore, represented
by the volume of the solid (0% porosity) scaffold. After
the pore volume is known, then porosity (8) can be
found by Equation 2 [19].

A
6= @)
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A compressive testing simulation was then conducted
to determine the effective elastic modulus of each variant
of the scaffold. The simulation is carried out in two
stages: meshing with the Sharc Harpoon software and
determining the material and boundary conditions, then
running the simulation using the MSC Marc software.

In order to be analyzed using MSC Marc software, the
stl file, which is the surface mesh format of the
Solidworks software, must first be converted to the .nas
volume mesh format using the Sharc Harpoon software.
The meshing process makes the object elements into a
hexahedral dominant type, then pentahedral and
tetrahedral, because combining these elements has better
accuracy [20].

In simulating a compressive test that is close to the
actual situation, the mechanical properties of polylactic
acid (PLA) are inputted as follows [21][22].

Structural Properties : Elastic-Plastic Isotropic

Young's Modulus : 2300 MPa
Poisson's Ratio 1042

Mass Density 1 1.24e kg/mm?
Yield Stress : 35.9 MPa

Boundary conditions in the simulation are made
similar to an experimental compressive test, where the
upper side of the specimen is given a displacement load
as a simulation of the movement of the upper plate in the
experimental testing rig. The macroscopic compression
strain limit of 30% was chosen for the scope of this study
since plasticity is predicted to occur within the specified
plastic strain range. In addition, the underside of the
specimen in the opposite direction of compression load is
given zero displacements in the Y or vertical direction.
The schematic boundary condition as shown in figure 4.
When finished, the file is saved in .dat format. The
simulation starts by running its subroutine and .dat files
using Fortran. The simulation is carried out on a personal
computer with an Intel (R) Core (TM) i3-2100 @
3.10GHz processor and 16 GB of RAM.

X

Figure 4. Schematic of boundary conditions for
compressive testing
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3. RESULTS AND DISCUSSION
3.1. 3D printed Scaffolds

The results of the 3D printed scaffolds can be seen in
Figure 5. In general, all scaffolds have their outer
dimensions and features relatively following the design.
However, there are many small protrusions and strands
due to the imperfect printing process for too small holes,
especially on scaffolds with 22.3% porosity, holes that
look closed, and features that are too small, especially on
the scaffolding. Scaffold with a porosity of 73.4% is very
fragile, and some even break during the printing process.
It aligns with Jalil and Todo's statement [4] that the FDM
printer has difficulty printing small details.

o) (%)=58.1 '@ (%)=73.4

Figure 5. Scaffolds with varying porosity of 0% (left),
22.3% (top center), 42.9% (top right), 58.1% (bottom
center), and 73.4% (bottom right).

Table 1. The diameter of the 3D printed scaffold in mm

Scaffold Ds = Ds = Ds = Ds = Ds =
Specimen 0% 22.3% 429% | 58.1% 73.4%
1 7.94 8.08 7.8 8.04 7.52
2 7.86 7.9 8.1 7.8 8
3 7.92 7.8 7.94 7.74 7.7
4 7.78 8.06 7.9 7.62 7.6
5 7.86 7.86 7.74 7.72 8.2
Avg. 7.87 7.94 7.89 7.78 7.80
Avg. all 7,859
Avg. Error 1,875%
Max. 8.2
Min. 7.52

The dimensions PLA scaffolds after fabricated using
FDM as tabulated in Table 1. The diameter of the
scaffolds varies from the slightest 7.52 mm to the largest
8.2 mm. Most prints have a smaller diameter than the
8mm diameter of the CAD model; only four of the
specimens are more significant than the 8mm diameter.
The average diameter of all printed specimens is 7.85
mm, 0.15 mm smaller than the CAD model, or it can be
said to have an error value of 1.9%. The belt is too
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flexible and its tension unbalanced, which is the leading
cause of object shape distortion on the core XY 3D
printers [23][24]. It explains why the dimensions of the
scaffolds are less than 8 mm.

Table 2. The height of the 3D printed scaffold in mm

Scaffold hs = hs = hs = hs = hs =
Specimen 0% | 22.3% 429% | 58.1% 73.4%
16.4
2 16.56 16.4 16.56 | 16.52 16.3
3 16.56 | 16.44 16.6 16.46 | 16.36
4 16.8 16.3 16.46 | 16.36 16.2
5 16.64 | 16.34 | 16.56 | 16.44 16.3
Avg. 16.59 | 16.40 | 16.51 | 16.43 | 16.31
Avg. all 16.45
Avg. Error 2.81%
Max. 16.8
Min. 16.2

Furthermore, the height data of all scaffold sample as
tabulated in Table 2. The height of all scaffolds exceeds
the dimensions of the CAD model, from 16.2mm to
16.8mm with an average height of 16.45mm, 0.45mm
more remarkable than the target CAD model at 16mm, or
it can be said to have an error value of 2.8%. We
estimated that this is due to the use of a raft that requires
a small gap (air gap) between the raft and the printed
object to be separated after the print process is complete.
It distorts the initial layer of the object, so it becomes
taller and changes its shape. The raft, in this case, helps
separate the PLA object from direct contact with the print
bed made of acrylic (PMMA), which has a negative
biological effect on the scaffold [25].

After measuring the dimensions, the porosity
measurement is then carried out using Archimedes
principles. The volume of the cast scaffold is then
processed into porosity using the previously discussed
equation. Volume and porosity data of the prints and their
comparison with the CAD model are presented in Table
3 and Table 4.

Table 3. Volume of printed scaffolds and their
comparison with the CAD models in ml

A\ Vs = A\ A\ Vs=
Volume 0% | 223%  42.9% | 58.1% 73.4%
VSolid CAD| 0.8 | 0.63 | 046 | 034 | 021
V Pore CAD 017 | 034 | 046 | 0.59
V Solid Print| 0.7 0.6 0.4 03 0.2
V Pore Print 0.1 0.3 0.4 0.5
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Table 4. Porosity of printed scaffolds and their
comparison with CAD models

] 0s = 0s = 0s = 0s =
POTOSItY 9306 | 420% = 581%  73.4%
Print (%) | 14.29 42.86 57.14 71.43
CAD (%) | 22.26 42.89 58.05 73.35
Error (%) 35.82 0.08 1.56 2.62

This data found that the printed solid (0% poraosity)
scaffold experienced a shrinkage from CAD volume of
0.8ml to 0.7ml after printing, or 12.5%. Although the
height and diameter of the printed scaffold are relatively
more significant than the CAD model, it is estimated that
there is an invisible porosity present in the scaffold,
which is the effect of layer by layer deposition on the
FDM printing method. In addition, the filament lines on
the bottom surface that touches the raft are not tight,
causing porosity between them.

There is a significant porosity error in the scaffold
with 22.3% porosity, 35.8% between the CAD and the
printing. It is estimated that the small pore diameter of
only 0.81mm results in an even smaller hole shape after
printing. It follows the statement of Jalil and Todo [4],
which states that small holes are difficult to print. In
addition, inaccuracy caused by unbalanced belt tension is
also thought to exacerbate this condition [23][24].

Whereas in the scaffolding with a porosity of 42.9%,
58.1%, and 73.4%, the error is relatively small, below
3%. From this, it is found that although the solid shape of
the printout is not very close to the CAD model, the
porosity is not much affected.

3.2. Simulation Results

The simulation of polylactic acid scaffold
compressive testing using MSC Marc software produces
raw data using force and displacement numbers totaling
100 increments (step) lines. This data is then processed
into stress and strain data. Once processed, this data is
then plotted into a graph. It has shown in Figure 6.

Stress- Strain Curve

~
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= 22.30%
&' 20

< s 42.90%
g 0 58.10%
Z 73.40%

wn

(1} 0.02 0.04 0.06 0.08 0.1 0.12
Strain

Figure 6. Compressive stress-strain curve by using finite
element simulation

The stress-strain curve is presented in Figure 6. the
blue line shows the scaffold with porosity of 22.3%, the
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red line shows the scaffold with porosity of 42.9%, the
green line shows the scaffold with porosity of 58.1%, and
the purple line shows the scaffold with porosity of 73.4%.
This graph shows that the higher the porosity, the lower
the stress and the effective elastic modulus. Also, the
effective elastic modulus of each sample is then presented
in the form of a bar chart to be compared with the
modulus of elasticity of the cancellous bone (see Figure
7).

Effective Elastic Modulus

2500

2300

2000

1482,113

I
826,345 e Cancellous Max

Cancellous Min

Elastic Modulus (MPa)

148,954

Figure 7. Elastic modulus vs porosity

These two graphs show an inversely proportional
relationship between porosity and modulus of elasticity;
that is, the higher the porosity means, the lower the
effective elastic modulus. It is consistent with previous
studies on the relationship between porosity and the
modulus of elasticity [26][27][28][29]. In addition, this
also shows that the scaffolds with porosity of 58.1% and
73.4% fall into the elastic modulus range of the
cancellous bone between 100 - 500 MPa [30] with a
nominal value of 480.28 MPa and 148,954 MPa, while
the scaffolds with a porosity of 42.9%, 22.3%, and solid
exceed the upper limit of 500 MPa with nominal values
of 826,345 MPa, 1482,113 MPa, and 2300 MPa
respectively [22]. As previously explained, the scaffold
must have a modulus of elasticity close to the bone it is
replacing [31]; it concludes that the scaffold which is
most suitable for use when viewed from the perspective
of effective elastic modulus is one with a porosity of
58.1% and 73.4%.

4. CONCLUSIONS

From the research that has been done, the following
conclusions can be drawn:

1. Scaffolds with porosity of 42.9% and 58.1% are the
best because their features are perfectly printed and
have dimensional and porosity error values of less
than 3%.

2. The effective modulus of elasticity of the scaffold
with porosity of 22.3%, 42.9%, 58.1%, and 73.5% are
1482,113 MPa, 826,345 MPa, 480.28 MPa, and
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149,954 MPa, respectively. Scaffolds with porosity of
58.1% and 73.4% have an effective modulus of
elasticity that falls within the modulus of elasticity of
cancellous bone.

3. The effective elasticity modulus of the scaffold is
inversely proportional to the porosity. The higher the
modulus of elasticity, the lower the porosity.

4. The polylactic acid scaffold with porosity 58.1%
meets the requirements for use as bone implants.
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