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Abstract

Specimens with the structure of a face-centered cubic were produced
using several sets of printing conditions. An experimental testing is
conducted carefully the and
compressive strength of this structure. The results include the measurement

to evaluate microstructural analysis
of mechanical properties, such as the peak stress. Fused deposition
modeling is employed for the additive manufacturing of experimental
specimens made from shape memory polymer thermoplastic polyurethane
(MM-3520). We take into account the impact of printing factors on lattice
structures, such as layer thickness, printing temperature, and printing speed.
Analyzing the microstructure of the printed specimens exhibits that the
specimens with highest printing temperature, lowest printing speed and
thinner printing layer have better layers adhesion and lower porosities. All
the mechanical tests are performed on specimens with the same structure
and at a relatively constant density. Among the tested printing parameters,
using a layer height of 0.1 mm, a printing temperature of 230 °C, and a
printing speed of 20 mm/s yields the highest strength in the specimens.
However, specimens printed with a layer height of 0.2 mm, a printing
temperature of 220 °C, and a printing speed of 30 mm/s also exhibit good
strength, albeit slightly lower than the maximum values. Additionally, when
using these specific settings (0.3 mm — 210 °C — 40 mm/s), the mechanical
qualities are minimized, yet the stress-strain curves exhibit characteristics
similar to elastomers.

Keywords: Fused Deposition Modeling, Shape Memory Polymert, Printing
Parameters, Mechanical Properties.
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1. Introduction

3D printing is a highly adaptable and
groundbreaking technology that allows for the
fabrication of complex and personalized objects with
unparalleled accuracy [1, 2]. As the popularity of
employing shape-memory polymers (SMPs) for basic
science and biomedical applications grows, and as
three-dimensional (3D) printing of SMPs grows
simultaneously, it is essential to have exact control
over the mechanical properties of a printed SMP
component [3].

SMPs are increasingly attracting attention for
several uses in 4D printing [4]. SMPs have the
advantage of lower processing temperatures and costs
compared to shape-memory alloys. Moreover, shape
changing functionality in SMPs is better than in shape
memory composites [4]. The smart materials like
SMPs can change their shapes temporarily and then
recover the original shapes after applying external
stimuli on them [5]. Due to their unique thermo-
mechanical properties, SMPs have attracted a lot of
interest; therefore, these properties make them suitable
for use in flexible electronics, aircraft components,
medical instruments, etc. [0]. Nevertheless, the
feasibility of using these types of materials in specific
applications depends directly on the mechanical
functionality of the printed structures [5].

Additive manufacturing, also called 3D printing, is
a way of production that is done through the
successive addition of fused material layers to build
three-dimensional ~ parts [7]. Fused deposition
modeling (FDM) is a popular technique among
additive manufacturing methods [4]. This method
includes the 3D objects built by depositing the melted
polymer across the nozzle onto the platform, where
the computer-aided design data file specifies the way
of construction, layers, and paths to build such items
[4]. This method provides more efficient and cost-
effective production of different items in compatison
with conventional methods [8].

Generally, FDM procedures utilize thermoplastic
polymers like acrylonitrile butadiene styrene (ABS),
thermoplastic polyurethane (TPU), and polylactic acid
(PLA) [9]. The mechanical properties of 3D printed
SMPs are affected directly by the printing parameters
used during the fabrication process, for example,
printing temperature, printing speed, infill density, and
layer thickness [10]. Therefore, it is important to
regulate and match the factors of 3D printing with the
resulting mechanical characteristics of the polymers to
enhance practical applications [11]. Slight alterations in
these parameters could have a significant impact on an
object's properties, like elasticity, tensile strength, and
shape memory characteristics [10]. For example, in the
study of villacres et al., it was found that the printing
angle and infill density resulted in various tensile stress,
maximum, and strain elastic moduli of the polymer
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[12]. While Buj-corral investigated the effect of
printing factors on the surface roughness, density, and
dimensional accuracy of the SMP products [13]. In
addition, the relationship between fiber inclination
angle and shape recovery was investigated by Liu et al.
[14]. Whereas Garcia Rosales et al. research was about
examining the young's modulus, fixing ratio, and
recovery ratio that were affected by changing layer
thickness, printing temperature, and printing speed
[15]. And the conclusion of this research was that the
higher printing temperature, thicker layer thickness,
and slower printing speeds produced a greater Young's
modulus [15].

Our study secks to investigate and describe the
correlation between 3D printing parameters and the
mechanical properties of the SMP. The results will
provide a practical impression, which might lead to
customizing the properties of SMP applications. To
achieve this, the SMP thermoplastic polyurethane
MM-3520 has been used. Cellular cubical specimens
were printed by varying three printing factors: printing
speed (20, 30, and 40 mm/s), printing temperature
(210, 220, and 230 °C), and layer thickness (0.1, 0.2,
and 0.3 mm). During the printing process, these
parameters were adjusted and controlled carefully.
During the printing process, these parameters were
adjusted and controlled carefully. The compression
test was performed to measure the influence of
manufacturing factors on the mechanical properties.

2. Experimental
2.1. Material

In this research, we used a filament made of
thermoplastic polyurethane pellets (MM-3520, SMP
Technologies, Inc., Japan) to produce the cubical
cellular specimens. This type of SMP is efficient
enough to be used in FDM 3D printers [1].

2.2. Production

The samples were designed by CAD (SolidWorks,
SolidWorks Corp., Dassault Systemes, 2023) then they
exported to UltiMaker Cura 5.4.0 software to specify
printing parameters, slice and generate the required G-
code of each sample. A desktop fused deposition
modeling (FDM) 3D printer (ANYCUBIC MEGA
Pro) with a nozzle size of 0.4 mm was employed to
fabricate the specimens. The printing parameters are
listed in Table 1.

Table (1): Fabrication parameters for 3D printing of
scaffold test specimens.

Printing Parameters Values

(Unit)

Extrusion temperature (°C) 210, 220 and 230
Bed temperature (°C) 45

Nozzle diameter (mm) 0.4

Layer thickness (mm) 0.1,0.2 and 0.3
Printing speed (mm/s) 20, 30 and 40

Infill pattern Straight line
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Each set of samples included altering certain
printing settings while keeping the others constant. As
an example, when modifying the height of the printing
layers (0.1, 0.2, and 0.3 mm), the printing speed and
printing temperature temain constant at 30 mm/s and
220 °C respectively. Whereas the sets produced at
different printing temperatures (210, 220, and 230 °C)
maintained a constant printing speed of 30 mm/s and
a layer thickness of 0.2 mm. This is also applied to the
specimens of altered printing speed (20, 30, and 40
mm/s); they were printed with a 220 °C print
temperature and a 0.1 mm layer height.

2.3. Microstructure analysis

The microstructures of the extruded filament and
printed items were examined using an optical
microscope (Olympus BX60M) at a magnification of
x5.

2.4. Mechanical properties

The mechanical characteristics of the rectangular
scaffold samples, measuring 16x16x16 mm as shown
in Fig.1, were assessed using an Instron Universal
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testing machine (Testometric, M500-25kN). The force
was exerted until the sample was compressed to
around 50% of its initial length, using a cross-head
speed of 1.3 mm/min. According to the specifications
stated in ASTM standard D695-96, five scaffold
samples were used in each group, all printed
using identical settings. This was done to calculate an
average value.

The design of scaffolds should typically mimic the
porosity of bone tissue, which is around 70% [16, 17].
Although an ideal scaffold pore size for efficient bone
regeneration has yet to be determined, studies have
reported viable pore sizes ranging from 0.1 mm up to
1.2 mm [106]. The dimensions of the pores on the sides
of the specimen, as seen in Fig.2, are 1 mm in height
and 1.018 mm in width. On the other hand, the pores
at the top and bottom of the specimen have
dimensions of 1.018 mm in height and 1.018 mm in
width. The scaffolds were fabricated for each
condition using horizontal printing, which resulted in
improved fiber alignhment and bonding compared to
other printing planes [18].
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Figure (1): (a) Design of the sample from different views and (b) dimensions of the sample.
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1.018 mm
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Figure (2): (a) Dimensions of pores at the sides of specimen and (b) Dimensions of pores at the top and bottom of
specimen.

2.5. Statistical analysis

The data were provided as the mean * standard
deviation. The statistical analysis was conducted using
the one-way analysis of variances (ANOVA) in Origin
Lab Pro 2024.

3. Results and discussion

3.1. Microstructure analysis

The layer height influences the microstructure of
TPU-printed biomaterial. Thinner layers, such as 0.1
mm, exhibit over-compaction, the  highest
compression ratio to the extruded fibers during
printing and the trace of the nozzle's movement
appears more clearly on the printed layer[19]. This

results in smoother surface finish. Increasing the layer
height to 0.2 mm has reduced the compression ratio
impact, decreasing the nozzle’s trace and smoothness
of the printed layer [20], as seen in the compatison
between Fig.3 (a and b). The specimen with a layer
thickness of 0.3 mm has lowest compaction ratio,
therefore exhibiting a reduced connection area with a
higher roughness in deposited fibers, seen in Fig.3 (c).
Figure 4 (a, b, and c¢) illustrates the layer thickness
impact at the joint areas of the structure. In the thinner
layer thickness (0.1 mm) specimens, the printing is
more accurate, and the connection between layers is
better. While the thicker printed layers have lower
quality and weaker bonds in the joint regions.

- -

Fiure () Layer thickness effect on the j
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Figure 5 (a, b, and c) shows clearly the variation in
the height of layer thickness from 0.1 mm to 0.3 mm.
In addition, it illustrates that a thinner layer thickness
results in a broader contact area, as indicated by the
red lines. The wider contact area promotes the

mechanisms of bonding and interdiffusion owing to
an elevated compression ratio [19]. A layer height of
0.3 mm has the lowest compaction ratio, which leads
to a narrow contact area found in the interlaminar
zone, as seen in Fig.5 (c).

Figure (5): cross section view of contact area and porsities in (a) 0.1 mm (b) 0.2 mm (c) 0.3 mm specimens.

On the other hand, Raising the temperature
enhances the polymet's flow and reduces its viscosity
[21], resulting in smoother surfaces when comparing
specimens printed at various temperatures (210, 220,
and 230 °C) as seen in Fig.3 (b) and Fig.6 (a and b).
Low temperatute (210 °C in Fig.6 (a)) could affect the
smooth extrusion of TPU filament through the nozzle.
This would lead to irregular flow, blockages, flaws, and
blemishes on the surface. Specimens printed at 220 °C
revealed smoother surfaces and fewer flaws due to the
increased flowability and reduced viscosity of the
polymer at this temperature as seen at Fig.3 (b) [21].
The bubbles' presence in the samples at 230 °C will
impact the surface quality findings. This flaw becomes
apparent at high temperatures as the material becomes
almost liquid as it enters the extruder nozzle, but it is
essentially non-existent at lower temperatures. Other
authors suggest that greater temperatures lead to a
reduction in viscosity. As the polymer moves across
the nozzle, produces friction with the walls which in
turn generates turbulence contributing to the air intake

[20-22]. Figures 4 (b) and 7 (a and b) illustrate the
printing temperature impact at the joint areas of the
structure. In the specimens with the highest printing
temperature (230 °C), the polymer would be more
viscous and flowable [23]; therefore, more material
would be extruded from the nozzle, which results in a
wider connection area. Lower printing temperatures
(210 °C and 220 °C) would produce lower printing
quality and thinner bonds in the regions of joints from
the previous temperature (230 °C). The comparison of
the cross-sectional views in Fig.5 (b) and 8 show that
at various temperatures, the polymer becomes almost
liquid before reaching the extruder nozzle [23], causing
the width of the extruded filament to expand.
Consequently, the contact area between the two
stacked fibers also increases. A rise in extruder

temperature leads to a higher part density due to a drop
in the viscosity of the SMP material, allowing it to flow
more smoothly through the nozzle [23]. This results in
an increased amount of material being used to create
the model [23].

. S
R e W T -

Figure (6): Illustration the top view texture of the printed specimens with (a) 210 °C (b) 230 °C.
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~ Figure (7): Printing temperature effect on the join area () 210 °C (b) 230 °C.

o

Figure (8): Cross-section view of specimen printed with (a) 210 °C and (a) 230 °C.

Our investigation verified that the printing speed
impacts the deposition of filaments, thus influencing
print quality. Irregularities arose in the curved sections,
breadth, and connections of stacked filaments because
of the inadequate coordination between the printing
speed and extrusion speed. The image analysis findings
indicated that the deposition of SMP filaments was
successful at printing rates of 20, 30, and 40 mm/s, as
shown in Fig.3 (b) and Fig.9 (a and b). At increased
velocities, the extruded filaments experienced a
deformed and rough surface. The breadth of the
filaments within a layer was inconsistent and variable,
as seen in Fig.9 (b). Higher printing rates caused issues
with filament feeding into the extrusion nozzle owing
to the filament's lack of stiffness, leading to
interruptions in the extrusion process [22]. When the
ptinting speeds get slower (20 mm/s and 30 mm/s),
they produced smooth layer and better surface finish.
Additionally, Figures 4 (b) and 10 (a and b) show the
printing speed effect at the joint areas of the structure.
In the specimens with the higher printing speeds, the
amount of polymer extrusion would not be
proportionate with the speed of nozzle movement
[23]; therefore, inadequate material would be extruded
from the nozzle, which results in a weaker connection
area [20]. Lower printing speed (20 mm/s) would
produce higher printing quality and wider bonds in the
regions of joints when compared to the previous

speeds (30 and 40 mm/s).
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Another discovery has been made that temperature
and holding time significantly impact bond formation
[24]. Additionally, the cavities occur within the red
circle in Fig.11 when TPU infill filaments elongate at
higher printing speeds [20]. It is shown that the density
of the specimen reduces as the scanning speed of the
nozzle increases. Insufficient material extrusion due to
high scanning speed would lead to the formation of
voids and cavities [22], as seen in Fig.11.

3.2. Mechanical properties

In addition to promoting bone tissue development
by filling bone deficiencies, the scaffolds must also
possess sufficient structural integrity to resist the
forces exerted during regular walking. The ground
exerts a response force on the foot when walking that
is 1.5 times the individual's body weight. The femur
has a diameter ranging from 6 to 10 cm. Typically, the
narrowest part of the femur for an adult weighing 60
Kg is around 6 cm. Thus, when a scaffold is placed in
this location, it will endure a stress of 0.21 MPa. The
scaffolds will satisfy the mechanical criterion if the
yield strength exceeds 0.252 MPa, assuming a safety
factor of 1.2 [25]. In order to examine the compressive
characteristics, compression tests were carried out at
room temperature using the settings specified in
section (2.3). Figure 12 shows the specimen before and
after compression test.
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Figure (12): (a) specimen before compression and (b) specimen after compression.
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The mechanical compressive strength of the
reference face-centered cubic topology specimens,
printed with various parameters, is illustrated in
Figures 13, 14, and 15. By analyzing the stress-strain
curve of the mechanical response, The phase of
deformation is triggered by the destabilization and the
onset of bending and buckling mechanisms within one
of the structural layers (which encompasses the
average peak stress (o), defined as the stress at which
the cells in the polymer structure commence collapsing
under compression) [26-28]. An analysis of variances
(ANOVAs) was performed to evaluate the values of o,
for various printing parameter settings.

Figure 13 shows the peak stress (op) of the three
scaffolds as the layer thickness varies (0.1, 0.2, and 0.3
mm) while keeping other parameters such as printing
temperatute (220 °C) and printing speed (30 mm/s)
constant. The samples generated with layer thicknesses
of 0.1, 0.2, and 0.3mm exhibit peak stresses of
0.5554£0.08498, 0.5213%+0.069, and 0.3975%+0.041
MPa respectively. Decreasing the thickness of the
layers in 3D printed TPU (Thermoplastic
Polyurethane) would greatly improve o, of the final
product. By reducing the layer height from 0.3 mm to
0.1 mm, the adhesion between each layer and the one
below it improves, resulting in enhanced intetlayer
bonding. The enhanced adhesion reduces the risk of
separation and improves the overall strength of the
printed item. In addition, thinner layers result in a
more polished surface, fewer voids, and increased
sample density. In turn, this reduces the risk of stress
concentration spots that might potentially undermine
the compressive strength [29-31]. Also the findings in
section 3.1 demonstrate that the compression ratio,
reflecting the pressure on the filament during printing,
may enhance the mechanical and microstructural
characteristics by affecting the bonding process

between the printed layers [21].
07

0.6

0.2 4

0.1 4

0.0-

0.2 mm 0.3 mm

Layer thickness (mm)

0.1 mm

Figure (13): Peak stress of samples printed with (0.1,
0.2 and 0.3 mm) layer thickness.

Increasing the printing temperature from 210 to
230 °C for 3D-printed TPU would enhance its
compressive strength as seen in Fig.14. TPU is a
thermoplastic polymer that experiences changes in its
physical state throughout the printing process. Raising
the temperature improves the polymer's ability to flow
and decreases its viscosity, resulting in increased
contact area, improved interlayer adhesion, and the
alignment of molecules. The enhanced adhesion
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between layers leads to a stronger and more unified
structure, thereby raising the elastic stiffness and peak
stress of the product [31, 33, 34]. In addition, Lower
heating temperatures cause incomplete melting of
crystalline areas, whereas higher printing temperatures
provide more energy and allow for extra heating time
for SMP TPU MM-3520 to crystallize. Therefore, the
increased temperature enhances the crystallinity,
thereby improving the mechanical characteristics of
the product [20]. Finally, a higher printing temperature
may result in elevated peak stress (op), due to the
material's enhanced resistance to deformation [29, 31].

02 Il 230 °C

220 °C
210 °C

0.6 4

—

0.0

T
210°C

230°C

220°C

Printing temperature (°C)

Figure (14): Peak stress of samples printed with
(210, 220 and 230 °C) printing temperature.

Lowering the printing velocity from 40 to 20
mm/s during the 3D printing process of TPU could
significantly improve the linear peak stress as shown in
Fig.15. Reduced printing rates provide improved heat
dissipation and enhanced layer adhesion. Reducing the
speed of the printing process allows each layer to have
a longer duration for bonding with the previous layer,
resulting in the formation of stronger connections
between layers as illustrated in previous section (3.1).
The improved bonding is essential for strengthening
the entite structure of the 3D-printed TPU item,
especially in situations where compressive strength is
of utmost importance [30, 31, 35, 36].

0.7

40 mm/s
30 mm/s|
0.6 4 20 mm/s
0.5
& 04+ 1l
=3
on 03 -
0.2 4
0.1
0.0 T
20 mm/s 30 mm/s 40 mm/s

Printing speed (mm/s)

Figure (15): Peak stress of samples printed with (20,
30 and 40 mm/s) printing speed.

Furthermore, higher printing rates lead to
decreased mechanical characteristics because of the
shorter forming period, which reduces the crystallinity
of TPU. Each successive layer will be placed on the
preceding layer during printing and will solidify the
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liquid TPU. Insufficient contact time between layers
and infill filaments reduces the time for polymer chains
to disperse and crystallize, resulting in better bonding
of the polymer infill filaments [20].

By adjusting the printing speed of this polymer,
one may expect changes in peak stress (op) amount.
Reducing the printing speed may enhance the bonding
between layers and promote a more orderly
arrangement of molecules. The reason for this is that
a reduced printing speed facilitates enhanced interlayer
adhesion and provides an additional opportunity for
the polymer to undergo cooling and solidification [29,
31].

4. Conclusion

The findings of this research indicate that the
printing factors, including layer thickness, printing
temperature, and printing speed, have a substantial
impact on the compressive strength of 3D-
printed TPU. The strength of the 3D printed item
generally increase as the layer thickness and printing
speed decrease as well as the printing temperature
increases. Modifying these parameters resulted in
comparable peak stress, exhibiting varied magnitudes
irrespective of the infill design or infill percentage.
While the samples produced at a speed of 20 mm/s,
with a layer thickness of 0.1 mm, and at a temperature
of 230 °C exhibit increased strength under
compression, these parameters may not be regarded as
optimal. Still, when looking at the stress-strain curve,
you should also think about things like the material's
elastic stiffness, plateau stiffness, and densification, as
these directly affect how stress is distributed and how
much energy is absorbed when the load is applied.
Consequently, these properties enable us to choose the
right parameters that should be used for the future
improvement of 3D-printed scaffolds in specific
applications. Moreover, the producers and 3D printing
enthusiasts have access to a wide range of infill
patterns and settings via different slicing tools. This
research examined a limited number of factors for the
same specimen design, which may not include the
most suitable features for certain applications. These
findings provide a valuable foundation for future
exploration into the impact of various printing settings
on the performance of 3D-printed bone scaffold
designs.
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