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Abstract
Additive manufacturing, also known as 3D printing, is transforming the industry and becoming more common every day 
due to its considerable time saving and lower costs, compared to the established conventional manufacturing methods. 
The mechanical strength of 3D printed products is affected by the parameters of the 3D printing process. Thermoplastic 
Polyurethane (TPU) is a type of elastomer, capable of being used on any fused deposition modelling (FDM) 3D printer. 
A series of TPU test pieces with different infill density and patterns were produced using a FDM printer. The influence of 
infill parameters on the 3D part’s mechanical properties has been evaluated. Five patterns with a range of infill densities 
were compared in this study. The tensile properties of the printed specimens were influenced by the infill density, whereas 
the infill pattern used in this study has marginal effects. The grid pattern with 100% infill density showed the highest tensile 
strength, with a value of 4.43 MPa. The results were compared with specimens, which were prepared through conventional 
compression moulding. The dynamic mechanical thermal analysis (DMTA) and load–deflection analysis (LDA) tests showed 
that specimens with 100% infill density may not be significantly affected by different infill patterns selected in this study 
under low strain testing conditions.

Keywords  Thermoplastic polyurethane · Thermoplastic elastomer · 3D printing · Fused deposition modelling · Infill 
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Introduction

The fused deposition modelling (FDM) printer is an 
extrusion-based 3D printing technology. It is a type of 
additive manufacturing (AM) [1], which is called rapid 
prototyping. This manufacturing technique is often used for 
products design and development.

These technologies are gaining popularity among 
academicians, researchers and industry players. Compared 
to the established conventional manufacturing methods such 
as the computer numerical control (CNC) machining [2] and 
the injection moulding process [3, 4], the AM process is 
considerable time saving and reduction in waste and costs 
[5].

There are limits to the conventional manufacturing 
process due to the restriction on the manufacturability of 
complex structures and the choice of internal structure 
of a component [4]. Besides the FDM technology, 
stereolithography (SLA) and selective laser sintering (SLS) 
are also widely used in 3D printing [3].

The concept of the FDM 3D printing process is melting 
thermoplastic polymer and extruding it to build a desired 
object on a heated bed. The material is generally prepared 
in the form of filament with 1.75  mm in diameter [1]. 
During the printing process, the filament is pulled by a 
rotating wheel, which directs it into a heated nozzle. In 
the temperature-controlled nozzle, the filament is melted 
into a semi-liquid state. The nozzle tip extrudes the melted 
material and selectively forms an ultrathin layer in a path 
defined by the FDM printer, which produces layer-by-layer 
structural elements [6]. Due to its high printing accuracy, 
low build-up cost, ease of handling and large selection of 
thermoplastic polymers, FDM is one of the most widely used 
3D printers by general consumers.

 *	 Yen Wan Ngeow 
	 ywngeow@lgm.gov.my

1	 Engineering and Technology Division, Malaysian Rubber 
Board (MRB), 47000 Selangor, Sungai Buloh, Malaysia

http://orcid.org/0000-0001-6148-5863
http://crossmark.crossref.org/dialog/?doi=10.1007/s42464-024-00238-6&domain=pdf


194	 Y. W. Ngeow et al.

Computer-aided manufacturing (CAM) software such as 
slicer programs is used to convert digital 3D models into 
3D printing instructions. The most common 3D models 
file format that is associated with 3D printing is rendered 
in standard triangle language (STL) (.stl) [1, 5, 7], which 
can be exported by most CAM software through computer-
aided design (CAD). It contains user-entered 3D printing 
parameters, such as nozzle extrusion speed, layering height, 
support structure and infill density [7]. The STL designed 3D 
model is a computerised file set by user, which is equivalent 
of multiple ultrathin layers of building orientation.

There is a wide spectrum of commercially available 
printable materials, which can be used for FDM additive 
manufacturing methods. Material selection is important for 
designers to achieve the desired strength, shape and texture 
of an intended product [7]. Besides that, the printing process 
is affected such as buckling phenomena [8, 9] when the 
material and printing parameters are not chosen correctly. 
In mass quantity 3D process manufacturing, the consistency 
of 3D printed products plays a major role in the material 
selection.

The 3D printing technologies are evolving with the 
potential to transform the world manufacturing process by 
reducing the development time, eliminate production costs 
and simplify production, while making it possible to create 
complex components that were not feasible before [5, 10]. It 
was reported that the global 3D printing market was valued 
at US$ 13.84 billion in 2021 [11]. It is expected to expand 
at a compound annual growth rate (CAGR) of 20.8% from 
2022 to 2030 [11].

In this study an evaluation of the effect of infill densities 
and the infill patterns samples produced by the FDM 
technology was carried out. The material used for this study 
is thermoplastic polyurethane (TPU). TPU is commonly 
used to manufacture prosthetics, shoes and sporting goods 
because of its hardness and flexibility. The type of infill 
patterns includes lines, grid, concentrate 3D, zig-zag and 
triangle with densities ranging from 20% to 100%. Besides 
the tensile stress–strain test, dynamic mechanical thermal 
analysis (DMTA) and load–deflection analysis (LDA) 
were conducted on these FDM printed specimens. The 
results were compared with TPU samples manufactured by 
compression moulding process.

Materials and methods

The material used for the manufacturing of the specimen 
was thermoplastic polyurethane (TPU) filament with 
1.75 ± 0.03 mm diameter (MAGMA Filament sold by 3D 
Gens Sdn. Bhd.). The filament was manufactured using 
Xtruwell Technology™. The recommended printing 
temperature for this TPU is between 200 and 230 °C [12]. 

The recommended heated bed temperature is between 50 
and 60 °C [12].

Fused deposition modelling (FDM)

A series of specimens were produced using a FDM printer 
(3DGence One, 3DGence Przyszowice, Poland) to study the 
effect of infill parameters. In this study, the infill patterns 
with different densities were evaluated. The FDM printer 
was equipped with 3DGence SLICER 4.0 software.

The tip for the fabrication had a diameter of 0.3 mm. The 
infill printing speed was 10 mm/s with 0.12 mm layer height. 
The wall thickness of the specimen was set at 0.8 mm. The 
FDM printer bed was set at 60 °C to ensure a good binding 
between the specimens and the bed during printing. Table 1 
shows the FDM printing parameters used in this study.

Five infill patterns were selected in this study. These 
patterns were lines, grid, concentrate 3D, zig-zag and 
triangle. Figure 1A illustrates the infill patterns (1) lines, 
(2) grid, (3) concentrate 3D, (4) zig-zag, and (5) triangle 
[13–15].

The micrographs of the printed infill patterns are shown 
in Fig. 1B). A Leica Microscope with EZ4 HD camera 
(Model 28113016) and Leica Application Suite (LAS EZ) 
were used. The micrographs were taken from specimens, 
which have been partially printed at 50% completion to 
have a view of the morphology of infill patterns. It is worth 
mentioning that it is difficult to distinguish the infill patterns 
from each other through these micrographs.

The infill density of 20%, 40%, 60%, 80% and 100% for 
the test specimens is shown in Table 2. Due to the elasticity 
behaviour of TPU, the specimens were printed according 
to International Organization for Standardization (ISO) 
37-Type 2 dimensions and tested according to ISO 37 for 
determination of tensile stress–strain properties [16].

The lines (also known as rectilinear) pattern 
generated infill with line connections between the walls 
of the specimen. It is a fast-printing pattern that prints 
unidirectional lines on each layer and perpendicular 
direction for the subsequent layer to form a rectangular 
grid pattern [17]. This infill pattern provides strength in 

Table 1   Value of FDM printing parameters

Parameters, units Value

Bed temperature, °C 60
Nozzle temperature, °C 230
Nozzle tip diameter, mm 0.3
Layer height, mm 0.12
Wall thickness, mm 0.8
Infill line width, mm 0.32
Infill printing speed, mm/s 10
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only two dimensions [14]. The grid infill pattern prints 
in two directions on the X and Y planes of the heated bed 
instead of going in one direction compared to lines infill 
pattern. The grid lines crossed each other on each layer to 
form grid pattern and it looks like lines infill pattern [14].

The zig-zag pattern produced continuous lines 
throughout the specimens in a zig-zag pattern. It is like 
lines infill pattern but produces structures with higher 
strength. [15]. The lines for concentrate 3D infill pattern 
print in correspond with the walls of the specimens. The 
lines for concentrate 3D infill pattern prints multiple times 
at a smaller and smaller scale all the way to the middle of 
the specimens [15].

Finally, the triangle infill pattern consists of overlapping 
triangular lines in three directions in the X and Y planes 
[15]. Triangle infill pattern provides strength only in two 
dimensions. It still works for prints that require high 
strength [15]. Concentrate 3D infill pattern is the best 3D 
printing infill pattern for specimens that need flexibility 
and strength [14, 15].

It was reported that different print orientation and 
thickness affect the mechanical properties of printed 
specimens such as the modulus elasticity [13, 18, 19]. 
In this study, flatwise print orientation [19, 20] and wall 
thickness of 0.8 mm with X-axis flat alignment were used 
throughout the FDM printing process for the stress–strain 
and DMTA tests specimens. The cylindrical specimens, 
which were used for the LDA test, were printed with 
X-axis horizontal alignment [21]. Figure 2 shows the 
illustration of the specimens print orientation used in this 
study.

Compression moulding

In this study, the tensile properties of the TPU were 
obtained through test pieces manufactured through 
compression moulding process. The same TPU filament 
was cut into smaller pieces, melted and compressed into 
a 150 × 120 × 2 mm mould at 180 °C. The sheet was cut 
into dumb-bell test piece in accordance with ISO 37 test 
method. The average measured values were tensile strength 
of 8.43 MPa and elongation at break of 745%. Table  3 
shows the weight of moulded specimen and FDM printed 
specimens with 100% infill density and ISO 37-Type 2 
dimensions.

A) Illustrations of Infill Patterns 
a) Lines b) Grid 

c) Concentrate 3D d) Zig-Zag 

e) Triangle 

B) Micrographs of Printed Infill Patterns. 

a) Lines b) Grid 

c) Concentrate 3D d) Zig-Zag 

e) Triangle 

Fig. 1   A Illustration of infill patterns and B micrographs of printed 
infill patterns (a) lines, (b) grid, (c) concentrate 3D, (d) zig-zag, and 
(e) triangle

Table 2   Infill pattern and density of specimens

Process Infill pattern Infill density (%)

Compression 
moulding

– 100

FDM Lines 20, 40, 60, 80, 100
Grid 20, 40, 60, 80, 100
Concentrate 3D 20, 40, 60, 80, 100
Zig-zag 20, 40, 60, 80, 100
Triangle 20, 40, 60, 80, 100
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Dynamic mechanical thermal analysis

Dynamic Mechanical Thermal Analysis (DMTA) was 
performed in tension mode with temperatures ranging 
from -80 to + 100 °C, 0.1% strain and at frequency of 
10  Hz. The dynamic storage modulus (E′) and the 
mechanical loss tangent delta (tan δ) as a function of 
temperature were analysed by using Mettler Toledo 
Dynamic Mechanical Analyser (DMA1 Start). Rectangle-
shape specimens with a length of 30 mm, a width of 4 mm 
and a height of 1.2 mm were printed for the DMTA test.

Load–deflection analysis

Load–Deflection Analysis (LDA) was carried out using 
a servo-hydraulic MTS 831 test system (MTS Systems) 
with a load capacity of 25 kN. The compression stiffness 
was measured at a fixed strain of 10% using cylindrical-
shape specimens with a diameter of 43 mm and a height 
of 8 mm in compression mode at room temperature. The 
specimens were compressed with three cycles loading and 
the measurements were taken on the third loading cycle in 
accordance with Japanese Industrial Standard (JIS) K 6385 
test method. The compression stiffness, k

c
, is expressed in 

the following equation:

where Fmax and Fmin are the maximum limit and the 
minimum limit of the testing loads, respectively. xmax and 
xmin are the deflections corresponding to their testing loads.

Results and discussion

All the specimens were printed and evaluated after the 
printing parameters were optimised. The quality and 
clearness of the specimens’ surface were physically checked 
for any defects. The binding between the initial layer (bottom 
layer) and the printer bed was checked to ensure proper 
adhesion during printing.

Figure 3 shows stress–strain curves of the specimens 
printed using different infill patterns with 100% infill density. 
The results were compared with specimens produced 
through compression moulding. The average tensile strength 
and elongation at break of the specimens with 100% infill 
density produced through FDM were 4.13 MPa and 474%, 
respectively. The dispersion analysis showed that these 
printed specimens exhibited a standard deviation of 0.4 
and 36 for the tensile strength and elongation at break 
measurements, respectively.

kc =
Fmax − Fmin

xmax − xmin

, (1)
Flat alignment: X-axis 
XY 2D plane (flatwise) 

Z 
Y 

X 

Horizontal 
Alignment: 

X-axis 

Fig. 2   Illustration on the print orientation of specimens on FDM Bed

Table 3   The weight of moulded 
specimen and FDM printed 
specimens with 100% infill 
density and ISO 37-Type 2 
dimensions

Process Infill pattern Weight (g) Weight difference between 
moulded and FDM printed 
specimens (%)

Compression 
moulding

– 2.05 –

FDM Lines 1.976 3.61
Grid 1.988 3.02
Concentrate 3D 1.80 12.2
Zig-zag 1.959 4.44
Triangle 1.986 3.12
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It was observed that the tensile strength of the moulded 
specimen was 97% higher than the average tensile strength 
of the printed specimens. The effect of pressure and heat 
during the compression moulding process have produced 
strong adhesion between the TPU molecules. On the other 
hand, FDM is an additive manufacturing technology based 
on a layer-by-layer manufacturing principle to produce 
complex shapes without the involvement of compression 
process.

It is worth mentioning that besides the effect of stress 
distribution between infill patterns and the failure that 
occurred across intralayer and interlayer bonds during 
the stress–strain test, the variation of specimen weight as 
shown in Table 3 may affect the test results [21]. The average 
weight difference between the moulded and the FDM printed 
specimens is 5.28%.

The tensile properties of specimens that were produced 
through five different infill densities are shown in Fig. 4. 
These infill patterns were lines, grid, concentrate 3D and 
zig-zag with infill densities ranges from 20% to 100%. It 
was observed that increase in infill densities increased the 
tensile strength and elongation at break of the specimens. 
Specimens with grid infill pattern have shown a relatively 
higher tensile property.

The results indicated that infill density determines mainly 
the tensile strength as observed by Fernandez-Vicente et al. 
[22]. The effects of infill patterns selected in this study were 
marginal on the dispersion of tensile strength with standard 
deviation between 0.2 and 0.4 for each different infill pattern 

with the same infill density [22]. Specimen produced 
through compression moulding exhibited higher tensile 
properties. Similar experimental results were observed for 
TPU specimen produced through injection moulding process 
[5].

An increase in stress to failure with increasing infill 
densities was also observed by Hyojeong Lee et al. [23]. In 
their study, they found that there was no difference between 
printed specimens with two different thicknesses when the 
infill was 100%. However, they observed some discrepancies 
as the percentage of infill decreased [23].

The tensile strength and elongation at break of specimens 
from the strongest to the weakest due to infill patterns are 
shown in Fig. 5.

DMTA measurements were performed to acquire the 
thermal characteristics of the specimens with different 
infill patterns at 100% infill density. In this study, the glass 
transition temperature (Tg) was determined at the maximum 
of the tan δ. The DMTA curves (storage modulus and 
tangent delta) are shown in Fig. 6 and the results are listed 
in Table 4.

The Tg measured on zig-zag infill and concentrate 3D 
infill specimens were higher compared to the other two 
specimens (lines and grid infill specimens). The determined 
Tg for both specimens were 8.4 and 8.2 °C for zig-zag and 
concentrate 3D infill patterns, respectively. These values 
were relatively close to each other (zig-zag and concentrate 
3D infill specimens). A similar observation was also 
observed for the other two specimens (lines and grid infill 

Fig. 3   Stress–strain curves of 
FDM specimens with 100% 
infill density and moulded 
specimen
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specimens). The results indicate that the free volume that has 
been created by these infill patterns may have some effects 
on the specimens [24].

The tendency of the storage modulus (E′) for the 
specimens at room temperature (25  °C) was analysed 
through the DMTA experiments. E′ indicates the stiffness 
or the elastic behaviour of the specimens become more 
dominant at room temperature. It is proportional to the 
energy stored during a loading cycle [25, 26].

In this evaluation, the specimens with lines and 
concentrate 3D infill patterns showed higher E′. The average 
E′ was 328 MPa. It is postulated that specimens with 100% 
infill density may not be significantly affected by different 
infill patterns for DMTA test at 0.1% strain [23].

Load–deflection analysis was conducted to measure the 
ability of the specimen to retain the elastic properties and 
generate forces after prolonged compression stresses. This 

test is different from the stress–strain and DMTA analysis 
that studied earlier on strain to break and 0.1% strain effects, 
respectively.

Table  5 shows the compression stiffness of the 
moulded specimen and FDM specimens obtained from 
the load–deflection analysis. All the FDM specimens with 
100% infill density were used in this analysis to ensure each 
specimen can reach its maximum compression stiffness 
value during high-loading testing.

In this study, lines infill pattern showed the highest 
compression stiffness value of 17.2 kN/mm, while grid 
infill pattern showed the lowest compression stiffness 
value of 14.6 kN/mm. In principle, all the FDM specimens 
showed relatively similar compression stiffness values as 
compared to the moulded specimen (16.4 kN/mm), with 

Fig. 4   Tensile strength and 
elongation at break of speci-
mens
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the standard deviation for all test specimens as 0.92 only. 
This observation suggests that all the FDM specimens have 
the same stiffness as the moulded specimen to sustain high-
loading compression.

Conclusions

In this research, the effects of five infill patterns with a range 
of densities on stress–strain, DMTA and LDA analyses on 
FDM produced specimens have been experimentally studied. 
The results were compared with specimens produced 
through compression moulding. The average tensile strength 
of the TPU specimens with 100% infill density produced 
through FDM was 4.1 MPa. The tensile strength of the 
moulded specimen was 97% higher than the average tensile 
strength of the printed specimens.

The dispersion analysis showed that the effect of infill 
patterns exhibited a standard deviation of 0.4 and 36 for 
the tensile strength and elongation at break, respectively, 
for the FDM produced specimen with 100% infill density. 
This study observed that the infill patterns have marginal 
effects on the tensile strength of the FDM printed specimens. 
However, the results revealed that infill density significantly 
influenced the tensile strength of the FDM printed specimen.

The DMTA and LDA tests showed that specimens with 
100% infill density may not be significantly affected by 
different infill patterns selected in this study under low strain 
testing conditions.
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Fig. 6   Storage modulus and 
tangent delta of FDM produced 
specimens
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Table 4   DMTA experimental results of FDM specimens with differ-
ent infill patterns

Infill pattern E′ (25 °C) (MPa) Tg (°C)

Lines 355 6.9
Grid 300 6.7
Concentrate 3D 340 8.2
Zig-zag 317 8.4

Table 5   Load–deflection analysis of moulded specimen and FDM 
specimens with different infill patterns

Infill pattern Compression 
stiffness (kN/
mm)

Moulded 16.4
Lines 17.2
Grid 14.6
Concentrate 3D 16.8
Zig-zag 16.6
Triangle 16.8
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