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Abstract. For a wide range of utilization, 3D printing is a swiftly
developing technology that demands meticulous evaluation of materials,
production speed, and resolution. Significant outcomes have been obtained
from the application of 3D technology in Cultural Heritage (CH) protection,
the valorisation process, communication, and asset incorporation; this is
especially true of interdisciplinary initiatives including manufacturing
engineering, computer-generated records, and CH accessibility. The primary
factors influencing the layout and choosing materials for additive
manufacturing are applicability and fabrication technique. A wide range of
materials, comprising ceramics and metals, hydro-gels, thermoplastic
substances and combinations of these substances, can be used. This study
investigates the design and fatigue analysis of a 3D-printed square block
made of thermoplastic polyurethane (TPU) under various test conditions,
including static structural analysis for compression, fatigue analysis and
total deformation within the block layer. The uniform stress distribution was
also discussed in detail, as well as the design life and safety factors of the
block under fatigue conditions, with its natural frequencies observed in
experimental results adjusted the printing parameters for and maintained the
process to ensure the best output quality. Post-publication steps included
detailed analysis and mechanical testing to verify mechanical properties and
dimensional accuracy.
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1 Introduction

Additive manufacturing, commonly referred to as 3D printing, is an evolving technology that
uses computer-aided design (CAD) models to produce huge numbers of physical objects from
dimensional models in a variety of industries, which includes medical services, the
agricultural sector, automobile manufacturing, and aerospace [1-4]. One common technique
for producing intricate geometric patterns is 3D printing, which provides precise, affordable,
and adaptable results [5-7]. Direct digital production is made possible by 3D printing, which
does away with the requirement for dies or molds in contrast to conventional manufacturing
processes like casting, forging, machining, and injection molding [8-11]. The additively
layered method does away with the need for assembly by combining several parts into one
unit. As patents expire, more affordable desktop computers are becoming available, allowing
businesses to produce sophisticated parts for automobiles, jet engines, and medications [12].
When most people hear the word printer, they often picture a standard printer that they may
use to print messages and pictures on paper at home or at work. These printers use the
dimensions length and breadth to print in a two-dimensional (2D) flat area [13]. In addition
to using length and breadth, a three-dimensional (3D) printer adds depth to the print. To put
it another way, a three-dimensional (3D) printer is a device for manufacturing that uses
additive manufacturing, which adds layer upon layer of material, to manufacture real-world
products from a 3D model design [14]. Depending on the printer's size, 3D printouts may be
practically anything. Three-dimensional prints can be fused or connected together to create
bigger things once the original printing process is finished [15]. Composite products, smart
materials, electronic materials, ceramics, and biomaterials are examples of recent material
advancements. Since 3D printing systems are flexible and integrated into multi-process
systems, they can be used to address a variety of needs related to product requirements and
new material development [16-20]. A particular kind of this kind of manufacturing process
is the 3D printer, which builds a tangible 3D item by layer upon layer of material addition.
This is not the same as consolidation techniques, which take smaller components, combine
them, and fuse them to make the intended thing, or the process of subtractive manufacturing,
which creates an object by taking material away from resources already in place [21-25].

Using digital files as a starting point, 3D printing technological advances [26-28] is an
additive manufacturing method that produces three-dimensional, physical items [29]. Using
a 3D printer, layers of material are produced throughout this process until a whole item is
created [30]. Compared to traditional manufacturing methods [31-33], 3D printing allows for
the production of even complicated geometries with less material waste [344]. This work's
primary goal is to examine the square block's compression strength, durability under fatigue
and safety factor in preparation for 3D printing with thermoplastic polyurethane (TPU)
materials [35].

2 Methodology of 3D Printing Block Printing

In the present work finite element analysis have been conducted on Simple structure of square
block with dimensional parameter 25 mm x 25 mm x 25 mm, this FEM analysis includes
compression test using static structural analysis, fatigue analysis and model analysis. The
total deformation and equivalent stress layer wise have been found by compression test,
whereas the design life and safety factor of the material is determined by the fatigue analysis
and the natural frequency of the square block has been found in the modal analysis.

In the design phase, specifications and dimensions for the square blocks were meticulously
determined, followed by the creation of a precise digital 3D model using CAD software as
shown in Fig. 1, ensuring compatibility with 3D printing and suitability for TPU material.
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Material selection favored Thermoplastic Polyurethane (TPU) filament for its exceptional
flexibility, durability, and resistance to abrasion.

CAD
b o . . . . .

Fig. 1: Algorithm used for Finite element analysis of Structural and fatigue analysis

The preparation of the 3D printer involved precise calibration and the setting of printing
parameters tailored to TPU characteristics. As the printing commenced, close monitoring
ensured proper layer adhesion and minimal warping, common with TPU. Post-processing
involved careful removal of the printed blocks, trimming excess material, and meticulous
inspection for defects. Subsequent testing and quality assurance procedures evaluated
mechanical properties and dimensional accuracy, while documentation and analysis
comprehensively captured the entire process and performance metrics, guiding future
improvements and research avenues. A 3D model must be created with a computer program,
before a 3D print can begin. Once the model is completed, it is exported into a file format
compatible with slicing programs. Slicing software then generates instructions for the printer
(G-code) on how to construct the model layer by layer based on the STL file. It may be
necessary to post-process the model to achieve the desired finish after the printing process is
complete.

3 Result and Discussion

In the present work finite element analysis have been conducted on Simple structure of square
block with dimensional parameter 25 mm x 25 mm x 25 mm, this FEM analysis includes
compression test using static structural analysis, fatigue analysis and model analysis. The
total deformation and equivalent stress layer wise have been found by compression test,
whereas the design life and safety factor of the material is determined by the fatigue analysis
and the natural frequency of the square block has been found in the modal analysis. For the
compressive test perform structural analysis by keep lower side fixed and apply a
compressive load of 12200 N on top layer of the square block. Check fatigue life and safety
factor by using fatigue tool and for the natural frequencies need to perform model analysis
with six possible modes.

3.1 Structure analysis of square block for TPU at 12200 N applied in vertical
direction

Total deformation Analysis -: When a material is subjected to an external force, its shape,
size, or volume changes completely. This is called total deformation. Deformations of this
type include stretching, compressing, bending, or twisting, all of which alter the material's
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original form. After performing compression test structural analysis on square block for TPU
at 12200 N applied in vertical direction, the total deformation of 0.0884 mm has been
observed. After performing compression test structural analysis on square block for TPU at
12200 N applied in vertical direction, the equivalent stress ranging from 34.406 MPa at outer
layer to 23.338 MPa of at middle layer of square block has been observed and presented in
Table 1.

Table 1: Comparative analysis of square block for TPU at 12200 N applied in vertical direction

Parameter Description Minimum Maximum
Value Value

Total Deformation under vertical | 0 mm 0.088439 mm

Deformation load (mm)

Fatigue Life Cycles until failure under 6.06525E+5 1E8 cycles
load cycles

Safety Factor | Factor of safety against 0.61452 4.6821
fatigue failure

Fatigue Life analysis -: Material science and engineering use fatigue life analysis as a tool to
evaluate the durability of materials under cyclic loading conditions. This method is used to
determine how long an object or material can withstand repetitive stress before failing as a
result of fatigue. After performing fatigue analysis on square block for TPU at 12200 N applied
in vertical direction, the minimum fatigue life of 6.065E+5 number of cycles until the part will
fail due to fatigue at the corner of the square block has been observed. After performing fatigue
analysis on square block for TPU at 12200 N applied in vertical direction, the minimum safety
factor of 0.6145 with respect to a fatigue failure at a given design life at the corner of the
square block has been observed. Values less than one indicate failure before the design life is
reached

3.2 Structure analysis of square block for TPU at 12200 N applied in horizontal
direction

Total Deformation-: In terms of total deformation, it is the displacement that occurs as a
result of applying horizontal force to a block in relation to its original shape. After performing
compression test structural analysis on square block for TPU at 12200 N applied in horizontal
direction, the total deformation of 0.0885 mm has been observed. After performing
compression test structural analysis on square block for TPU at 12200 N applied in horizontal
direction, the equivalent stress ranging from 46.933 MPa at bottom layer to 20.196 MPa of
at top layer of square block has been observed and presented in Table 2

Table 2: Comparative analysis of square block for TPU at 12200 N applied in horizontal direction

Parameter Description Minimum Maximum
Value Value
Total Deformation under horizontal 0 mm 0.088488 mm
Deformation load (mm)
Fatigue Life Cycles until failure under 7.8125E+5 1ES cycles
horizontal load cycles
Safety Factor Factor of safety against 0.62964 4.7973

horizontal fatigue failure

Fatigue analysis-: In this context, fatigue life analysis measures how long it takes the TPU
block to fail after repeated horizontal loads. After performing fatigue analysis on square block
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for TPU at 12200 N applied in horizontal direction, the minimum fatigue life of 7.8125E+5
numbers of cycles until the part will fail due to fatigue at the corner of the square block has
been observed.

Safety Factor -: A safety factor serves primarily as an accounting tool for uncertainties in the
design and manufacturing process, variations in material properties, unanticipated loads,
degradation over time, and inaccuracies in analysis. By protecting the structure from potential
failure, it increases its reliability and safety.

After performing fatigue analysis on square block for TPU at 12200 N applied in horizontal
direction, the minimum safety factor of 0.6296 with respect to a fatigue failure at a given
design life at the corner of the square block has been observed. Values less than one indicate
failure before the design life is reached. After performing fatigue analysis on square block for
TPU at 12200 N applied in horizontal direction, the minimum available life of 7.8125E+5
cycle on Log-Log scaling with respect to a fatigue failure at a given design life.

4 Comparative results

4.1 Total deformation at vertical loading for 3D printed Square block made of
TPU material

Total deformation at vertical loading for TPU [mm]
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Fig. 2: Total deformation at vertical loading

According to the graph in Fig. 2, thermoplastic polyurethane (TPU) experiences total
deformation when subjected to vertical loading. There are eleven different instances or
samples plotted for deformation values. There is a general trend of increasing deformation
across samples beginning at a relatively low value. Deformation reaches its maximum at
sample 11, just under 0.1 mm, which is the highest value observed. If these are findings from
repeated testing, the sequential order of loading might affect the TPU's deformation
depending on the magnitude and type of vertical load applied.
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Total deformation at horizontal loading for TPU [mm]
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Fig. 3: Total deformation at horizontal loading

According to the graph in Fig. 3, Thermoplastic Polyurethane (TPU) will deform by a certain
amount when a compressive horizontal load is applied. A linear deformation curve shows
that the TPU experiences an increase in deformation as the horizontal load increases from
1220 units to 12200 units, starting at a value of 3.63E-03 mm and gradually increasing to
8.85E-02 mm. According to this linear trend, TPU deforms more as more compressive force
is applied horizontally, indicating that it responds consistently to the testing conditions

mechanically.
Maximum Equivalent Stress at different loading condition
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Fig. 4: Maximum Equivalent Stress at different loading condition

In the graph provided in Fig. 4, Thermoplastic Polyurethane (TPU) is shown to experience
maximum equivalent stress under two loading conditions. TPU's maximum equivalent stress
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(MPa) is 34.406 megapascals (MPa) when it is subjected to a load. The maximum equivalent
stress of 46.933 MPa is observed for a horizontal layer, while 46.920 MPa is observed for a
vertical layer. TPU responds to stress more strongly when loads are horizontal than vertical,
which may be due to its anisotropic mechanical properties or to the loading direction.

Fatigue Life at different loading condition

Fatigue life at load on horizontal Layer
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Fig. 5: Fatigue Life at different loading condition

The fatigue life of a material is measured by how many cycles it can withstand before failure.
According to Fig. 5, a vertical layer exhibiting a load exhibits a fatigue life of 6.07E+05
cycles. As a result, TPU can endure more load cycles than vertical TPU when the load is
horizontal, as its fatigue life increases to 7.8 | E+05 cycles when the load is horizontal.

Safety Factor at different loading condition
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Fig. 6: Fatigue Life at different loading condition

Safety factors indicate the maximum load a material can tolerate in its application compared
to the load at which it will fail. According to Fig. 6 TPU's safety factor, when applied to a
vertical layer, the actual strength is just over half of what is needed to prevent failure. For a
load on a horizontal layer, the safety factor increases slightly to 0.6296, suggesting that the
material is marginally more capable of bearing the load without failing.
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5 Conclusion

Using finite element analysis (FEA), this study explores the durability and structural
properties of 3D-printed thermoplastic polyurethane (TPU) square blocks. Various testing
conditions were applied to a simple structure with dimensions of 25 mm x 25 mm x 25 mm,
including static structural analysis, fatigue analysis, and modal analysis. Following a
comprehensive compression test structural analysis conducted on a square block composed
of TPU material subjected to a vertical load of 12,200 N, several key findings have been
unveiled.

e Total deformation of the block was 0.0884 mm.

e  Equivalent stress distribution within the block ranged from 34.406 MPa at the outer layer
to 23.338 MPa at the middle layer. Equivalent stress distribution ranged from 46.933
MPa at the bottom layer to 20.196 MPa at the top layer.

e Analysis revealed a minimum fatigue life of 6.065E+5 cycles before potential failure,
primarily at the corner of the structure. Fatigue life estimated at 7.8125E+5 cycles, with
the most vulnerable point at the corner

e  Structural safety considerations revealed a minimum safety factor of 0.6145 for fatigue
failure at a designated design life.
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