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Numerical and experimental analysis of mechanical and fatigue
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INTRODUCTION

technologies and approaches to solve them. One such approach is 3D printing. Materials such as concrete, metal or

polymers can be used to create 3D structures [4,12]. Unlike the use of concrete, the use of 3D printing of metal or
polymer materials for structural support elements is less widespread and represents an area that has not been explored much.
3D printing is an additive process that adds material to the desired final shape. The most commonly used technology for
3D printing plastics is Fused Deposition Modeling (FDM), which works very simply [13]. An object is created layer by layer
by melting a thin strip of plastic (or metal) material. The advantages of FDM include simplicity, minimal waste, ease of
designing models of various sizes, usability of a wide range of materials, and applicability to even very inexpensive printers.
On the other hand, disadvantages include lower quality print detail, large layer thicknesses, imperfections, and ambiguity in
the durability of the product itself [18]. Given these disadvantages, construction professionals must question whether this
technology is appropriate. The answer, of course, is not simple, but there is certainly room to evaluate the appropriate use
of FDM technology in construction and the like. As mentioned, 3D concrete printing has already secured its place [5] and

I n recent years and decades, the construction industry has faced new problems and challenges that require innovative
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is being used despite many challenges around the world. In contrast, 3D printing of other materials in the construction
industry is limited. We can find only a few real examples that show a strong commitment to interesting design and modern
concepts in the industry [6—8,14]. The cornerstone of research on 3D printing in construction can be numerical modelling
using the finite element method (FEM) [2]. It is less time demanding and mote economical solution. On the other hand,
the calibration of such models is complex and heavily dependent on the correct description of material properties. The
beginnings of the research program were presented, for example, in earlier articles [3,8]. The present paper demonstrates
the inverse analysis process on two sets of specimens with different geometries that have been experimentally evaluated. By
successively adjusting the material parameters, a high agreement of the force-displacement diagram results was achieved.
After demonstrating the agreement between the numerical model and the experimental results, a simplified fatigue analysis
was performed. The aim of the article is to determine the service life and durability of a specially shaped specimen, which
was developed for the purpose of effective material optimization, by combining numerical modeling and experimental
testing.

THEORETICAL AND EXPERIMENTAL BACKGROUND

3D printing in structural engineering
espite its undeniable advantages, including speed and a large shape range, 3D printing has several disadvantages
D that need to be taken into account. These include fragility and susceptibility to fracture problems, as well as
instability of material properties [11,17]. Nowadays, several methods are used, differing in the material and
technology used. For example, it can be FDM (fused deposition modelling), SLA (stereolithography) or SLS (selective laser
sintering) [19]. Each of these methods has its advantages and disadvantages in terms of accuracy, speed, cost and final
product properties. Furthermore, the extension of applicability to different applications and problems can be seen [20].

Mechanical and fatigne behavionr of 3D printed samples

3D printed samples exhibit different mechanical and fatigue parameters compared to conventionally processed materials.
Fatigue life is influenced by the microstructure of the print layers, orientation, and any defects [1]. The number of cycles
before final failure is significantly influenced by the print speed and sensitivity settings [9]. A significant shift towards higher
mechanical and fatigue resistance can be achieved by changing the print geometry, ie., optimizing the layering and
otientation of the layers [1]. The presented study builds on these findings and provides further insight using numerical
models.

Previons research

The research is based on several published studies that have analysed the mechanical properties of 3D printed materials
using FFF/FDM technologies [3,8,10]. FFF/FDM 3D printed components made of plastic materials are generally not
suitable as primary load-bearing joints in wood or steel structures unless carefully designed for load-bearing and long-term
durability. However, they can serve as auxiliary elements, e.g. for spacers, informal joints or temporary structures where
high load-bearing capacity and durability are not the main requirements. In cases where a strength solution is required,
higher quality materials or other manufacturing technologies can be used. At the same time, a hybrid approach can be
considered, such as combining 3D printing with different materials (filler and high-strength material) or with metal
reinforcements and other materials.

EXPERIMENTS AND NUMERICAL MODELS

Geometry and printing

T he tests were carried out on an electromechanical machine where the samples were clamped in jaws and the press
introduced deformation. A record of the force and deformation was provided for further evaluation. Two groups
of results were evaluated separately - the strain on a conventional specimen (see Fig. 1 (a)) and the strain on a specially

designed specimen geometry (see Fig. 1 (b)). The standard sample is 180 mm long, 20 mm wide and 4 mm thick. The second
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specimen had a more complex geometry that was created to create areas of shear. It is 170 mm long, 20 mm wide and 11.6
mm thick. A printing with a size of layers 0.2 by 0.4 mm was chosen for these samples.

The basic dimensions (in mm) of the special shape of the specimen are presented in the drawing in Fig. 2a. Fig. 2b shows a
detail of the model in the Prusa printing program [15]. For the first set of data, the normal shape tensile test, 5 experimental
results and numerical models created in Ansys 2024 R2 [15] were used. The geometry was prepared at a scale of 1:1. The
second set included only one experiment, as the production of a special specimen was time and cost consuming.

The experimental test used an electromechanical machine FP-10 with a setting of the speed of the gripping jaws moving
away from each other of 1 mm per minute.
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Figure 1: Printed 3D element (a) standard geometry of model A for tensile test, (b) special geometry of model B for shear tensile test.
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Figure 2: Special printed 3D element of model B (a) dimensions, (b) detail of layers.

Numerical and material model

In order to obtain accurate material parameters of 3D printed elements, an inverse analysis was prepared based on the
comparison of experimental results and numerical finite element (FEM) models. The boundary conditions corresponded to
the exact test setup. The model contains approximately 13 000 nodes and 11 000 elements. The material constants: elastic
modulus, Poisson's constant and yield strength were parametrically adjusted in the study. In the material model A, the
following material properties are set for the 3D printed element: modulus of elasticity in tension is 1.9 GPa, tensile strength
is 63 MPa, Poisson's constant is 0.4 and density is 1220 kg/m3. These parameters were obtained from the technical data
sheet of the filament manufacturer. In model B, new parameters were obtained by inverse analysis based on the comparison
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of force-displacement diagram from the experiment. The aim was to approximate the behaviour of the samples as closely
as possible. These material parameters were included in the system as variables and thus cyclic input of properties and
comparison of results could be used. Model B is therefore the result of this parametric inverse analysis.

Fatigne analysis

The aim of the next analysis was to evaluate the critical fatigue points on the 3D printed sample. The loading force was
determined from the first loading scheme. Cyclic loading is then used to estimate the service life. Loading was performed
using an amplitude of the magnitude of the force at the level of the maximum stress at the critical point. The critical stresses
on the elements were compared with the S-N curve for polycarbonate (see Fig. 3) [16]. From the obtained value of the
number of cycles, it is possible to determine the critical points, and which geometry variant has better resistance.
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Figure 3: S-N curve for polycarbonate.

RESULTS

Inverse analysis of material properties
s mentioned above, the outputs from the numerical models were compared with the experimental results. Two sets
of results are analysed: a standard-shaped tensile test body and a shear-dominated tensile test body. Fig. 4 presents
the force-displacement diagrams for the standard sample. As mentioned above, the outputs from the numerical
models were compared with the experimental results. Two sets of results are analysed: a standard-shaped tensile test body
and a shear-dominated tensile test body. There are five plots from experimental tests and two numerical models. Model A
has the basic parameters; model B has the parameters obtained by inverse analysis. The graphs show a great similarity in
behaviour.
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Figure 4: Force-displacement diagrams from physical tests and numerical models of standard sample.
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The second plot in Fig. 5 shows a comparison of the force-displacement diagram for the special shape sample from the
second set. Only one test was performed, but the numerical modelling process was the same as for the first set. The
difference at the beginning is most likely due to the slippage of the specimens, which led to a larger increase in strain at a
smaller force. The slope of the curves is very similar for the test and model B, and the maximum value at which failure
occurred in the real world and the rapid increase in plastic deformation occurred in the model is similar.
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Figure 5: Force-displacement diagrams from physical tests and numerical models of special sample.

Comparison of sample failure

A comparison of the failure of a special 3D printed element was also performed. Fig. 5 (a) shows a post-test photograph
showing the separation at the junction of the inner and outer structures. Similarly, the graphical output of the equivalent
plastic strain numerical model shows the locations where the specimen was expected to fail and separate during the tensile
test.

Equivalent Plastic Strain

Type: Equivalent Plastic Strain
Unit: mm/mm

Time: 12's
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Figure 6: Special printed 3D element (a) after experiment, (b) detail of equivalent plastic strain from numerical model.

Simplified fatigne analysis

Further results are represented by the number of load cycles in each element (node) of the 3D printed joint (see Fig. 7).
This is a greatly simplified analysis, but it is very useful to understand the behavior of the sample itself depending on the
shape. It can be seen that the stress concentrators are at the edge level of the inner and outer structures. With a load cycle
set to the stress level at which the sample plasticizes, the minimum lifetime is 41 cycles. The color scale is divided decimally,
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so that it is possible to observe critical points that are like the real rupture point. It should be noted that the sample was
manufactured continuously, and the sample does not contain any glued parts or joints.

Life
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Figure 7: Visualization of fatigue life prediction.

CONCLUSIONS

specimens, with an emphasis on the calibration of numerical models with experimental results. Using inverse

analysis, the material parameters in the numerical model were optimized to more accurately simulate the behavior
of the specimens under tensile loading, both for standard and specially designed geometries. The results show good
agreement between the experimental data and the numerical models, confirming the effectiveness of the methodology used.
Subsequent simplified fatigue analysis, based on S-N curves for polycarbonate, revealed critical stress concentration points
and predicted the service life of the specimens. The results obtained indicate that the geometry of the specimen significantly
affects the fatigue resistance, with specially designed geometry showing potential for specific applications. This work
highlights the importance of combining experimental and numerical methods for understanding the behavior of 3D printed
materials and provides valuable insights for their use in structural applications, especially in the area of design optimization
for improving mechanical and fatigue properties.

T his study presents a combined analysis of the mechanical and fatigue properties of specially shaped 3D printed
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