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Abstract

In the recent years 3D printing became a hot topic, however it’s hard to design parts without a deep understanding of the material 

properties. The usage of these materials in vehicles assumes the knowledge of the behavior in dynamical environment. The aim of 

this study is to estimate the modal parameters and the damping properties via experimental dynamic analysis of a part made from 

PLA. With the results we can provide data for the FEM softwares’ input. After the numerical simulations the simulated results were 

compared to the measured data.
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1 Introduction
Additive manufacturing technologies being relatively 
new to the scene are evolving rapidly. And with it comes 
the drop of the expenses of the 3D printed products, mak-
ing the technology more accessible for a larger audience 
(Ficzere and Torok, 2013; Ficzere et al. 2013).

At the same time importance of biodegradable plas-
tic started rising, especially because environmental pro-
tection became an important factor (Bodnár, 2002). PLA 
(polylactic acid) is a popular solution and widely used 
mainly because it’s low price.

The combination of this flexible technology and the 
environment friendly material foreshadows the rise of 
the additive manufacturing using PLA. For engineer-
ing usage, we need deeper understanding of the material 
properties (Ficzere et al., 2014). We researched the avail-
able literature about PLA’s material properties. There are 
only a few papers that model these properties as well. 
For the same properties the studies show various results 
(Ficzere, 2016; Ficzere et al., 2018; Tisza et al., 2015). The 
aim for this study to learn more about the damping prop-
erties and the effects of different technological parame-
ters on the material properties.

2 Literature review
Researching the available literature, we became certain 
that the orientation of the part in the 3D printer has a sig-
nificant influence on the material properties: the “stand-
ing” test pieces’ maximum tensile stress was considerably 
lower than in the other two cases (Tisza et al. 2015). The 
proportion varied presumably because of the different 
printing parameters. But it’s clear that the parts printed 
in standing position only had 0.4-0.5 times the strength 
(Ficzere, 2016).

Perpendicular to the layers’ plane the material behaves 
in a similar way (Tisza et al., 2015). Considering the 
results, it can be state that the parts produced by this 
method have orthotropic material properties.

3 Methodology
Reviewing of the literature, experimental, production and 
application experiences show that parts made by additive 
manufacturing don’t show isotropic material properties. The 
orthotropic nature can be explained by the dependence of 
orientation of the printing (Ficzere, 2016; Tisza et al., 2015). 
Experimental analyzes of parts made of polymers raise 
problems of the dynamic modeling (Kovács et al., 2018a).
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For every direction, we printed 3 specimens to check 
the reproducibility and eliminate errors of the printer. 
These printing directions can be seen in Fig. 1. So far, 
the two laying positions have been tested. We tested the 
parts as cantilevers. For excitation we used an impact 
hammer, and measured the response using accelerome-
ters (Kovács  et al., 2018b). The theoretical measurement 
set-up can be seen in Fig. 2.

Testing it as a cantilever we located the test piece’s nat-
ural frequencies (bending and torsion), damping ratios and 
mode shapes in the f=0-850 Hz range. For every mode we 
checked if the mode shape is classical normal mode or not. 
As it is known classical normal modes’ mode shapes show 
standing wave nature, and equivalent to the undamped sys-
tem’s mode shapes. Thus, the mathematical model is sig-
nificantly simpler. We separated the detected mode shapes 
into 2 groups: bending and torsion modes. To identify the 
damping mechanism, we will define regression functions 
which express the damping factor’s frequency dependence 
(Pápai, 2011). These functions have a direct connection to 
the damping factor’s function known from rheology. The 
damping factor is the ratio of the loss modulus and the 
storage modulus. Generally, the loss modulus and the stor-
age modulus are functions of the frequency, therefore the 
ratio is a function of the frequency.

Via iteration we will identify the material properties 
which makes the FEM model valid, and the difference 
between the FEM and EMA model’s characteristics (Eigen 
frequency, damping factor, mode shapes) are the least.

In the next phase of the study the comparison will 
be made qualitatively. For the further project the FEM 
model’s reduction will be done. We will learn what pos-
sibilities we have, to change the damping properties  
in the chosen FEM environment.

This paper demonstrates the results of a dynamical 
analysis on a prism. Three different parts are made, each 
printed in a different direction.

3.1 Parameter estimation
For the measured Frequency Response Function’s (FRF 
from now) analytic approximation we used the partial 
fraction form Eq. (1): 
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where Pi residuum of mode i m
N
sec  , λi the complex eigen-

value of mode i rad / sec[ ] .
λ σ ωi i d ij= − + ,  (2)

σ i  modal damping of mode i; ωd i,  damped natural fre-
quency of mode i; j imaginary part.

These modal parameters were estimated by the mea-
sure FRF. The individual modes are affecting the oth-
ers (Fig. 3), the estimation is inaccurate. We need an  
optimizing function.

The method minimizes the 
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least squares function. Hr
ˆ  is the measured and averaged 

FRF at angular frequency.

Fig. 3 The interference between individual modes

Fig. 1 Directions of printing

Fig. 2 Measurement set-up
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4 Results
4.1 Experimental results
Fig. 4 shows the FRF of a part printed with method 
“B”, the laying case in the middle of Fig. 2. The fre-
quency values belonging to the peaks of the curve  
indicate the own frequency.

We excite in a fixed point, and the response is measured 
also in locations 1 and 2 of the specimen (Fig. 3). The 
points belonging to peak FRF on the identical own fre-
quency, the Nyquist plots belonging to the two response 
measurement locations indicate whether the two points 
reach the extreme position in phase or counterphase. The 
cursor in both cases is on the same point belonging to the 
own frequency. It is clear that the two points are approx-
imately in counterphase, so the vibration image is of tor-
sion character, otherwise we could have assumed bend-
ing vibration. In Fig. 5 the dominant modal circles can 
be seen. Further analysis has to be made to estimate the 
modes with smaller amplitude (near the origin).

Using this method, we could detect 4 natural frequen-
cies frequency value belonging to the 4 peaks) as you can 
see in Table 1. For the classification we use the Nyquist-
plot of the FRF. (B – Bend, T – Torsion)

4.2 Numerical simulation
For the further investigation we have to make numerical 
simulations. The verification of the results is needed. The 
finite element model was built assembled with glued con-
tact. The constraints were defined as a cantilever beam. 
After the definition of the contact, the boundary conditions 
and material properties the normal modes were investi-
gated. Based on the theoretical background and the results 
of the experimental investigation we wait more type bend-
ing and torsion normal mode shapes, too (Fig. 6). 

On other frequency we can find other bending shape 
(other inertia) can be seen in Fig. 7.

Increased the frequency we can detect the torsion mode 
shape (Fig. 8).

We can see, the numerically simulated results show the 
same shapes and values (Bending 115 Hz, Torsion 327 Hz).

Fig. 4 FRF of part B1

Table 1 Experimental results

Mode i 1 2 3 4

fi [Hz] 116.87 304.58 692.03 762.96

ξi [%] 2.61 9.14 1.49 0.93

Type B T T B

Fig. 5 Vibration image classification with Nyquist plots

Fig. 6 Bending shape (axonometric and side view)

Fig. 7 Bending shape at higher frequency (top view)
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5 Discussion
The results show little to no difference between the two 
laying parts (B and C). With the last measurements done 
we will be able to compare the different orientations. 
When processing the data, we suspected non-linearity of 
the material properties.

We can state the material model of elements produced 
by FDM technology in case of PLA materials follows flu-
id-type behavior (viscous-elastic behavior). Jeffrey-body, 
the construction is a serial connection of a Kelvin-Voight 
and a Newton body, so it is a fluid-type model. Sometimes 
it is called Fluid II. Model (Pápai, 2011). The Jeffrey-body 
can be seen in Fig. 9. We found that this model realizes a 
Rayleigh-shape with proportional damping behavior.

Based on the experimental results the PLA material 
shows anisotropic behavior, the damping parameters are 
changing in the function of the printing directions. 

Based on the investigation we can state that the standard 
deviation of damping parameters of FRF functions deter-
mined by analytical approximation is in a great range. 

Probably the clamping conditions must be changed. 
One of the possible solutions is the free hanging  
of the test specimens.

The experimental results must be verified by numeri-
cal simulation. 

Generally, the Hooke’s Law is applied, where to 
describe the behavior of the material, the determination 
of the Young Modulus is enough (σ = Eε). In orthotropic 
case, stiffness constant in the three printing directions is 
different. Based on my investigation the “Jeffrey-body” 
describes the behavior of the material more exactly, 
where the determination of the damping parameters is 
necessary.

From the creeping model of the “Jeffrey-body” it can 
be established that the material behavior could be char-
acterized with a hysteresis curve, which is proportional 
to the damping parameters of the material. The curve – 
generated from the peak-points of the hysteresis loops – 
could describe the fatigue behavior of the material. The 
determination of the model parameters, fatigue investiga-
tion will be carried out.
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