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Abstract

Advances in Fused Filament Fabrication (FFF) enable the design and manufacturing of
multi-material and multi-functional structure that can potentially be used to develop light weight
and high damping structures for vibration control. However, very few studies mention the
vibration characteristics of FFF printed structures. This paper investigates the effect of four
process parameters, raster angle, nozzle temperature, layer height and deposition speed, on the
vibration properties of FFF printed Polylactic Acid (PLA) structure through modal
analysis and design of experiment. The effects of all four parameters show a good
agreement on the first fives modes of resonance. It was found that raster angle significantly
affects both resonance frequency (16.6%) and loss factor (7.5%). Meanwhile, the impact of
the other three parameters is relatively low (less than 4%), which is different from previous
research results on static mechanical properties. All these results provide a guidance for further
application of FFF in vibration field.
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Introduction

Fused Filament Fabrication (FFF), also known as Fused Deposition Modeling (FDM)
which is a trademark, is one of the most widespread Additive Manufacturing (AM) technologies.
Although it is initially known as a low-cost rapid prototyping technology, nowadays FFF has
become much more powerful due to various technical advancements in the last decades[1]. Plenty new
materials have been developed for FFF such as metallic [2], ceramic[3], fiber-reinforced
polymers[4], and bio-polymers [5]. Recent developments in hybrid FFF [6] and multi-material FFF
[7] provide a much wider space for the design and manufacturing of multi-functional
structures. At the structure level, the design novel metamaterials and architecture structures [8], [9]
with customized material properties has been realized via FFF.

All these progresses enable the application of FFF in many fields, such as vibration control.
Some preliminary attempts have already been done in the literature. Compton et al. [10] reported the
extrusion-based 3D printing of cellular composites by a new epoxy-based ink with controlled
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alignment of multi-scale, high aspect ratio fiber reinforcement. Matlack et al. [8] demonstrated the
fabrication of a metamaterial for low-frequency and broadband vibration absorption with FFF
printed lattice and manually inserted steel cube damper. Mizukami et al. [4] presented a FFF
printed locally resonant carbon-fiber reinforced acoustic metamaterial for attenuation of
broadband vibration.

Despite the research efforts, the application of FFF in the field of vibration control is still
very few compared with its application in the other fields like static mechanical. As reported, the
FFF process is controlled by many process parameters which have a large impact on the final parts’
mechanical properties [11]-[14]. Thus, one of the biggest obstacles remains in the lack of research
on the effect of process parameters on the vibration properties of FFF printed structures.

In the literature, large efforts have been made to discover the relationship between the
process parameters and static mechanical properties of FFF printed parts, including tensile strength
[11], flexural strength [13], fracture properties [14] and fatigue [15]. Rezayat et al. [16] reported
that a raster angle along the direction of load resulted in higher tensile strength because the bonding
of polymer between the adjacent filament is not as strong as bonding of polymer within the
filament. Goh et al. [12] demonstrated that lager layer height and higher printing speed result in
smaller degree of cooling and higher average temperature of the deposited filament, which can
improve the interlayer fusion and results in higher mechanical properties in across-the-layer
direction.

Concerning the vibration properties, although many studies mentioned the vibration
characterization of FFF printed structures [14] [18] [19], very few articles aimed at finding the
relation between the process parameters and the vibration properties of final parts. Seedhara et al.
[20] investigated the effect of build orientation and layer height on the modal properties of FFF
printed ABS beams. They reported that the increase of layer height declined the natural frequencies
and the specimen printed in horizontal orientation had the highest natural frequencies. Raffic et al.
[21] studied the effect of infill density, layer height and deposition speed on the natural frequency
and resonant amplitude of FFF processed Polyethylene Terephthalate Glycol-modified (PET-G)
and Acronitrile Butadiene Styrene (ABS) beams.

A comprehensive understanding of the effects of process parameters on the vibration
properties of FFF fabricated parts is essential for further applications of FFF in vibration control.
The purpose of this paper is to evaluate the performance of FFF in terms of vibration properties
and characterize the effect of four process parameters, raster angle, nozzle temperature, layer
height and deposition speed, on the vibration properties of FFF printed structures. Firstly, the
reproducibility of the proposed protocol is evaluated in terms of the measured vibration properties
of printed structures. Secondly, the effect of four key process parameters on the vibration
properties of FFF printed PLA beams is investigated, where Design of Experience (DoE) and
modal analysis are used. Finally, all these results provide a guidance for further application
of FFF in vibration field.
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Protocol of Investigation

In this section, the protocol of the investigation of the process parameters on the
vibration properties of FFF printed PLA beams is presented.

Phase I: Set up of FFF and DoE

Material, machine and geometry

The material used is Polylactic Acid (PLA) (Raise Premium 1.75 mm PLA filament),
which is the most used materials in FFF well known for its high rigidity, high strength, low
melting point, non-toxic, non-irritation, and good biocompatibility [22]. PLA’s high stiffness,
good adaptability and operation simplicity enlarge its potential application in vibration control.
The 3D printer used is a commercial dual extruder FDM machine Raise 3D E2. To investigate
the flexural vibration modes, a beam specimen with a geometry of 3 mm thickness, 20 mm
width and 200 mm length is chosen.

Parameters and their variation ranges for DoE

Four process parameters and one of their interactions are selected here as factors in
design of experiment: raster angle (R); nozzle temperature (T); layer height (H); deposition
speed (V); interaction between raster angle and nozzle temperature (R-T). In the literature,
raster angle has a severe effect on the mechanical resistance of printed structure because of
the anisotropy nature of FFF process [11]. The nozzle temperature, layer height and print
speed control the thermal history of printing which dominants the bonding strength between
filaments [12]. According to previous research, PLA has a high anisotropic property induced
by the nature of the deposition process which makes the bond strength between filaments
much weaker than the strength of deposed filaments [23]. The raster angle can change the
orientation of structure anisotropy by arranging the direction of adjacent filament bonding.
Meanwhile, the nozzle temperature influences the thermal history of printing and eventually
control the filament bonding strength. Therefore, it’s supposed that there is an interaction
between the raster angle and the nozzle temperature on the vibration properties of FFF
structures.

The limit values of parameters were determined through a preliminary test as shown
in Table 1. Nozzle temperature, layer height and deposition speed have three levels. To study
the effect of interaction between the raster angle and the nozzle temperature, a Taguchi
L18(2133) orthogonal array was developed in the next section. Thus, the raster angle only
has two levels due to statistical limitation of DOE method. To obtain the maximum difference
in stiffness and verify the maximum effect of parameters, 90° and 0° were chosen as raster
angles. Values of other process parameters are presented in Table 2.

Table 1 Levels of factors for Taguchi design of experiment of PLA
Levels R(°®) T(°C) H(@mm) V (mm/S)

1 0 190 0.1 20
2 90 220 0.2 55
3 / 250 0.3 90
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Table 2 Fixed Process parameters
Parameter Value

Build orientation Horizontal
Extrude width  0.4mm

Flowrate 100%
Bed temperature 60°C
Cooling 100%
Shell 0

Infill density 100%
Infill pattern Line

Design of experiment in use of Taguchi method

Taguchi method is selected for the design of experiment because of its good balance
between statistical analysis and operation simplicity [24]. A Taguchi L18(2!33) orthogonal
array is selected to evaluate the effect of these 5 factors. R has two levels, while T, H and V
have three factor levels.

Table 3 Taguchi L18(2133) Orthogonal Arrays for the DoE of PLA

Factors

Trials Specimen Replication

T

R-T

PLA 1111
PLA 1122
PLA 1133
PLA 1211
PLA 1222
PLA 1233
PLA 1312
PLA 1323
PLA 1331
PLA 2113
PLA 2121
PLA 2132
PLA 2212
PLA 2223
PLA 2231
PLA 2313
PLA 2321
PLA 2332
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Vibration test setup: modal analysis
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Modal analysis is used to characterize the vibration properties of PLA beams. Figure
1 shows the experimental setup for measuring the frequency response curves of beams in
forced vibration.

The shaker generates vibrations that were controlled and measured by a controller
device (UCON system). The range of frequency excitation is between 10 and 2000 Hz. The
vibration amplitude of the shaker was controlled using an accelerometer (PCB Piezotronics).
The amplitude of the shaker was chosen to minimize nonlinear vibrations typically 1 mm
displacement between 10 and 2000 Hz and a 1g acceleration between 10 and 1500 Hz. The
amplitude of the beam's vibration was measured by a laser vibrometer. The response spectrum
using FRF (Frequency Response Function) data was used to determine the resonant
frequencies and the loss factors which was calculated by the Half Power Bandwidth Method
(HPBM, also known as-3dB method) [25].
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Figure 1 Experiment setup of modal analysis

For PLA specimens, the boundary condition is clamped-free and the laser spot was
pointed on the free extremity of the beam which can capture all vibration mode on the selected
spectral. The beams were attached to the shaker by an apparatus with a clamp length of 15
mm.

Figure 2 Boundary condition of modal analysis. Clamped-Free

Measured vibration properties
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To establish a quantitative qualification, two vibration properties were selected as key
factors: the resonant frequency and the loss factors. Resonant frequency is a fundamental
index of vibration in frequency domain vibration test [25]. Moreover, the damping of
structures is very important for vibration control. And loss factor is a common index used
to characterize the damping of material or structure, which is equal to the ratio between
the loss modulus and the storage modulus [26].

Result and Discussion

Reproducibility evaluation of the proposed protocol

To guarantee the reliability of the identified parameters effect, the precision of the FFF
process and the vibration test prototype was evaluated in terms of the reproducibility of the
measured vibration properties. PLA beams with a geometry of 3 mm thick, 20 mm large and
200 mm long were printed six times repetitively, using medium parameter levels as follows:
R, 0°, T, 220°C; H, 0.2 mm; V, 55 mm/s.

As shown in table 4, percentage error is the ratio between the standard deviation and
the average value. The results of resonant frequencies show a high-level reproducibility with
a percentage error smaller than 1%. On the other hand, the percentage errors of loss factors
are much higher than those of resonant frequencies, but still good (smaller than 6%). That is
because the damping of PLA is relatively low. Therefore, the value of loss factors is too small
to be precisely measured.

Table 4 Reproducibility of FDM printed PLA beam.

Item Mode 1 Mode 2 Mode 3 Mode 4 Mode S
Resonant Frequency (Hz) 21.97+0.12 135.77+1.02 379.52+2.45 744.56+4.77 1228.84+8.12
Percentage error (%) 0.57 0.75 0.65 0.65 0.67

Loss Factor 0.0292+3.65E-04 0.0149+8.18E-04 0.0125+6.91E-04 0.0122+6.53E-04 0.0127+6.31E-04
Percentage error (%) 1.26 5.86 5.78 5.56 5.13

With low level deviation and percentage error, the reproducibility of fabrication and
modal analysis is verified within the selected process parameter level. The reproducibility
may vary with the changes of process parameter, but this variation is the influence of process
parameter itself but not the effect of machine calibration nor the effect of experiment setup.

Main effects on the resonant frequency of PLA beams

Through modal analysis, five resonant modes of PLA beam are obtained. The mains
effects of parameters on PLA are presented in Figure 3, 4 and 5. Since the resonant frequency
of each mode varies from 20 to 1500 Hz, the mains effects of parameters are normalized by
the average resonant frequency of all specimens in each mode to make a comparable analysis.
Similarly, main effects of loss factors are normalized by the average loss factor of all
specimens in each mode.

Although the effects of the other three parameters are relatively low (below 3%)
compared with the effect of raster angle (about 16%). These effects show a consistent trend
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across all five resonant modes.

Considering raster angle in Figure 3 (a), from 90° to 0°, the resonant frequencies
decrease by 16.6%. This shows that PLA has high anisotropic property in terms of resonant
frequency, which is consistent to the reported anisotropy [27], [28] in static mechanical
properties. A raster angle perpendicular to the axe of vibration form (axial axe for flexural

vibration mode) leads to a larger resonant frequency as well as higher stiffness.
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Nozzle temperature shows a nonlinear behavior in Figure 3 (b), where the resonant
frequency increases by 1.6% from 190 °C to 220 °C, then decreases by 1.3% from 220°C to
250°C. The increase of resonant frequency from low temperature to middle temperature can
be explained by the improve of bonding degree between filaments. As reported by Goh et al.
[12], a higher average temperature leads to better bonding strength. The reason of the decrease
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Figure 4 Effect of interaction between the raster angle and the nozzle
temperature on the vibration properties of PLA beam
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of resonant frequency from middle temperature to high temperature is believed to be radical
degradation [22], where the high temperature level (250°C) is 80°C higher than the melting
temperature of PLA [29].

Resonant frequency increases with the increase of layer height as shown in Figure 3
(c). From 0.1mm to 0.2 mm, resonant frequency increases by 2.2%; from 0.2 mm to 0.3 mm,
resonant frequency increases by 0.7%. As layer height increases, fewer number of layers need
to be deposed, resulting in fewer thermal cycles and smaller thermal gradient during printing,
which was reported to have a positive effect on adhesion strength between filaments [12], thus
leads to higher stiffness and higher resonant frequency.

For deposition speed, as shown in Figure 3 (d), the resonant frequency remains in the
same level (0.7% of variation) as the deposition speed increase from 20 mm/s to 55 mm/s,
and decreases by 1.5% as deposition speed increase from 55 mm/s to 90 mm/s. Higher
deposition speed leads to fewer time for bonding formation between filaments and smaller
necks.

The effect of interaction between raster angle and layer height is shown in Figure 4.
The effect of nozzle temperature shows same trends on all levels of layer height but is more
important at higher level of raster angle. At 0°, resonant frequency increases by 0.8% as nozzle
temperature increases from 190 °C to 220°C then decreases by 0.4% as nozzle temperature
increases from 220 °C to 250°C. This effect is very weak which is at the same level of
measurement deviation assessed in reproducibility test. At 90°, resonant frequency increases
by 2.3% as nozzle temperature increases from 190 °C to 220°C then decreases by 2.2% as
nozzle temperature increases from 220 °C to 250°C, which is more significant than effect of
nozzle temperature at 0°. That’s because the vibration of beam is in flexural mode. Thus, at
90°, the direction of filament bond is parallel to the axe of flexural mode and contributes more
to the global flexural modulus of beam. This interaction shows that filament bond strength
plays a more important role in vibration when the raster angle is parallel to the axe of vibration
mode.

For the resonant frequencies of PLA beam, the following insights were retrieved:

e Raster angle has the most significant effect on the resonant frequency of PLA
beam;

e Effects of nozzle temperature, layer height and deposition speed are relatively low;

e Effects of parameters show a consistency impact on all five resonant modes.

Main effects on the loss factors of PLA beams

Since the variation of loss factor for each mode is very similar, the following quantitative
descriptions will be based on the first resonant mode. As shown in Figure 5 (a), raster angle has
the most significant influence on the loss factor of PLA beams. From 0° to 90°, loss factors reduce
by 7.5%. Considering nozzle temperature, loss factor drops by 0.7% from 190°C to 220°C and
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increases by 1.4% from 220°C to 250°C. For deposition speed, loss factor increases by 0.8% from
20mm/s to 50mm/s, then increases by 1.4% from 55mm/s to 90mm/s.
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Figure 5 Effect of process parameters on the loss factors of PLA beam

For the loss factors of PLA beam, the following insights are retrieved:

e Values of loss factors are very small which indicates that the damping capacity
of PLA beams is very low;

e Raster angle has a significant effect on the resonant frequency of PLA beam,
while effect of nozzle temperature, layer height, raster angle is relatively weak;

e Except layer height, parameters shown consistency impact on all five resonant
modes;

e Except for the layer height, effect of each parameter on the loss factors shows an
inverse trend to its effect on the resonant frequencies.

Analysis of Variance

In order to provide a correct interpretation of the effect of factors, an ANOVA analysis is
necessary. This provides significance rating of the relative influence of each factor analyzed in this
study. Percentage contributions of each parameter on the response of specimens are also calculated.

Since the results of ANOVA are consistent for all the five resonant modes of PLA beam,
only the result of the first mode, which is the most important for vibration control, is presented.
Considering the effect on resonant frequency (contribution: 89.34%), result of ANOV A shows that
raster angle is the most significant parameter, followed by layer height (Table 5).
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Table 5 Significance of parameters on the resonant frequency of PLA beam

Source Sum Sq. d.f. MeanSq. F Prob>F Signif Contribution (%)

R 116.07 1 116.07 365.80 7.74E-17  H** 89.34

T 0.90 2 045 1.42 0.26 0.21

H 2.97 2 1.49 4.68 0.02 * 1.80

v 1.06 2 053 1.67 0.21 0.33

R*T  0.31 2 0.16 0.49 0.62 -0.25

Error 8.25 26 032 8.57

Total 129.56 35 100.00

Signif. codes : 0 <***'<(.001<"**' <0.01 <*'<0.05

Considering the effect on the loss factor (Table 6), the raster angle is the only significant
parameter, but it should be noted that there are large residual errors (contribution: 40.17%). There
can be two sources for this residual error: (1) variable process parameters not considered in
fabrication; (2) noisy of measurement in modal analysis. If the main cause is the first one, the
residual errors for the resonant frequency should have a similar value compared to that of loss
factor, which is not the fact. Therefore, this unusual residual error is mainly caused by the noisy
measurement of loss factors in modal analysis because small value of loss factors makes the noise
of measurement much more important.

Table 6 Significance of parameters on the loss factor of PLA beam

Source Sum Sq. d.f. MeanSq. F Prob>F  Signif Contribution (%)

R 420E-05 1 4.20E-05 52.97 9.93E-08 **x* 59.66

T 9.44E-07 2 4.72E-07  0.59 0.56 -0.93

H 7.45E-07 2 3.72E-07 0.47 0.63 -1.22

A% 2.49E-06 2 1.24E-06  1.57 0.23 1.30

R*T  2.29E-06 2 1.14E-06 1.44 0.25 1.01

Error 2.06E-05 26  7.93E-07 40.17

Total 6.91E-05 35 100.00

Signif. codes : 0 <***'<(.001<"™**' <0.01 <*'<0.05

Conclusion and Perspective

In this study, the effect of four process parameters, raster angle, nozzle temperature, layer
height and deposition speed, on the vibration properties of FFF printed PLA beams are investigated
in use of modal analysis and DoE. It’s found that FFF printed PLA beams have high resonant
frequencies and small loss factors, which reflects its high stiffness and weak damping. A high
reproducibility (percentage errors smaller than 1%) is also obtained in terms of resonant frequency
in selected parameter level. Therefore, PLA is more suitable to be used as a rigid material to
reinforce the stiffness of structures to prevent vibration other than a damping material to dissipate
vibration energy. Follow guidelines are presented for the future design and manufacturing to
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optimize the resonant frequency of PLA based FFF printed structures:

1. Raster angle has the largest effect on both resonant frequency (16.6% of variation)
and loss factors (7.5% of variation). A raster angle perpendicular to the axe of
vibration form (axial axe for flexural vibration mode) leads to a higher stiffness
as well as higher resonant frequency.

2. The effect of layer height on the resonant frequency is much smaller than that of
raster angle but still significant. Larger layer height leads to higher resonant
frequency as the adhesion strength between filaments is improved by the
reduction of thermal cycles and thermal gradient.

3. The effects of nozzle temperature, deposition speed and the interaction between
raster angle and nozzle temperature on the resonant frequency are also observed
in the experiment but not statistically significant. Therefore, a constant
manufacturing quality can be achieved with in the selected range of nozzle
temperature and deposition speed in terms of vibration properties.

It should be mentioned that the importance and influence of process parameters
of different materials may be different. Therefore, future research should focus on
materials different from PLA, such as elastomers, ceramics, and metals. The
reproducibility of FFF process in terms of vibration properties should also be verified on
different materials and geometries. Then a more universal guidance can be established to
promote the further applications of FFF process in the manufacturing structures with complex
geometry and multiple materials for vibration control.
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