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Abstract: Fused Deposition Modeling (FDM) is one of the
Additive Manufacturing (AM) technology. Ultrasonic-assisted
FDM system has been proven to improve the mechanical
properties of the printed specimens. This study aimsto explorethe
uniformity of the amplitude of ultrasonic vibration that was used
during the printing process. The uniformity of vibration affected
the improvement of the mechanical properties of the 3D printed
part. If there is a bad uniformity of ultrasonic vibration, it will
influence and increase the variation of the tensile test result. An
open-source FDM printer attached with the piezoelectric
transducer in various locations of the printer platform was set up.
Five different positions and numbers of piezoelectric transducer
were set up in order to determine the best position and number of
the piezodectric transducer for transmitting the vibration
uniformly to the printing platform. A laser scanning vibrometer
was used to determine the amplitude of ultrasonic vibration that
transmitted over the printing platform of an open-source FDM 3D
printer. From the results, it shows that with two piezoelectric
transducers at “Position 4” improved the uniformity of ultrasonic
vibration as it had the lowest standard deviation. The test also
revealed that the ultrasonic vibration effect uniformly on the 3D
printed specimens. In addition, it also reduces the variation and
provide better tensile test results of the printed specimens.

Keywords: Ultrasonic vibration, Fused Deposition Modeling,
uniformity, amplitude

. INTRODUCTION

Fused Deposition Modeling (FDM) is a process that able to
effectively print a part with the high complexity of shapein a
short time [1]. FDM technology was developed by Scott
Crump (founder of Stratasys), which is easy to use, clean and
user friendly process [2], [3]. FDM is broadly utilized in
variousindustries areawhich used for 3D printing a prototype,
modeling and end-user product [2]. Besides, FDM also actsas
an important role in education areas that provide the
education of graphic design and the courses of rapid
prototyping [4]. Some researchers investigated the quality of
the FDM 3D printed part and implemented it in the medical
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field [5]. A lot of investigation on the open-source FDM 3D
printer and the material properties were performed to study
the quality of the part that was produced with the FDM
process [6], [7]. Generadly, FDM can produce a part with
lower cost, shorter production time, excellent and high
consistency of quality [8].

3D computer-aided design (CAD) model is needed before
starting to 3D print the part. 3D part is produced according to
the CAD datawithout the need for processplanning [9]. Then,
the CAD fileis converting to the STL format and transferred
to the FDM machine. When the FDM machine software starts
to generate the printing path and the support structure. The
input material of FDM is in filament form. The filament is
heated and turns into a semi-molten state and extrude it out
from a nozzle. The nozzle of 3D printer moves in the
horizontal and vertical direction so that the melted material
can be deposited on the desired position by following the
computer-controlled path. The melted material deposited on
the printing platform by using a layer-by-layer approach to
form a 3D shape product after the materia is cooled and
hardened. When the melted material was cooled, the layers
are bonded together with the adjacent layers[10].

The material properties of the FDM 3D printed part can be
improved by post-processing. Hence, many researchers had
done the investigation to enhance the mechanical properties
of the FDM printed part to remove the need for
post-processing. Lederle et a. [11] found that the nitrogen
atmosphere can avoid the oxidative decomposition while the
part was 3D printed. Investigation of the high-pressure
atmosphere for assisting the FDM 3D printing process was
donefor improving the mechanical properties of FDM printed
products [12]. Besides, the ultrasonic vibration was produced
by the piezoelectric transducer that mounted on the printing
platform was used as an assisting tool for the FDM 3D printer
to decrease the surface roughness [13]. Besides, some of the
researchers declared the mechanical properties of the 3D
printed part was enhanced through applying the ultrasonic
vibration which can improve the interlayer bonding strength
of the part [14], [15]. The frequency of ultrasonic vibration
should morethan or equal to 20 kHz. Ultrasonic vibration had
been proved that it could enhance the mechanical properties
of 3D printed parts through strengthening its interlayer
bonding. Thisis because ultrasonic vibration can enhance the
fusion between layers which makes a larger area of fusion.
Besides, ultrasonic vibration also can smoothen the surface of
the 3D printed part by reducing the staircase effect [16].
Ultrasonic vibration had been implemented for more than 50
yearsin various processes [17].
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This study aims to explore the uniformity of ultrasonic
vibration on the printing bed of the open-source FDM 3D
printer. This is because the ultrasonic vibration tends to be
attenuated or its amplitude is decreased due to the vibration
energy is diverged and dissipated along the travel distance
[18]-[20]. Thereislimited information on the application of a
piezoel ectric transducer that is mounted on the printing bed of
the FDM printer. Hence, the aim of this study is to determine
the effect of the number and position of transducers on the
uniformity of ultrasonic vibration that is transmitted to the
printing platform. The uniformity of amplitude of ultrasonic
vibration will affect the improvement of mechanical
properties, due to amplitude is one of theimportant factorsfor
ultrasonic strengthening [21]. If the amplitude is not uniform,
thiswill cause variation in the

mechanical properties testing results such as surface
roughness of the 3D printed part [22].

Il. METHODOLOGY

A. Ultrasonic-assisted Fused Deposition M odeling

Fig. 1 shows the experimental setup for the
ultrasonic-assisted FDM. The components of the
ultrasonic-assisted FDM 3D printer includes the Up Plus2
FDM machine, oscilloscope (Tektronix DPO 4032), function
generator (BK Precision 4052), Piezoelectric transducer
(PSI-5A4E), persona computer and UP 3D printing software.
The piezoelectric transducer mounted on the printing bed of
the FDM machine firmly. So, the ultrasonic

vibration transmitted thoroughly to the printing bed of the
FDM machine while the 3D printing process was carried out.
The function generator was used to control the frequency and
amplitude of the vibration. Besides, the step-by-step of this
study is shown in Fig. 2.

Identify the possible positions of
piezoelectric transducer

¥

Set-up the piczoclectric transducers on the
printing platform of fused deposition
modeling

v

Measure the amplitude uniformity of the
ultrasonic vibration

il

Collecte and tabulate the result

Yes

Discussion and conclusion

]

End

Fig. 2. Step-by-step of studying the amplitude unifor mity
in ultrasonic assisted fused deposition modeling

B. Piezoeectric Transducer

A piezoelectric transducer was used due to it can generate
mechanical vibration through the effect of piezoelectric. Fig.
3 shows the piezoel ectric transducer that used to mount on the
printing bed of the FDM machine. A piezoelectric transducer
can convert the electrical energy to vibration with high
frequency. Thus, the vibration with high frequency (> 20kHz)
was produced by the piezoel ectric transducer in alongitudinal
direction. The details of the piezoelectric transducer are
shownin Tablel

Flament
Extruder Motor
Penodkeme [ : : :
( — it Fig. 3. Piezoelectric transducer (PSI-5A4E)
Nozls | e Table- |: Specification of piezoelectric transducer
- V ,' Table I: INC (Piezo System)
Saply | Specification of
Mighm ! piezoelectric
’ transducer
|_::: Manufacturer
Type Standard quick-mount extension actuator
FC comnected ) i Weight 2.39
. 5B Oscilostape Max Voltage +90V
L Deflection 3.6 um
— Max Amplitude 10 ym
However, the position of the piezoelectric transducer that

Fig. 1. Experimental setup of ultrasonic-assisted FDM
3D printer [16]
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mounted on the printing bed needs to be determined in order
to ensure the vibration that transmits over the printing
platform was uniformly distributed. If the amplitude of
vibration is not uniform, there had different impacts of the
ultrasonic vibration effect on the
3D printed specimen.
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Thiswill cause the variance of the result of the mechanical
properties of the specimen produced with the assisting of
ultrasonic vibration.

Another important thing that needs to be considered when
positioning the piezoel ectric transducer isthe part of the FDM
machine cannot make contact with the piezoelectric
transducer while the 3D printing process was carried out. If
the piezoel ectric transducer collides with the structure of the
FDM 3D printer, the wiring and mounting of the piezoelectric
transducer may damage. Thiswill affect the signal transmitted
by ultrasonic vibration to the printing bed.

C. Amplitude Uniformity

The best position of the piezoelectric transducer for
transmitting the vibration thoroughly to the printing platform
was determined. A laser scanning vibrometer (LSV) was used
to determine the amplitude uniformity of ultrasonic vibration
that is transmitted over the printing platform of open-source
FDM 3D printer. The setup of the experiment isshownin Fig.
4. The distance between the LSV was fixed at 0.45 m. The
tripod supported the LSV and the axis was set at 45 °
throughout the experiment of testing the amplitude of
vibration [23].

The function generator was set the frequency at 20 kHz and
voltage at 4 V , (voltage peak-to-pesk) which supplied to

the piezoelectric transducer to convert to vibration. The
data was captured by LSV which was measured at 36 points
when the piezoelectric transducer started to transmit the
vibration. The positions of the points are indicated in Fig. 5.

The laser of the LSV wasfocused on the points that marked
on the printing platform so that the distribution signal is
known to take an accurate result. The amplitude of vibration
was measured by repesat three times at each point that was
marked on the printing platform and average result was
calculated [23]. Thefrequency range of the LSV was set inthe
range of 0 kHz to 100 kHz. After the LSV capture the signal,
then the data is transmitted to the oscilloscope in order to
determine the amplitude of vibration. The rate of sampling
and the vertical scale of the oscilloscope was set at 25 MS/s
and 20 mV respectively.

0.45m 45°

Fig. 4. Setup of Laser Scanning Vibrometer
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Fig. 5. The 36 points marked on the surface of the
printing platform

I11. RESULTSAND DISCUSSION

For the testing of uniformity of the amplitude of vibration,
there were five different positions of the piezoelectric
transducer tested. The five positions were P1, P2, P3, P4 and
P5, which are showninFig. 6, Fig. 7, Fig. 8, Fig. 9and Fig. 10
respectively. The five positions were selected due to the
transducers were safely mounted on the printing bed without
striking with the structure of the 3D printer or blocking the
movement of 3D printing bed. This can ensure that the
transducer consistently transmits the vibration and avoid any
damage caused to the transducer.

After the five different positions were determined, the
amplitude of the vibration was measured at the 36 points that
marked on the printing platform. Inthisway, the five different
positions and number of piezoelectric transducers were
compared to find out the best uniformity of the amplitude of
vibration. The FDM printer was in starting mode when the
amplitude measurement was carried out.

Transducer

|
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PN g
Fig. 10. P5

However, there are some places that the piezoelectric
transducer cannot be mounted on the printing platform, which
isat theright side and left side of the printing platform (refer
to Fig. 11). If the piezoel ectric transducer was mounted on the
left (Fig. 11 (a)) and right side (Fig. 11 (b)) of the printing
platform, the transducer will strike the structure of the FDM
printer and cause damage to the transducer. Hence, the
piezoel ectric transducer was not mounted on the left and right
sides of the printing platform.

Blocked by the structure
of FDM 3D printer

(@) (b)

Fig. 11. Transducer at struck the structure of FDM 3D
printer if mounted theleft and right side of the platform
(a) Transducer placed at theright side (b) Transducer
placed at theleft side
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The measurement was repeated three times at each point to
get the average result of the amplitude of vibration for each
position and number of piezoelectric transducers. All of the
results were tabulated and recorded to make a comparison
between the five different positions. Table Il showstheresults
of the average value and standard deviation of the amplitude
of vibration for Position 1 to Position 5.
Table- 11: Average and standard deviation of the
amplitude of Position 1 to Position 5

Position Average of Table- | Standard Deviation
I1: Average and
standard deviation of
the amplitude of
Position 1 to Position
5
Amplitude (mV)
Position 1 0.01987 0.00362
Position 2 0.02003 0.00402
Position 3 0.00896 0.00307
Position 4 0.01750 0.00078
Position 5 0.01112 0.00220
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The average amplitude of ultrasonic vibration was various
at different positions and numbers of the piezoelectric
transducer show similar findingswith the study of the effect of
multiple piezoelectric transducers on FDM to improve part
surface finish. The study shows that different number of
piezoelectric transducer will affect the surface roughness of
3D printed part [22]. From the box plot that showed in Fig.
12, Position 1 and Position 2 had a higher average value of the
amplitude of vibration whichis0.01987 mV and 0.02003 mV
respectively. However, Position 1 and Position 2 have a high
variance which is 0.00362 and 0.00402 respectively, which
shows that the uniformity of the amplitude of vibration is not
good. This is due to the attenuation of ultrasonic vibration.
Vibration tends to be attenuated when it travels through a
medium. The intensity of ultrasonic vibration was decreased
dueto the vibration energy was diverged, scattered, dissipated
or absorbed [18]- [20].

From the box plot, it shows that Position 4 had the lowest
variance (0.00078). Its average amplitude is 0.0175 mV
which is 12.6311 % lower than the average amplitude of
Position 2 (highest average of amplitude). Position 3 had an
average amplitude at 0.00896 mV with a standard deviation
of 0.00307. Furthermore, Position 5 had an average amplitude
of 0.01112 with a standard deviation of 0.00220.

Based on the results of the vibration amplitude, Position 4
had the lowest standard deviation and its average amplitude
was dlightly lower than the highest average of amplitude
(Position 2). Thus, Position 4 was chosen as the best position
for placing the piezoelectric transducer so that it can reduce
the difference of the ultrasonic vibration effect on different
areas of 3D printed specimens. In this way, the results of
mechanical properties testing can get a consistent result and
reduce the variance between each result.
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IV. CONCLUSION

In conclusion, position 4 was the best position for
transmitting the ultrasonic vibration to the printing platform
to assist the FDM 3D printing process. From the results, it
shows that by mounting two piezoelectric transducers at
position 4, it improved the uniformity of ultrasonic vibration
as it had the lowest standard deviation which is about
0.00078. The other positions and numbers of piezoelectric
transducer were not chosen as the best position due to high
standard deviation of average amplitude if compared with
position 4. By using the position 4 in the ultrasonic-assisted
FDM printing process, it proofs the effect of ultrasonic
vibration applied uniformly while the printing process
commences and it impact the mechanical properties of the 3D
printed specimen. A uniform ultrasonic vibration can ensure
that all of the area of the 3D printed specimen is ultrasonic
strengthened uniformly. Hence, it reduces the variation of the
testing result and to get more accurate results of the
mechanical properties of the 3D printed specimen.
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