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Abstract— Additive Manufacturing (AM) which embrace as a nev range technology of creating and producing end &s parts in term
of adding material layer by layer to create solid bjects from 3D CAD data. AM in particular Fused Depsition Modelling (FDM)
used (ABS) thermoplastic have shown the most populamong the industry as its technology can print cmplex geometrical part
without human intervention and tools. However, FDMfierce enemy whereas the common problem of stairegpping, which means
that seam lines appear between layers and excesstaral if often left as a residue, cause to lead tgh surface and poor quality
finish. It is often desirable for an AM model to have aesthetic or functional importance. Hence, redieg layer thickness will generally
improve surface roughness but will add to the buildime for the model. As an interest investigates thuse of ultrasonic for FDM, this
experiment will focus on the effect of applying muiple piezoelectric transducer for FDM printer. This paper aims to explore the
effect use of multiple piezoelectric with differentfrequency applied (27, 40, 50 kHz) to improve suakce finish quality part printed by
FDM whereby an ultrasonic transducer firmly attached onto the platform. Optical microscope with the ail of pro VIS software
version 2.90 was used to measure the quality of $ace roughness of samples printed with vibration irthe above stated frequency.
Hence, it was found that 1 piezo with 50 kHz frequecy applied to the FDM machine achieved improve s#iace finish due to less layer

thickness defect and finer layer thickness produce.

Keywords— additive manufacturing, fused deposition modelhg, ultrasonic frequency, surface finish.

I. INTRODUCTION

Additive Manufacturing (AM) technologies have come
through an evolution of Rapid Prototyping (RP) weabgies
over the last decade in the industry. AM which esabras a
new range technology of creating and producing uset-
parts accurately in term of adding or building uptenial
layer by layer to create an object from 3D CAD daiinout
human intervention [1], [2]. The basic principle tiis
technology is that the drawing initially producesing three
dimensional Computer Aided Design (3D CAD) systamd a
fabricated directly from CAD data without procesanming
[3]. Nowadays, AM technologies allow us to fabreat
product that in high added value and this procedied as
“clean processes as this process only apply theisare
amount of stuff. In summation, the energy consuonptlso
less and limited compared with the machining procedin
fact, AM is process which can instantly obtain fiimcal
part from CAD model with only one manufacturing (ste
Meanwhile, the machining process needs to condieler

step of manufacturing process to complete the datidn of
a product [4].

As it become more widely available, AM in partiaula
Fused Deposition Modeling (FDM) system that use
Acrylonitrile Butadiene Styrene (ABS) thermoplastiave
shown to be the most known and popular among thesiny
as the technology can printed complex geometricat p
without using tools and human intervention [5]. FDM
process, build material in the form of low viscgsand
flexible filament is partially melted and extrud#aoughout
from a robotically controlled hot end depositiorznie onto
a table which called hot bed in a temperature otlett
environment for printed the 3D part layer by layEhe 3D
part takes the form of laminate composite with ieaity
stacked layers consisting of contiguous matermkfiraster)
with interstitial voids (air gap). The bonding betwn
neighbouring fibres takes place via thermally dmive
diffusion welding [6]. Nevertheless, despite itpahility to
build functional part with complex geometrical shapmost
molten layered thermoplastic surface often unlewvbich
lead towards rough and poor.



Conversely, ultrasound is a sound that frequergrieater
than 20kHz (ANSI). Ultrasound is a proven techngldiat
has been extensively used for machining and it been
claimed to improve surface quality for work piedg. [The
use of ultrasonic vibration in different manufaatgr
processes well documented for more than 50 y&rg he
purpose of this research is to investigate andystiuel novel
use of ultrasonic assisted approach to enhanceutface
quality. Literature review has found that thereaigap in
knowledge, where ultrasound only applied in sultivac

machining and little work has been done to studg th

application of ultrasound for AM. Based on the [oeg
paper, it is found that by addapting pieozelectwil
improve surface roughness. However,
piezoelectric transducer never been done before.alks
interest to study and investigate the use of wdtmis for

FDM, this study will focus on the effect of applgimultiple

piezoelectric transducer for FDM printer. This papens to

explore the use of multiple piezoelectric to impraurface
finish quality printed part by a destop FDM machine

A. Fused Deposition Modelling

FDM is a technology called Fused Deposition Modglin

that in the group of extrusion based process in g\idtem
which is develop by S. Scott Crump in the late yHat980s,
until then it been commercialized by Stratsys ie trear
1990s [9]. In the production of 3D solid complex deb

from the CAD data without the aid of tools and huma

intervention, FDM is a good choice of AM technoldgybe
used [5]. FDM machine is an additive processes hwhige
thermoplastic filaments to print polymer parts frGRCAD
data that is sliced into layers and converted th fi€ type.
Thus, the file will be transferred into FDM machifoe tool
path generation and support structure calculatibhe
support and build materials are a continuous filsinfesld
on a spool that fed through heated hot end noZite
material particularly heated to semi-liquid statghich
reduce the viscosity, then will be extruded usiodpatic
nozzle which is controlled by x, y and z axis moeamto
form of layer by layer printing process. The therfusion
generally will allow the molten polymer layeredbietween
to bond by one another and solidify [1], [9]-[1¥or each
layer, the process is repeated until a finish pco@uprinted.
Throughout theimplementation of FDM, various apgiicn

using multiple

thickness will generally improve surface roughnless will
add to the build time for the model [15], [16]. €bminate
and improve this, numerous researchers have sudgest
achieve better surface finish by (i) post procesgsiising

chemical treatment (90% dimethyketone and 10% Waier
a post processing process to FDM parts tremendshsiyn

prospective potential, but at the expenses of digielg

change in the prototype [17] (ii) slicing strateglgich a new
approach to enhanced surface
theoretical model to represent surface roughnessiation
based on different surface angle and as a maiorfaleat
significantly affect surface roughness [18] (iiptonal build
orientation which most quality possible surfaceistinon
FDM can be archive by selecting the optimal FDMoass
parameters such build orientation and interactibrihese
parameter and considering thickness of layers [{@)]
fabrication parameter optimization such as the qgipie
error of RP process, the inherent characteristiEl@¥ and
some micro-scratches on the surface of the extrousdrial
[20]. Accoding to [21], it pointed out that the mapiality
possible surface finish on FDM can be archive Hgciing
the optimal FDM process parameters such build tatem
and interaction of these parameter and considéhicgness
of layers. Similarly, in [22] regulate experimenttldy to
examine surface roughness value as a function @l bu
orientation, road width, layer thickness and rastegle for
FDM printed part. Last but not least, in [23] exgued the

opinion that using chemical treatment to FDM parts

tremendously shown prospective potential, but a¢ th
expenses of a negligible change in the prototjespite
this, most of these technique are ineffective doethe

requirements of further processes to improve FDMted

parts surface quality which in demand of time amdtc
consuming.

B. Ultrasound
In [24] presented a comprehensive review of ultnéso

assisted machining. The paper showed that ultrasoni

machining has been principallypracticed on brittiaterials.
Although removal rates are not high, ultrasonichiedogy
applicable very well this type of material. Ultragoassisted
machining has been proven to be an efficient teghnifor
improving the machinability of several aeronautiatemials
such as aluminium [24] or Inconel 718 [25]. The qass

can be produced such as functional testing, designParameters studied assisted with vibration apjdinain

verification and last but not least design study][1
Moreover, FDM enable swift development
outstandingly handling multiplex geometries quickdyd
rapidly unlike other manufacturing [11]. FDM metisooffer
tremendous benefits that meet an ideal prototypehina
such as lesser build time, cost effective and elation of

process,

conventional machine cutting processes are sucbhiss
breaking, burr generation, work piece roughnesd, life or
torque and cutting forces are some [26]. Ultras@sisisted
machining process is non-thermal, non-chemical does
not require the work piece to be electrically cartédd. Due
to that, there are no adverse integrity effects thenerating

roughness by using a

compressive residual stresses on the work piecé tha
most of the industrial field. Furthermore, FDM whiave  consequentially promotes improved fatigue strength.
advantages in time consumption and cost investmith Ultrasound is a technology that is proven to beduse
is more economically compared to conventional thoroughly for machining and also been claimedrtbagce
manufacturing [10]. However, FDM fierce enemy wheere surface quality of the work piece [27]. The piermgiic

the common problem of stair-stepping which medrat t Components creates ultrasonic vibration which véran
seam lines appear between layers and excess rhaferia Vertical direction happen to be used for assistiager
often left as a residue, cause to lead rough seidac poor ~ Machining and the outcome of the process produced a
quality finish. It is often desirable for an AM meldo have  superior quality of surface finish [28]. The prosesf
aesthetic or functional importance. Hence, redudmger  Ultrasonic assisted machining does not require ek

expensive flexibility and tooling which causednvolve in



piece become electrically conducted because it de-n
thermal and non-chemical process. As an outconeeg thre
no negative side effects and yet it increased datigfrength.
In addition, this research suggests the utilizatioh
ultrasound by transforming low frequency electrisanal
(60 Hz) to a high-frequency electrical signal (apqmately
20 kHz) which is supplied to a transducer. In [29]
identifiesthe usage of ultrasound is increasingplied in
various industrial applications, which the techmyylois
proven to be able to improve the quality of mactiinarface
finish. The tool vibrates at a high regularity foeqtly
higher than 20 kHz and abrasive slurry is pumpetvéen
the work piece as well as the tool in ultrasonicchiaing
[30]. The process which involved usage of ultrasois

Il. METHODOLOGY

A. Experimental Setup

Fig. 1 presents UP Plus 2 FDM 3D printer which its
printing size of 140mm x 140mm x 135mm with a 0.0dm
nozzle diameter used to print sample. This is duats
capability to print outstanding build parametersotigh its
thin layer thickness and road width, as well asngei
reconcilable with ultrasonic-assisted structurendée the
3D printer was chosen by virtue of its acceptanceray
users in conjunction with its availability. The radal that
was proposed and used in this research is Acryilenit
Butadiene Styrene (ABS) thermoplastic, which is elyd
used and familiar material for FDM machine. In orde

considered safe because it does not create a chlemic assist the experiment, a common piezoelectric ducer

reaction and does not chemically corrode the wadce
Ultrasonic vibration is a practical method to usleahe

performing in a horizontal wave or vibration modasAixed
and securely attached in contact with the hotbedDM

local energy concentration because a high frequencymachine. To guarantee the vibration will dissem@nat

repetitive motion has an effect normalizing the tisfig
concentrated energy uniformly. In current decadeasymber
of researchers have investigated the impact ofsdtmic
vibration in machining with the aim to enhance dfoality of
machined surfaces. The majority of the ultrasoeisearch
was conducted in the discipline of subtractive nfacturing
and the information of its application in the AMspecially
FDM very limited. In [24] has performed experimdnta
investigations on the impact of ultrasonic vibratidon
nanosecond laser machining on the workpiece suffiaish.

In [31] have summarized that the ultrasonic asdiste
machining is an advanced processing technology &as
potential to enhance the machining procedure, édpetor
stiff material. In [32] researched on the ultrasoadditive
manufacturing in a hybrid production process and
discovered the processes of adding ultrasonic atehad to
high tech metal matrix composites with high tempees
and pressure. In [33] studied the effect of ultrésoon
grinding of the Ti6Al4v alloy by using an ultrasoni
frequency range of 20 kHz that applied to the wpigce
and discovered a decrease of grinding forces arsitiym
enhancement on surface roughness. In [28] has rpeztb
experimental investigations by using piezoelectric
transducers with 23.56 kHz frequency to obtain iamgrove
surface fabrication in order to overcome the misiped
holes on the surface of the workpiece that lackiglh aspect
ratio or a good surface finish. In [34] has summedi that
the ultrasonic assisted micro-milling frequencynig based
on high numerical value will give better resultcaese in
high frequency, the vibration will impact the cutteeth tool
life. Thus, it can be concluded that the quality tbE
processed will be based on ultrasonic frequencyth&dest

of our knowledge, many research works and published

insight related to the improvement of AM part's fage

finish only centered towards post processing aaviwhich

are parts build orientation, slicing strategy, cheh
treatment and process parameter optimization. NMeitegs,
no data have been published on the ultrasonictedsDM

to produce a better surface finish. For that reaaaesearch
on the ultrasonic assisted FDM including the corprsive

process parameter that related to the experimemt@al to

ensure there is improvement on productivity andfaser
quality of FDM parts.

thoroughly, the piezoelectric transducer was atdcto the
whole surface. Most of the major challenge was the
positioning of the piezoelectric transducer on tiabed
platform. The intention to assure that it mounteufectly
without making any contact or hitting 3D printerrisawhile
the 3D printer performing calibration and printimgpvement.

Fig. 2a 1 piezoelectric Fig. 2b 2 piezoelectrics

Fig. 2c 3 piezoelectrics

Fig. 2d 4 piezoelectrics

The positioning of the piezoelectric is due to the
limitation and constrain of the 3D printer itsdlf. advance,
by changing the position to a horizontal positiche
piezoelectric by any chance will make contact aitdahy
parts of the 3D printer while printing, it will gga¢he printing
and maybe cause damage or failure to function. & laee
four patterns of position for piezoelectric transelu as



illustrated in Fig. 2a until 2d to indicate the roen of
piezoelectric transducers.

A function generator with a maximum power of 20V
comes with an alterable frequency was used to guppl
electric power to the piezoelectric transducer. sThi
experiment conducted with the frequency set at 27kH
which is an optimal frequency after performing Resiof
Experiment, while 40kHz and 50kHz appropriately was
chosen randomly to study the effect of high freqyen
piezoelectric appliance on the sample with regdodshe
surface roughness quality. For each number of pileztric
transducers used, one sample printed using the RkIBM
Plus 2 3D printer. Fig. 3 shows a printed sampl sguare
shape size of 2 x 2 x 2cm.

Fig. 3 Printed sample

B. Evaluation Parameters

Table | provides the FDM deposition parameters. thisr
experiment, the layer thickness, frequency andfikurface
were selected as influence factor that would affdut
surface finish quality. The layer thickness antdflsurface
parameters was set up based on the UP Plus 2 3iemri
software and the frequency value set by the functio
generator. The layer thickness can be set frommth®per
layer to 0.4mm per layer. The finer layer thicknpesduced
better quality, stronger the printed part and lorigtakes to
print. There are four types of honeycomb fill ticauld be
selected from the 3D printer setting. However, anhg type
was choosing namely semi-solid honeycomb (levelub to
time consideration, quality and better surface ofdet
produced. In this research, the ultrasonic actuaidir be
vibrated by ultrasonic power supply with 27kHz, #akand
50 kHz and amplitude of 1n which is the standard
frequency.

TABLE |
PRINTING PARAMETERS

Parameter Value
Layer thickness, t 0.2mm
Frequency, F 27kHz, 40kHz, 50kHEg
Fill of surface Level 1

The sample was drawn with CAD software. It was texdn
using the UP Plus 2 3D printer with a piezoelectric
transducer assisted by attaching onto the builtbdubt
platform. With an aid of optical microscope withop¥IS
software was used to capture images and evaluatgutlity
of surface roughness of the models printed withvtbeation
specified frequency is visible in Fig. 4.

Fig. 4 Optical microscope to evaluate the surfacghness

I1l. RESULTSAND DISCUSSION

The experiment only focused on one critical surface
whereby each model has 4 surfaces. Fig. 4(a-c) shbe
critical surface selected to encompass the higeatledind
rough surfaces that viewed through an optical nsicope.
The consequence of frequency applied and
characterization of the surface roughness of eagtiemas
exhibits in Fig. 5. Surface roughness have beelyzed
with the Portable Surface Roughness Tester MitutBye
301. The method of data construct is Ra, whichhis t
arithmetic mean of the departures of the roughmpestle
from the mean line within the evaluation length.eTthata
consists of 15 readings for every surface point.

the

50kHz
Fig. 4a 1 piezoelectrics

The discussion of the results begins with analyzivey
graph of surface roughness against number of piezo
mounted on UP Plus 2 3D FDM printer. The interegtin
part of this data is that the FDM process whicliséad by
using 1 piezo with various frequencies indicatet tha
applying 50kHz of ultrasonic frequency, the surface
roughness is smoother compared to 40 and 27kHz of
frequency which generates a reading of 13.66, 1arkD
14.03. Conversely, the data obtain when assistiitg w
multiple number of piezo is slightly different. Bysing 4
piezo and a constant amount of frequency supptiagl,
result shows increasing value of quality surfacggtmess
with a value of 13.82, 13.88 and 13.97 for eachuescy.
However, from this data, we can see that with 2 and



piezo, the result shows the high value of surfacghness
compared with 1 and 4 number of piezo.

50kHz
Fig. 4b 2 piezoelectrics

Fig. 4c 3 piezoelectrics

Surface Roughness vs No of Piezo
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Fig. 5 Graph surface roughness versus numbeeabpi

IV. CONCLUSIONS

The present study was designed to determine teetedf
using multiple piezoelectric transducer on the FBischine
to enhance surface quality by considering the m®ce
parameter of layer thickness, frequency and fillsofface.
Based on the previous research, it proves thatlthesonic
vibration can reduce the staircase effect durirgghinting
process [26]. Thus, ultrasonic was able to make an
improvement on the quality of the surface finish tbhé
sample printed with the appropriate frequency &bl

However, it depends on the number and position of
piezoelectric mounted on the 3D printer. The reshibws
that 1 piezo with 50 kHz applied to the FDM hotbed
platform printed the outstanding surface finisheThnding
is consistent with the findings of past studies. &gisting
piezoelectric vibration, the road width and laykickness
were successfully reduced from 0.09mm to 0.05mmtdue
compression occurred on the printed sample whibeation
start to transmit and make contact with it. In &ddj it
showed that piezoelectric transducer could alsamize the
defected layer thickness [26].

This research and the data obtain from the expatime
have possibilities to be applied in several othbt gystems
such as SLA, SLS and Electron Beam Modeling teamol
Thus, results will likely benefit in the future ftine purpose
of product design and development and reducing arfiual
process of hazardous and expensive post processiegss
which is time consuming. Furthermore, the findirdshis
experiment could likely potential to be appliedindustries
such as automotive, consumer product, medical tspeic.
in creating prototypes or custom-made actual produpart.
Further research, it is recommended to study itsistency
of surface finish produced by printing a complextpsing
geometries that have curved surface and with eerdifit
degree of angles. On top of that, it is suggested the
investigation of the use of other material suclpalyactic
acid (PLA) or composite material should be conddictad
the sample should be printed more than 1 sampledch
frequency.



ACKNOWLEDGMENT [16]

The authors are grateful to all those who havestesbi
directly or indirectly to complete this study aethiniversiti
Teknikal Malaysia Melaka. The authors would liketbank 7]
the Ministry of Higher Education Malaysia for awangl the
Fundamental Research Grant Scheme (FRGS) grantemumb

FRGS/1/2015/TK03/FKP/02/F00282 [18]
REFERENCES
[1] D.T.Pham and R. S. Gault, “A comparison of rapidtotyping [19]

technologies,” International Journal of Machine Tools and
Manufacture vol. 38, pp. 1257-1287, Oct. 1998.

[2] S. Choi and S. Samavedam, “Modelling and optinmosatf rapid [20]
prototyping,”Computers in Industryol. 47, pp. 39-53, Jan. 2002.

[3] F. Le Bourhis, O. Kerbrat, L. Dembinski, J.-Y. Hast and P.

Mognol, “Predictive model for environmental assesstrin additive [21]
manufacturing processProcedia CIRP vol. 15, pp. 26-31, Dec.
2014.

[4] 1. Gibson, D. W. Rosen and B. StuckeAdditive Manufacturing
Technologies: 3D Printing, Rapid Prototyping, andrdat Digital
Manufacturing New York, USA: Springer, 2010.

[5] B. N. Panda, M. V. A. R. Bahubalendruni and B. Bisvél, [22]
“Comparative evaluation of optimization algorithras training of
genetic programming for tensile strength predictioh FDM [23]
processed part,Procedia Materials Scienceol. 5, pp. 2250-2257,

Dec. 2014.

[6] A. K. Sood, R. K. Ohdar and S. S. Mahapatra, “Patamappraisal
of fused deposition modelling process using they giaguchi [24]
method,” Proceedings of the Institution of Mechanical Engirse
Part B: Journal of Engineering Manufactyreol. 224, pp. 135-145, [25]
2015.

[71 T. Tawakoli and B. A. A, “Influence of ultrasonidbvations on dry
grinding of soft steel,'International Journal of Machine Tools and [26]
Manufacture vol. 48, pp. 1585-1591, Nov. 2008.

[8] J. Pujana, A. Rivero, A. Celaya and L. N. Lépez ldecalle,
“Analysis of ultrasonic-assisted drilling of Ti6A#" International
Journal of Machine Tools and Manufactureol. 49, pp. 500-508, [27]
May 2009.

[9] P. Deepa, “Fused deposition modeling-A rapid pyqioig technique
for product cycle time reduction cost effectively aerospace [28]
applications,”IOSR Journal of Mechanical and Civil Engineering
vol. 2014, pp. 62-68, 2014.

[10] P. Jain and A. M. Kuthe, “Feasibility study of méamturing using
rapid prototyping: FDM approachProcedia Engineeringvol. 63, [29]
pp. 4-11, Dec. 2013.

[11]] G. C. Onwubolu and F. Rayegani, “Characterizationd a
optimization of mechanical properties of ABS pananufactured by [30]
the fused deposition modelling procesfiternational Journal of
Manufacturing Engineeringvol. 2014, p. 1-13, Nov. 2014.

[12] A. Kantaros and D. Karalekas, “Fiber Bragg gratihgsed [31]
investigation of residual strains in ABS parts fasted by fused
deposition modeling procesdylaterials and Designvol. 50, pp. 44-

50, Sep. 2013. [32]

[13] M. Fischer and V. Schoppner, “Some investigatiogarding the
surface treatment of Ultem*9085 parts manufactuwéth fused
deposition modeling,” irProc. 24th International SFF Symposium-  [33]
An Additive Manufacturing Conferenc2013, p. 805-815.

[14] A. K. Sood, R. K. Ohdar and S. S. Mahapatra, “Expental
investigation and empirical modelling of FDM prosedor [34]
compressive strength improvemenigurnal of Advanced Research
vol. 3, pp. 81-90, Jan. 2012.

[15] R. I. Campbell, M. Martorelli and H. S. Lee, “Suréaroughness
visualisation for rapid prototyping model€Zomputer-Aided Design
vol. 34, pp. 717-725, Sep. 2002.

A. Kumar, R. K. Ohdar and S. S. Mahapatra, “Impngvi
dimensional accuracy of fused deposition modellingcessed part
using grey Taguchi methodMaterials and Designvol. 30, pp.
4243-4252, Dec. 2009.

L. M. Galantucci, F. Lavecchia and G. Percoco, “Qiiative
analysis of a chemical treatment to reduce roughrafs parts
fabricated using fused deposition modelingCIRP Annals-
Manufacturing Technologyol. 59, pp. 247-250, Dec. 2010.

D. Ahn, J. H. Kweon, S. Kwon, J. Song and S. L&gpresentation
of surface roughness in fused deposition modelidgptrnal of
Materials Processing Technologyol. 209, pp. 5593-5600, Aug.
2009.

B. Vasudevarao, D. P. Natarajan, M. Henderson AzdRa,
“Sensitivity of RP surface finish to process partaneariation,” in
Proc. SFF'0Q 2000, p. 251-258.

W. Tianming and X. Juntong, “Prototype surface wiprecision in
fused deposition modeling proces§hinese Journal of Mechanical
Engineering vol. 20, pp.100-106, 2007.

V. Tiwary, P. Arunkumar, A. S. Deshpande and V. féte,
“Studying the effect of chemical treatment and &uskeposition
modelling process parameters on surface roughnessnake
acrylonitrile butadiene styrene patterns for inmesit casting
process,"International Journal of Rapid Manufacturingol. 5, pp.
276-288, 2015.

A. Armillotta, “Assessment of surface quality onxtteed FDM
prototypes,'Rapid Prototyping Journalol. 12, pp. 35-41, Jan. 2006.
L. M. Galantucci, F. Lavecchia and G. Percoco, ‘&xpental study
aiming to enhance the surface finish of fused déposmodeled
parts,” CIRP Annals-Manufacturing Technolggyol. 58, pp. 189-
192, Dec. 2009.

D. E. Brehl and T. A. Dow, “Review of vibration-ésted
machining,”Precision Engineeringvol. 32, pp. 153-172, Jul. 2008.
B. Azarhoushang and J. A. Akbari, “Ultrasonic-asisdrilling of
Inconel 738-LC,” International Journal of Machine Tools and
Manufacture vol. 47, pp. 1027-1033, Jun. 2007.

Y. S. Liao, Y. C. Chen and H. M. Lin, “Feasibilistudy of the
ultrasonic vibration assisted drilling of Inconeluperalloy,”
International Journal of Machine Tools and Manufaet vol. 47, pp.
1988-1996, Oct. 2007.

J. J. Yang, H. Zhang, X. Z. Deng and B. Y. Wei,tfai$onic lapping
of hypoid gear: System design and experiment4gthanism and
Machine Theoryvol. 65, pp. 71-78, Jul. 2013.

W. J. Kim, F. Lu, S. H. Cho, J. K. Park and M. @el_“Design and
optimization of ultrasonic vibration mechanism w@sifPZT for
precision laser machiningPhysics Procediavol. 19, pp. 258-264,
Dec. 2011.

M. Nad, “Ultrasonic horn design for ultrasonic maxthg
technologies,’Applied and Computational Mechanjasl. 4, pp. 79-
88, Mar. 2010.

S. Maidin, M. K. Muhamad and E. Pei, “Feasibilitjudy of
ultrasonic frequency application on FDM to imprgvarts surface
finish,” Jurnal Teknologivol. 77, pp. 27-35, Dec. 2015.

Y. Gao, R. Sun and J. Leopold, J, “Analysis of iogttstability in
vibration assisted machining using analytical pédé force
model,” Procedia CIRPvol. 31, pp. 515-520, Dec. 2015.

M. B. Mawale, A. M. Kuthe and S. W. Dahake, “Aduéilayered
manufacturing: State-of-the-art applications induct innovation,”
Concurrent Engineeringop. -19, Jan. 2016.

S. S. Li, Y. B. Wu and M. Nomura, “Fundamental istigation of
ultrasonic assisted surface grinding of Inconel ,71&dvanced
Materials Researchvol. 1136, pp. 365-37@016

R. Ibrahim, N. H. Rafai, E. A. Rahim, C. Kai and Blui, “A
performance of 2 dimensional ultrasonic vibratissisted milling in
cutting force reduction, on aluminium AL6061,” Froc. IRIS'15
2015, p. 1-5.



