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ABSTRACT

Ultrasonic vibration-assisted machining (UVAM) has attracted considerable attention in recent years
due to its potential to significantly enhance machining performance. This technique is particularly
effective in extending tool life, minimizing surface roughness, and reducing cutting forces, which
are critical factors in precision manufacturing. Unlike many previous studies that focus on high-
speed spindles or specialized machining centers, the present research investigates the application
of UVAM in finishing operations performed on conventional machine tools. The study specifically
targets small, narrow surfaces with intricate profiles where the use of high-speed spindles is either
impractical or unavailable. This approach broadens the scope of UVAM by demonstrating its feasi-
bility in more common manufacturing environments. The ultrasonic vibration-assisted cutting tool
used inthis research is designed to be structurally similar to a conventional stand-alone cutting tool,
allowing it to be integrated easily into traditional machining setups without requiring major modi-
fications. To systematically evaluate the effects of key machining parameters on surface quality, the
Taguchi method was employed as the experimental design framework. The parameters examined
include vibration frequency (f), voltage supplied to the ultrasonic actuator (V), and spindle speed
(n), which collectively influence the machining dynamics. The primary goal of the study was to
achieve a surface roughness (Ra) below 1.6 um while maintaining spindle speeds not exceeding
180 revolutions per minute, conditions relevant to conventional machine tool capabilities. Exper-
imental results clearly indicate that vibration frequency exerts the most significant influence on
surface roughness, followed by the voltage input to the ultrasonic actuator, while spindle speed
within the tested range has a minor effect. Several experimental trials successfully achieved Ra val-
ues lower than the 1.6 um target, confirming the effectiveness of UVAM under these constraints.
These findings underscore the potential of ultrasonic vibration-assisted machining to improve sur-
face finish quality on complex geometries even when using standard machining equipment. Ulti-
mately, this work contributes valuable insights into expanding the practical application of UVAM,
offering a promising solution for manufacturing scenarios where advanced high-speed machines
are not accessible, thereby enhancing surface quality in resource-limited production settings.
Key words: Ultrasonic Vibration-Assisted Machining (UVAM), Taguchi, Surface roughness

INTRODUCTION

There are many studies on the application of ultra-
sonic vibration effects in machine part shaping'~!!.
In particular, some studies have directly applied ul-

trasonic vibrations to drill and form holes for ma-

6 terials with high hardness, such as glass, ceramics,

~

etc., on specialized ultrasonic processing machines.

s Other studies have indirectly applied ultrasonic vibra-
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tions to common machining processes such as turn-
ing and milling to improve technological parameters,
such as increasing tool durability, reducing roughness
and machining force, etc. In these applications, ul-
trasonic vibrations are transmitted into the tool jig or
workpiece. The research of Huy et al. has applied ul-
trasonic effects to machining tools for the process of

turning 12-diameter holes on Cr12Mo mold steel with
a hardness of 60 - 62 HRC 2. The results have shown
areduction in cutting force of 20% to 30% and an im-
provement of at least one level of surface roughness
compared with conventional turning without ultra-
sonic vibration.

A different approach involves finishing surfaces with
small dimensions, such as narrow grooves ‘A’ with a
diameter fD of less than 3 mm, as illustrated in Fig-
ure 1a'>!*, Machining will be difficult when the tool-
tip (1) needs to produce a high enough finishing speed
to achieve a surface roughness Ra below 1.6 um. This
requires the use of a high-speed spindle with a rota-
tional speed n that can be over 10,000 rpm, which
also causes rapid tool damage and increases fabrica-
tion costs. To reduce the need for high spindle speed

Cite this article : Tran N H, Duong L H, Tran S A. Using Taguchi method to investigate surface rough-
ness in finishing with ultrasonic vibration-assisted machining (UVAM) on conventional machine
tools. Sci. Tech. Dev. J. — Engineering and Technology 2025; 8(4).
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n in these machining cases while still achieving the
desired finishing-cutting speed as well as easy mount-
ing on the holder of conventional machine tools with-
out the need for specialized ultrasonic machine tools,
the use of an Ultrasonic Vibration-Assisted Machin-

ing tool (UVAM) is a promising solution. Nam et al.

have proposed designs of the UVAM tool for both 1D
13,14

and 2D applications

Figure 1: The principle of cutting speed conversion
during finishing '3

The principle of cutting speed conversion during fin-
ishing is illustrated in Figure 1, and the actual con-
struction of the cutting tool used in this study is
shown in Figure 2 I°. Tt is worth noting that, since fd
< {D, model B, as presented in Figure 1b, is employed
as an intermediate step in transitioning from model A
(Figure la) to model C (Figure 1c) in order to preserve
the fundamental characteristics of the process. When
machining the part surface (22), the mechanical vi-
bration of the standard vibrating head (5) will be am-
plified to an amplitude of Am and transmitted to the
tool head (1), which is a multipoint cutting tool as a
group of interconnected abrasives, and it is integrated
into the tool body (2). Under the multi-dimensional
and multi-point machining capabilities of this group
of interconnected abrasives, micro-cuts will occur on
the machined surface in the direction of ultrasonic vi-
bration S1 of the cutting tool head (1). Based on this
machining effect, the spindle speed n can be reduced
to a low level. A minimum low speed is acceptable
when uniform wear of the tool-tip diameter (1) is en-
sured.

The purpose of this study is to present the process
of surveying the roughness of small-sized surfaces in
finishing using UVAM tools under the influence of
technological parameters such as frequency f, volt-
age V of the vibrator, and spindle speed n of the ma-
chine tool. The Taguchi method was used to construct
the experiment and analyze the results. In addition,
an ANOVA (Analysis of Variance) statistic was per-
formed to quantify the influence of the three techno-
logical parameters mentioned above on the measured
surface roughness Ra.

Figure 2: Ultrasonic vibration-assisted machining
tool (UVAM) '

MATERIALS AND METHODS

Table 1: Technology parameters in experience

No. Factor Note  Level
1 2 3
1 Vibration fre- f 38 40 42
quency (kHz)
2 Voltage level V 200 - 240
of Piezo (V)
3 Spindle speed 120 150 180

(rpm)

The Taguchi method is used to set up the experimen-
tal process to investigate the influence of technolog-
ical parameters, such as vibration frequency f (kHz),
voltage level V (V), and spindle speed n (rpm), on the
roughness criterion Ra of the machined surface when
using the tool described in Figure 2. The target Ra
should be achieved by not more than 1,6um.

The goal of the Taguchi method is to design a pro-
cess (or product) that is less susceptible to the factors
that cause quality deviations. The goal is to adjust the
factors to the optimum level so that the process (or
product) is stable at the best quality level. The Taguchi
method uses orthogonal series in experimental plan-
ning. The benefit of this method is that a minimal
number of experiments are needed to study the effect
of factors on a selected response of a process (or prod-
uct) and, from there, quickly adjust the parameters for
the fastest optimization.

Spindle speed is expected to be below 500rpm. How-
ever, to further reduce this speed enough to ensure
even wear for the diameter of the cutting head, the
initial study will be limited to the range of 120 to 180
rpm. This low spindle speed finishing condition is
perfectly suitable for conventional machine tools. The
three-speed levels of the n-factor (rpm) are selected
as 120, 150, and 180, respectively. The survey range
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of the head vibration frequency will be limited to the
range of 38 kHz to 42 kHz, with a center frequency of
40 kHz. This center frequency is the design frequency
of the commercial standard vibrator (5) used in this
study, as shown in Figure 2. The three frequencies of
the f-factor (kHz) are, respectively, 38, 40, and 42. The
voltage supplied to the vibrator varies in the range of
200 - 240 V. The two voltage levels of the V factor are
selected as 200 and 240.

Table 1 lists the three controlling factors with different
levels each, and an orthogonal array (L18) was used
to design the various experimental combination are
shown in Table 2. The roughness Ra data were ob-
tained by Mitutoyo’s SJ-210 roughness meter.

The experimental samples were made on 6063-T5 alu-
minum profile as shown in Figure 1c. The purpose of
such sample selection is to facilitate easy setting and
measurement of roughness values, but this still does
not change the meaning of this study. The experimen-
tal set of samples is depicted in Figure 3.

The experiments are carried out on a common Bridge-
port VMC 500-16 CNC milling machine. The tool-
ing is shown in Fig. 2, and the machining system is
shown in Figure 4. The positioner consists of compo-
nents (8), (9), and (10) are used to fix the housing (7)
of the power slip ring from (12) to (18) with the re-
ciprocating part of the spindle to isolate the rotation
of the milling machine spindle and transmit an elec-
trical signal to the vibrator (5).

- BT [t6 B[ [B3[2[N[0][9[8][T[6[5[4]3

200

Figure 4: The machining system.

Test samples are pre-machined with the same con-
dition of roughing or finishing before the experi-
ments to get a similar initial roughness for compar-
ison purposes. Furthermore, to remove the effect of
initial roughness in the results and reduce the cutting
steps of pre-finishing, the smaller value of initial Ra
than the desirable experiments is chosen. The initial
roughness is chosen about 0,8t m while the desirable
value is 1,6um. The dry-cutting method without cut-
ting fluid is also used to remove the effect of cutting
fluids in the test samples. These experimental condi-
tions help to show the pure cutting effect of ultrasonic
machining. The relationships between the frequency
of vibration, the flow rate of the cutting fluid, and the
cavitation phenomenon are also not concerned here,
which will be discovered in other experiments in the

future.

RESULTS

Since a smaller roughness is desired in this study,
the equationS/N = —10log [% (Zy%)]was used to

calculate the Signal-to-noise ratio (S/N). The exper-
imental results with the surface roughness value Ra
of the corresponding numbered test specimens after
measurement are described in Table 2 and Figure 6.
The product of the test sample after machining is de-
scribed in Figure 5 which is based on the design in Fig-
ure 3. In Table 2, the test samples No. 4, 6, 10 and 15
have obtained surface roughness results below 1.6 m
and have input parameters in bold rows.

Figure 5: The product of the test sample after ma-
chining.

DISCUSSION

To understand the influence of each factor with dif-
ferent levels on the surface roughness Ra, the average
S/N ratios at each level were calculated and listed in
Table 3 by using Minitab 19 software. The average S/N
ratios in Table 3 are plotted in Figure 7. In Table 3, the
range of each factor (delta) is defined as the difference
between the highest and the lowest average S/N ra-
tios. The larger the range, the larger the influence of
the corresponding factor on the surface quality.
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Table 2: Experimental Results

Table 3: Response table for signal to noise ratios

(smaller is better).

No.

10

11

12

13

14

15

16

17

18

Level Voltage level  Vibration Spindle
of Piezo frequency speed
Ra 1 -6.077 -5.780 -7.739
2 -8.064 -5.834 -7.107
3 -9.597 -6.366
Delta 1.988 3.817 1.373
Rank 2 1 3
Main Effects Plot for SN ratios
Data Means
Voltage level of Piezo (V) Vibration frequency (kHz) Spindle speed (rpm)
i
H

Signal-to-noise: Smaller is better

Figure 7: The graph shows the influence of tech-
nological parameters according to the survey values
on the surface roughness index Ra.

Analysis of Variance

Voltage Vibration  Spindle  Surface
level  of fre- speed Rough-
Piezo quency (rpm) ness
V) (kHz) (um)
200 38 120 2.182
200 38 150 2.244
200 38 180 1.754
200 40 120 1.596
200 40 150 1.912
200 40 180 1.553
200 42 120 2.540
200 42 150 1.857
200 42 180 2.826
240 38 120 1.515
240 38 150 1.886
240 38 180 2.208
240 40 120 4.019
240 40 150 2.237
240 40 180 1.321
240 42 120 3.893
240 42 150 4.031
240 42 180 3.618

Source

AdjSS AdjMS F-Value

P-Value

Figure 6: Diagram depicting surface roughness (Ra)

Surface roughness (Ra) (micro-meter)

Scatterplot of Surface roughness (Ra) vs Experiment No.

j;j ”\/\/\/\J\/\

0 5 10 15 20
Experiment No.

values of 18 experiments.

Voltage level of Piezo (V)
Vibration frequency (kHz)
Spindle speed (rpm)
Error
Total

21799 21799 414 0.065

48301 24150 458 0033
0.5196 0.2508 0.49 0.623
6.3260 0.5272

13.8556

Figure 8: Analysis of Variance for Ra in Minitab 19

Table 4: Level of impact of factors on Ra

Factors

Voltage level of
Piezo

Vibration  fre-
quency

Spindle speed
Error

Total

DOF

12

17

Adj SS Adj
(%)

21799 15.73

48301 34.86

0.5196 3.75

6.3260

13.8556

SS
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Besides, the results of the ANOVA with roughness Ra
are presented in Figure 8 and Table 4. The results of
this analysis are performed at a significance level of o
=0.05, i.e., with a confidence level of 95%. The com-
bination data of Figure 7, Figure 8, Table 3 and Ta-
ble 4 clarifies the influence of factors related to surface
roughness (Ra) measured.

In this study, vibration frequency f is the most influ-
ential factor (34.86%), and the change in roughness
Ra takes place very strongly in the frequency range
from 40 to 42 kHz. Voltage is the second most influ-
ential factor with a 15.73% influence on roughness Ra.
Spindle speed has the smallest range of 1.373 and has
the smallest influence (3.75%) on the Ra.

By following the criteria of smaller roughness with a
larger S/N ratio, Figure 7 with marked red circles can
be used to determine the optimal factors to achieve
minimal roughness. The combination to achieve the
smallest roughness is the voltage level of 200V (level
1), the vibration frequency of 38kHz (level 1), and the
spindle speed of 180 rpm (level 3). However, with the
goal of the study, the result of Ra only needs to be less
than 1.6um to be satisfactory, so the selection of pa-
rameters is also extended; for example, the points be-
low the red dashed line in Figure 6.

Test samples No. 4, 6, 10, and 15 show the potential
of the study is clearly with the below 1.6um of surface
roughness. Using the proposed Ultrasonic Vibration-
Assisted Machining tool in case of these input pa-
rameters will help to reduce the need for high spin-
dle speed n while still achieving the desired finishing-
cutting speed on conventional machine tools. It is
possible to finish machining of small-sized dimension
surfaces at a low cost and without the need for special-
ized ultrasonic machine tools.

CONCLUSIONS

In this study, the Taguchi method was applied to in-
vestigate the influence of technological parameters
such as frequency f, voltage V of the vibrating head,
and spindle speed n on surface roughness in finish-
ing with an ultrasonic vibration-assisted machining
(UVAM) tool on conventional machines. The results
show that at low spindle speeds up to 180 rpm, the fre-
quency factor f has the largest influence, followed by
the voltage V, and finally, the spindle speed n of the
machine tool, which is the least influential. With the
obtained roughness value Ra less than 1,6(m in ex-
periments 4, 6, 10, and 15, the small influence of the
rotation speed n of the spindle has satisfied the pro-
posed goal. It is possible to finish machining a small-
sized dimensional surface at a low cost and without
the need for specialized ultrasonic machine tools.

The limitation of this study is that the minimum
roughness value has not been written out. However,
to solve this problem, in the next studies, the scope of
investigating the influence of rotational speed will be
expanded. The relationships between the frequency
of vibration, the flow rate of the cutting fluid, and the
cavitation phenomenon are also not concerned here,
which will be discovered in other experiments in the
future.

ABBREVIATIONS

UVAM: Ultrasonic Vibration-Assisted Machining
S/N: Signal-to-noise ratio
ANOVA: Analysis of Variance

CONFLICT OF INTEREST

The authors wish to confirm that there are no known
conflicts of interest associated with this publication
and there has been no significant financial support for
this work that could have influenced its outcome.

AUTHORS’ CONTRIBUTIONS

The first and second authors conceived of the study
participated in its design and coordination and helped
to draft the manuscript. The third author read and
approved the final manuscript.

ACKNOWLEDGEMENTS

We acknowledge the support of time and facilities
from Ho Chi Minh City University of Technology
(HCMUT), VNU-HCM, for this study.

REFERENCES

1. Sharma V, Pandey PM. Optimization of machining and vi-
bration parameters for residual stresses minimization in ultra-
sonic assisted turning of 4340 hardened steel. Ultrasonics.
2016;70:172-182.

2. Tao G, Ma C, Shen X, Zhang J. Experimental and modeling
study on cutting forces of feed direction ultrasonic vibration-
assisted milling. The International Journal of Advanced Man-
ufacturing Technology. 2016;90:709-715.

3. GJA, ral, Graff KF. Power Ultrasonics Applications of High-
intensity Ultrasound. Woodhead Publishing Series in Elec-
tronic and Optical Materials. 2015;66.

4. Kumar MN, Subbu SK, Krishna PV, Venugopal A. Vibration As-
sisted Conventional and Advanced Machining A Review. Pro-
cedia Engineering. 2014;97:1577-1586.

5. Rasidil, Rahim EA, Ghazali MI, Chai MH, Goh ZO. Experimental
Analysis on Ultrasonic Assisted Turning (UAT) Based on Inno-
vated Tool Holder in the Scope of Dry & mp; Wet Machining.
Applied Mechanics and Materials. 2014;660:104-108.

6. Maurotto A, Muhammad R, Roy A, Silberschmidt VV. En-
hanced ultrasonically assisted turning of a beta-titanium alloy.
Ultrasonics. 2013;53:1242-1250.

7. AminiS, Tehrani AF, Barani A, Paktinat H. Vibration Drilling Pro-
cess on Al2024. Advanced Materials Research. 2012;445:79-
83.

8. Shen XH, Zhang J, Xing DX, Zhao Y. A study of surface rough-
ness variation in ultrasonic vibration-assisted milling. The In-
ternational Journal of Advanced Manufacturing Technology.
2011;58:553-561.

53

54

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108



Science & Technology Development Journal - Engineering and Technology 2025, 8(4)

9.

15.

Nath C, Rahman M, Andrew SSK. A study on ultrasonic vibra-
tion cutting of low alloy steel. Journal of Materials Processing
Technology. 2007;192-193:159-165.

. Babitsky VI, Astashev VK, Meadows A. Vibration excitation and

energy transfer during ultrasonically assisted drilling. Journal
of Sound and Vibration. 2007;308:805-814.

. Huy NQ, Du NV, Thanh HK. Thiét k&, ché tao va danh gia dau

rung siéu am. Khoa Co khi - Trudng dai hoc ky thuat cong
nghiép Thai Nguyén. 2017;.

. Nam TH, Son TA, Hai NT, Phuoc NT. Design of 2D Wave Booster

Ultrasonic Vibration-Assisted Cutting Tool in Small Size Sur-
face Machining. Applied Materials Research, Key Engineering
Materials. 2022;923:75-83.

. Nam TH, Son TA, Hai NT, D T An N. Thiét ké dung cu cat gia

coéng hoan thién bé mat kich thudc nhé cé hé trg clia rung
dong siéu am. Tap chi Co khi Viét Nam. 2021;.

. Nam TH, Son TA, Hai NT. Nghién ctu gia cong hoan thién

bé mat chi tiét co kich c& nhé bang siéu am. Dé tai nghién
ctiu khoa hoc loai C Pai hoc Quéc gia Tp H6 Chi Minh, Ma sé
C2020-20-05. 2020;.

Léc NH. Gido trinh Quy hoach va phan tich thuc nghiém. NXB
Dai hoc Quéc gia Tp H6 Chi Minh. 2021;.



Tap chi Phdt trién Khoa hoc va Céng nghé - Engineering and Technology 2025, 8(4)

Open Access Full Text Article

Bai Nghién ciiu

Ung dung phuong phap Taguchi dé khao sat dd nham ctia bé mit
trong gia cong tinh bang dung cu gia céng ¢6 ho tro rung déng
siéu am (UVAM) trén may cdng cu truyén théng

Hai Nam Tran"2", Huyén Lynh Duong'-2, Anh Son Tran'2

e
!ul"ro I!
A ay
ErE

Em; -mJ

Use your smartphone to scan this
QR code and download this article

'Khoa Co khi, Trucng Dai hoc Béch
Khoa Thanh phé H6 Chi Minh
(HCMUT), 268 Ly Thidng Kiét, Qudn
10, TP. H6 Chi Minh, Viét Nam

*Dai hoc Quéc gia Thanh phd HO Chi

Minh, Phudng Linh Trung, Thanh phd
Thu Biic, TP. H6 Chi Minh, Viét Nam
Lién hé

Hai Nam Tran, Khoa Co khi, Trudng Pai hoc

Bach Khoa Thanh phé Ho Chi Minh (HCMUT),
268 Ly Thuong Kiét, Quan 10, TP. H6 Chi Minh,

Viét Nam

Dai hoc Quéc gia Thanh phé HE Chi Minh,
Phuong Linh Trung, Thanh phé Tha Buc, TP
HS Chi Minh, Viet Nam

Email: namth@hcmut.edu.vn

Lich st

o Ngay nhén: 14-07-2023

© Ngay stia ddi: 08-11-2023

® Ngay chép nhan: 10-11-2024

o Ngay dang:

DOI:
https://doi.org/10.32508/stdjet.v8i4.1107

‘W) Check for updates

Ban quyén

© DHQG Tp.HCM. Dy la bai bdo cong bé
ma dugc phat hanh theo cac diéu khodn cua
the Creative Commons Attribution 4.0
International license.

°

i

TOM TAT

Gia cong ¢6 hd trg rung siéu am (UVAM - Ultrasonic Vibration-Assisted Machining) da thu hut su
chu y dang ké trong thai gian gan day nho kha ndng nang cao hiéu suat gia cong. Ky thuat nay
dac biét hiéu qua trong viéc ting tudi tho dung cu cat, gidm dé nham bé mat va luc cat — cac yéu
t6 then chét trong gia cong chinh xac. Khac véi céc nghién cuu trude day, vén chii yéu trién khai
UVAM trén cac may chuyén dung hodc cac may strdung truc chinh téc do cao, nghién cliu nay tap
trung vao viéc ung dung UVAM trong nguyén codng hoan thién (gia cong tinh) trén cac mdy cong
cu thoéng thuong. Déi tugng gia cong la cac chi tiét cod bé mat hep, kich thudc nho vaéi bién dang
phuc tap, nai viéc st dung truc chinh téc do cao khdng kha thi hodc khéng sdn cé. Phuong phap
nay ma réng kha nang Ung dung clia UVAM trong cac mai trudng san xuét phd thong. Dung cu
UVAM dugc thiét ké véi cdu tric tuong tu dao cat truyén thong, cho phép tich hop dé dang vao
cac hé théng gia cong hién cé ma khong doi hoi cai tién dang ké vé trang thiét bi. DE danh gia
mot cach hé théng anh hudng clia cac thong s6 cong nghé dén chat lugng bé mat, nghién ctu
st dung phuong phép thiét ké thi nghiém Taguchi. Ba thong sé cong nghé chinh dugc khao sat
bao gém: tan sé dao dong siéu am (f), dién ap cung cép cho bo kich siéu am (V) va toéc do quay
truc chinh (n), vén tac dong téng hop dén co ché cat. Muc tiéu la dat dugc dd nham bé mét (Ra)
dudgi 1,6 um trong diéu kién téc do quay truc chinh khong vugt qua 180 vong/phtt, pht hgp vai
kha nang clia cac may tién thong thuong. Két qua nghién ctu chi ra rang tan s6 dao doéng siéu
am la yéu t6 dnh hudng I6n nhat dén dé nham bé mat, tiép theo la dién &p siéu am, trong khi toc
d6 quay truc chinh cé muc d6 anh hudng thap hon trong pham vi khao sat. Nhiéu thi nghiém da
dat dugc gid tri Ra nho hon 1,6 um, dap Ung muc tiéu dé ra. Diéu nay khdng dinh hiéu qua clia
UVAM ngay ca trong diéu kién thiét bj han ché. Nghién ctiu ching minh rang UVAM la mét gidi
phép hiéu qua dé cai thién chat lugng bé mat clia cac chi tiét co bién dang phic tap, ngay ca khi
strdung cac may cong cu tiéu chudn. K&t qua nay gép phan mé réng pham vi ting dung thuc tién
clia cdng nghé UVAM, dac biét phu hgp véi cac co sé san xuat khong céd khéa nang tiép can cac hé
théng may maéc hién dai.

Trich dan bai bao nay: Tran H N, Duong H L, Tran A S. Ung dung phuong phap Taguchi dé khao sat dé
nham cia bé mat trong gia céng tinh bang dung cu gia céng ¢6 hé trg rung déng siéu am (UVAM)
trén may cong cu truyén théng. Sci. Tech. Dev. J. - Eng. Tech. 2025; 8(4).
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