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Abstract: Sustainable manufacturing focuses on increasing productivity by regulating process 
parameters through resource optimization. Industries are attempting to use fewer resources in 
machining of any material in order to improve productivity and sustainability. It can be accomplished 
by higher Material Removal Rate (MRR) and decreased defective components since enhanced MRR 
requires less energy usage and material waste can be reduced by manufacturing high-quality products. 
In the drilling operation of rotary ultrasonic machining (RUSM), this study intends to investigate the 
effects on material removal rate (MRR) by varying the process parameters and overcut, in order to 
reduce overcut error, which increased the number of faulty parts (RUSM). For this investigation, the 
Six Sigma (DMAIC) technique was used. Gauge R&R study was conducted to check the accuracy 
of measuring instrument by ensuring its measurements are repeatable and reproducible followed by 
cause and effect analysis to find out possible causes for a specific problem. More specifically, the 
current study focusses on determining the relative effect of process parameters on overcut and MRR 
by using a full factorial design. Ultrasonic power control factors and feed rate were chosen as the 
study's control variables. According to the study's findings, the total gauge R&R was 1.78%, which 
shows that the part-to-part variance is significant for an overcut error. The results revealed that at 0.6 
mm/min feed rate and 75% ultrasonic power, the MRR achieved was maximum. With an ultrasonic 
power of 50% and 0.6mm/min feed rate, the overcut error was reduced. When using the revised 
machining conditions, the mean overcut error was reduced by 34.18%, which was a significant 
reduction. It can be concluded that machining with optimized process parameters leads to 
economically sound processes and solves persistent problems in terms of improved MRR, reduced 
overcut defects and increased productivity. 
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1. Introduction
Ceramics, in recent years, are a must-have material due 

to their increased and favourable applications in both 
industrial and domestic sector. This can be attributed to 
their better chemical stability, increased thermal resistance, 
good hardness, and insulating characteristics. The 
ultrasonic machining (USM) has proved to be a crucial 
technique1) for achieving high accuracy and precise 
machining especially for brittle and hard materials. The 
literature shows that USM exhibits some distinctive and 
favourable features such as being non-chemical, non-
electrical and also non-thermal. It also has no impact on 
the metallurgical, chemical, or physical qualities of the 
material being machined.2) 

The non-traditional machining technique known as 
"rotary ultrasonic machining" (RUSM) combines two 
popular techniques namely conventional diamond 

grinding and ultrasonic machining to accomplish the 
removal of material.3) This hybrid machining process 
removes more material from the work piece due to the 
incorporation of micro-chipping and grinding action of 
abrasives. As a result, a greater material removal rate 
(MRR) is also seen.4), 5) RUSM is typically referred to as a 
hybrid kind of USM machining in which material is 
removed using both grinding and erosion mechanisms.6) 
To state precisely, RUM has been identified as a cutting-
edge machining technique that employs ultrasonic 
machining (USM) with diamond grinding to get removal 
of material at a faster pace, with a better surface finish 
(SR). In addition, the results revealed that hole quality 
obtained is appreciable than USM processes or diamond 
drilling alone.7), 8) Geometrical imperfections in ultrasonic 
machining are categorised as overcut (dimensional 
inaccuracy) and conicity (form inaccuracy). It was also 
stated that abrasive grain size reduction enhances the 
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accuracy of holes drilled by ultrasonic.9) In another study, 
the conicity error and overcut for glass material has been 
found to increase with increasing static load and 
machining duration. It was also discovered that the 
overcut error in ultrasonic drilling increases with 
increasing diameter-length ratio and is maximum at 
entry.10) 

Unlike other techniques, ultrasonic machining (USM) 
offers advantages of being fairly capable of machining 
hard and brittle materials regardless of their chemical and 
electrical properties.9), 11) However, it has been noted that 
sometimes this process may contain certain geometrical 
inaccuracies which may be attributed to the inclusion of 
slurry of abrasive particles. The geometrical anomalies are 
usually defined by hole over size, conicity, and out of 
roundness are terms used to describe. 9), 12), 13) In USM, the 
removal of material from the work surface take place by 
striking it with abrasive particles in the form of 
slurry.14),15),16) Further research revealed a clear 
relationship between feed rate and edge chipping size. The 
collected data's statistical analysis by ANOVA revealed 
that the feed rate has a significant impact on edge 
chipping.17) In a different study, the use of the central 
composite rotatable design (CCRD) and the response 
surface methodology (RSM) was described for modelling 
and optimising the impact of specific operating variables 
on the response utilising annova.18) Surface morphology 
has shown that components made in a flat orientation have 
fewer flaws than those made in an edge orientation.19) 
According to another study, the rate of material removal 

increased during RUFM in comparison to CG. With each 
level of regulating parameters being increased, the 
material removal rate (MRR) also rises. With the addition 
of ultrasonic vibration during RUFM, surface roughness 
(SR) rises.20) Focus was said to be placed on the machining 
of challenging materials, particularly those that are the 
current hot commodities in a number of industries.21) 
RUM, an advanced hybrid machining technique, 
circumvents a number of drawbacks common to static-
type USM and traditional diamond grinding. RUSM has 
surpassed conventional USM restrictions including out of 
roundness, overcut, and weak MRR, conicity. Traditional 
USM offers a lower MRR, whereas RUSM offers a higher 
MRR. The RUSM has a problem with feed rate; when the 
feed rate surpasses a critical point, the cutting force 
quickly increases and the ultrasonic amplitude 
significantly decreases. RUM's superior performance is 
nearly gone at this point.22) In terms of material waste, this 
can have an impact on the sustainability of machining. In 
RUSM, the tool may erode the machined hole's wall, 
reducing accuracy, especially for small holes.23) 

Six Sigma has gained popularity as a quality tool in 
recent years for improving production efficiency and 
business performance. The study's efforts to improve 
quality have been guided by the Six Sigma DMAIC 
approach. 

Different sections of the paper are as follows: In this 

Section, RUSM is introduced and its advantages discussed 
over the USM in terms of sustainable manufacturing. 
Than the research aim and objectives established in 
Section 2 after conducting a brief literature review 
pertinent to the RUSM and its process parameter 
optimization The approach used in this study to achieve 
the given goals is then introduced and implemented in 
Section 3.  The findings and experimentation results of 
this investigation are reported in Section 4, finally 
conclusion have been exhibited in the Section 5. 

2. Literature Review
In order to ensure a sustainable machining process, a 

proper attention has to be given to related process 
parameters which may include tool material and geometry, 
work piece material, shape and size of component to ne 
produced as well as auxiliary processes such as cooling 
and lubrication employed. Improved machining 
sustainability can then be achieved by selecting optimal 
machining settings that minimise energy use while 
maintaining cost efficiency.24), 25) Because of the multiple 
environmental benefits of ultrasonic aided machining, it is 
considered green and sustainable production. The 
machining process is very energy efficient, economical, 
and cleaner because the chips are continuous and simple 
to remove without interfering with it, and it doesn't release 
any pollutant gases. It has been reported in literature that 
ultrasonic machining, unlike conventional machining 
employed for new and advanced materials, offers better 
machining quality. The particular advantages that are seen 
include reduction in the burrs, resin peeling, machining 
forces, wall tearing, tool damage etc.26), 27) Various other 
applications also employ the ultrasonic vibrations due to 
their ability to be ecologically beneficial.28) 

The impact of milling parameters on the cylindricity 
and perpendicularity of circular pockets during CNC 
milling operations was examined, and it was suggested 
that future work could be expanded by taking into account 
other performance criteria like roundness and pertinent 
input process parameters like depth of cut, various 
materials, MRR, etc.29) Several studies have been found in 
literature that establish the use and applicability of 
ultrasonic assisted RUM for grinding and drilling of hard 
and brittle materials. Researcher studied the effects of feed 
rate, spindle speed, ultrasonic power on cutting force, 
MRR and surface roughness during drilling in Ti6Al4V 
alloy.30) According to the experimental findings, the 
values of the optimal MRR depend on the process 
parameters and their acceptable machining range.31) 

Aspects of RUSM's quality include torque, cutting 
force, MRR, machine quality, hole quality, edge chipping 
size, and tool wear. Researchers published an article 
related to determine how process variables affected the 
quality traits of RUM on CFRP/Ti stacks.32) Experiments 
were conducted for a comparison of RUM and twist 
drilling and it was found that machining parameters such 
as torque, cutting force, and surface finish are favourable 
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as compared to the twist drilling of carbon fiber-reinforced 
plastic (CFRP).33) An another study examined at the hole 
quality at the exit when feed rate, spindle speed, and other 
factors were combined.34) Researcher identified some 
limitations of the USM which include hole inaccuracies 
(oversize, conicity, out-of-roundness etc.) and poor 
MRR.9) These were rectified by employing RUSM. It was 
explored how various input variables affected the quality 
of hole produced during USM of WC-Co composite 
material.35) It was concluded that the power rating and 
abrasive grit size and had the biggest effects on hole 
quality. Higher cobalt content has been discovered to 
result in better hole quality, which deteriorated while 
using coarse grit size. The Taguchi method has been 
successfully used by numerous researches to optimise the 
process parameters in RUSM. In another study it was 
concluded that HF acid concentrations and the types of 
abrasive have a major impact on MRR. More specifically, 
polycarbonate bulletproof glass and acrylic heat-resistant 
glass both saw improvements in the MRR of 34.44 and 
29.25 percent, respectively.36) It was also reported that the 
input parameters in some predefined ranges had a 
substantial impact on the drilled hole quality. It was also 
suggested that the various input parameters could interact 
with one another.37) In a study researcher employed a 
DMAIC method in a tyre manufacturing facility with an 
objective to reduce process variations in the bead slices 
that is one of a prominent cause material waste in the 
process.38) After experimentation, it was revealed that the 
standard deviation was decreased from 2.17 to 1.69 after 
using the DMAIC methodology. Process capability index 
(Cp) and process performance capability index (Cpk) 
values increased from 1.65 to 2.95 and 0.94 to 2.66, 
respectively. Sharma et al. (2018) highlighted a general 
issue with alloy wheel machining and indicated a need to 
enhance the procedure for machining A356 aluminium 
alloy wheels. Improvement tools included the failure 
modes, Ishikawa diagram and effects analysis, and 
process monitoring charts. The Cp, Cpk, and Cpm showed 
signs of progress by using the DMAIC approach, going 
from baseline values of 0.66, -0.24, and 0.27 to end values 
of 4.19, 3.24, and 1.41, respectively. Through their 
experiment on the BK7 model, In a study it was confirmed 
that a high tool feed rate reduces the quality of drilled 
holes by widening and tapering the chipping. A superior 
surface finish was obtained which may be attributed to the 
low feed rate with ultrasonic power and mixed flow of 
material.39) The impact of ultrasonic machining settings on 
zirconia composite was studied in a study. The findings 
indicated that while feed rate and taper angle both have an 
impact on MRR, slurry concentration has an impact on 
over-cut.40) With RUM and varied cutting pressures, 
surface quality, and machining procedures and conditions, 
In an another study ceramic composites have machined. 
Due to ductile fracture, material loss in ZrO2-NbC was 
greater than in ZrO2-WC, where brittle fracture appears 
to be predominate.41) 

3.  Research Methodology 
The specifics of the implantation procedure used in this 

investigation are presented in this section. As previously 
mentioned, this study will employ the Six Sigma 
methodology to lower the defect rate. It incorporates the 
following five main steps: define, measure, analyse, 
enhance, and control, commonly known as DMAIC. The 
details of these five steps of Six Sigma for addressing the 
issue at hand are presented in the section that follows.  

The following objectives have been defined for the 
current study: 

i. To reduce the overcut error on RUSM during 
drilling holes in float glass, using DMAIC (six 
sigma) approach. 

ii. To determine the impacts of drilling process 
variables on MRR and overcut. 
 

 
Fig. 1: Key steps of the Six Sigma process (DMAIC) 

 
3.1 The Define Phase 

DMAIC process, which is part of the Six Sigma 
technique, begins with addressing the scope and 
objectives of the project improvement in relation to client 
needs and by identifying the fundamental project 
procedures that need to be improved. 

The issue addressed in this study is one that arises 
throughout the Rotary Ultrasonic Machining (RUSM) 
process. Figure 2 illustrates the usage of CNC RUSM to 
drill holes in a workpiece made of float glass plate that is 
10 mm thick. The machine has 1000 rpm of continuous 
spindle speed, 25 kHz of top frequency, and ultrasonic 
power of 1000 Watts. In this procedure, a rotary high 
carbon steel tool employed, bonded with diamond 
abrasives to it. The work piece is fed with the tool using 
ultrasonic vibration. In order to lower the temperature and 
transport the waste, a flood-type cooling system is 
employed. In this procedure, 5mm holes are drilled into a 
glass plate, and it is seen that when the parameters are 
adjusted in accordance with the instructions, the diameter 
of the holes is overcut. At 178 microns, the overcut is 
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typically detected. Low MRR while drilling these holes is 
another issue. 
 

 
Fig. 2: Experimental set-up of RUSM 

 
3.2 The Measure Phase 

The techniques and tools for recording measurement 
data are discussed in this phase. Data recording requires 
the use of precise instruments and the selection of 
appropriate techniques. A measurement system analysis, 
including studies on gauge repeatability and 
reproducibility (Gage R&R), was carried out in the current 
study. The Gauge R&R study's objective is to confirm the 
measuring system's statistical validity. The overcut error 
will be measured by three observers. Five parts were 
chosen as the sample size, and three operators were 
selected to measure the overcut on each piece. two 
replicated measurements were also taken into account, for 
a total of 30 measurements. The measurement was 
performed using the profile projector having 0.01 least 
count, as shown in figure 3. The Minitab software was 
used to perform the Gauge (R & R) investigation. 
 

 
Fig. 3: Profile Projector 

 
Table 1. Study evaluation of the Gauge (R & R). 
Variance 

components 
SD (Standard 

Deviation) 
Variance in 

percentage(%) 
Total Gauge R&R 1.26350 1.78 
Reproducibility 0.56140 0.79 
Repeatability 1.13190 1.59 
Operator(s) 0.56140 0.79 
Part-to-Part 71.00060 99.98 
Total Variation 71.01180 100.00 
 
The difference from part to part is 99.98%, as shown in 

Table 1. Total Gage R&R was determined to be 1.78%. 
The table makes it apparent that part-to-part variation is 
the cause of variation in measurement. 

 

 
Fig. 4: Gage R & R overcut error ANOVA report 

 
The overall gauge R&R ANOVA report for overcut 

error is shown in Figure 4. According to the figure, the 
percentage of the part to part component in the variation 
graph is considerably higher as compared to the 
components, this clearly indicates the differences between 
the parts. In addition, the R Chart emphasises the accuracy 
of the measurements considering different operators. It 
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indicates inconsistent measurements of parts by Operator 
B and C. 

 
3.3 The Measure Phase 

In the analysis phase, numerous issues that arise in the 
process are tracked down to their root causes. An overcut 
cause-and-effect diagram has been produced in order to 
pinpoint potential causes of the overcut error. 

 

 
Fig. 5: Overcut cause and effect diagram 

 
Overcut cause and effect diagram shown in Figure 5. 

The tool is used for two reasons: first, the abrasive size; 
second, the abrasive strength. The diamond-coated tool 
was used in the RUSM method. Diamond particles ranged 
in size from 80 to 90 microns. The particle adhesion with 
the tool is determined by the abrasive strength. The 
overcut also needs to be improved in the perfect soldering 
process since inadequate soldering gives less power to the 
tool and can cause it to begin bucking about its axis. For 
the operation, skilled manpower is also necessary. The 
main causes of the overcut were found in the categories of 
machine, which include frequency, feed force, ultrasonic, 
and power output amplitudes The primary causes of the 
overcut may be attributed to the type of machine having 
varying frequency, amplitudes, ultrasonic power output 
and feed force. 

 
3.4 The Improvement Phase 

In accordance with the cause-and-effect diagram and 
following the analysis phase, the control factors were 
identified. The feed rate and ultrasonic power were the 
selected as control factors that have an impact on the 
response. A full factorial design of experiments did not 
take into account the factors impacting response variables, 
such as abrasive strength, abrasive size as process 
parameters. At 1000 rpm, the spindle speed remained 
constant. 

The control factors with their corresponding levels have 
been exhibited in Table 2. 

 
Table 2. Control factors with their levels. 

Variables Level 1 Level 2 Level 3 

Ultrasonic Power (%) 25 50 75 

Feed Rate (mm/min) 0.2 0.4 0.6 

 

The experiments were designed using a full factorial 
approach. The experiments, which have two control 
factors, three levels, and nine runs, were set up by using a 
32 three-level design. The response variables selected 
were overcut and MRR. Overcut error is measured by 
using a profile projector. Plotting the graph between 
process variables and the mean of responses enabled 
researchers to examine how process factors affect overcut 
and MRR. 
 

 
Fig. 6: Individual and interaction effects of process variables 

for MRR 
 

Figure 6 illustrates how feed rate, ultrasonic power, and 
a few other process variables affect the MRR. It shows 
that, in comparison to ultrasonic power, an increase in feed 
rate increases the MRR. At 75% ultrasonic power and 0.6 
mm/min feed rate, the MRR reaches to its maximum value. 

 

 
Fig. 7: A Pareto chart of standardized effects for MRR 

 
As presented in figure 7, the Pareto chart indicates the 

absolute values of the standardized effects for individual 
process variables and their interaction. It clearly shows the 
factor feed rate has much significant effect on the MRR as 
compared to other variables. It gives another information 
that feeds rate, ultrasonic power, and their interaction have 
statistically significant because all the variables crossed 
the reference line. 
 

 
Fig. 8: Effects of process factors alone and in combination 

for overcut 
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Figure 8 depicts how the overcut first grows as the feed 

rate increases before rapidly decreasing. When it comes to 
ultrasonic power, overcut first increases and then 
decreases. When using 50% ultrasonic power and a feed 
rate of 0.6 mm/min, the overcut is reduced to its lowest 
value. 
 

 
Fig. 9: Pareto chart of standardized effects for overcut 

 
Figure 9 depicts that the overcut was significantly 

impacted by the interaction factor of ultrasonic power and 
feed rate. Ultrasonic power and feed rate were also 
statistically significant. 
 

3.4.1 The Confirmation Test 
One of a popular statistical technique for ascertaining 

the inter-relationship between input parameters and output 
responses is the regression model. In this investigation, 
the Overcut and MRR output variables, which were 
predicted and experimental output variables, were used to 
test the validity of the regression model. With a 95% 
confidence level, the experimental and projected values 
are compared using the two-sample t-test. 

The regression equation for MRR: 
MRR(mm3/min) = 73.4 - 5.2 Feed rate - 0.414 

Ultrasonic power + 2.430 Feed rate * Ultrasonic power  
The overcut regression equation: 
Overcut in micron = 174.6 - 117 Feed rate - 0.653 

Ultrasonic power + 1.70 Feed rate * Ultrasonic power 
The findings of regression analysis indicate that no 

statistically significant variation or difference exists 
between experimental and projected values. The 
regression model is validated as there is no difference 
between the means and the p-values for both equations are 
greater than 0.05. 

3.4.2 Improvement in Overcut error 
The RUSM process's ideal control factor setting for 

increasing MRR and lowering overcut was discovered. 
Ten trial runs were carried out with these settings (50% 
ultrasonic power and 0.6 mm/min feed rate), and overcut 
error was calculated. 

 
Fig. 10: Comparisons of the mean overcut error data before 

and after improvement 
 

In Figure 10 shown above, the mean overcut error 
before and after improvement have been compared. 117.1 
microns is the mean of improved overcut. Prior to 
improvement, it was 177.9 micron. The figure also makes 
it evident that the range of overcut error has been 
decreased. For the two-sample t-test The p-value is 0.000, 
which indicates that the difference between the means is 
statistically significant. 

 
3.5 The Control Phase 

The outcomes discovered during the improvement 
phase are fruitful and achieve the intended objectives. 
Maintaining the gains from the improvement phase is the 
primary objective of the control phase. Standardization of 
the procedure will enable further development. This can 
be achieved by standardization and documentation of the 
control parameters. 

 
4. Conclusion 

The rotary ultrasonic is used to drill holes in materials 
made of glass plate. The six Sigma DMAIC method has 
been used to examine the MRR and overcut. Today, six 
sigma is utilised across the globe to address issues related 
to component quality. Full factorial design and statistical 
calculation software (Minitab) have been used to analyse 
the impact of process factors on overcut and MRR. The 
overcut and MRR are significantly impacted by feed rate. 
There is no statistically significant difference between the 
experimental and anticipated responses, according to tests 
of the established regression equations' accuracy for 
overcut and MRR. The optimum process parameters were 
75% ultrasonic power and 0.6 mm/min feed rate for 
increased MRR and ultrasonic power as 50% and 0.6 
mm/min as feed rate for reduced overcut. Overcut error 
have seen a substantial improvement. Overcut error was 
reduced on mean by 36.7%. Such studies will be helpful 
to the glass industries because glass machining is a 
sophisticated process that requires greater precision and 
accuracy. Present study came to the additional conclusion 
that the six Sigma DMAIC approach is a highly helpful 
method for examining and enhancing the component's 
quality. 
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