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Abstract: Surface finishing and polishing are important quality assurance processes in many
manufacturing industries. A polished surface (low surface roughness) is linked with many useful
properties other than providing an appealing gloss to the product, such as surface friction, electrical
and chemical resistance, thermal conductivity, reflection, and product life. All these properties require
an efficient polishing system working with the best machining parameters. This study analyzed
the effects of the different input polishing parameters on the polishing efficiency and torque in the
robotic polishing system for the circular-shaped workpieces (such as ring, cylinder, sphere, cone, etc.)
by using the Taguchi method and analysis of variance (ANOVA). A customized rotatory passive
gripper is designed to hold the watch bezel during polishing. Under the design of experiments (DOE)
technique, Taguchi’s L18 array is selected to find the optimized process parameters for polishing
efficiency (based on surface roughness) and torque. Experimental results with the statistical analysis
by signal-to-noise ratio and ANOVA (95% confidence level) confirms that the polishing force and tool
speed are the most influencing parameter for polishing efficiency in the system. Linear regression
equations are modeled for the polishing efficiency and torque. Finally, a confirmation test is conducted
for the validation of the experimentation results against actual results.

Keywords: Taguchi method; ANOVA; regression analysis; surface polishing; torque

1. Introduction

Surface finishing and polishing are important quality assurance processes in many manufacturing
industries. Effective quality control can be achieved by meeting the predefined specific standards of the
final product. Surface polishing is a complex process depending on various input polishing parameters.
The output of this process is a smooth surface which can be characterized by plenty of parameters such
as lay, surface roughness, and waviness. Many industries are using surface roughness and glossiness as
the judgment factor to achieve smooth surfaces [1,2]. However, surface roughness is the most adopted
parameter to quantify the surface finish [3–6]. Presently, in most polishing factories, the understanding
and the knowledge of the well-experienced workers is a gauge for setting the machining parameters.
On the contrary, some use a trial and error method to achieve the approximated values, especially if
they are dealing with a new workpiece or adopting a new polishing system. However, such methods
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do not lead the system towards the optimal setting for economical polishing. For economical surface
polishing, it is necessary that all the input factors work on the optimum level.

The design of experiments (DOE) is an organized approach to find out the effect of the input
factors on the output of the process and help to optimize it. In other words, a DOE is an effective and
economical method for experiment planning to achieve the desired results [7]. It offers statistical bases
for analysis and helps to establish a conclusion. The idea of dealing with multiple factors of a process
in an orderly manner is first presented by R. A. Fisher [7–10]. This method encourages the full factorial
DOE which uses all set of possible combinations of factors. However, processes with a large number of
factors can rapidly increase the number of experiments in full factorial design. To reduce the number
of experiments, a limited number of experimental runs can be select by using other DOE approach
such as Taguchi method.

Taguchi has presented a systematic method that efficiently selects the set of experiments from all
possible combinations which are useful to optimize the output economically in terms of performance and
quality [11–15]. This method uses orthogonal arrays which use the minimum number of experiments
to extract the complete information about input parameters of the process. These experimental arrays
are generally selected depending on the tradeoff between the cost (time or resources) of the experiments
and the accuracy of the results [16].

Many studies have been used the Taguchi method to optimize the surface quality parameters
(such as roughness) for the polishing process. Usually, the automated polishing process consists of
several steps using various polishing input parameters such as abrasive grain sizes, no. of polishing
cycles, feed rate, polishing force, and others. M. J. Tsai and J. F. Huang proposed the automatic
polishing process step scheduling method with a compliant abrasive tool to select the optimal polishing
parameters for different polishing steps [17]. An evaluation of the optimized parameters for the effective
decrease in the surface roughness in each step is achieved by the Taguchi method. Another study [18]
proposed the Taguchi DOE method to optimize the finishing conditions for the magnetic float polishing
(MFP) technique to finish the silicon nitride balls for hybrid bearing applications. Reference [19] used
orthogonal array L9 (34) for finishing advanced ceramic balls using a novel eccentric lapping machine.
It used the standard three-level array to analyze the ice fixed abrasive polishing on the single crystal
silicon wafer for polishing parameters (polishing pressure, table velocity, eccentricity, and polishing
time). Hsin-Te Liao at el. investigated the parameters for chemical mechanical polishing (CMP)
processes in wafer manufacturing by the Taguchi method and designs of experiments (DOE) approach
to optimize it [20]. In this study, the material removal rate and non-uniformity of surface profiles were
selected as the quality targets. Besides optimal parameter achievement, several other methods have
been used to improve the automated polishing process. Such methods include improvising of the
tool path planning [21–24], controlled interaction between tool and surface [25–27], and the design
of new polishing tools for specific or general type workpieces [28–30]. However, the optimization
of parameters remains a very useful technique that can be implemented together with all these
above-mentioned techniques to improve the automated polishing process [2].

This paper uses the L18 (2
1
× 33) orthogonal array of Taguchi design experiments. The analysis

and optimization of the experimental results performed are based on a high signal to noise (S/N) ratio
for high polishing efficiency (in terms of surface roughness) and low torque. For this experimental
design, 18 experiments are conducted by various combinations of the levels of the control factors
(startup torque of rotatory gripper, wheel speed, normal contact force, and gripper velocity). Moreover,
the analysis of variance (ANOVA) is used to validate the results obtained from the Taguchi method
and for the investigation of the performance of the individual parameter. Later, a mathematical model
of polishing efficiency and the torque is developed by using regression analysis as a function of the
control factors. Finally, an experimental verification test is conducted with the control factor levels
predicted for the best polishing efficiency and torque.
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2. Experimental Procedure

2.1. Workpiece and Polishing Tool

The workpiece used in this experimental study for testing the proposed polishing system setup is
a watch bezel which is made of stainless steel (316). It is a popular material for its sparkling shine and
is used in many exteriors. It is an excellent corrosion resistant and hard in nature. It is already treated
with multiple sanding stages with different abrasive grits and now ready for final polishing with a
buffing wheel that removed all remaining scratches and gave an astonishing gloss.

The selection of the polishing tool depends on numerous factors such as no. of workpiece per
polishing tool, tool compliance, required surface quality, polishing time, and tool changing time [31].
In this study, a stitched cloth polishing wheel with a four-inch diameter (50 plies, 12-mm inner hole
diameter) is used with dry polishing wax (P126) for the final polishing of the watch bezel. This stitched
type polishing wheel has complete circles of sewing on the wheel in smaller diameter ranges. This type
of sewing on the wheel provides firmness without losing flexibility. To enhance the wheel strength and
width, two similar wheels are joined together that increased the overall width of the polishing wheel
up to 30 mm.

2.2. Experimental Setup

Figure 1 shows the experimental setup for polishing the watch bezel by using ABB IRB 1200 6-axis
industrial robot controlled by the IRC5 controller. It has 7 kg payload which is enough to support
gripper and force sensor during polishing. A force feedback control system (Active contact flange by
Ferrobotics; model ACF110-01) controlled by a separate setup is used to control the normal contact
force between surfaces of the polishing wheel and watch bezel during interaction. For this controlled
interaction, force sensor is attached with the passive rotatory gripper. Moreover, a torque sensor
(rotating torque measuring device) is used between the polishing wheel and motor to observe the
torque experienced by the motor during polishing. A digital display is used to show the experienced
torque. Flex pendant with the small touch screen allows user interaction for multiple purposes such as
uploading, running and modification of the program.
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Figure 2a shows the top view of the specially designed rotatory gripper to hold the workpiece
(watch bezel) during the polishing process using a closely stitched cotton polishing wheel. This passive
gripper receives its driving force from the interaction of the rotating polishing wheel and is able to
provide different start-up torques by adding weight to the gripper. This changing load provides
different frictional values between tool and workpiece. The used ACF system for controlling the
normal force is a hybrid force and position control system which is controlling the force and position in
the direction normal to the polishing wheel surface. Figure 2b shows the isometric view of the watch
bezel used in the experiments.
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Figure 2. Polishing wheel and workpiece: (a) Top view of the polishing wheel and workpiece interaction;
(b) isometric view of the workpiece (watch bezel).

Figure 3 shows the different equipment used for the experimental analysis. A surface roughness
tester (Mitutoyo, model: SJ-210) is used to evaluate the polishing surface. The torque sensor (Forsentek,
model: FY02) is used for measuring the required polishing torque and tachometer for the wheel
rotation speed.
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Figure 3. Equipment used in experiments: (a) surface roughness tester (Mitutoyo, SJ-210); (b) torque
sensor (Forsentek, FY02); (c) tachometer.

2.3. Taguchi Method and Polishing Parameters

Before designing the experiments using Taguchi’ orthogonal arrays, it is worth mentioning here
that in surface polishing, it is always desired to remove less material to achieve the smooth surface
as higher material removal can easily deform the shape of the workpieces, especially at the edges.
Therefore, the target is to remove the peaks in the surface roughness profile of the surface to be polished,
which is only possible with the optimal polishing force. Figure 4 shows the surface roughness height
profile of the surface of the watch bezel before and after the initial polishing tests. Besides the surface



Appl. Sci. 2020, 10, 824 5 of 15

roughness (Ra) of the height profile, skewness (Rsk), and kurtosis (Rku) are also mentioned here because
these parameters help to understand the distribution of the peaks and valleys present in height profile.
Before polishing height profile have many high peaks and deep valleys (Rsk (be f ore) = −0.505, and
Rku (be f ore) = 3.409). After the surface polishing, the height profile became highly negatively skewed
(Rsk (a f ter) = −1.530) because more high peaks are removed compared to the valleys. For the precise
interaction workpiece is allowed to rotate upon wheel interaction to avoid the extreme frictional force.
This interaction can be optimized by controlling the gripper’s rotational friction or moment of inertia
(it is the amount of torque required to rotate a rigid body about its rotational axis). Moment of inertia
depends on the mass of the body as I = mr2, where m is mass and r is the distance from the pivoted
point. Therefore, the rotational friction of the gripper can be control by adding friction to the axil or by
adding the mass to the gripper. In this gripper, mass (circular ring with a mass of 0.303 Kg) is added to
the rotational part of the gripper to change its load or startup torque or moment of inertia.
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Taguchi based DOE is used to analyze the effect of machining input parameters on the proposed
system for the polishing of watch bezel. The input parameters are wheel rotation speed (ω), normal
contact force (Fz), gripper vibratory motion velocity

(
V f

)
, and gripper start-up torque (Tg

)
. These

parameters are tested for polishing efficiency (PE) and polishing torque (T). Input polishing parameters
for the system with its levels are shown in Table 1. To analyze the Tg effect on the process two
different levels are created by adding weight to the rotating part of the gripper as discussed previously.
The polishing wheel speed and normal force are two important parameters that work collectively
for economical polishing. Wheel speed is usually measured in surface feet per minute (SFPM)
as: SFPM = π [(1 f t × D / 12 in) × rpm], where D is the wheel diameter and rpm is the rotation
per minute.

Depending on the initial testing, material removal requirement, related literature study [32],
and the experiences of the experts working on the steel polishing, three levels are selected for the
speed (3500, 4000, and 4500 rpm). In polishing particularly to achieve the mirror-like shine from the
semi-polished surface, a higher material removing rate is avoided. Additionally, higher contact forces
damage wheel shape, reduce its life, and increase power consumption (torque), which is not good for
economical polishing. Therefore, the selected levels of the normal force for the experimental tests are 8
N, 12 N, and 16 N. The last input parameter V f is the feed rate or gripper speed (5 mm/s, 10 mm/s, and
15 mm/s) as shown in Figure 1. It offers an even polishing effect on the surface and enhances wheel life
by not lingering it on the same point for a long time.
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Taguchi based orthogonal array L18(2
1
× 33) with mixed levels is selected to study the contribution

each parameter on the polishing process (Table 2). In order to reduce the error margin, each of the
eighteen experiments is repeated five times and for every experiment four reading for surface roughness
are taken. The surface roughness before and after the experiment are measured to calculate ∆Ra.
Polishing efficiency (PE) is calculated as [2,17]

PE =
A∆Ra

Tp
(1)

where A is the total polishing area, ∆Ra is the reduction in the roughness, and Tp is the polishing time.
Area and time are constant so the PE depends on the roughness reduction. Here, input parameters are
optimized for the highest polishing efficiency.

Table 1. Input polishing parameters and levels.

Input Polishing Parameters Symbol Level 1 Level 2 Level 3

Gripper start-up torque (Nm) Tg 0.019 0.020 -
Wheel rotational speed (rpm) ω 3500 4000 4500

Normal contact force (N) Fz 8 12 16
Gripper vibratory motion

velocity (mm/s)
V f 5 10 15

Table 2. Orthogonal array L18(2
1
× 33).

Exp. No. Tg ω Fz Vf Exp. No. Tg ω Fz Vf

1 1 1 1 1 10 2 1 1 3
2 1 1 2 2 11 2 1 2 1
3 1 1 3 3 12 2 1 3 2
4 1 2 1 1 13 2 2 1 2
5 1 2 2 2 14 2 2 2 3
6 1 2 3 3 15 2 2 3 1
7 1 3 1 2 16 2 3 1 3
8 1 3 2 3 17 2 3 2 1
9 1 3 3 1 18 2 3 3 2

The core reason for the deprived production quality in any manufacturing or machining process is
the variations in the process. These variations can be due to the change in conditions such as material
quality, temperature, and any other process parameters. These changing variables (noise) are difficult
to control or sometimes impossible. For the robust design, it is necessary to find the setting of the
manageable process parameters which has the nominal effect of the noise on the product quality.
Control and noise factors are a major part of the parameter design investigation which measures the
interaction (signal to noise (S/N) ratio) between these factors. In robust design, three quality effecting
influential parameters (factors) of the product or the process are signal factor (it directly influences
the response of the product/process), noise factor (source of variation which is difficult/expensive
to control), and control factor (it minimizes the system’s response sensitivity from the noise) [10] as
shown in Figure 5.
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Depending on the target of the experiments, different S/N ratios can be selected. Under these
different selections, S/N ratios quantify how the variation in the response happened relative to the
target value [33]. Three different S/N characteristic formulations (conditions) are present in the
following equations.

Smaller is the best:

S/N = − 10 log

 1
n

n∑
i=1

(
yi

2
) (2)

Larger is the best:

S/N = − 10 log

 1
n

n∑
i=1

(
1

yi2

) (3)

Nominal is the best:

S/N = − 10 log
[

ŷ
s2y

]
(4)

where y is the observed data, ŷ is its average, s2y is its variance, and n is the number of observations.
Equation (2) presents the S/N ratio for the condition (Smaller is the best) which requires the smallest
possible performance value [10]. Similarly, Equation (3) shows S/R ratio for the condition (Larger is the
best) for the largest possible performance values. The third S/N ratio condition is nominal is the best,
S/N ratio for the case present in Equation (4). S/N ratio in this condition requires performance value to
stay near to the selected target as much as possible. For this study, larger is the best is selected for the
PE and smaller is the best is selected for the torque.

2.4. Analysis of Variance (ANOVA)

ANOVA is a statistical method used to compare the difference between means of groups. The results
of this analysis are presented in the form of a table which shows the influence of the control factors in
the experimental test. ANOVA table consists of various statistics such as sources (it contains control
factors, error, and total of all sources), degree of freedom (DF) of data, sum of square (SS) of data, means
sum of square (MS) of date, Fischer’s F distribution (F-value), p-value, and percentage contribution of
the controlling factors. The detailed explanation of the items in the ANOVA table is as follows:

Source: It contains the control factors (between group or treatment), their interactions, error
(within the group), and the total of all sources.

SS: It is the sum of squares of the data. The total sum of squares (SST) is the sum of squares of the
factors (SSM) and the sum of squares of the error (SSE) as:

SSE = SST − SSM (5)

where, SST =
∑(

yi j − y
)2

and SSM = n
∑(

y j − y
)2

.
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DF: It represents the degree of freedom of the data and can be represented similarly to the SS
(Equation (6)). The total degree of freedom (DFT) can be calculated as n-1, where n is the total number
of data. The degree of freedom of factors (DFM) and error (DFE) are k-1 and n-k respectably.

DFE = DFT − DFM (6)

MS: It is the mean sum of the square of the data which can be calculated by dividing the SS by
related DF. Mean sum of square of the factors and error can be calculates as MSM = SSM/k − 1, and
MSM = SSM/n − k respectively.

F-value: It is also called the F-test which is a ratio of two variances and compares the factors.
Variances are measures of how much the date is scattered from the mean. It can be calculated by
dividing the mean sum of the square of the factor (MSM) by the error mean square (MSM) as:

F =
MSM

MSE
(7)

p-value: It helps to define the significance of the results in a statistical test to accept or reject the
null hypothesis. Depending on the significance, the p-value expresses between 0 and 1. Smaller value
provides a strong indication for rejecting the null hypothesis. Typically this value keeps ≤ 0.05.

% contribution: It is the ratio of the sum of the squares (SSM) of the variable to the total sum of
the square (SST) of all the variables [34]. It shows the influence of the particular variable (factor) in
terms of percentage on the response of the product/process as:

% =
SSM

SST
(8)

2.5. Regression

Regression is a statistical modeling process which establishes relation among dependent (response)
and independent variables (input parameters or predictor). Regression can be modeled as linear and in
polynomial relationships. The most common regression is linear regression, for which an investigator
finds the linear function that most closely close to the data. The equation for the multiple linear
regressions is shown in Equation (9).

y = βo + β1 x1 + β2 x2 · · · · · · · · · + βn xn (9)

where, βo is the constant value of the response (y) for the predictor (x) value 0. Additionally, it
determines where the regression line intercepts the y-axis with the predictor variable(s) is zero.
Depending on the relationship x can be a polynomial term. βo, β1, · · · βn are the coefficients which
determine the change in response for the one-unit change in the input parameter value.

3. Results and Discussion

3.1. Analysis of the Means and S/N Ratios of the Results

Polishing efficiency and torque were measured by the Taguchi design of experiments for the
different factors as shown in Table 3. In order to minimize the error, each experiment is repeated four
times. The total polishing time (Tp) for polishing of one workpiece was 60 s. Optimization of the control
factors is performed by the calculated S/N ratios for the PE and T. The highest PE and the lowest T
values are desirable for better system performance on lower production costs. Therefore, S/N condition
higher the best for PE and lower the best for the T is used as in Equations (3) and (2) respectively.

Table 4 shows the response tables of the average response of the S/N ratios, which analyze the
effect of the control factors (Tg, ω, Fz, and V f ) on the response of PE and T. It reveals all the levels
based on the S/N ratios for the control factors that provides highest PE as Tg at level 1 (S/N = −2.451), ω
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at level 3 (S/N = −2.066), Fz at level 3 (S/N = −1.312), and V f at level 1 (S/N = −2.642). Similarly, for the
lowest T, the best factor levels and S/N ratios are Tg at level 1 (S/N = 9.049), ω at level 1 (S/N = 9.398),
Fz at level 1 (S/N = 12.278), and V f at level 3 (S/N = 9.160). Delta and the rank determine which of
these four factors has the greatest impact on the response. Delta measures the magnitude of the impact
by subtracting the lowest average response value of a factor from its highest value. Rank assigns the
order number to the factors in highest to lowest impact depending on the delta values. For PE, Fz

has highest impact (delta: S/N = 3.447, and rank = 1) and V f has lowest impact (delta: S/N = 0.246,
and rank = 4). Likewise, for the T, Fz also has the highest impact (delta: S/N = 6.164, and rank = 1),
however Tg has the lowest impact (delta: 0.018, S/N = 0.357, and rank = 4).

Table 3. Experimental results L18(21
× 33) for polishing efficiency, and torque.

Exp. No. Tg ω Fz Vf Mean PE Calculated S/N for PE Mean T Calculated S/N for T

1 0.019 3500 8 5 0.572 −4.848 0.24 12.396
2 0.019 3500 12 10 0.719 −2.863 0.37 8.636
3 0.019 3500 16 15 0.829 −1.629 0.38 8.404
4 0.019 4000 8 5 0.634 −3.956 0.24 12.396
5 0.019 4000 12 10 0.804 −1.892 0.38 8.404
6 0.019 4000 16 15 0.913 −0.795 0.51 5.849
7 0.019 4500 8 10 0.588 −4.616 0.25 12.041
8 0.019 4500 12 15 0.882 −1.095 0.40 7.959
9 0.019 4500 16 5 0.959 −0.364 0.54 5.352

10 0.020 3500 8 15 0.449 −6.964 0.24 12.396
11 0.020 3500 12 5 0.650 −3.747 0.39 8.179
12 0.020 3500 16 10 0.710 −2.976 0.48 6.375
13 0.020 4000 8 10 0.616 −4.214 0.25 12.041
14 0.020 4000 12 15 0.742 −2.587 0.40 7.959
15 0.020 4000 16 5 0.857 −1.342 0.54 5.352
16 0.020 4500 8 15 0.634 −3.956 0.24 12.396
17 0.020 4500 12 5 0.832 −1.596 0.39 8.179
18 0.020 4500 16 10 0.916 −0.766 0.54 5.352

Table 4. Response table for mean S/N ratios.

Levels
Polishing Efficiency (PE) Torque (T)

Tg ω Fz Vf Tg ω Fz Vf

1 −2.451 * −3.838 −4.759 −2.642 * 9.049 * 9.398 * 12.278 * 8.642
2 −3.128 −2.464 −2.297 −2.888 8.692 8.667 8.219 8.808
3 − −2.066 * −1.312 * −2.838 − 8.546 6.114 9.160 *

Delta 0.677 1.772 3.447 0.246 0.357 0.851 6.164 0.518
Rank 3 2 1 4 4 2 1 3

Notes: * Optimum levels of the factors.

The graphical representation (main effects plot) of the levels of the factors in Table 4 is shown in
Figures 6 and 7. These main effect plots show the optimum values of the control factors to achieve the
highest PE and lowest T. The main effect is called the difference in the means due to various levels
within a factor. If the graph line is horizontal then there is no main effect present for the levels of a
factor but the line with higher slop or difference between vertical points will have a higher main effect.
For both polishing efficiency and torque, normal force shows the graphical lines with higher slopes,
and therefore it has the highest main effect. The main goal of the experimentation is to find the control
factor levels that minimize the noise factors on the responses. Optimal polishing parameters of the
control factors for maximize the PE and minimizing the T can be easily determined from these graphs.
The best level for each control factor was found according to the highest S/N ratio in the levels of those
input parameters (control factors). The control factors range in the experiments for the Tg is 0.019–0.02
Nm, for ω is 3500–4500 rpm, for Fz is 8–16 N, and for V f is 5–15 mm/s. Tg, 0.019 Nm; ω, 4500 rpm; Fz,
16 N, and V f , 5 mm/s are best for the polishing efficiency and Tg, 0.019 Nm; ω, 3500 rpm; Fz, 8 N, and
V f , 15 mm/s. The most significant factor is a force for both responses.
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3.2. Analysis of ANOVA

The Taguchi method helped to find out the optimal number of experiments and provides a way to
optimize the system through S/N ratios. For the further solidification of the results obtained in the
Taguchi method based on S/N ratios, an ANOVA statistical model is used. Unlike the Taguchi method
it calculates the percentage contribution of each factor involves. Tables 5 and 6 shows the ANOVA
table for the PE and T. The significance of control factors in ANOVA is determined by comparing
the F values of each control factor. These tables were calculated with a 5% significance level and a
95% confidence level. If the p-value for the factor is greater than 0.05, then it will be considered as a
non-significant factor. Therefore, based on the p-values of V f , p-value is not a significant parameter for
the polishing efficiency. Similarly, Fz (p-value = 0.000) is the only significant parameter for response
of torque.

Table 5. ANOVA table for polishing efficiency (PE).

Sources DF Adj SS Adj MS F Ratio p-value % Contribution

Tg 1 0.0136 0.0136 9.5600 0.0110 * 3.93
ω 2 0.0691 0.0345 24.2500 0.0000 * 19.96
Fz 2 0.2476 0.1238 86.9400 0.0000 * 71.56
V f 2 0.0020 0.0010 0.6900 0.5250 0.57

Error 10 0.0142 0.0014 4.12
Total 17 0.3465

Notes: * Significant factors at 95% confidence level.
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Table 6. ANOVA table for Torque (T).

Sources DF Adj SS Adj MS F Ratio p Value % Contribution

Tg 1 0.0014 0.0014 1.4100 0.2630 0.66
ω 2 0.0065 0.0033 3.2300 0.0830 3.01
Fz 2 0.1963 0.0982 97.0700 0.0000 * 90.54
V f 2 0.0024 0.0012 1.2000 0.3400 1.12

Error 10 0.0101 0.0010 4.66
Total 17 0.2168

Notes: * Significant factors at 95% confidence level.

The percentage contribution in the ANOVA tables shows the magnitude of the influence of the
parameters calculated by Equation (8). The contribution of the gripper torque, tool speed, force, and
feed rate for maximizing the polishing efficiency are 3.93%, 19.96%, 71.56%, and 0.57%, respectively.
Similarly, for the polishing torque minimization, these percentages are 0.66%, 3.01%, 90.54%, and 1.12%.
The most significant parameter for both responses is the normal contact force (71.56% for PE, and
90.54% for T). The percent of error was considerably low at 4.12% and 4.66% for PE and T respectively.
Table 7 shows the cell mean of the control factors in ANOVA for PE and T. For polishing efficiency, the
best input parameter are Tg = 0.767 (level 1), ω = 0.802 (level 3), Fz = 0.864 (level 3), and V f = 0.751
(level 1). Similarly for the T, the best input parameters are Tg = 0.368 (level 1), ω = 0.350 (level 1), Fz =

0.243 (level 1), and V f = 0.366 (level 3). Results from the ANOVA are well matched with the Taguchi
method results for the best input parameters.

Table 7. Cell mean of the control factor Response table for cell means.

Levels
Polishing Efficiency (PE) Torque (T)

Tg ω Fz Vf Tg ω Fz Vf

1 0.767 * 0.655 0.582 0.751 * 0.368 * 0.350 * 0.243 * 0.390
2 0.712 0.761 0.772 0.725 0.386 0.387 0.388 0.379
3 − 0.802 * 0.864 * 0.741 − 0.393 0.498 0.366 *

Notes: * Optimum levels of the factors.

3.3. Regression Analysis of Polishing Efficiency and Torque

In this research study, a relationship between two response variables and the four input variables
are modeled and analyzed by using regression analysis. Two response variables are PE and T. Predictor
or variables are control factors (Tg, ω, Fz, and V f ). Two linear regression equations are modeled for
polishing efficiency and torque. Some important parameters to judge the regression models are R-sq (it
describes, how much variation is present in the response), R-sq (adj) (it is a modified R-sq that has been
adjusted for the number of expressions), and R-sq (pred) (how good the model predicts the response for
new observations). For the good regression model, these values must be high. Equation (10) shows
the linear regression for the polishing efficiency (PEL), which has R-sq = 91.47%, R-sq (adj) = 88.84%,
and R-sq (pred) = 83.88%. Equation (11) shows the linear regression for Torque (TL), which has R-sq =

94.34%, R-sq (adj) = 92.60%, and R-sq (pred) = 87.63%.

PEL = 0.808− 54.9 Tg + 0.000147 ω + 0.03523 Fz − 0.00092 V f (10)

TL = − 0.497 + 17.8 Tg + 0.000043 ω + 0.03188 Fz − 0.00283 V f (11)

Figure 8a,b compares the experimental value (actual value) for the polishing efficiency and torque
to the predicted ones achieved by the linear regression model which is closely matched with the
actual values.
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3.4. Confirmatory Test

In the last, a confirmatory test is conducted with the optimal input polishing parameters
(Tg = 0.019 Nm, ω = 4500 rpm, Fz =16 N, and V f = 5 mm/s) of the proposed system achieved
previously by using Taguchi method and ANOVA. A comparison between the tested and the expected
results from the linear regression model for the polishing efficiency and the torque is presented in
in Table 8. A good agreement is found between the experimental and the predicted results that
confirm that the experimentation based on the Taguchi method is properly conducted to explore the
system response for the different levels of the input parameters (control factors). Figure 9 shows
the watch bezel before and after the polishing using optimized polishing parameters on the selected
polishing area.

Table 8. Conformation test results for the optimal polishing parameters.

Predicted Results Experimental Results

Input optimal
parameters

Gripper startup torque (Tg) 0.019 Nm 0.019 Nm

Wheel speed (ω) 4500 rpm 4500 rpm

Normal contact force (Fz) 16 N 16 N

Gripper velocity (V f ) 5 mm/s 5 mm/s

Polishing efficiency (PE = A∆Ra/T) 0.976 0.943

Polishing Torque (T) 0.50 Nm 0.47 Nm
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4. Conclusions

This study presented a detailed analysis of the input polishing parameters (startup torque of
rotatory gripper, wheel rotational speed, normal contact force, and gripper vibratory motion velocity)
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on the polishing efficiency and torque for the proposed robotic polishing system by using Taguchi
design of experiments (DOE). The proposed robotic polishing system is tested for the watch bezel.
Experimental results analysis by signal to noise ratios optimizes the responses and closely matched
with the ANOVA results that further legitimized the experimental study. Additionally, regression line
equations are added to model the response behavior of the polishing efficiency and torque for the
input polishing parameters. Finally, a confirmation test is conducted for affirming the authenticity of
the experimental results and to check the regression model by comparing the experimental result and
predicted result at optimal levels of the input factors. From the above results, analysis, and discussion,
the following conclusions can be drawn:

(a) Robot polishing is a challenging task that requires precision, as well as the consideration of
polishing surface coverage, controlled polishing force, and best polishing parameters. The
presented polishing system with optimal polishing parameters is effective and finishes the
polishing job in a short time with precision.

(b) The S/N ratios analysis from the Taguchi method shows the best levels of the control factors for
highest polishing efficiency (PE = 0.943) as: start-up torque of rotatory gripper = 0.019 Nm (S/N
= −2.451), wheel speed = 4500 rpm (S/N = −2.066), normal contact force = 16 N (S/N = −1.312),
and gripper velocity = 5 mm/s (S/N = −2.642). Similarly, the best levels of the control factors for
the minimum torque (T = 0.47 Nm) as: start-up torque of rotatory gripper = 0.019 Nm (S/N =

9.049), wheel speed = 4500 rpm (S/N = 9.398), normal contact force = 16 N (S/N = 12.278), and
gripper velocity = 5 mm/s (S/N = 9.160).

(c) According to the ANOVA statistical model, selected optimal levels for each control factors are
same as in Taguchi method. It further determines the ranks and % contributions of the control
factors for polishing efficiency (Fz: rank = 1 and % = 71.56, ω: rank = 2 and % = 19.96, Tg: rank =

3 and % = 3.93, and V f : rank = 4 and % = 0.57) and torque (Fz: rank = 1 and % = 90.54, ω: rank =

2 and % = 3.01, V f : rank = 3 and % = 1.12, and Tg: rank = 4 and % = 0.66).

(d) Polishing efficiency is given higher preference over polishing torque, therefore the overall system
input parameters for good polishing efficiency and torque are as: startup torque of rotatory gripper
= 0.019 Nm, wheel speed = 4500 rpm, normal contact force = 16 N, and gripper velocity = 5 mm/s.

(e) The most significant control factor which contributes more to the polishing process in this system
is the normal contact force applied by the polishing wheel following the wheel speed, gripper
torque, and gripper vibratory velocity. Gripper velocity is comparatively less significant factor in
achieving the good polishing surface in a short time but it is useful in a way that it uniformly
distributes the polishing effect on the surface area and safe the polishing wheel from damage and
shape deformation by avoiding lingering it at one point for a long time. Therefore, the correct
combination of the force, speed, and gripper torque can achieve the desired level of the surface
quality in a short time.

(f) Robotic polishing is an advantageous process which offers productivity, error minimization,
product consist quality. Additionally, it can protect humans from the unhealthy environment of
the polishing workplace. With the optimization of the process parameters, robotic polishing can
further improve the polishing process. This study used some important but limited number of
input polishing parameters and their levels to shows the effect on the polishing process. In the
future, some other factors will be included, such as polishing time, different polishing tools, etc.
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