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Abstract—Nowadays, the demand for high product quality
focuses extensive attention to the quality of machined surface. The
(CNC) milling machine facilities provides a wide variety of
parameters set-up, making the machining process on the glass
excellent in manufacturing complicated special products compared to
other machining processes. However, the application of grinding
process on the CNC milling machine could be an ideal solution to
improve the product quality, but adopting the right machining
parameters is required. In glass milling operation, several machining
parameters are considered to be significant in affecting surface
roughness. These parameters include the lubrication pressure, spindle
speed, feed rate and depth of cut. In this research work, a fuzzy logic
model is offered to predict the surface roughness of a machined
surface in glass milling operation using CBN grinding tool. Four
membership functions are allocated to be connected with each input
of the model. The predicted results achieved via fuzzy logic model
are compared to the experimental result. The result demonstrated
settlement between the fuzzy model and experimental results with the
93.103% accuracy.

Keywords—CNC-machine, Glass milling, Grinding, Surface
roughness, Cutting force, Fuzzy logic model.

I. INTRODUCTION

LASS is generally known as a hard, brittle, solid and
transparent material. The optical and physical properties

of glass make it plays an essential role for many different
industrial applications. Soda-lime glass is one of the most
prevalent types of glass, which is widely used and can easily
be found on the market. In industry, this type of glass is the
most commonly produced since it is easy to make with better-
cost effectiveness compared to other types of glass [1]. In
addition, it also has good mechanical properties in terms of
hardness, refractive index and melting temperature [2]. In
silicone industry as an example, soda-lime glass has been used
as a mould with a very good precision in terms of dimensional
accuracy even at elevated temperatures. While using a very
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high precision glass mould, the shape varieties of the silicone
product lead to many different complicated shapes of glass
moulds to be developed [1]. However, unique properties of
soda-lime glass such as, compressive hardness and brittleness
make any machining of glass a very challenging process [3-9].
Glass milling would be a good process required especially in
producing varieties shape of slot on glass surface. The
capability of the CNC milling machine to make batch
production would be a noteworthy advantage for glass
machining. However, the demand for high quality focuses
attention on the surface condition and the quality of the
product, especially the roughness of the machined surface,
because of its effect on product appearance, function, and
reliability [9-12]. Hence, the application of grinding process
on the CNC milling machine is found to be an ideal solution in
manufacturing complicated special products, making the
machined surface quality on the glass mould superlative
compared to other machining.

Surface roughness is defined as a group of irregular waves
in the surface, measured in micrometers (μm). The roughness
data obtained by measurement can be manipulated to
determine the roughness parameter. There are many different
roughness parameters in use, but Ra is the most common.
Other common parameters include Rz, Rq, and Rsk. Surface
roughness is mainly affected by different machining
parameters, such as spindle speed, feed rate, depth of cut and
lubrication pressure [13]. In metal machining the use of higher
cutting speed and lower feed rate and depth of cut produced a
better surface finish and this is mainly attributed to the high
temperature generated in the interface [10, 14].  However, in
glass machining, the effect of these parameters need to be
investigated, but in general, with higher cutting speed and
higher temperature, special rapid tooling is needed to increase
abrasion resistance and hence produced good surface
roughness. Cubic boron nitride (CBN) grinding tools are
traditionally expected to play multiple roles; such as, reducing
cutting temperatures and cutting forces and increasing
abrasion resistance. The cutting temperature is a key factor,
which directly affects tool quality, workpiece surface integrity
and machining precision according to the relative motion
between the tool and workpiece. The amount of heat generated
varies with the type of workpiece material being machined and
machining parameters used especially cutting speed, which
had the most influence on the temperature [15]. Therefore, the
design and development of control system to control the
temperature is lead to better surface finish. Thus, the
implementations of cutting fluid, which not only act as a
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lubricant but also working as a coolant, are very crucial [16-
17].

The conventional method to achieve lower surface
roughness and cutting forces at different machining
parameters is the “trial and error” approach. However, “trial
and error” approach is very time consuming due to the large
number of experiments. Hence, a reliable systematic approach
to predict the surface roughness at different parameters
condition is thus required to cover all the parameters range in
a few numbers of experiments [14-15]. Soft computing
techniques are useful when exact mathematical information is
not available and these differ from conventional computing in
that it is tolerant of imprecision, uncertainty, partial truth,
approximation, and met heuristics. Fuzzy logic is one of the
soft computing techniques that play a significant role in input-
output matrix relationship modeling. It is used when
subjective knowledge and suggestion by the expert are
significant in defining objective function and decision
variables. Fuzzy logic is preferred to predicting surface
roughness performance based on the input variables due to
nonlinear condition in machining process [18-19]. This paper
applies the fuzzy logic to develop the rule model in order to
predict the surface roughness of a machined surface in glass
milling operation using CBN grinding tool. The fuzzy theory
is still a prominent theory although sometimes it describes
uncertain and indefinite phenomena having the following
structure as shown in Fig. 1:

i. Fuzzification: making something fuzzy.
ii. Fuzzy rule base: in the rule base, the if-then rules
are fuzzy rules.
iii. Fuzzy inference engine: produces a map of the fuzzy
set in the space entering the fuzzy set and in the space
leaving the fuzzy set, according to the rules if-then.
iv. Defuzzification: making something nonfuzzy [19].

Following the literature above, for predicting of the surface
roughness, this study has been conducted by anticipating
lubrication pressure, spindle speed, feed rate and depth of cut
as machining parameters. Fuzzy rule base method is proposed
to predict surface roughness of a machined surface in glass
milling operation using CBN grinding tool.

II. DESIGN OF EXPERIMENTS

The most important stage in the designing of an experiment
lies in the selection of parameters and identifying the
experimental array. In this experiment with four parameters

and four levels each, the factors design used is a L13

experimental array. This array is chosen due to its capability to
check the interactions among parameters. The parameters and
levels are assigned as in Table I. The thirteen experiments
with the details of combination of the experimental levels for
each parameter (A-D) are shown in Table II.

TABLE I
THE MACHINING PARAMETERS AND EXPERIMENTAL CONDITION LEVELS

The machining
parameters

The experimental condition levels

A
Lubrication
Pressure (MPa)

0.4 0.6 0.8 1.0

B
Spindle Speed
(min-1)

5,000 10,000 15,000 20,000

C
Feed Rate
(mm/min)

0.5 1 1.5 2

D
Axial Depth of
Cut (mm)

0.25 0.5 0.75 1

TABLE II
THE THIRTEEN EXPERIMENTS WITH THE DETAILS OF THE COMBINATION

LEVELS

III. EXPERIMENT SET UP AND PROCEDURE

The second step in is to run the experiments based on the
selected experimental array. The thirteen experiments were
carried out in a random sequence to eliminate any other
invisible factors, which might also contribute to the surface
roughness. The experimental set-up is shown in Fig. 2. The
machine used in this study is a vertical-type machining center
(Cincinnati Milacron Saber TNC750 VMC); the spindle has
constant position preloaded bearings with oil-air lubrication
with the maximum rotational speed of 12,000 min-1. The
cutting process of a rectangular workpiece of soda lime glass
80 x 50 x 25 mm is selected as a case study. The glass
chemical composition and mechanical properties are shown in
Tables III and IV, respectively. And, Fig. 3 shows the
workpiece and the tool paths used in the cutting tests. The tool
moves in +X direction to cut 30 mm stroke with a fixed axial
depth of cut. The tool type used in the glass milling operation
is an internal CBN grinding tool. The tool diameter is 4.5 mm
with a # 150 grit size. To investigate the surface roughness in

Exp No. Parameters and levels
A B C D

1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 1 4 4 4
5 2 1 2 3
6 2 2 1 4
7 2 3 4 1
8 3 1 3 4
9 3 2 4 3

10 3 3 1 2
11 4 1 4 2
12 4 2 3 1
13 4 3 2 4

Fig. 1 The structure of a fuzzy system

Rule Base

Inference
Mechanism DefuzzificationFuzzification
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both normal and high-speed modes, an attachable high-speed
spindle (HSS) unit (Model NSK HES510 BT40) with 50,000
min-1 maximum rotational speed is attached to the machine
spindle using a built-in rigid holder to maintain the machining
accuracy. To measure the machined workpiece surface
roughness Ra, a portable surface meter (Mitutoyo SJ-201P)
was used with a cut off distance of 700µm. Finally, the
lubricant system was used to control the cutting temperature
and to reduce the friction between the tool and workpiece. The
Shell Dromus BL lubricant type has been selected since it has
a good lubrication quality characteristic. The properties of the
lubricant used are shown in Table V.

Fig. 2 The experimental set-up

TABLE III
SODA-LIME GLASS CHEMICAL COMPOSITION [1]

Chemical composition Weight %

SiO2 73
Na2O 14
CaO 9

Al2O3 0.15
K2O 0.03
MgO 4
TiO2 0.02
Fe2O3 0.1

TABLE IV
SODA-LIME GLASS MECHANICAL PROPERTIES [1]

Properties Value
Density at 20°C, g/cm3 2.53

Refractive index nD at 20°C 1.52
Young's modulus at 20°C, Gpa 74

Liquidus temperature, °C 1000
Thermal Conductivity,W/m.K 0.9-1.3

Hardness (Mohs Scale) 6–7
Knoop Hardness,kg/mm2 + 20 585

Fig. 3 The workpiece and tool paths

TABLE V
THE PROPERTIES OF SHELL DROMUS BL LUBRICANT OIL

Brand Shell

Name
Dromus BL – 8 000 021 138 / R 0665/ DOM 06 032

006

Specification

Emulsion appearance: Milky White, Opaque
pH at 5%: 8.9

Refractometer Factor: 1
Density at 15° C kg/L: 0.889 » 889 kg/ m3

Viscosity at 40°C centistokes : 37 » 3.7 x 10-5 m2 /
s (kinematics viscosity)

IV. EXPERIMENTAL RESULT

The experimental tests are carried out using the proposed
experimental set-up. The measured values of surface
roughness are summarized in Table VI. Figure 4 shows an
example of the measured surface roughness at 0.8 MPa
lubrication pressure, 20,000 min-1 spindle speed, 0.25 mm/min
feed rate, and 1 mm axial depth of cut.

TABLE VI
THE MEASURED SURFACE ROUGHNESS

Exp No. Measured Surface Roughness, Ra (µm)
1 0.52
2 0.60
3 0.85
4 1.02
5 0.84
6 1.08
7 0.74

8 0.87

9 1.14
10 0.73
11 0.91
12 0.56
13 0.73

Fig. 4 An example of measured surface roughness at 0.8Mpa
lubrication pressure, 20,000min-1 spindle speed, 0.25 mm/min feed

rate and 1mm axial depth of cut

V. FUZZY LOGIC BASED MODEL TO PREDICT SURFACE

ROUGHNESS

The relationship between input parameters which are the
lubrication pressure, spindle speed, feed rate and depth of cut
with the output parameter which is surface roughness of a
machined surface in glass milling operation were referred to
construct the rules. Fuzzy linguistic variables and fuzzy
expression for input and output parameters are shown in Table
VII. For each input variable, four membership functions were
used which are Low, Medium, High, and Very High. The
output variable (roughness) also used four membership

No Item

1)
High Speed Spindle
Controller

2) Air Compressor

3)
High Speed
Spindle(HSS)

4) CNC Milling Centre
5) Lubrication Nozzle
6) Workpiece
7) Tool
8) Kistler Dynamometer
9) Kistler Charge Amplifier
10) Data acquisition system

Z

X
Y

Tool

Soda-lime glass
workpiece

Feed
direction
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functions; Best, Good, Average and Bad. The characteristics
of the Inputs and Output variables are shown in Table VII.

A. Membership Functions for Input and Output Fuzzy
Variables

In choosing the membership functions for fuzzification,
the event and type of membership functions are mainly
dependent upon the relevant event [20]. In this model, each
input and output parameter has four membership functions.
Gauss shape of membership function is employed to describe
the fuzzy sets for input variables. In output variables fuzzy set,
triangular shape of membership functions are used. Triangular
membership function is generally used and   possesses
gradually increasing and decreasing characteristics with only
one definite value [20]. The input variables have been
partitioned according to the experiment parameter ranges.
Membership functions for fuzzy set input variables are shown
in Figs.5 a, b, c, and d respectively. Moreover, Fig.6 shows the
membership functions for the output surface roughness fuzzy
set.

TABLE VII
FUZZY LINGUISTIC AND ABBREVIATION OF VARIABLES FOR EACH

PARAMETER

Inputs
Range

Parameters Linguistic variables
A- Lubrication

pressure(MPa)
Low (L), medium (M),

high (H), very high (VH)

0.4-1.0

B- Spindle speed (min-1) 5,000-20,000
C- Feed rate (mm/min) 0.5-2
D- Depth of cut (mm) 0.25-1

Output
Roughness (µm) Best, Good, Average, Bad 0.52-1.14

B. Structure of Fuzzy Rules
A set of 13 rules have been constructed based on the actual

experimental surface roughness of a machined surface in
glass milling operation using CBN grinding tool.
Experimental results were simulated in the Matlab software
on the basis of Mamdani Fuzzy Logic which was as follow:
1. IF (A is L) and (B is L) and (C is L) and (D is L) then

(Roughness is Best)
2. IF (A is L) and (B is M) and (C is M) and (D is M) then

(Roughness is Best)
3. IF (A is L) and (B is H) and (C is H) and (D is H) then

(Roughness is Average)
4. IF (A is L) and (B is VH) and (C is VH) and (D is VH)

then (Roughness is Bad)
5. IF (A is M) and (B is L) and (C is M) and (D is H) then

(Roughness is Average)
6. IF (A is M) and (B is M) and (C is L) and (D is VH) then

(Roughness is Bad)
7. IF (A is M) and (B is H) and (C is VH) and (D is L) then

(Roughness is Good)
8. IF (A is H) and (B is L) and (C is H) and (D is VH) then

(Roughness is Average)
9. IF (A is H) and (B is M) and (C is VH) and (D is H) then

(Roughness is Bad)
10. IF (A is H) and (B is H) and (C is L) and (D is M) then

(Roughness is Good)
11. IF (A is VH) and (B is L) and (C is VH) and (D is M)

then (Roughness is Average)

12. IF (A is VH) and (B is M) and (C is H) and (D is L) then
(Roughness is Best)

13. IF (A is VH) and (B is H) and (C is M) and (D is VH)
then (Roughness is Good)

Fig. 6 Membership function for the output variable of surface
roughness
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C. Defuzzification
Defuzzification is the conversion of a fuzz

precise value, just as fuzzification is the co
precise value to a fuzzy quantity [20]. Seve
available in literatures to be used by r
defuzzifying methods which include centroid, w
mean of max, center of sum, center of larges
last) of maximum method. The selection of 
important and it greatly influences the speed a
the model. In this model, centroid of 
defuzzification method is used due to its wide 
capability in giving more accurate result compa
methods [21-22]. In this method, the resulta
functions are developed by considering the unio
of each rule, which means that the overlappin
output set is counted as one, providing more
Figure 7 shows the graphical representation of
defuzzification method. The shape refers to the
of active fuzzy sets that are controlled by th
rules.

Fig. 7 Graphical of Centroid Area Meth

Figure 8 (a) and (b) are examples to sho
between input parameters change and surface 
machined surface in glass milling operation pre
based model. As can be seen in Figs. 8 (
roughness is significantly increased with the in
depth of cut while the lubricant pressure param
not very significant. From the Fig. 8 (b), it is c
both of the feed rate and spindle speed param
significant to change the surface roughnes
spindle speed and feed rate will produce the
roughness.
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The error for dataset result was calculated and the model
accuracy for fuzzy logic was determined. The experimental
condition, surface roughness results, and fuzzy model
predicted value are shown in Table VIII. The highest
percentage of error for fuzzy model prediction is 8.75%. The
low level of errors shows that the fuzzy predicted surface
roughness results were very close with actual experimental
surface roughness values. Table VIII also shows that the
average of fuzzy model accuracy is 93.103%. The value of
accuracy shows that the proposed model can predict the
surface roughness of a machined surface in glass milling
operation using CBN grinding tool satisfactorily as it can be
seen in Fig 9 (a), (b), and (c). The close assent of surface
roughness values obviously display that fuzzy logic model can
be used to predict surface roughness in glass milling
operation. Thus the proposed fuzzy logic model gives
promising solution to predict roughness value in the specific
range of parameters.

(a) Comparison of Measured and predicted results

(b) The fuzzy model error percentage

(c)  The fuzzy model accuracy

Fig. 9 Comparison of the predicted and measured surface roughness
of a machined surface, the fuzzy model accuracy and error

percentage

VII. DISCUSSION

In this study, a fuzzy logic based model to predict surface
roughness machined surface in glass milling operation using
CBN grinding tool has been implemented. The result
demonstrated settlement between the fuzzy model and
experimental results with the 93.103% accuracy. The close
agreement of roughness values of machined surface clearly
indicates that the fuzzy model can be used to predict the
roughness of machined surface within the range of input
parameters under consideration.

On the other hand, as can be seen in Figs.  8 (a) and (b), the
axial depth of cut, feed rate and spindle speed are found to be
significant parameters affecting the surface roughness, while
the lubrication pressure has a less significant effect. For better
surface roughness, the recommended settings are the lowest
values of the depth of cut and feed rate and the highest values
of the lubrication pressure and spindle speed. Furthermore, it
was noted that, the interactions of the factors produce a
significant impact on the surface roughness. This is because
the combination of feed rate and depth of cut determines the
undeformed chip section and hence influences the amount of
cutting forces required to remove a specified volume of
material. The greater the feed rate and depth of cut the larger
the cross-sectional area of the uncut chip and the volume of
the deformed workpiece. Consequently, instantaneous fracture
of the glass workpiece if the cutting tool at high cutting force
is severely damaged [15].

Another possible reason is given by Ghani et al. [10] that,
when the spindle speed is increased accordingly, cutting
energy input to the machine tools and generated machining
compressive stresses grows correspondingly higher and lead to
increased chip-tool interface temperatures. The generated heat
in the machining zone helps to soften workpiece material,
reducing cutting forces required to cut the material leading to
better surface quality. However, it is believed that the spindle
speed should be controlled at an optimum value, as the
influence of temperature, especially for low thermal
conductive materials such as glass, would significantly affect
the chip formation mode, cutting forces, tool life, and surface
quality.

For controlling of machining process in future, the
knowledge of surface roughness as a function of machined
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surface quality is an essential requirement. It is not
economical to conduct surface quality test for different factors
combinations. The experiments consume a lot of time and may
not be sufficient for online controls. A scheme can be
developed that can carry out the control with online learning.
The approach would be helpful for predicting process
parameters in real time machining environment economically.

VIII. CONCLUSION

In this study, a fuzzy logic based model has been
established to predict surface roughness of machined surface
in glass milling operation using CBN grinding tool. This
research work is contributing to the enhancement of machined
surface quality of glass material particularly in mould making
industries which require high accuracy of component
dimension. Four membership functions are allocated to be
connected with each input of the model. The predicted results
achieved via fuzzy logic model are compared to the
experimental result. The result demonstrated settlement
between the fuzzy model and experimental results with the
93.103% accuracy.
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