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Abstract: The surface quality of wooden products is of great importance to production industries.
The best surface quality requires a thorough understanding of the cutting parameters’ effects on the
wooden material. In this paper, response surface methodology, which is one of the conventional
statistical methods in experiment design, has been used to design experiments and investigate the
effect of different machining parameters as feed rate, spindle speed, step over, and depth of cut on
surface quality of the beech wood. The mathematical model of the examined parameters and the
surface roughness have also been obtained by the method. Finally, the optimal machining parameters
have been obtained to achieve the best quality of the machined surface, which reduced the surface
roughness up to 4.2 (µm). Each of the machining parameters has a considerable effect on surface
quality, although it is noted that the feed rate has the greatest effect.

Keywords: optimization; response surface method; surface roughness; machining parameters

1. Introduction

In recent years, the wood industry has gained significant attention for its applications
in various industries and because the wood and its products are very important in industrial
production. The surface roughness, as the main parameter of surface quality, is among the
requirements for quality production. The examination of the methods conducive to achieve
the optimal cutting parameters for the minimum surface roughness of wooden products is
one of the vital research issues that fill the gap existing in the literature in this respect.

Fujiwara et al. [1] have investigated the surface roughness of Japanese oak and beech
that were polished with different sandpapers, and after paying attention to the distribution
of the respective area the peaks of the roughness profile were checked. Usta et al. [2] have
studied the effect of the number of grater knife blades, feed speed and depth of cut on
the surface roughness of Acacia locust and European oak in the planning process. The
samples have been tested with two and four blades, feeding speed of 5 and 9 (m/min)
and cutting depth of 1, 2 and 4 (mm), respectively. It should be noted that under the same
conditions, Acacia Locust has a smoother surface than European oak. They found that the
surface roughness decreases by reducing the feed speed and depth of cut and increasing
the number of grater blades. The lowest surface roughness in the experiment with the
highest number of grater blades (4 blades), feed rate of 5 m per minute and cutting depth of
1 (mm) is achieved. Hernández et al. [3] have investigated the effect of cutting width and
height on the surface quality of black spruce timber in the process of turning the trunk into
lumber. So that the spindle speed and feed rate are kept constant, surface roughness tests
have been performed in two conditions of summer and winter temperature and different
cutting width and height. Finally, they obtained the suitable surface quality in summer
temperature where the width and height of cut of the black spruce was less. Kilic et al. [4]
have evaluated the effect of different machining techniques on the surface roughness of
beech and spruce wood. They designed a test to consider the characteristics of sawn and
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sanded surfaces with 60 and 80 sandpapers. Pinkowski et al. [5] have studied the effect of
cutting angle and feed rate on the surface roughness of different woods in the planning
process. They performed experiments with four different cutting angles of the blade, four
different feed rates, and constant rotational speed. They found that surface roughness
decreases with decreasing cutting angle and surface roughness increases with increasing
feed rate. The optimal cutting angle is 40 degrees. Moreover, the surface area decreases
with increasing wood density. Extensive research [6–10] has been conducted to investigate
cutting parameters on different woods in the planning process. Koch et al. [11] have studied
the effects of feed rate and spindle rotational speed on two types of wood and MDF in
the CNC milling process. They used the factorial method in the design of the experiment
and found that a smoother surface was obtained by increasing the rotational speed of the
spindle and decreasing the feed rate. Bal and AKÇAKAYA [12] have studied the effect of
step over, feed rate, and cutting depth on fiber surface roughness in the CNC machining
process. They performed experiments on two cutting depths of 2 and 6 (mm), step over
of 40, 60, and 80% of the tool diameter, feed rate of 3, 5, 7 (m/min) and a constant spindle
speed of the spindle. They found that the feed rate and surface roughness increase with
increasing the depth of cut. In the design of traditional experimental methods, only one
factor was considered as a variable and other factors were constant. In this method, due to
the existence of one variable, the effects between the variables are not studied and the full
effect of the variables on the response is not displayed. In addition, to do the project in the
mentioned method, many tests are needed, which leads to an increase in time and cost as
well as an increase in the consumption of materials. To overcome this problem, the response
surface methodology (RSM) was proposed by Box and Wilson for optimization studies [13].
RSM is a mathematical tool that determines the relationship between a set of responses and
independent variables. An important aspect of RSM is design of experiments, commonly
known as DOE. This strategy was originally developed to fit experimental models but
can also be used for numerical experiments. DOE’s goal is to select the points where the
response should be evaluated. The test design can have a great impact on the accuracy of the
estimation and the cost of constructing the response surface model. Rao and Murthy [14]
have studied the effect of cutting parameters on the surface roughness and workpiece
vibrations using experimental design methods including the RSM in the drilling process.
Moreover, Hazir and Koc [15] have investigated the optimization of cutting parameters in
the CNC process of Lebanese Cedar and European black pine with the aim of minimum
surface roughness using RSM. Extensive research [16–19] has been done on modeling and
optimization of cutting parameters to achieve the desired surface roughness by using the
RSM method.

This research has been conducted to determine the effective parameters in machining
of beech wood to achieve the best surface quality. Afterwards, the effect of machining
parameters such as feed rate, spindle speed, cutting depth, and step over on beech wood
surface roughness have been studied. Finally, Optimization modeling has been performed
under RSM, and the mentioned parameters have been optimized to achieve the minimum
surface roughness of the workpiece.

2. Materials and Methods

Woodworking with CNC technologies is an integral part of the woodworking industry,
and there are various methods to achieve the desired smooth surface that is important in
high-performance machining and high-quality production. In this section, the workpiece
material and the utilized CNC machine and tool are introduced. The conditions and
methods of testing and machining and the optimization method are also explained.

2.1. Test Materials and Conditions

The wood used in this research is beech wood, which is widely used for wooden
products due to its stable internal structure, high density and good compressive strength
performance. The physical and mechanical properties of beech wood have been studied in
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recently published literature [20–22]. Here, the details for the under-study wood mechanical
properties are listed in Table 1. Pieces of this wood with dimensions of 10*30 (cm) and a
thickness of 15 (mm) in the radial direction have been prepared for testing. The machine
used for milling is a three-axis cartesian CNC with a Mach3 control system. The zigzag
strategy has been used for the end milling of the desired surface in ArtCAM software. Here,
the end mill series used are ARDEN 214, which are ideal for high volume end mills with
medium feed rates due to their hard materials and diamond crystal structure. The end mill
tool code 214,214 has a working height of 12 (mm) and a diameter of 20 (mm) with two
tungsten carbide teeth.

Table 1. Mechanical properties of under study beech wood [21].

Bending
Strength

Elasticity
Modulus

Grain
Parallel

Compression

Grain Parallel
Shear Strength

Grain Parallel
Tensile Strength

Grain Normal
Tensile Strength

Impact
Bending

99.01 (MPa) 11,224 (MPa) 57.05 (MPa) 10.47 (MPa) 131.15 (MPa) 3.71 (MPa) 11.081 (KJ/m2)

2.2. Experimentation

As the response surface method is one of the common statistical methods in the design
of experiments, in the present study Design-Expert software and the response surface
method have been used to design the experiments and analyze the results. In this method,
the variables affecting the response and the minimum and maximum limits are determined,
and based on these limits and the model the test matrix is designed. One of the main
advantages of this method over the full factorial method is the reduction in the number of
experiments while the number of variables is high, which reduces the costs and time of
the research. The three main types of response surface methods are the central composite,
Box Benken, and Dehlert models, in which the central composite model used in this paper
is more valid than the others [23]. Work piece material, machine tool type, and geometric
factors may be varied during machining [24]. Required surface quality can be attained
by proper machining parameters selection. Here, in a milling condition with the given
factors for the machine tool and work piece material, surface quality can be determined and
improved depending on the geometric factors’ selection which includes feed rate, cutting
speed, step over, and depth of cut [25–27]. The effective variables considered on the surface
roughness method and their minimum and maximum values are presented in Table 2.

Table 2. Minimum and maximum input data.

Parameter Maximum Minimum

Depth of cut (mm) 10 4
Feed rate (mm/s) 55 30

Spindle speed (rpm) 15,000 9000
Step over (mm) 7.75 5.25

By importing the data listed in Table 1 into the Design-Expert environment and using
the central composite model for the response surface method, the test conditions have been
designed according to the Table 3. The total number of experiments can also be obtained
by the following equation:

N = 2k + 2k (1)

where N is the total number of experiments and k is the number of independent variables.
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Table 3. Experimental test conditions.

No. Step Over (mm) Spindle Speed (rpm) Feed Rate (mm/s) Depth of Cut (mm)

1 7.75 9000 30 10
2 7.75 12,000 40 10
3 7.75 15,000 50 10
4 7.75 9000 35 8
5 7.75 12,000 45 8
6 5.25 12,000 55 8
7 5.25 15,000 55 8
8 7.75 15,000 45 8
9 6.5 15,000 45 8
10 5.25 9000 50 6
11 6.5 12,000 55 6
12 7.75 15,000 55 6
13 7.75 12,000 30 6
14 5.25 12,000 40 6
15 6.5 15,000 50 6
16 7.75 9000 40 6
17 7.75 9000 30 6
18 7.75 15,000 40 6
19 7.75 15,000 55 4
20 6.5 12,000 45 8
21 7.75 15,000 55 4
22 6.5 15,000 30 6
23 5.25 12,000 50 6
24 7.75 12,000 45 6

Surface roughness can be measured by tracing the probe across the workpiece surface.
The arithmetical mean of the absolute values of the profile deviations, Ra, is a vertical
parameter that shows the average roughness of a surface. After performing 24 designed
tests the average roughness parameter (Ra) has been measured using a TIME 3202 digital
roughness meter according to ISO 4287 standard [28], which uses five sampling lengths for
Ra measurement. Figure 1 shows the machining process and average surface roughness
measurement.
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Figure 1. (a) CNC machining of beech wood; (b) surface roughness measurement.

2.3. Response Surface Analysis

Response surface analysis is known as a time and cost economic method that makes it
easy to identify the outlier data. This method has been adopted in various fields of study,
and particularly in manufacturing research works [29–38]. Since the adjusted coefficient
of determination R2 represents the accuracy of the estimation concerning the roughness
regression, it should be more than 90% to achieve the appropriate relation. Table 4 shows
R2 coefficient values for different equations. The value of this coefficient in the cubic
equation is 100%, and it indicates the high accuracy of the estimated equation which has
been utilized in this study.
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Table 4. Regression models validation.

Regression Model Adj−R2 Valid

Linear
Ra(µm) = a0 + a1 f + a2n + a3a + a4s 0.4480

Linear + 2 factor interaction
Ra(µm) = a0 + a1 f + a2n + a3a + a4s + a5 f n + a6na + a7as + a8s f 0.5732

+a9 f a + a10ns

Quadratic
Ra(µm) = a0+ a1 f + a2n + a3a + a4s + a5 f 2 + a6n2 + a7a2 + a8s2

+a9 f n + a10na + a11as + a12s f + a13 f a + a14ns
0.4278

Cubic
Ra(µm) = a0+ a1 f + a2n + a3a + a4s + a5 f 2 + a6n2 + a7a2 + a8s2

+a9 f n + a10na + a11as + a12s f + a13 f a + a14ns
+a15 f 3 + a16n3 + a17a3 + a18s3 + a19a f n + a20a f s
+a21ans + a22 f ns + a23a2 f + a24a2n + a25a2s
+a26a f 2 + a27an2 + a28as2 + a29 f 2n + a30 f 2s
+a31 f n2 + a32 f s2 + a33ns2 + a34n2s

1 ×

2.4. Variance Analysis

ANOVA (analysis of variance) is a statistical analysis used to determine the model’s
suitability. Table 5 shows the results of ANOVA for the third-order equation of Ra, where
the p-value shows the significance of each coefficient. If the p-value becomes less than 0.05 it
indicates the coefficient’s significance and importance. Considering Table 5, all parameters
of a third-order equation, including the third power of the parameters, are presented in the
estimated equation. The total p-value of the equation is 0.0014, and therefore the estimated
model is valid. The estimated coefficient of each parameter is also shown on the general
model, which has the greatest effect on the feed rate that is equal to 31.47.

Table 5. Analysis of variance results.

Parameter p-Value Predicted Coefficient

Constant 22.26

Linear
a 0.0031 10.75
f 0.0016 31.47
n 0.0013 −11.24
s 0.0012 9.88

Quadratic
a2 0.0072 2.80
f 2 0.0015 15.89
n2 0.0012 1.93
s2 0.0016 2.04

2 Factor interaction
a f 0.0026 19.51
an 0.0012 −11.87
as 0.0015 7.04
f n 0.0017 −9.14
f s 0.0012 10.44
ns 0.0015 −5.62

a f n 0.0015 −8.44
a f s 0.0014 7.62
ans 0.0022 1.58
f ns 0.0014 −5.08
a2 f 0.0061 2.31
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Table 5. Cont.

Parameter p-Value Predicted Coefficient

2 Factor interaction
a2n 0.0075 −1.41
a f 2 0.0021 10.83
f 2n 0.0048 −1.10

Total 0.0014 (Significant)

3. Results and Discussions
3.1. The Effect of Different Machining Parameters on Surface Roughness of Beech Wood

The effect of different machining parameters on surface roughness of other work-
piece materials has been studied in several research works. In the literature [39–41] it
was reported that the control parameters having the most effect on surface quality are the
spindle speed, feed rate and depth of cut rate, and that better surface quality was obtained
at higher spindle speeds, lower feed rates and depth of cut. In this study similar results
have been obtained for the effect of spindle speed, feed rate, and depth of cut on surface
quality of the beech wood. Particularly, the step-over effect on the surface roughness has
been investigated in this study.

Figure 2 shows the effect of machining parameters on surface roughness. According
to Figure 2a, which presents the effect of spindle speed on surface roughness, when the
spindle speed increases the surface roughness increases as well. Moreover, this figure
shows that the surface roughness increases with the increase in cutting depth. Figure 2b
shows the effects of feed rate and surface roughness on cutting depth, where it is seen
that if the feed rate increases the surface roughness increases, and with the increase in
the cutting depth the surface roughness also increases. Figure 2c also shows the effects of
cutting depth and surface roughness on step over. It can also be obtained from this figure
that increasing the depth of cut leads to an increase in surface roughness. Significantly,
with the increase in the step over, the surface roughness continues to increase.

Figure 2d illustrates the effects of spindle speed and surface roughness on the step
over. As the spindle speed increases the surface roughness increases. With an increase in
step over the surface roughness increases as well. Figure 2e shows the effects of step over
and surface roughness on to the feed rate, and it is apparent that the step-over increase
leads to the surface roughness increase. Per Figure 2f that presents the effects of spindle
speed and surface roughness on feed rate, one can understand that the higher spindle
speed or feed rate results in the higher surface roughness increases.

3.2. Parameter Optimization

The focus of the present work is to reduce the surface roughness of the workpiece to
achieve the desired surface quality. Optimal machining parameters can be used to minimize
the desired workpiece surface roughness. Table 6 shows the optimal machining parameters
that are obtained here using the response surface method.

Table 6. Goal and optimized value of parameters.

Parameter Goal Description Optimized Value

Depth of cut Maximum Increase in
production rate 10

Feed rate Maximum Increase in
production rate 66.262

Spindle speed In range 15,000
Step over In range 5.25

Surface roughness Minimum Increase in product
quality 4.2

Desirability 0.812
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By analyzing the results obtained from the optimization, the optimal value of Ra can
be obtained based on the estimated model. This value is equal to 4.2 (µm) (Figure 3). As
the desirability value approaches 1, a better optimization result will be obtained.
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The optimized results’ ramps are illustrated in Figure 4. The red bullets represent the
optimized values and the blue bullet represents how well the surface quality increased. The
relevant bar graph of desirability for the machining condition, replies, and the combined
desirability of 0.812 is presented in Figure 5 that shows the overall desirability of all the
parameters and the response.
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3.3. Model Validation

To validate the proposed model, the estimated surface roughness value and the value
obtained from the model measurement have been compared here. Table 7 shows the
estimated and measured values in different model conditions. According to this table
the measured and estimated values are equal or have a slight difference with each other.
Therefore, the estimated model has enough accuracy to calculate surface roughness based
on different machining parameters (feed rate, spindle speed, depth of cut, step over).
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Table 7. Comparison of surface roughness values measured and predicted by the model.

Condition 95 % PI High 95 % PI Low Std Dev Roughness
Measured Value

Roughness
Predicted Value

by Model

1 8.52612 8.44988 0.003 8.488 8.488
2 7.38712 7.31088 0.003 7.349 7.349
3 5.25612 5.17988 0.003 5.218 5.218
4 6.70112 6.62488 0.003 6.663 6.663
5 7.06512 6.98888 0.003 7.027 7.027
6 7.63512 7.55888 0.003 7.597 7.597
7 5.92112 5.84488 0.003 5.883 5.883
8 6.95712 6.88088 0.003 6.919 6.919
9 6.79412 6.71788 0.003 6.756 6.756

10 7.53112 7.45488 0.003 7.493 7.493
11 7.84812 7.77188 0.003 7.81 7.81
12 8.01412 7.93788 0.003 7.976 7.976
13 5.27812 5.20188 0.003 5.24 5.24
14 7.52612 7.44988 0.003 7.488 7.488
15 6.78812 6.71188 0.003 6.75 6.75
16 9.03112 8.95488 0.003 8.993 8.993
17 8.02412 7.94788 0.003 7.986 7.986
18 5.10712 5.03088 0.003 5.069 5.069
19 7.87251 7.80649 0.002598 7.838 7.8395
20 7.08212 7.00588 0.003 7.044 7.044
21 7.87251 7.80649 0.002598 7.841 7.8395
22 4.21112 4.13488 0.003 4.173 4.173
23 7.46212 7.38588 0.003 7.424 7.424
24 6.30112 6.22488 0.003 6.263 6.263

4. Conclusions

This research mainly focuses on parameters investigation and optimization to achieve
the best surface quality for the machined beech wood. The effect of machining parameters
on the surface roughness of a piece of beech wood was investigated. RSM method is used
to design experiments and the results are analyzed using Design-Expert. The studied
parameters were optimized to achieve the minimum surface roughness. The summary of
the obtained results is as follows:

• The roughness of surface decreased with decreasing feed rate. Changes in surface
roughness due to the feed rate changes at high load depth, low spindle speed, and
high step were very significant. Moreover, the surface roughness increased with an
increasing pitch;

• The surface roughness increased with increasing the depth of cut. At this step, changes
in surface roughness were very noticeable due to the changes in cutting depth, low
spindle speed and high feed rate. In addition, as the spindle speed decreased, the
surface roughness increased accordingly. Changes in surface roughness due to changes
in spindle speed at high depth of cut, step over, and feed rate were very noticeable;

• The third-order mathematical model was modeled by the response surface method to
estimate surface roughness based on machining parameters (feed rate, spindle speed,
depth of cut and step by step). ANOVA showed that the greatest effect on surface
roughness was related to the feed rate.

Finally, the optimal parameters for minimizing the surface roughness were obtained
by the response surface method. Feed rate 66.262 (mm/s), spindle speed 15000 (rpm),
cutting depth 10 (mm) and pitch 5.25 (mm). Moreover, the best surface roughness was
obtained 4.2 (µm).

The results of the proposed model for the estimated surface roughness value were
evaluated by the value obtained from the model measurement. The measured and esti-
mated values are equal or have a slight difference. Finally, it can be concluded that the
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model has a good accuracy to predict surface roughness based on different machining
parameters. As RSM allows investigating the influences of multiple factors and their inter-
actions on one or more response variables, for future works this method can be applied to
other factors influential on surface quality, and can even be employed to investigate the
effects of the mentioned parameters on other response variables such as tool wear. This
produces high-precision machining and high-quality wooden products. The study can also
be continued on other wood types to study the product cost and quality. This, moreover,
clearly shows the applicability and significance of the method in other studies in terms of
economical cost, time, and any other limitations.
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