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Surface Roughness and Processing Time of a Medium
Density Fiberboard Cabinet Door Processed via CNC
Router, and the Energy Consumption of the CNC Router

Bekir Cihad Bal,* and Fevzi Dumanoglu

In recent years, medium density fiberboard has been extensively used for
furniture production. Often it is painted or coated using a PVC film in
modern production, after the surfaces are formed via CNC machining. The
surface roughness of medium density fiberboard used in this way is very
important for the quality of the surface. In previous studies, the effects of
the cutting parameters of a CNC router on the surface roughness of
medium density fiberboard were investigated using laboratory test
samples. The present study focused on the effects of certain cutting
parameters of a CNC router on the surface roughness of real size test
samples. In addition, the energy consumption and total processing time of
the CNC router were investigated, in relation to the cutting parameters.
Three different spindle speeds (8000 rpm, 12,000 rpm, and 16,000 rpm)
and feed rates (3 m/min, 5 m/min, and 7 m/min) were used. According to
the data obtained, it was determined that as the spindle speed increased,
the surface roughness decreased, and the total energy consumption
increased. However, as the feed rate increased, the surface roughness
increased, and the total energy consumption decreased.
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INTRODUCTION

Numerical control (NC) machines were created in the late 1940s by John T. Parsons
and patented by Parsons in 1958 (Parsons and Stulen 1958). The first computerized
numerical control (CNC) machine was developed at the Massachusetts Institute of
Technology in 1952. Computerized numerical control machine technology was improved
in the 1960s, and CNC machines started to be used in many different manufacturing
industries in the 1980s. There are several types of CNC machines, including CNC lathes,
mills, and routers. These CNC machines are used for drilling, boring, turning, and milling
processes using a variety of different materials, such as metals, plastics, composites, solid
woods, and wood-based materials. In recent years, CNC machines have been used in
furniture factories to process solid wood and wood-based panels using various methods,
such as cutting, turning, and milling. In particular, medium density fiberboard (MDF) is
widely used in furniture manufacturing. After the MDF is processed via a CNC machine,
the surface is painted or coated with a PVC film. The cutting parameters of the CNC
machine affect the surface roughness of the MDF.

The first study related to wood machining was conducted by Davis (1962), who
observed the effects of the cutter speed, feed rate, and the density and moisture content of
solid wood processed using conventional wood processing machines, such as a
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thickness planer, molder machine, or lathe. To the best of the authors’ knowledge, the first
study related to the surface roughness of MDF processed with a CNC machine was
conducted by Aguilera et al. (2000). They investigated the effects of various properties of
MDF and cutting parameters on the surface roughness and cutting force and determined
that the cutting force increased with the density and chip thickness. Davim et al. (2007a,b)
investigated the defects observed at the entrance and exit sides of drilled MDF plates.
According to data obtained; they reported that higher cutting speeds should be used to
obtain the greater material removal rates associated with minimal delamination. Gaitonde
et al. (2008) worked to develop a mathematical model to predict the surface roughness and
to determine the optimal cutting conditions during milling of MDF. The results show that
the surface roughness can be optimized with lower feed rate and higher cutting speed
values. In subsequent studies, how a change in CNC machine cutting parameters, e.g.,
spindle speed, step over, cutting speed, feed rate, and cutting depth, affected the surface
roughness of MDF were investigated by many researchers (Davim et al. 2009Sitcu and
Karag0z 2012; Deus et al. 2015; Kog et al. 2017; Deus et al. 2018; Bal 2018; Bal and
Akcakaya 2018).

The energy consumption of industrial machines is a very important issue in
industrial production processes. In previous studies, some researchers studied the energy
consumption of CNC machines. Pavanaskar et al. (2015) studied the effects of the tool path
strategy on the energy consumption of a CNC machine using aluminum test samples. Li et
al. (2017) focused on process planning and cutting parameter optimization for energy-
aware CNC machining. Peng and Xu (2017) experimented on the effects of the spindle
speed, feed rate, depth of cut, and diameter of the cutter on the energy consumption of a
CNC machine. Aramcharoen and Mativenga (2014) studied the effects of different cutting
strategies, e.g., zig-zag, counter, and spiral strategies, on the energy consumption of a CNC
machine.

In previous studies, the effects of CNC machine cutting parameters, e.g., spindle
speed, step over, cutting speed, feed rate, and cutting depth, on the surface roughness of
MDF was investigated (Sttgl and Karag6z 2012; Deus et al. 2015; Kog et al. 2017; Deus
et al. 2018; Bal 2018). The results of these studies showed that the surface roughness
decreased as the spindle speed increased, and the step over, feed rate, and depth of cut
decreased. In addition, in previous studies, the energy consumption of a CNC machine
processing metal test samples was studied using a CNC lathe, CNC milling, or a CNC
machining center (Aramcharoen and Mativenga 2014; Pavanaskar et al. 2015; Peng and
Xu 2017). To the best of the authors’ knowledge, there has been no study on the effects of
the cutting parameters on the processing time and energy consumption of a CNC router, or
on the surface roughness of an MDF cabinet door. For this reason, this study focused on
investigating the effects of the spindle speed and feed rate on the processing time and
energy consumption of a CNC router, and the surface roughness of a cabinet door prepared
using MDF.

EXPERIMENTAL

Materials

MDF panels (manufactured by Kastamonu Entegre) were purchased from a
supplier in Kahramanmaras City, Turkey. The dimensions of the boards were 18 mm x
2100 mm x 2800 mm (thickness x width x length), with a density of 690 kg/m3. Test
samples were prepared from these panels, each with a dimension of 18 mm x 400 mm x
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700 mm (thickness x width x length). Each group had 10 test samples, and the total number
of samples was 90. The moisture content of test samples was 6.5%0.5%.

CNC machine and code file

A three-axis CNC router was used to perform the machining of the samples. The
CNC router was equipped with a servo-motor that had a total spindle power of 2.2 kW with
a spindle speed of 18,000 rpm. The CNC router was controlled using the Mach3 control
program (Newfangled Solutions LLC, Version R3.042.036, Liver more Falls, ME). The
code files to control the CNC router were created using the ArtCAM program (Autodesk,
Version 2008, San Rafael, CA). The tool path adjustments were as follows: the spindle
speed was 8000, 12,000, or 16,000 rpm; the feed rate was 3 m/min, 5 m/min, or 7 m/min;
and the cutting depth was 5 mm. The CNC cutter type was ball nose, with a diameter of 10
mm. CNC cutters had two flutes and were produced from carbide. They were used in the
machining process for the test specimens. A total of three CNC cutters were used for the
experiments.

Energy consumption
The energy consumption for each test sample was monitored using a wattmeter
(TT-TechnicPM 001) installed between the CNC machine and an electrical outlet (Fig.1).
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Fig. 1. Schematic view of CNC router and wattmeter
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Fig. 2. Dimensions of pattern (A), test sample (B), measurement points (C), roughness tester (D)

Methods

The dimensions of the pattern on the surface of the cabinet door are shown in Fig.
2A. The pattern and test samples are shown in Fig. 2B. The test samples were processed
using the “machine along vector” tool path. Roughness measurements were made at eight
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different points parallel to the cutter trace, as shown in Fig. 2C. The surface roughness
was measured using a Mitutoyo Surftest SJ-210, as shown in Fig. 2D. The surface
roughness settings and features were as follows: cut-off Ac = 2.5 mm; stylus angle = 60°;
drive unit speed = 0.75 mm/sn; x-axis measurement range = 12.5 mm; and z-axis = 360
um. The arithmetical mean height of roughness (Ra) was determined according to 1SO 4287
(1998). The SPSS 13.0 statistical package program was used. The data were analyzed using
analysis of variance (two-way ANOVA), and significant differences among groups were
determined by the Duncan multiple range test.

RESULTS AND DISCUSSION

The data obtained from the tests related to the surface roughness, energy
consumption, and processing time are shown in Table 1. When the data in the table were
analyzed, it can be seen that the lowest Ra value was 14.2 um, and it was observed when
using a spindle speed of 16,000 rpm, and a feed rate of 3 m/min. Conversely, the highest
Ra value was 17.4 um, and it was found when using a spindle speed of 8000 rpm, and a
feed rate of 7 m/min. The lowest energy consumption was 5.4 Wh, and it corresponded to
a spindle speed of 8000 rpm, and a feed rate of 7 m/min. The highest energy consumption
was 13.0 Wh, and it was observed when using a spindle speed of 16,000 rpm, and a feed
rate of 3 m/min. The energy consumption increased with the spindle speed, which is in
agreement with the findings of Edem and Mativenga (2017). The processing time of the
test samples changed with the feed rate. The spindle speed did not affect the processing
time. The lowest processing time was 47 s, measured at a feed rate of 7 m/min. The highest
processing time was 89 s, measured at a feed rate of 3 m/min. According to the data
obtained, the surface roughness decreased as the spindle speed increased and the feed rate
decreased, as shown in Table 3. The effects of these two factors on the surface roughness
were statistically significant (P < 0.001), as shown in Table 2. The effect of the feed rate
on the surface roughness was greater than that of the spindle speed. The F values of the
feed rate and spindle speed were 47 and 26, respectively.

Table 1. Test Results for Surface Roughness (Ra), Energy Consumption (EC),
and Processing Time (t)

Feed Rate
3 m/min 5 m/min 7 m/min

(rpm) (Mm) | (Wh) | (sec) | (um) | (Wh) (sec) (um) | (Wh) | (sec)
8000 15.9* 8.2 89.4 16.2 6.5 59.7 17.4 5.4 47.4

1.2%* 0.5 0.5 0.5 0.3 0.5 0.8 0.2 0.5

14.7* 10.7 89.3 15.1 8.3 59.7 15.7 7.2 47.3
12,000

0.6** 0.5 0.4 1.0 0.3 0.5 0.7 0.2 0.4

14.2* 13.0 89.4 14.8 9.8 59.8 15.3 7.3 47.3
16,000

1.0%* 0.4 0.5 0.9 0.4 0.4 0.7 0.3 0.5

*Arithmetic means shown in bold font, *standard deviation shown in normal font
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In previous studies, some researchers investigated the effects of the spindle speed
and feed rate on the surface roughness of MDF and reported similar results to those of the
present study (Aguilera et al. 2000; Davim et al. 2009; Deus et al. 2015; Kog et al. 2017;
Deus et al. 2018). In these previous studies, as a general rule, the surface roughness
decreased as the spindle speed increased and the feed rate decreased (Davim et al. 2009;
Deus et al. 2015). The highest spindle speed gave the lowest surface roughness. In addition,
as a result of these studies, it is advised by the authors to utilize the highest spindle speed.
However, a higher spindle speed resulted in greater energy consumption by the CNC
router, as shown in Table 1, and the effect of the spindle speed on the energy consumption
was statistically significant (P < 0.001), as can be seen in Table 2. However, in addition to
the spindle speed, the servo motors and drivers affected the energy consumption. Thus, the
energy consumption decreased as the feed rate increased, as shown in Tables 1 and 3. In
addition, the feed rate also affected the processing time.

The processing time increased as the feed rate decreased (as shown in Tables 1 and
3). As a result, there was an inverse relationship between the surface roughness and
processing time. The surface roughness decreased as the processing time increased.

The two-way ANOVA test results for the surface roughness, energy consumption,
and processing time are shown in Table 2. When the results were analyzed, it was apparent
that the effects of the spindle speed and feed rate on the surface roughness, energy
consumption, and processing time were statistically significant (P < 0.001),, except for the
effect of the spindle speed on the time (P > 0.05).. In addition, the coefficients of
determination (R?) are shown in Table 2. The coefficients of determination for the surface
roughness, energy consumption, and processing time were 0.65, 0.97, and 0.99,
respectively. These coefficients of determination showed that there was a strong
relationship between these independent variables and dependent variables. In a previous
study, Sutcl and Karagdz (2012) found similar coefficients of determination between the
surface roughness and cutting parameters.

Table 2. Two-Way ANOVA Results for the Surface Roughness, Energy
Consumption, and Time

Surface Roughness (um)
Source Sum of Square df | Mean Square F Sig.
Spindle Speed (SS) 34.29 2 17.15 26.36 0.000
Feed Rate (FR) 61.50 2 30.75 47.26 0.000
SS*FR 2.96 4 0.74 1.14 0.344
R2=0.65
Energy Consumption (Wh)
Spindle Speed (SS) 121.22 2 60.61 504.81 0.000
Feed Rate (FR) 199.52 2 99.76 830.89 0.000
SS*FR 8.77 4 2.19 18.25 0.000
R2=0.97
Processing Time (sec)
Spindle Speed (SS) 0.20 2 0.10 0.55 0.579
Feed Rate (FR) 28675 2 14338 79003 0.000
SS*FR 0.33 4 0.08 0.46 0.765
R2=0.99

The Duncan test results for the surface roughness, energy consumption, and
processing time are shown in Table 3. According to the Duncan test results, the surface
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roughness Ra values for spindle speeds of 8000 rpm and 12,000 rpm were similar, but the
Ra value for a spindle speed of 16,000 rpm was different. In addition, the surface roughness
values obtained with the feed rates of 3 m/min and 5 m/min were similar, but the Ra value
for a feed rate of 7 m/min was different. The best surface roughness was obtained with a
spindle speed of 16,000 rpm and a feed rate of 3 m/min. However, the highest energy
consumption was measured with these cutting parameters, as shown in Table 3. The highest
processing time was measured with a feed rate of 3 m/min. As a general result, it can be
said that the higher the spindle speed, the higher the energy consumption. In addition, a
lower feed rate was associated with a higher processing time. However, in modern
production methods, the energy efficiency is a very important subject that affects the
production costs. The processing time for each work piece affects the total production
amount. A fast production rate, as well as low energy consumption rates are required for
good production planning and a low cost. For this reason, in CNC machines, the surface
roughness should be low, and the cutting parameters should be adjusted to obtain low
energy consumption, as well as a rapid production rate.

Table 3. Duncan Test Results for the Surface Roughness, Energy Consumption,
and Processing Time

Surface Roughness
Spindle Speed N Ra Feed Rate N Ra
(rpm) (pm) (m/min) (pm)
16,000 30 148 A 3 30 149 A
12,000 30 15.8B 5 30 15.2 A
8000 30 16.2 B 7 30 16.8 B
Energy Consumption
SpindleSpeed N EC Feed Rate N EC
(rpm) (Wh) (m/min) (Wh)
8000 30 7.6 A* 7 30 79A
12,000 30 9.3 B* 5 30 8.2B
16,000 30 10.5 C* 3 30 11.3C
Processing Time
Spindle Speed N t Feed Rate N t
(rpm) (sec) (m/min) (sec)
16,000 30 735A 7 30 55.1 A
12,000 30 734 A 5 30 67.7B
8000 30 734 A 3 30 97.7C

Different capital letters (*A, B, C) indicates significant difference by Duncan test, N: number of
samples

In previous studies, many researchers examined the effects of the cutting
parameters on the energy consumption of CNC machines e.g., CNC milling machine, CNC
lathe, or CNC machining center using metal test samples (Pavanaskar et al. 2015; Li et al.
2017; Peng and Zu 2017). In these studies, very low spindle speeds (800 rpm to 4000 rpm)
were used because of the hardness of the test samples, since they were made of a metal
(steel or aluminum). However, in previous studies related to the processing of MDF, the
spindle speed was generally between 12,000 rpm and 24,000 rpm. There is a difference
related to the motor power between a CNC machine processing metal and processing MDF.
CNC machines that process metal are more powerful than those that process MDF. In
addition, CNC machines that process metal have parts e.g., a lubricator, lighting, and
compressed air, that differ from those used in the CNC router used in this study. In a
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previous study, Jiang et al. (2019) stated that it was impossible to characterize the energy
consumption because there are so many factors that influenced it. However, similar results
were obtained in the previous studies and the present study. The energy consumption
increased as the spindle speed increased, and as the feed rate decreased.

CONCLUSIONS

The present study aimed to determine of effects of certain cutting parameters of a
CNC router on the surface roughness of real size test samples. In addition, the energy
consumption and total processing time of the CNC router were investigated. According to
data obtained:

1. The surface roughness of the MDF cabinet door decreased as the spindle speed
increased and as the feed rate decreased. The lowest Ra value was 14.2, and it was
determined when using a spindle speed of 16,000 rpm, and a feed rate of 3 m/min.

2. The energy consumption of the CNC router decreased as the spindle speed decreased
and as the feed rate increased. The lowest energy consumption was 5.4 Wh, and was
observed when using a spindle speed of 8000 rpm, and a feed rate of 7 m/min.

3. The processing time of the CNC router decreased as the feed rate increased. The lowest
processing time was 47 s, measured at a feed rate of 7 m/min.
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