'™ forests

Article

Combining Artificial Neural Network and Response Surface
Methodology to Optimize the Drilling Operating Parameters of

MDF Panels

Bogdan Bedelean *'*/, Mihai Ispas

check for
updates

Citation: Bedelean, B.; Ispas, M.;
Récasan, S. Combining Artificial
Neural Network and Response
Surface Methodology to Optimize the
Drilling Operating Parameters of
MDF Panels. Forests 2023, 14, 2254.
https://doi.org/10.3390/

14112254

Academic Editor: Sofia Knapic

Received: 24 October 2023
Revised: 10 November 2023
Accepted: 13 November 2023
Published: 16 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sergiu Racasan

Faculty of Furniture Design and Wood Engineering, Transilvania University of Brasov, Bd-ul Eroilor nr. 29,
500036 Brasov, Romania; ispas.m@unitbv.ro (M.1.); sergiu.racasan@unitbv.ro (S.R.)
* Correspondence: bedelean@unitbv.ro

Abstract: Most of the parts of furniture made of medium density fiberboards (MDF) require at least
one hole to be assembled. The drilling technological parameters influence the quality of holes. Factors
such as tip angle of the drill bit, feed rate, type and diameter of the drill bit, and spindle rotational
speed could affect the drilling process. Therefore, the right choosing of drilling parameters is a
mandatory condition to improve the drilling efficiency that is expressed through tool durability, cost,
and quality of the drilling. Thus, in this work, we are proposed an approach that consists in combining
two modelling techniques, which were successfully applied in various fields, namely artificial neural
network (ANN) and response surface methodology (RSM), to analyze and optimize the drilling
process of MDF boards. Four artificial neural network models with a reasonable accuracy were
developed to predict the analyzed responses, namely delamination factor at inlet, delamination factor
at outlet, thrust force, and drilling torque. These models were used to complete the experimental
design that was requested by the RSM. The optimum values of the selected factors and their influence
on the drilling process of the MDF boards were revealed. A part of optimum combinations among
analyzed factors could be used both during the drilling of the MDF boards and prelaminated
wood particleboards.

Keywords: MDF; drilling process; hole quality; modeling with ANN; optimization with RSM

1. Introduction

Nowadays, some parts of furniture could be made of medium density fiberboards
(MDF). To be assembly, these parts should be drilled at different locations, according to
technical documentation. The selection of drilling parameters represents a mandatory step
to obtain a high-quality drilling process. The efficiency of the drilling process is expressed
through tool durability, cost, and quality of the drilling. Factors such as tip angle of the drill
bit, feed rate, type of drill (flat or helical), diameter of drill, spindle speed, and material
properties could affect the drilling process [1,2].

To optimize the drilling process, considerable research was carried out on drilling
to increase the hole quality, which in most cases is classified by delamination factor and
surface roughness [2]. Moreover, topics such as cutting force, drill deflection, and tool
condition monitoring are presented in the literature [2—4]. Cutting forces affect the energy
consumption, tool wear, and the quality of the surface [2]. The adhesive layer negatively in-
fluences the accuracy of the position and the angle of the holes during plywood drilling [3].
Kurek et al. [4] proposed a new approach that can be used to predict the drill bit condi-
tion during drilling of wood and wood-based materials. The approach is based on the
physical parameters of the drilling system, namely, noise levels, current/voltage values,
and vibrations.

However, most of the published results refer to drilling of prelaminated wood par-
ticleboards. Regarding the drilling of MDEF, up to now, scholars investigated by means

Forests 2023, 14, 2254. https:/ /doi.org/10.3390/£14112254

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f14112254
https://doi.org/10.3390/f14112254
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-8067-8596
https://orcid.org/0000-0002-4296-6685
https://orcid.org/0000-0001-5066-5754
https://doi.org/10.3390/f14112254
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f14112254?type=check_update&version=1

Forests 2023, 14, 2254

20f19

of different methods the influence of factors that affect the drilling process. Ispas and
Racasan [5] analyzed the influence of the tip angle of the drill bit and the feed speed on
the drilling quality of MDF panels that were evaluated through the delamination factor
at inlet and outlet. The authors obtained that a small tip angle with a low feed rate led to
a lower delamination factor during drilling. Davim et al. [6], Palanikumar et al. [7], and
Prakash et al. [8] obtained that the delamination factor decreases when the cutting speed is
increased. Additionally, the same authors obtained that delamination factor increased when
the feed rate and drill diameter were increased. The research performed by Valarmathi et al. [9]
showed that the delamination during the drilling of prelaminated MDF wood panels could
be minimized with a high spindle speed, a low feed rate, and a small drill diameter.

Regarding the applied methods to study the influence of factors and to reveal the
optimum combinations of factors during drilling of MDF boards, the scholars involved
approaches such as response surface methodology (RSM), Taguchi optimization method,
and grey relational analysis (GRA). Prakash et al. [8] revealed by means of response surface
methodology RSM that the delamination factor in the drilling of MDF is mostly affected by
feed speed. Gaitonde et al. [10] applied the Taguchi optimization method to minimize the
delamination factor during drilling of melamine-coated MDF boards. In this research, the
delamination factor was minimized by assuring a high cutting speed and low feed speed.

In addition, Ayyildiz et al. [11] by means of the Taguchi technique revealed the
most important factor that affects the surface roughness during drilling of MDF panels
is the feed rate. Prakash et al. [12] applied the grey relational analysis (GRA) method to
optimize the drilling parameters of MDF panels and obtained that the feed rate is the most
important factor that affects both the surface roughness and delamination factor. Prakash
and Palanikumar [13] applied the Taguchi experimental design technique and response
surface methodologies (RSM) for predicting the surface roughness in drilling MDF by
taking into account the spindle rotational speed, the feed rate, and the drill bit diameter.
They obtained that the surface roughness is mostly influenced by the feed speed.

Another modeling method that was applied to model the drilling process or the wood
machining process is the artificial neural network (ANN), which is a machine learning
model that simulates the working mechanism of the human brain. Among other machine
learning models, namely, fuzzy, neuro-fuzzy, and support vector machine (SVM), the ANN
is applied in wood machining to model various processes. Bedelean et al. [14] developed an
ANN model that is able to predict the delamination factor, thrust force, and drilling torque
during the drilling of prelaminated wood particleboards based on drill type, drill tip angle,
and tooth bite. Szwajka et al. [15] applied ANN to predict the tool wear during milling
of wood. The input variables were feed rate, cutting speed, and the force in the X and Y
directions. Zbie¢ [16] developed a neural network to monitor tool wear in MDF milling
based on machined surface temperature, cutting, and thrust force and power consump-
tion. Tiryaki et al. [17] used artificial neural networks for predicting the surface roughness
and power consumption in abrasive machining of wood. The inputs were pressure, ma-
chining speed, wood species, abrasive types, and grit number of abrasives. Additionally,
Tiryaki et al. [18] designed an ANN model with four neurons in the input layer, namely
wood species, feed rate, number of cutter, and cutting depth, to predict the power con-
sumption during the wood planning. Ozsahin and Singer [19] designed an ANN model to
reveal the influence of wood species, cutting width, number of blades, and cutting depth on
noise emission in the machining process. Nasir and Cool [20] involved the artificial neural
networks modelling technique to predict the dust emission at various cutting conditions
based on signals received from an acoustic emission sensor. Rabiei and Yaghoubi [21]
studied the influence of various factors, such as depth of cut, feed rate, and spindle speed
on the surface roughness and the process time by using an artificial neural network and the
bees optimization algorithm (BA). Demir et al. [22] designed an ANN model to determine
the CNC operating parameters (tool diameter, spindle speed, and feed) in order to attain the
best surface quality for spruce and beech wood. Additionally, Cakmak et al. [23] developed
an artificial neural network model to predict the surface roughness and cutting power
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based on spindle speed, feed rate, depth of cut, and moisture content. Giirgen et al. [24]
developed an ANN model for prediction of surface roughness during processing of Scotch
pine (Pinus sylvestris L.) on the CNC machine based on spindle speed, feed rate, depth of
cut, and axial depth of cut. Sofuoglu [25] employed the artificial neural network approach
to model the surface roughness of massive wooden edge-glued panels during processing
on a CNC. The independent variables were cutter type, tool clearance strategy, spindle
speed, feed rate, and depth of cut.

Regarding the tool monitoring condition, various machine learning models were
applied in conjunction with power, sound, vibration, and acoustic sensors. Nasir et al. [26]
used an adaptive neuro-fuzzy inference system (ANFIS) to monitor the cutting power
and waviness in the wood circular sawing process based on an acoustic emissions signal.
ANFIS is a neural network that is used for adaptive learning. Nasir and Cool [27] predicted
the cutting power and waviness during circular sawing of wood using vibrational signals
that was processed by using a self-organizing map (SOM), which is a type of artificial
neural network ANN that is trained using unsupervised learning. This machine learning
technique was combined with an ANN model or with an ANFIS model in order to predict
the desired outputs. Nasir et al. [28] combined the signal obtained from power, vibration,
sound, and acoustic sensors with various machine-learning methods for tool condition
monitoring during wood sawing. Tool classification was performed using extreme gradient
boosting (XGBoost), random forest (RF), and support vector machine (SVM) algorithms.
Nasir et al. [29] analyzed the influence of cut depth, rotation speed, and feed speed on
the tool temperature during circular sawing of wood by monitoring the power, sound,
vibration, and acoustic emission. Based on the information received from the sensors,
various random forest (RF) models were trained to predict the tool temperature during
circular sawing of wood. Stanojevic [30] applied the neuro-fuzzy approach to establish
the influence of feed rate, cutting depth, and rake angle on surface roughness and power
consumption during wood milling. Ahmed et al. [31] used acoustic emissions and a
residual network (ResNets), which is a specific type of neural network, to monitor the
tool health during the milling of wood. Kurek et al. [4] classified drill wear by means of
classification algorithms (random forest RF, decision tree, support vector machine SVM,
extreme gradient boosting XGBoost, etc.). The best result was obtained in the case of the
XGBoost extreme gradient boosting classification algorithms. The inputs of the drilling
system were noise levels, current or voltage values and vibration. Jegorowa et al. [32]
applied the support vector machine (SVM) to identify the tool wear during drilling of
chipboard based on indirect inputs, namely, feed force, cutting torque, acceleration of jig
vibration, audible noise, and ultrasonic acoustic emission signals.

Based on the information presented above, the reader could observe that most of
the published studies regarding the drilling of MDF boards analyze the quality of holes
through delamination factors and surface roughness. However, to optimize the drilling
process of MDF boards, two outputs that affect the energy consumption should also be
considered, namely the thrust force and drilling torque. Therefore, the aim of this work,
is to figure out the optimal combinations of drill tip angle, tooth bite, and drill type
(flat or helix) to minimize the delamination factor, thrust force, and drilling torque, by
combining two modelling techniques, namely ANN and RSM. Despite the fact that RSM
was successfully applied to optimize the drilling process of wood particleboards, there is
limited information regarding the application of ANN modelling technique in the drilling
of MDF boards and other wood-based materials. Additionally, one could observe that there
is limited information in the literature regarding the monitoring of the drilling process or
other wood machining processes. Therefore, more research is needed in order to develop
methodologies based on machine learning and sensor fusion that could be used to monitor
and optimize the drilling process of wood or wood-based materials in order to assure the
transition towards the Industry 4.0 concept—the fourth phase in the industrial revolution
that is focused on interconnectivity, machine learning, automation, and real-time data
processing [33,34].
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2. Materials and Methods
2.1. The Experiments

Eight drill bits with 10 mm cutting diameter were used: 4 flat drill bits (rake angle
v = 0°) and 4 twist (helical) drill bits. They had different tip angles (2xr = 30°, 60°, 90°, and
120°). The selected drills are presented in Figure 1. The clearance angle of the drills was
o = 20°. The drills used were coded with symbols according to the tip angle: T30, T60, T90,
and T120.

T30 T60 T90 T120 T30 T60  T90  T120
(a) (b)
Figure 1. The drill bits used for drilling of MDF boards: (a) flat drills; (b) helical drills.

The 80 samples used for the experiments were cut from an 18 mm-thick MDF board.
They had a square shape with dimensions of 80 x 80 mm (Figure 2a).
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Figure 2. MDF samples used for drilling experiments: (a) shape and dimensions; (b) processed sample;
and (c) the approach used to measure the diameters in order to calculate the delamination factor.

The samples were divided into two groups of 40. One group was processed with flat
drills, and the other with helical drills. Each group of 40 samples was divided into four
groups of 10. The drilling of each group was conducted with a different tooth bite (0.1, 0.3,
0.5, and 0.7 mm, respectively). Given that the rotation speed of the drills was 3000 rpm,
the feed speeds used were 0.6, 1.8, 3.0, and 4.2 m/min, respectively. Finally, each specimen
was drilled with 4 drills having different tip angles: 30°, 60°, 90°, and 120°.

The machine used for drilling was an ISEL GFV/GFY numerically controlled machin-
ing center (Figure 3a). A device with three HBS S2 force transducers (nominal force 500N)
was used to measure the thrust force (Figure 3b).

The equipment used for measuring and recording experimental data is shown in
Figure 4. The signal received from the force transducers was amplified using the Strain
Masters signal amplifier, with 8 independent channels.
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Force transducers HBM S2

Figure 3. The machine tool and the measuring device: (a) ISEL GFV/GFY CNC processing centre;
(b) the forces measuring device.

Transducer for Frequency-voltage
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Figure 4. The equipment used for the measurements (left) and the connection diagram (right).

The drilling torque was determined indirectly. Initially, the active electrical power
consumed by the spindle motor was measured. A Sineax P530/Q531 (Camille Bauer)
active/reactive power transducer was used. A Keithley Model KUSB-3108 DAQ board was
used for data recording. Figure 4 shows the equipment used for measurements and the
connection diagram.

Keithley KUSB QuickDataAcq software v. 1.5.5.0 package was used to store the data
(Figure 5). The data acquisition was conducted on four channels simultaneously, the first
was dedicated to the active power Pt consumed by the spindle motor, and the other three
were dedicated to the forces in the feed movement direction of the drill bit, measured by
the three force transducers.

The active power consumed by the motor Pt comprises both the power consumed
for idle running Py and the power consumed for actual drilling Pp, while the sum of the
values recorded by the force transducers represents the thrust force Fr.

By DAQ, a total of 320 data files were obtained, one for each drill operation (2 drill bit
types x 4 drill bits x 4 feed speeds x 10 samples = 320 drilling operations).
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Figure 5. Graphical interface of the DAQ software v. 1.5.5.0.

Microsoft Excel was used for data processing. First, the acquired data were converted
to .xIs format. Then, the data were filtered with a fourth-order Butterworth digital filter in
order to remove the noise and other parasite components of the signals.

After filtering, the data from the channels 2, 3, and 4 were summed 3 by 3 to obtain
the variation in the thrust force (Figure 6).

400
350
300
250
200
150 7
100

-100

Figure 6. Variation in the active power Py (blue line) and the thrust force Fy (pink line).

A quick look at Figures 5 and 6 would give the impression that the power and force
signals are not synchronized. This could be a sign that the equipment was faulty or that
the measurements were affected by errors. In fact, this is not the case. The equipment was
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checked, and several tests were performed that showed that the equipment was in good
working condition. However, a careful analysis of the data shows that the two signals are
not out of phase, but that the power increases more slowly (less steeply) than the thrust
force, even very slowly in the first moments after the drill touches the test piece. The
physical explanation of the phenomenon can be attributed with certainty to the fact that the
rotor of the working spindle acts as a flywheel, having a high inertia due to its high mass
and high speed. As a result, the electric power absorbed from the grid by the electric motor
(in order to sustain the spindle rotation) increases more slowly and gives the impression of
a desynchronization of the measured signal (lag behind).

For subsequent calculations, the maximum values of the active power Pt and the
thrust force Fy were taken into account.

Finally, using the data related to the consumed active power P, and using Equation (1),
the variation in the drilling torque Tp was obtained [35].

Tp = 9.55P7D[Nm] )

where:

Pp is the active power consumed only for drilling, Pp = Pr—Py, in W;

Py is the active power consumed for idle running (average of measured values at idle
running), in W; and

n—spindle rotation speed, in rpm.

Equation (2) was used to calculate the delamination factor Fy [2]. Dmax is the diameter
of the circumscribed circle of the delaminated area and the average diameter of the hole D
was calculated based on two values measured with the caliper D; and D, (Figure 2c).

_ Dipax

E
d D

@)

2.2. Data Modeling
2.2.1. ANN Model Development

The ANN models were developed based on 70% of experimental data (218 experi-
mental values) by means of NeuralWorks Predict Software (NeuralWare Inc., Carnegie,
PA, USA). The designing phase included the training and testing of neural networks. The
other part of the data set (93 experimental values) was used to validate the ANN models,
namely to check out how well the developed networks perform with unknown values. The
independent variables are presented in Table 1. The dependent variables were delamination
factor at the inlet (Y;), delamination factor at outlet (Yy), thrust force (Y3), and drilling
torque (Yy).

Table 1. The analyzed independent variables.

Independent Variable Analyzed Values
Drill point angle (X1), © 30 60 90 120
Tooth bite (X,), mm 0.1 0.3 0.5 0.7
Drill type (X3) Flat Helical

The NeuralWorks Predict Software has the ability to analyze and transform the data
into forms suitable for neural networks. Moreover, the software uses a genetic algorithm
to reveal the input variables that are good predictors of the output [36]. All models
were designed to have a hyperbolic-tangent transfer function in the hidden layer and a
sigmoid (logistic) transfer function in the output layer. The software involves the cascade-
correlation learning algorithm. This constructive method starts with a minimal network,
then automatically trains and adds new hidden units one by one. Consequently, the network
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determines its own size and topology [37]. The learning rate was equal to 0.01—the default
value in the NeuralWorks Predict Software.

The performance of developed ANN models could be measured by means of various
statistics indicators such as correlation coefficient (R), coefficient of determination (R?),
mean square error (MSE), mean absolute error (MAE), root mean square error (RMSE),
and so on. However, in this work, the designed ANN models were evaluated through
correlation coefficient (Equation (3)) and coefficient of determination (Equation (4)), due
to the fact that they are the most used statistical indicators in data modelling [38—40].
Moreover, the predicted values were plotted against experimental data, according to the
approach presented in other studies [18,36].

R — Zﬁl(?i‘ﬁ)(ai—a) (3)
\/Z?L(Pi - P)Z\/Z{il (a; —a)?
YN (ai—p,)
R2 =1 ==1\"t PiJ_ 4
YR (2 — ”)2 @

where N is the number of values, a; is the experimental value, p; is the predicted value, a is
the mean of the experimental values, and p is the mean of the predicted values.

2.2.2. Response Surface Modeling

The response surface methodology (RSM) was used to figure out the influence of the
analyzed independent variables, namely drill tip angle (X;), tooth bite (X;), and drill type
(X3) on delamination factor at inlet (Y1), delamination factor at outlet (Y5), thrust force (Y3),
and drilling torque (Y4), which are the dependent variables analyzed in this work. The
values of analyzed input factors are presented in Table 2. Moreover, the RSM was used to
find the optimum values of analyzed factors together with a Box-Wilson central composite
design (CCD). This design contains:

e two-level factorial points (Figure 7), which analyze all combinations of the low (—1)
and high (+1) levels of analyzed factors, namely eight combinations (four combinations
for flat drill and four combinations for helical drill), namely, combinations #1, #6, #8,
#13, #16, #23, #24, and #25 (Table 3);

e axial points (Figure 7 and Table 3), which are needed to estimate the non-linear effect
of analyzed factors. In this work, the o was equal to 1, therefore a face centered
design was applied. Eight combinations (four combination for each type of drill) were
analyzed in this study, namely (combinations #3, #4, #10, #14, #17, #18, #19, and #22);

e  center points (Figure 7 and Table 3), which were needed to estimate the experimental
error. A total of ten combinations were analyzed (five combinations for flat drill and
five combinations for helical drill), namely, combinations #2, #5, #7, #9, #11, #12, #15,
#20, #21, and #26.

Table 2. The analyzed level of each factor that was considered in the study.

Level
Numeric Factor
—o* -1 0 +1 +o*
Drill tip angle (X3), © 30 30 75 120 120
Tooth bite (X;), mm 0.1 0.1 0.4 0.7 0.7
Categoric Factor Level 1 Level 2
Drill type (X3) Flat (—1) Helical (+1)

* axial points.
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(1,+1) (0, +a) (+1,+1)

O—3e—0O
0 FE— O

(-1, 0, —x) (+1,-1)

Figure 7. The representation of a face central composite design and the analyzed combinations among
factors (—1 is the low level of factor; +1 is the high level of factor; 0—is the middle value of factor;
and £« is the axial or star points).

The Design-Expert program (Version 9, Stat-Ease Inc., Minneapolis, MN, USA) was
used to generate the experimental design (Table 3), statistical analysis, and process opti-
mization. The values for each analyzed dependent variable were determined by means of
developed ANN models.

Table 3. The experimental plan that was used for the optimization study.

Independent Variables (Factors) Dependent Variables
(Responses)
Combination # S ; :
Drill Tip Angle (X3), ° Tooth Bite (X;), mm Drill Type (X3) Y1 Y, Y3 Yy
1 30 (—1) 0.1(-1) Flat (—1) 1.07 1.13 11534  0.55
2 75 (0) 0.4 (0) Flat (—1) 1.10 1.25 25207 0.89
3 120 (+x) 0.4 (0) Flat (—1) 1.11 144 27269  0.60
4 120 (+«) 0.4 (0) Helical (1) 1.00 1.03 68.53 0.33
5 75 (0) 0.4 (0) Helical (1) 1.00 1.00 76.85 0.53
6 120 (1) 0.7 (1) Helical (1) 1.18 1.03  102.67 041
7 75 (0) 0.4 (0) Helical (1) 1.00 1.00 76.85 0.53
8 120 (1) 0.1(-1) Helical (1) 1.00 1.03 64.23 0.16
9 75 (0) 0.4 (0) Helical (1) 1.00 1.00 76.85 0.53
10 75 (0) 0.7 (+ov) Flat (—1) 1.12 125 36690  1.52
11 75 (0) 0.4 (0) Flat (—1) 1.10 1.25 25207 0.89
12 75 (0) 0.4 (0) Helical (1) 1.00 1.00 76.85 0.53
13 30 (—1) 0.7 (1) Helical (1) 1.10 1.00 49.87 1.17
14 75 (0) 0.1 (—«x) Helical (1) 1.00 1.00 72.19 0.24
15 75 (0) 0.4 (0) Flat (—1) 1.10 125 25207 0.89
16 30 (—1) 0.7 (1) Flat (—1) 1.06 113 37229 174
17 75 (0) 0.1 (—«) Flat (—1) 1.08 125 138.16  0.36
18 30 (—o) 0.4 (0) Flat (—1) 1.09 113 30567 1.28
19 75 (0) 0.7 (+ov) Helical (1) 1.00 1.00 75.38 0.73
20 75 (0) 0.4 (0) Flat (—1) 1.10 125 25207 0.89
21 75 (0) 0.4 (0) Flat (—1) 1.10 1.25 25207 0.89
22 30 (—) 0.4 (0) Helical (1) 1.00 1.00 33.46 0.77
23 120 (1) 0.1(-1) Flat (—1) 1.08 144 13727 023
24 120 (1) 0.7 (1) Flat (—1) 1.13 144 33478 074
25 30 (—1) 0.1(-1) Helical (1) 1.00 1.00 28.89 0.35

26 75 (0) 0.4 (0) Helical (1) 1.00 100 7685 053
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Usually, a second order model is used together with response surface methodology.
Its mathematical general form is presented in Equation (5) [41].

K K Kk
Y=p8p+ Y BXi+ )Y BXF+Y ) BiXiXj + ¢ (5)
= =)

i=1 j=1

where Y is the analyzed response (delamination factor, thrust force or drilling torque), X;
and X; are the analyzed independent variables (drill tip angle, tooth bite, and drill type), g
is the constant, f3;, f3;;, and [Sij are the coefficients of the equation, ¢ is the error term, and
k represents the number of analyzed factors. The value of coefficients of the equation is
obtained through linear regression analysis. The model accuracy is revealed by means of
coefficient of determination (R?).

The analysis of variance ANOVA is used to identify the factors that have a significant
influence on the analyzed responses. The ANOVA is usually performed at a 5% significance
level (x). If the calculated F-value is higher than the critical value (Fcrit), it could be stated
that the analyzed factor has significant influence on the dependent variable (p-value < o).
In addition, the ANOVA is used to a 1% significance level to check the validity of the
developed model to predict the analyzed response.

The Design-Expert software v. 9.0.4 package uses the desirability function approach
during the multiple response optimization study. In this study, the optimization criteria
were to minimize the delamination factor at inlet and outlet, thrust force, and drilling torque
(Table 4). The optimization, starts by converting each response (Yj), into an individual
desirability function (d;), which may have a value between 0 and 1. If the analyzed response
fulfills the optimization goal, the d; = 1. All individual desirabilities are combined by means
of geometric mean that describes the overall desirability, D (Equation (6)) [42]:

D = (di(V1) x da(Y2) X ... x dn(Y))"/" ©
where n represents the responses being optimized.

Table 4. Criteria for different factors and responses in optimization of MDF drilling.

. . Minimum Maximum Level of Factor
Independent Variables Goal Settings Value Value Importance
Drill tip angle (X;) 30 120 3
Tooth bite (Xp) In range 0.1 0.7 3
Drill type (X3) Flat Helical 3
Dependent Variables
Delamination factor at the inlet (Y1) 1 1.18 3
Delamination f\a{czt)or at the outlet Minimize 1 143 3
Thrust force (Y3) 28.88 372.28 3
Drilling torque (Y4) 0.15 1.73 3

3. Results and Discussion
3.1. ANN Modeling

The architecture of ANN models, which can be used to predict the analyzed responses,
namely, delamination factor at inlet, delamination factor at outlet, thrust force, and drilling
torque in the case of MDF boards are presented Table 5 and Figure 8. Based on the obtained
performance indicators during the training, testing, and validation phase, it could be
concluded that the developed ANN models are able to predict adequately the dependent
variables. Compare these results with the results presented in the literature [14], in which
the same methodology was applied in the case of prelaminated particleboards drilling,
one could observe that the overall performance of the developed artificial neural networks
for the MDF boards is slightly better than the performance of the ANN models, which
were designed for particleboards (Table 6). This could be due to the fact that the MFD
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boards have more of a homogenous structure than the prelaminated wood particleboards.
Moreover, the topology structure of developed ANN models is different in the case of
MDF boards from in the case of prelaminated wood particleboards (see the number of
neurons in the hidden layer). Therefore, it could be concluded that the type of material
influences the behavior of the artificial neural networks during the modelling of the drilling
process of wood-based boards—a study that is underway by our group. The affirmation
is also supported by the study performed by Podziewski et al. [43] that obtained that the
machinability index based on quality criterion was not correlated with the index based
on the cutting force criterion due to the different internal structure of analyzed materials,
namely fiberboards, particle boards, and veneer boards.

The developed ANN models in this work have a coefficient of determination (R?)
among 0.78 and 0.98. Therefore, it could be affirmed that the designed artificial neural
network models could explain at least 78% in the model developed to predict the delam-
ination factor at the outlet and at least 98% of the experimental values in the case of the
model designed to forecast the drilling torque. The values of the performance indicator (R?)
are in the range with data reporting in previous studies regarding the application of ANN
modeling techniques in wood machining; namely, Ozsahin and Singer [19] obtained a R?
of 0.98 for a neural network trained to predict the noise emission during wood machining.
Nasir and Cool [20] obtained a coefficient of determination between 0.67 and 0.99 for
various network architectures that were designed to predict the dust emission during wood
sawing. Giirgen et al. [24] attained a R? of 0.96 for an ANN model designed to predict the
surface roughness. Tiryaki et al. [18] designed an ANN model that is able to predict the
power consumption in wood planning with a R? of 0.97. Additionally, the neural network
designed by Zbie¢ [16] to monitor the tool wear during milling of MDF earned a high
coefficient of determination (R? = 0.99). In conclusion, the designed neural networks have
a high predictability. How well the designed ANN models performed could be inspected,
also from Figure 9, wherein one could observe that the predicted values are close to the
experimental ones.

Table 5. The performance criteria of selected ANN topology in the case of MDF drilling.

Number of Neurons in the Layers

. . . . . . . 2
Model Output of ANN Models Coefficient of Correlation (R) Coefficient of Determination (R*)
Input Hidden Outlet Training Testing  Validation Training Testing  Validation
Delamination factor at the inlet 3 6 1 0.86 0.89 0.92 0.73 0.79 0.85
Delamination factor at the outlet 3 9 1 0.85 0.88 0.88 0.72 0.77 0.78
Thrust force 3 10 1 0.99 0.98 0.99 0.98 0.96 0.98
Drilling torque 3 11 1 0.98 0.98 0.98 0.96 0.96 0.97
Table 6. The performance criteria of selected ANN topology in the case of particle boards (PB)
drilling [14].
Number of Neurons in the Layers Coefficient of Correlation (R) Coefficient of Determination (R?)
Model Output of ANN Models
Input Hidden Outlet Training Testing  Validation Training Testing  Validation
Delamination factor at the inlet 3 13 1 0.76 0.72 0.67 0.57 0.51 0.44
Delamination factor at the outlet 3 6 1 0.88 0.88 0.90 0.77 0.77 0.82
Thrust force 3 4 1 0.94 0.95 0.96 0.88 0.90 0.92
Drilling torque 3 9 1 0.97 0.97 0.98 0.94 0.94 0.97
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3.2. Response Surface Methodology
3.2.1. Delamination Factor at the Inlet

In the Equations (7)—(9) are presented the selected models, which are significant at 1%,
for the prediction of delamination factor at inlet (Y;) in the case of the flat and helical drill.

+0.001686X1 X2 X3 + 0.021X3X3 + 0.022X3X3

YAlﬂat = 1.05612 + 0.0004964X; + 0.04166X; + 0.00120X;X; — 0.000004076X% — 0.11385X§

Y petical = 1.10449 — 0.002835X; —0.25351X; + 0.00145773X; X5 4 0.0000169914X + 0.37976X3.
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Yoroded = 1.13 + 0.084X; — 2.16 x 1077 X, — 0.13X3 + 0.7586X1 Xp — 0.068X; X3

By comparing the factor coefficients of Equation (7), one could observe that drill type
(X3) has a bigger influence than the drill tip angle (X;) and tooth bite (X;). This result is
contrary to the results obtained in the case of prelaminated particleboards, where the most
important factor that affects the delamination factor at inlet (Y1) is the tooth bite [14]. This
result is correlated with data reported in the literature; namely, the feed rate and drill tip
angle play an important role on the value of delamination factor [2,6,8,9,12]. In addition, in
this study, it was found that there is an interaction between the independent variables. The
most important interaction is between drill tip angle and drill type (X;X3) and between
tooth bite and drill type (X3X3). Since there is a non-linear effect on the drill tip angle and
tooth bite factor, the optimum values are inside the analyzed range (Table 1). The ANOVA
results (o = 0.05) are presented in Table 7. In Figure 10, the influence of the drill tip angle
(X1) and tooth bite (X) on the delamination factor at the inlet during MDF drilling can
be observed.

Table 7. ANOVA results regarding the delamination factor at inlet.

Sum of Mean p-Value

Source Squares df Square F-Value Prob > F Observation
Model 0.067 11 0.006114 7.68 0.0003 Significant
Drill tip angle (X;) 0.0268 1 0.002683 3.37 0.087 Not significant
Tooth bite (X5) 0.011 1 0.011 13.68 0.0024 Significant
Drill type (X3) 0.038 1 0.038 47.87 <0.0001 Significant
X1 X5 0.00259 1 0.00259 3.25 0.0928 Not significant
X1X3 0.0000312 1 0.0000312 0.039 0.8457 Not significant
XoX3 0.003789 1 0.003789 4.76 0.0467 Significant
X2 0.0009446 1 0.0009446 1.19 0.2943 Not significant
X52 0.00079 1 0.0007909 0.99 0.3357 Not significant
X1X2X3 0.00002274 1  0.00002274 0.029 0.8682 Not significant
X12X3 0.002513 1 0.002513 3.16 0.0973 Not significant
X52 X3 0.002725 1 0.002725 3.42 0.0854 Not significant
R? 0.85

3.2.2. Delamination Factor at the Outlet

The regression equations obtained for the delamination factor at outlet (Y,) are pre-
sented by Equations (10)—(12). The models are significant at 1%. Based on Equation (9),
one could observe that the most important factor that influences the delamination factor at
outlet is the drill type (X3), which is similar with that obtained in the case of the delamina-
tion factor at inlet. The second factor is the drill tip angle (X;). The third one is the tooth
bite (X;). Moreover, the results are similar with data reported in the literature; namely, a
small tip angle with a low feed rate assures a lower delamination factor during drilling of
MDF [2]. The most important interaction is between drill tip angle and tooth bite (X;Xj3).
By comparing the results regarding the most important factor that affects the delamination
factor at outlet during drilling of MDF boards, one could observe that the obtained result
is the same as that obtained in the case of prelaminated wood particleboards [14]. The
ANOVA results (x = 0.05) are presented in Table 8. In Figure 11 is presented the syner-
getic effects of the drill tip angle (X) and tooth bite (X;) on the delamination factor at the
outlet (Y»).

—0.2018X,X3 + 0.022X3 +7.381 x 10719X3 (10)

Yapar = 1.0675 4 0.0017X; — 2.076 x 10716X;+4.899 x 10~ 18X;X,+1.10 x 10-°X3 "
—2.46031 x 10773

Yapetical = 1.033 — 0.0013X; — 3.873 x 107 10X, +4.899 x 10~ 18X X+ W)

1.097 x 1075X3 —2.46 x 10717X3.
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Figure 10. The influence of the drill tip angle and tooth bite on the delamination factor at the inlet:
flat drill (a) and helical drill (b).

Table 8. ANOVA results regarding the delamination factor at outlet.

Source Sum of df Mean F-Value F -Value Observation
Squares Square Prob > F
Model 0.59 8 0.073 2409.57 <0.0001 Significant
Drill tip angle (X;) 0.084 1 0.084 2757.18 <0.0001 Significant
Tooth bite (X5) 0 1 0 0 1 Not significant
Drill type (X3) 0.44 1 0.44 14587.86  <0.0001 Significant
X1Xo 0 1 0 0 1 Not significant
X1 X3 0.055 1 0.055 1826.64 <0.0001 Significant
XpX3 0 1 0 0 1 Not significant
X12 0.0027 1 0.0027 89.64 <0.0001 Significant
X5? 0 1 0 0 1 Not significant
R? 0.99

Y2 [-]

(@)

Figure 11. The influence of the drill tip angle and tooth bite on the delamination factor at the outlet:
flat drill (a) and helical drill (b).

3.2.3. Thrust Force

The regression equations that can be used to predict the thrust force (Y3) are shown in
Equations (13)—(15). The most important factor that influences the trust force during the
drilling of MDF boards is the same as in the case of prelaminated wood particleboards,
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Y3 [N]

Yscoded = 166.96 + 6.22X7 + 62.15X, — 91.97X5 — 5.25X; Xo + 14.31X; X3 — 51.75X,X3

namely drill type [14]. The second one is the tooth bite and drill tip angle. The results are
supported by the data in the literature, namely that the thrust force is affected by the feed
rate [44,45]. The interaction between tooth bite and drill type has a bigger effect than the
others, namely between tooth bite and drill tip angle or the interaction between drill tip
angle and drill type. This interaction is pictured in Figure 11. The ANOVA results (x =
0.05) are presented in Table 9. In Figure 12 is presented the interaction effects of the drill tip
angle (X;) and tooth bite (X;) on the thrust force (Y3).

—3.12X2 — 10.05X3 + 9.61X; X X5 — 16.23X3X5 + 13.49X3X3 (13)

Yagar = 82.13 — 0.71059X; + 671.376X, — 1.10X1 X2 + 0.00647X3 — 261.59X3 (14)

Y3jetical = —11.058 4 1.759X1 — 20.074 X, + 0.323X; X5 — 0.00955X2 +38.27X3.  (15)

Table 9. ANOVA results regarding the trust force.

Source Sum of df Mean F-Value F -Value Observation
Squares Square Prob > F
Model 311,000 11 28271 171.78 <0.0001 Significant
Drill tip angle (X1) 464.278 1 464.28 2.82 0.1152 Not significant
Tooth bite (Xp) 46,351.60 1 46,351.61 281.66 <0.0001 Significant
Drill type (X3) 98,114.63 1 98,114.63 596.19 <0.0001 Significant
X1Xo 220.32 1 220.32 1.34 0.2666 Not significant
X1X3 2458.85 1 2458.85 14.94 0.0017 Significant
X2X3 32,092.03 1 32,092.03 195.007 <0.0001 Significant
X112 53.67 1 53.67 0.326 0.5777 Not significant
X2 557.86 1 557.86 3.39 0.086 Not significant
X1X2X3 739.12 1 739.12 449 0.0524 Not significant
X12X3 1454.28 1 1454.28 8.84 0.0101 Significant
Xp2X3 1005.80 1 1005.80 6.11 0.0269 Significant
R? 0.99
z
Q

Figure 12. The influence of the drill tip angle and tooth bite on the thrust force: flat drill (a) and
helical drill (b).

3.2.4. Drilling Torque

The tooth bite has a bigger influence on the drilling torque (Y4) than the other
two analyzed factors. Drill tip angle affects more the drilling torque than the drill type.
The obtained result is the same as that obtained in the case of prelaminated wood particle-
boards [14]. In addition, the findings are correlated with data from literature, namely that
the drilling torque is influenced by the feed rate and tip angle during drilling of MDF [2].
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Based on Equation (16), one could observe that there is an interaction effect on the
drilling torque (X;X; > X;X3 > X1X3). The ANOVA results are presented in Table 10. In
Figure 13 is presented the influence of the drill tip angle and tooth bite on the drilling
torque. Equations (17) and (18) could be used to predict the drilling torque (Y4) based on
the drill tip angle (X;) and tooth bite (Xp).

Yacoded = 0.70 — 0.28X7 + 0.37X — 0.18X3 — 0.16X1 Xz + 0.052X1 X3 — 0.11X:X3  (16)
Yagar = 0456 — 0.0028X; + 2.455X; — 0.01156X1 X5 (17)
Yapelical = 0-214 — 0.0005X; 4 1.732 X — 0.0115X; X,. (18)
Table 10. ANOVA results regarding the drilling torque.
Source Sum of df Mean F-Value p-Value Observation
Squares Square Prob > F
Model 3.786 6 0.63 166.44 <0.0001  Significant
Drill tip 0.957 1 0.957 252.48 <0.0001  Significant
angle (Xy)
TO‘E;? ?lte 1.625 1 1.625 428.79 <0.0001  Significant
2
D“él(tg’pe 0.835 1 0.835 220.36 <0.0001  Significant
3
X1Xo 0.19 1 0.19 51.35 <0.0001  Significant
X1 X3 0.032 1 0.032 8.46 0.0090 Significant
XoX3 0.14 1 0.14 37.24 <0.0001  Significant
R? 0.98

Figure 13. The influence of the drill tip angle and tooth bite on the drilling torque: flat drill (a) and
helical drill (b).

In Table 11 are presented the optimum solutions. The relative error between predicted
and experimental values was calculated with Equation (19).

Table 11. The optimum combination of factors during drilling of MDF boards.

Delamination Factor at Delamination Factor at

Solution the Inlet the Outlet Trust Force (N) Drilling Torque (Nm)
luti i X2 X - " . » P
’ Y, Y1 Er1 Y, Y2 Erz Y; Ys Ers Y, Y, Erq
1 64 0.1 Helical  0.980 14 2.00 0.995 12 0.50 63.14 62.09 2 -17 0.281 0337 0.33 0.95
2 89 0.1 Helical  0.979 1b 2.10 1.004 1b —0.40 71.14 62.7° —13.5 0.240 0.21° 0.21 0.95
3 30 0.1 Flat 1.07 1.03 —3.88 1.129 1.13 0.09 127.86  121.23 —-55 0.583 0.51 0.51 0.680
4 58 0.1 Flat 1.08 1.06 2 —1.89 1.20 1.16° —3.45 120.80  127.62? 5.4 0.470 0.44° 0.44 0.643

a__drill tip angle was considered equal to 60°; >—drill tip angle was considered equal to 90°.
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Comparing the results of this study with those obtained in our previous work [14], the
following could be observed:

e  The helical drill, together with a low tooth bite assure a high quality and low energy
consumption both for MDF panels and prelaminated wood particleboards.

e  Regarding the helical drill, the optimum value of the drill tip angle (X;) is 64° or 89°
(Table 11). By rounding these values to nearest ones, we could affirm that a drill tip
angle equal to 60° or 90° will perform well both in the case of MDF and prelaminated
wood particleboard [1].

e  Regarding the flat drill, the optimum value of drill tip angle (X;) is 30° or 60° for MDF
boards, compared to prelaminated wood particleboards wherein the value was 30°,
60°, or 90°. Therefore, it could be concluded that for flat drills, a drill tip equal to 30°
or 60° assures a high drilling quality and a lower energy consumption both in the case
of MDF and prelaminated wood particleboards.

o  The relative errors between predicted and experimental values are lower than those
that were obtained in the case of our previous work regarding the drilling of prelam-
inated wood particleboards. In this study, the error was between 0.09 and 3.9% in
the case of the delamination factor; 1.7 and 13.5% in the case of the thrust force; and
0.2 and 0.5% for the drilling torque. Therefore, it could be concluded that the devel-
oped regression equations for MDF boards performs better than those designed for
prelaminated wood particleboards.

a_drill tip angle was considered equal to 60°; >—drill tip angle was considered equal
to 90°.

x 100 (19)
where Ep is the relative error (%), Y is the experimental value and Y is the predicted value.

4. Conclusions

It was shown that delamination factor at inlet and outlet, thrust force, and drilling
torque during drilling of MDF boards could be reasonably predicted by means of the artifi-
cial neural network modeling technique. The independent variables were drill tip angle,
tooth bite, and drill type. Additionally, it was shown that response surface methodology
could reveal the optimal combination of factors during drilling of MDF boards. The experi-
mental design used in this research was completed by means of four ANN models—one
for each analyzed dependent variable. The results show that the helical drill performs
much better than the flat ones in terms of hole quality and energy consumption during
the drilling of MDF boards. Drill type (flat or helical) is the most important factor that
affects both the delamination factor and thrust force. Regarding the drilling torque, it was
observed that, the most important factor that influences its value is the tooth bite. A part of
the optimum combinations among analyzed factors could be used both during the drilling
of the MDF boards and prelaminated wood particleboards. The limits of the study are
related to the relatively small number of independent parameters taken into account: drill
type, drill tip angle, and tooth bite. Other parameters can also be taken into account, such
as the diameter of the drill bit and other types of drill bits (e.g., Forstner drill bits), material
type, thickness and properties that are processed, tool weatr, rotation speed of the drills, and
a wider range of feed speeds. All these are research directions that the authors consider for
the future.
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