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Abstract: Local delamination is the most undesirable damage associated with drilling carbon
fiber reinforced composite materials (CFRPs). This defect reduces the structural integrity of the
material, which affects the residual strength of the assembled components. A positive correlation
between delamination extension and thrust force during the drilling process is reported in literature.
The abrasive effect of the carbon fibers modifies the geometry of the fresh tool, which increases the
thrust force and, in consequence, the induced damage in the workpiece. Using a control system
based on an artificial neural network (ANN), an analysis of the influence of the tool wear in the thrust
force during the drilling of CFRP laminate to reduce the damage is developed. The spindle speed,
feed rate, and drill point angle are also included as input parameters of the study. The training and
testing of the ANN model are carried out with experimental drilling tests using uncoated carbide
helicoidal tools. The data were trained using error-back propagation-training algorithm (EBPTA).
The use of the neural network rapidly provides results of the thrust force evolution in function of the
tool wear and cutting parameters. The obtained results can be used by the industry as a guide to
control the impact of the wear of the tool in the quality of the finished workpiece.

Keywords: delamination; tool wear; drilling; machinability; composite; CFRP; neural network

1. Introduction

Carbon fiber reinforced polymer composites (CFRPs) are widely used in the industry due to their
excellent mechanical properties and good corrosive resistance [1,2]. In particular, they are commonly
used in aeronautical and aerospace industries in the manufacturing of aircrafts, ships, space shuttles,
and more. However, CFRPs are considered low machinability materials because of the abrasive
character of the carbon fibers causing strong tool wear, which changes the geometry of the drill bit and
affects the final surface quality [3] of the workpiece.

Delamination damage is commonly observed during drilling of long fiber reinforced composite
materials. This defect affects the structural integrity of the laminate for long-term performance,
and results in poor assembly tolerance. Several authors have studied the relationship between
delamination and thrust force of the tool during drilling operations. The contributions carried out
by Hocheng and Tsao [4–6] are especially relevant in which different drill geometries have been
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analytically modelled and validated with experiments. They established the critical thrust force for
several tools at the onset of delamination. Moreover, they also analyzed the effect of chisel edge and
a pilot-hole onto the critical thrust force and the resulting damage. Empirical models to describe the
correlation between thrust force and input variables (such as spindle speed, feed rate, and parameters
of drill bit) have been reported in the literature [7–11], by observing, in all cases, a direct relation
between thrust force and delamination.

The tool wear level also shows an impact on the thrust force. Moreover, cutting edge radius
and flank wear of the tool present a strong influence on the delamination and uncut fibers formation
(spalling) [12]. The wear mechanism of each tool depends on the different combination among the drill
bit material and the workpiece selected, as well as the drilling parameters [13–16], which considerably
complicates the number of cases analyzed. Tsao and Hocheng [17] as well as Chen [18] proved that the
flank wear increases the mechanical loads (thrust force and torque). They observed a correlation between
the thrust force and the excessive tool wear, as well as its impact on the delaminated area extension.
The effect of drill wear on the delamination factor becomes significant at a higher spindle speed.
Abrao et al. [14] confirmed that abrasion is the main wear mechanism in CFRP machining, which leads
to the increment of the thrust force. Meanwhile Murphy et al. [19] and Fernández-Pérez et al. [20]
found that tool coatings did not reduce either tool wear or damage to the composite.

The study of the drilling in CFRP materials is still a challenge of the research community. Since the
experimental research in this field is not simple and involves elevated cost and testing time, different
methodologies have been proposed in order to improve the obtainment of information in a fast and
efficient way. Several methods are commented in the following paragraphs.

In order to minimize the number of tests required, a powerful tool was developed by Taguchi
known as the Taguchi experimental design method. This method uses a special design of orthogonal
arrays to study the entire parameter space with a small number of experiments. This methodology
is used frequently to investigate the drilling of composite materials and the influence of the cutting
parameters on delamination [21–23].

The design of experiments and analysis of variance techniques of Taguchi were used by
Rao et al. [24] in a study of delamination. Various drill types, three different feed rates, and spindle
speeds were selected, concluding that, for minimizing drilling damage, low feed rates were preferred
in the drilling of composite laminates. Davim et al. [7] used the design of experiments approach
to select cutting parameters for a free damage drilling process, which reaches a similar conclusion.
Enemuof et al. [25] developed a Taguchi’s experimental analysis and multi-objective optimization
criteria to obtain a delamination-free drilling in fiber reinforced plastic.

Sardinas et al. [8] applied genetic algorithms (GA) to model the drilling process of a long fiber
reinforced polymer laminate (LFRP). This multi-objective optimization tool showed that the most
adequate solution for each particular operation could be selected considering, simultaneously, both the
productivity and surface quality. The same methodology was used by Saravanan et al. [26] to optimize
the material removal rate as a function of the cutting parameters.

Feito et al. [27] applied a multi-objective optimization based on the ANOVA design, including the
tool wear level to carry out a multi-objective optimization to select optimal ranges of design parameters
in order to collectively minimize different output variables. Other authors such as Krishnaraj et al. [28],
Krishnamoorthy et al. [29], and Abhishek et al. [30] applied different multi-objective optimization
methodologies to establish the influence of different input process parameters on the surface quality in
order to find optimum machining conditions.

The Artificial Neural Networks approach is the most used methodology reported in the
bibliography [31–35] among the various possibilities. However, not many studies apply this
methodology in the machining of composite materials. The ability of artificial neural networks
(ANN) to capture complex relationships among input-output data is valuable in manufacturing
processes where huge experimental data for process modeling is difficult and expensive to obtain.
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Moreover, ANN models exhibit up to 40% to 70% improvement in experimental error, as well as nearly
40% improvement in general, which is compared to statistical response surface models.

Some authors integrate Taguchi’s parameter design methods with a back-propagation neural
network (BPNN) and Genetic Algorithms to optimize manufacturing processes. Usually this alternative
is used to optimize a multiple input-output process parameter design problems. For example,
Kuo et al. [36] used this integrated methodology to optimize the dyeing process and predict the
quality characteristics of elastic fiber blending fabrics. Chen et al. [37] used the ANN/GA approach in
the process parameter settings of plastic injection molding at various length-weight ratios. Ko et al.
used this approach [38] to study the process modeling for the growth rate of ZnO thin films in pulsed
laser deposition (PLD). However, this methodology requires a huge number of initial data, and takes
more time than ANN.

This work implements an artificial neural network for simulating the evolution of the tool wear
during drilling carbon fiber-reinforced polymers (CFRP) with a helicoidal drill bit. This methodology
is developed for predicting the thrust force through the evolution of the wear (from 0 mm to 0.3 mm),
the point angle (between 90◦ and 140◦), and the main cutting parameters. It is shown that the method
developed is capable of predicting the thrust force over the entire range of wear from 0 mm to 0.3 mm
and the range of point angle between 90◦ and 140◦. This is a significant improvement over previous
models where these two parameters are not usually analyzed. The neural network control designed is
a support tool for the industry. Visual surface diagrams built with the ANN results can be used to
control the impact of the wear evolution, reduce the damage, and avoid the rejection of the component.

2. Experimental Details

The process begins by obtaining an input-output database required for training and testing the
ANN. For this study, drilling tests were conducted on a B500 KONDIA machining center (Kondia,
Elgoibar, Spain) equipped with a rotating dynamometer Kistler 9123C (Kistler Group, Winterthur,
Switzerland) to measure both the thrust force and torque on the rotating tool (Figure 1).
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Figure 1. Experimental set-up device.

The used material is made of 10 plies (0◦/90◦) of AS-4 carbon fibers with 55.29% weight and
8852 epoxy matrix. The specimen dimensions are 120 mm × 29 mm and 2.2 mm thickness. The main
mechanical properties of the CFRP workpiece are presented in Table 1.

Uncoated carbide twist drill bits with a nominal diameter of 6 mm and 30◦ helix angle,
manufactured by GUHRING, were used as cutting tools. All tests have been performed in a dry
environment without using cutting fluids. Three different values of the point angle and wear stage
evolution were tested at a different feed rate and cutting speed conditions, which leads to 81 different
combinations that will be used to train and check the neural network. Levels 1 to 3 were assigned for
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these parameters, which are summarized in Table 2. The wear levels were determined from experimental
works [15,39] and the cutting conditions were established following the recommendations of the drill’s
manufacturer GUHRING for drilling CFRPs and related studies [7,14].

Table 1. Mechanical properties of the CFRP laminate.

Parameter Definition Values

E11,22 Young’s modulus 68 GPa
G12 Shear modulus 5 GPa
υ12,21 Poisson ratio 0.05

Xt = Yt Maximum tensile strength 795 MPa
Xc = Yc Maximum compressive strength 860 MPa

Table 2. Mechanical parameters of the CFRP laminate.

Parameter
Level

1 2 3

Wear (mm) 0 0.05 0.3
Point angle (◦) 90 118 140
Feed rate (mm/rev) 0.05 0.10 0.15
Cutting speed (m/min) 25 50 100

3. Design of the Artificial Neural Network

A neural network is a technique inspired by the biological nerve system, which intend to replicate
the way humans learn to solve a wide variety of complex scientific problems.

Neural networks consist of several layers of neurons connected to each other with synaptic
weights to simulate the human brain. A simplified network consists of an input layer with a number
of neurons according to the input variables (4 in our case), which is followed by one or several hidden
layers that transform those variables for their final use in the output layer. Figure 2 shows the ANN
scheme used, where w2

31 is the weight from the third neuron in the second layer to the first neuron in
the third layer.
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Using the general notation, the activation al
j of the jth neuron in the lth layer is related to the

activations in the (l − 1)th layer following Equation (1). f (xl
j) is the activation function applied over xl

j
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neuron, and must be selected by the designer of the network. In this formula, bl
j represents the bias of

the jth neuron in the lth layer, nl − 1 is the number of neurons in the (l − 1)th layer, wl−1
i j are the weights

that join the ith neuron of the (l − 1)th layer and the jth neuron of the lth layer, and al−1
i is the activation

of the ith neuron of the (l − 1)th layer.

al
j = f (xl

j)

xl
j = bl

j +
nl−1∑
i=1

wl−1
i j ·a

l−1
i

→ al
j = f

bl
j +

nl−1∑
i=1

wl−1
i j ·a

l−1
i

 (1)

The multi-layer feed forward ANN architecture used in this study consists of four neurons in the
input layer, according to the number of input variables (wear level, point angle, feed rate, and cutting
speed), which includes one neuron in the output layer (thrust force) and one hidden layer with
16 neurons. It has been found in previous research that the use of one hidden layer provides very
good results and simplifies the complexity of the neural network [33,40]. The selected number of
neurons of the hidden layer is determined by a trial and error procedure. In this study, after trying
different numbers of neurons in the hidden layer, 16 neurons presented satisfactory training. It has
been reported that too few neurons can lead to under-fitting the results whereas too many neurons can
contribute to over-fitting them. The highly sensitive of the ANN to the number of neurons used in the
hidden layer is a relevant property to consider in the design of the network [33].

In order to relieve the training difficulty and balance the importance of each parameter during the
training process, the experimental database was normalized between values 0 and 1. The equation to
scale input and output variables in the interval is shown in Equation (2), where Vnorm is the normalized
value, V is the real value, and Vmin and Vmax are the minimum and maximum values, respectively,
for the full range of experiments.

Vnorm = (V −Vmin)/(Vmax −Vmin) (2)

The output of each neuron of the hidden and output layers is given by the logistic sigmoid function,
which is defined in Equation (3). Therefore, in this study, the sigmoid function is the activation function
detailed below.

al
j = f

(
xl

j

)
= 1/

(
1 + e−xl

j

)
(3)

Following the Levenberg-Marquardt optimization process [41], the error-back propagation training
algorithm (EBPTA) was used to train the multi-layer neural network to calculate the needed gradient
for calculating the weights.

3.1. ANN Training

The ANN training phase primarily determines the connection weights that are required to give
the desired response. The first step assigns random weight values to all the links between neurons.
Then, the values of the parameters from the kth experiment in the training data list (w, α, f, and n from
Figure 2) are passed through the network. The estimated value is compared with the desired value
using the error function, δ, (Equation (4)) where a3

1 is the activation of neuron 1 of the output layer
(no.3) and o1 is the desired output for the kth experiment.

δ = 0.5·
(
o1 − a3

1

)2
(4)

This error is associated with the neuron of the last layer of the neural network and is distributed
to the elements in the hidden layer using a back propagation technique. The error for neuron xl

i can be
calculated using the equation below.
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δl
i = f ′

(
xl+1

j

)
·wl

i j·δ
l+1
j (5)

where δl+1
j is the error associated with the xl+1

j neuron. wl
i j is the weight associated with the line from

neuron xl
i to neuron xl+1

j . is the sigmoid function, and f ′
(
xl+1

j

)
= f

(
xl+1

j

)
·

(
1− f

(
xl+1

j

))
.

The different weights wl
i j connecting different elements in the neural network are corrected and

got more closely to the target output value. To update the weights, the error computed on each neuron
is used, following Equation (6), where al

i is the ith neuron in the lth layer, η is the learning rate, and δl+1
j

is the error term from the (l + 1)th layer.(
wl

i j

)
updated

= wl
i j + η·a

l
i·δ

l+1
j (6)

After all the weights are updated with each training test using Equation (6), an epoch, p,
is completed. An epoch is when all training tests (70 for this study) are evaluated. The mean square
error (MSEp) of the network is then calculated as:

MSEp =
1
70

70∑
k=1

(
ok − a3

k

)2
(7)

where ok is the desired output of the kth test and a3
k is the activation of the last layer neuron for the kth

test. If the MSE is not more minor than a specific goal, the process is repeated updating the weights
and increasing the number of epochs until the objective is achieved. The evolution of the MSE with the
epochs for the ANN designed is presented in Figure 3, where the convergence of results is observed.
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It is important to limit the number of epochs because a prolonged training could result in
an ANN that tends to memorize the input-output pattern (overlearning), which loses prediction ability.
In the present study, the limit was stablished in 10,000 epochs. A resume of the main factors of the
ANN designed can be seen in Table 3. These factors are similar to those that can be found in the
literature [33,35].

Table 3. Main factors of ANN being implemented.

Factor Value

Learning rate 0.001
Learning rate increment 10

MSE goal 10−5

Maximum number of epochs 10,000
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Figure 4a shows the results for the training process when the minimum gradient was reached.
The MSE at the end of the training procedure was found to be 0.423 × 10−4. To measure the accurary of
the ANN, the correlation coefficient (R-value) between the outputs and targets has been calculated.
In the present case, R-value = 0.99969 represents almost a perfect correlation between experimental
and estimated values, as can be seen in Figure 4b.Materials 2019, 12, x FOR PEER REVIEW 7 of 13 
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3.2. ANN Testing

The ANN testing phase is divided in two parts. First, the trained ANN was tested with 20 input
patterns, which were employed for a training purpose. For each input pattern, the predicted value
of thrust force is compared with the respective experimental value. The absolute percentage error
was determined by Equation (8) where Fexp is the experimental value of thrust force, and Fpred is the
predicted value of thrust force by the ANN model. It can be observed in Figure 5 that predicted values
of thrust force are very close to experimental values, where the maximum error committed is 1.2%.

%Absolute error =
∣∣∣∣(Fexp − Fpred

)
/Fexp

∣∣∣∣·100 (8)

Materials 2019, 12, x FOR PEER REVIEW 7 of 13 

 

  
(a) (b) 

Figure 4. (a) Comparison between predicted and experimental values of normalized thrust force for 
the training pattern and (b) correlation analysis of the results. 

3.2. ANN Testing 

The ANN testing phase is divided in two parts. First, the trained ANN was tested with 20 input 
patterns, which were employed for a training purpose. For each input pattern, the predicted value of 
thrust force is compared with the respective experimental value. The absolute percentage error was 
determined by Equation (8) where Fexp is the experimental value of thrust force, and Fpred is the 
predicted value of thrust force by the ANN model. It can be observed in Figure 5 that predicted values 
of thrust force are very close to experimental values, where the maximum error committed is 1.2%. %𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟 = (𝐹 − 𝐹 ) 𝐹⁄ · 100 (8)

 

Figure 5. Absolute error profile of thrust force for different training patterns. 

Second, the trained ANN was tested using 11 trials that were not adopted for the training phase 
to validate the artificial neural network. Figure 6a presents the comparison of the predicted and the 
experimental values of thrust forced, whereas Figure 6b shows the regression analysis for the testing 
case. It is clearly observed that the predicted values are very close to experimental values supported 
by the R-value of 0.99954 in the regression analysis. Results presented in both graphics confirm the 
validation of the model. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20

Ab
so

lu
te

 e
rr

or
 (%

)

Training pattern

Figure 5. Absolute error profile of thrust force for different training patterns.



Materials 2019, 12, 2747 8 of 13

Second, the trained ANN was tested using 11 trials that were not adopted for the training phase
to validate the artificial neural network. Figure 6a presents the comparison of the predicted and the
experimental values of thrust forced, whereas Figure 6b shows the regression analysis for the testing
case. It is clearly observed that the predicted values are very close to experimental values supported
by the R-value of 0.99954 in the regression analysis. Results presented in both graphics confirm the
validation of the model.Materials 2019, 12, x FOR PEER REVIEW 8 of 13 
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4. Results and Discussion

The artificial neural network designed has been used to study the interaction effect among different
parameters in the thrust force. Figure 7 shows the surface diagram of the thrust force estimated by ANN
as a function of the cutting variables for the same wear levels fixed in the experiments. In concordance
with literature, it can be seen that, usually, the feed rate has a direct effect on thrust force independent of
the wear level [3]. The increment of the force becomes pronounced at low cutting speeds. This behavior
was observed by Karnik et al. [33] at high speed drilling in CFRP laminates and can be explained by
the fact that increasing speed leads to higher temperatures, which promotes the softening of the matrix
and, thus, diminishes the force and the delamination. It is also observed, for the three wear levels, that,
at high feed rates and high cutting speed, the force increases again. This is mainly due to the built-up
edge formed on the tool due to the heat generation, which increases the thrust force [33].

On the other hand, the wear level presents a strong effect in thrust force. The effect of the drill bit
pre-wear on the thrust force during drilling GFRP materials at different cutting speed, under a constant
feed rate, was studied by Khashaba et al. [42]. In this study, the thrust force increased noticeably with
greater cutting speed when using pre-wear drill bits. In Figure 7, the results present the same behavior
not only when the spindle speed is greater but also when the feed rate is increased.

The cross effect of the tool wear was studied with other parameters in depth. Different studies
were taken by varying one parameter, and, at the same time, keeping the rest of the variables constant.
It can be observed in Figure 8 that the tendency of the thrust force is to increase with increments on the
point angle independently of the tool wear level. However, the point angle influences the wear rate.
For small point angles, the increase of the thrust force with the wear is smaller than those cases with
higher point angles. This is due to the axial force in tools with high point angles being higher than
tools with small angles, where the forces are also axial deflected [43]. In this figure, it is also possible to
observe the negligible influence of the point angle on thrust force when the fresh drill is used, but it is
relevant with the wear. In addition, the effect of the drill point angle was more significant when the
feed was incremented than when the cutting speed was increased [44].
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Lastly, the cross effect between the cutting parameters and the tool wear are analyzed. For both
cases, the thrust force follows almost a similar pattern as can be observed in Figures 9 and 10. The axial
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force is highly sensitive to tool wear, which increases quickly in the “primary wear region”. In the first
stage, the tool presents a sharp corner radius that involves a small chip contact area resulting in low
cutting forces and a high wear rate [15].
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In the second wear stage (the steady wear region), the force remains almost constant and grows
with the feed rate as well as, to a lesser extent, with cutting speed. In this stage, the contact area
between the tool and workpiece increases, which results in lower contact stresses and a reduced wear
rate becoming nearly constant over time [15].

As mentioned, the influence of the cutting parameters is much more relevant in worn tools,
where changes in the feed rate or cutting speed generates changes up to 300 N in some cases.
While an increase in the feed rate involves a direct effect in thrust force, selecting middle values of
cutting speed can generate a slight reduction in thrust force. Therefore, independently of the initial
parameters used, when the wear progresses in the tool, it is recommended to reduce the cutting speed
around 60 m/min to minimize the thrust force. The workpiece bending will be reduced, and the damage
will be decreased.

5. Conclusions

This study presents the design of an artificial neural network model to predict the thrust force
when drilling woven CFRP materials with worn tools. The robustness of the network was demonstrated
by varying the drilling parameters. The following conclusions were determined.

1. As a general recommendation, a low point-angle seems to be an appropriate selection to avoid
excessive damage in the CFRP laminate.

2. The effect of the drill point-angle loses relevance with the inevitable evolution of tool wear.
This effect demonstrated the significance of the general drill geometry.

3. When tool wear increases, the parametrical analysis of the influence of cutting parameters revealed
that the thrust force is more sensitive to feed rate than to cutting speed

4. Therefore, the wear level evolution is the most significant input factor of thrust force, due to the
change generated in the tool geometry. However, a critical wear value exists for which the feed
rate becomes more relevant than the cutting speed, and the thrust force remains almost constant.

5. The feed rate is the cutting parameter that should be modified when the drill bit wear increases.

The artificial neural network could be a useful tool in machining optimization. By defining more
outputs, (i.e., delamination or torque) and including more input variables related to the geometry of
the drill bit (i.e., chisel edge or helix angle), it is possible to get a complex prediction model. However,
this will need more experiments to validate the model and will increase the cost and time of conducting
the experiments.

Author Contributions: Conceptualization, N.F. and A.M.-S. Data curation, N.F. and A.D.-A. Formal analysis, N.F.
and A.M.-S. Funding acquisition, J.A.L. Investigation, N.F., J.A.L., and A.M.-S. Methodology, N.F. and A.M.-S.
Project administration, J.A.L. Software, N.F. and J.A.L. Supervision, J.A.L. and A.M.-S. Validation, N.F. and A.D.-A.
Writing—Original Draft, N.F. and A.M.-S. Writing—Review and Editing, J.A.L. and A.D.-A.

Funding: The Ministry of Economy and Competitiveness of Spain, projects DPI2017-89197-C2-1-R and
DPI2017-89197-C2-2-R] and the Ministry of Science, Innovation and Universities, grant number [FJCI-2017-34910],
funded this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, X. Fabrication and Properties of Carbon Fibers. Materials 2009, 2, 2369–2403. [CrossRef]
2. Yang, Y.; Jiang, Y.; Liang, H.; Yin, X.; Huang, Y. Study on tensile properties of CFRP plates under elevated

temperature exposure. Materials 2019, 12, 1995. [CrossRef] [PubMed]
3. Liu, D.; Tang, Y.; Cong, W.L. A review of mechanical drilling for composite laminates. Compos. Struct. 2012,

94, 1265–1279. [CrossRef]
4. Hocheng, H.; Tsao, C. Comprehensive analysis of delamination in drilling of composite materials with

various drill bits. J. Mater. Process. Technol. 2003, 140, 335–339. [CrossRef]

http://dx.doi.org/10.3390/ma2042369
http://dx.doi.org/10.3390/ma12121995
http://www.ncbi.nlm.nih.gov/pubmed/31234381
http://dx.doi.org/10.1016/j.compstruct.2011.11.024
http://dx.doi.org/10.1016/S0924-0136(03)00749-0


Materials 2019, 12, 2747 12 of 13

5. Hocheng, H.; Tsao, C.C. Effects of special drill bits on drilling-induced delamination of composite materials.
Int. J. Mach. Tools Manuf. 2006, 46, 1403–1416. [CrossRef]

6. Hocheng, H.; Tsao, C.C. The path towards delamination-free drilling of composite materials. J. Mater. Process.
Technol. 2005, 167, 251–264. [CrossRef]

7. Davim, J.P.; Reis, P. Study of delamination in drilling carbon fiber reinforced plastics (CFRP) using design
experiments. Compos. Struct. 2003, 59, 481–487. [CrossRef]

8. Sardiñas, R.Q.; Reis, P.; Davim, J.P. Multi-objective optimization of cutting parameters for drilling laminate
composite materials by using genetic algorithms. Compos. Sci. Technol. 2006, 66, 3083–3088. [CrossRef]

9. Fernandes, M.; Cook, C. Drilling of carbon composites using a one shot drill bit. Part I: Five stage
representation of drilling and factors affecting maximum force and torque. Int. J. Mach. Tools Manuf. 2006,
46, 70–75. [CrossRef]

10. Fernandes, M.; Cook, C. Drilling of carbon composites using a one shot drill bit. Part II: Empirical modeling
of maximum thrust force. Int. J. Mach. Tools Manuf. 2006, 46, 76–79. [CrossRef]

11. Feito, N.; Diaz-Álvarez, A.; Cantero, J.L.; Rodríguez-Millán, M.; Miguélez, H. Experimental analysis of
special tool geometries when drilling woven and multidirectional CFRPs. J. Reinf. Plast. Compos. 2016, 35.
[CrossRef]

12. Feito, N.; Díaz-Álvarez, J.; Díaz-Álvarez, A.; Cantero, J.H.; Miguélez, M.H. Experimental analysis of the
influence of drill point angle and wear on the drilling of woven CFRPs. Materials 2014, 7, 4258–4271.
[CrossRef]

13. Iliescu, D.; Gehin, D.; Gutierrez, M.E.; Girot, F. Modeling and tool wear in drilling of CFRP. Int. J. Mach.
Tools Manuf. 2010, 50, 204–213. [CrossRef]

14. Abrão, A.M.; Rubio, J.C.C.; Faria, P.E.; Davim, J.P. The effect of cutting tool geometry on thrust force and
delamination when drilling glass fibre reinforced plastic composite. Mater. Des. 2008, 29, 508–513. [CrossRef]

15. Rawat, S.; Attia, H. Wear mechanisms and tool life management of WC–Co drills during dry high speed
drilling of woven carbon fibre composites. Wear 2009, 267, 1022–1030. [CrossRef]

16. Fernández-Pérez, J.; Cantero, J.L.; Díaz-Álvarez, J.; Miguélez, M.H. Influence of cutting parameters on tool
wear and hole quality in composite aerospace components drilling. Compos. Struct. 2017, 178, 157–161.
[CrossRef]

17. Tsao, C.C.; Hocheng, H. Effect of tool wear on delamination in drilling composite materials. Int. J. Mech. Sci.
2007, 49, 983–988. [CrossRef]

18. Chen, W.-C. Some experimental investigations in the drilling of carbon fiber-reinforced plastic (CFRP)
composite laminates. Int. J. Mach. Tools Manuf. 1997, 37, 1097–1108. [CrossRef]

19. Murphy, C.; Byrne, G.; Gilchrist, M.D. The performance of coated tungsten carbide drills when machining
carbon fibre-reinforced epoxy composite materials. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2002,
216, 143–152. [CrossRef]

20. Fernández-Pérez, J.; Cantero, J.L.; Díaz-álvarez, J.; Miguélez, M.H. Hybrid composite-metal stack drilling
with different minimum quantity lubrication levels. Materials 2019, 12, 448. [CrossRef]

21. Tsao, C.C.; Hocheng, H. Taguchi analysis of delamination associated with various drill bits in drilling of
composite material. Int. J. Mach. Tools Manuf. 2004, 44, 1085–1090. [CrossRef]

22. Palanikumar, K.; Prakash, S.; Shanmugam, K. Evaluation of delamination in drilling drilling GFRP composites.
Mater. Manuf. Process. 2008, 23, 858–864. [CrossRef]

23. Mohan, N.S.; Kulkarni, S.M.; Ramachandra, A. Delamination analysis in drilling process of glass fiber
reinforced plastic (GFRP) composite materials. J. Mater. Process. Technol. 2007, 186, 265–271. [CrossRef]

24. Rao, B.S.; Rudramoorthy, R.; Srinivas, S.; Rao, B.N. Effect of drilling induced damage on notched tensile and
pin bearing strengths of woven GFR-epoxy composites. Mater. Sci. Eng. A 2008, 472, 347–352.

25. Enemuof, E.U.; El-Gizawy, A.S.; Okafor, A.C. An approach for development of damage-free drilling of carbon
fiber reinforced thermosets. Int. J. Mach. Tools Manuf. 2001, 41, 1795–1814. [CrossRef]

26. Saravanan, M.; Ramalingam, D.; Manikandan, G.; Kaarthikeyen, R.R. Multi Objective Optimization of
Drilling Parameters Using Genetic Algorithm. Procedia Eng. 2012, 38, 197–207. [CrossRef]

27. Feito, N.; Milani, A.S.; Muñoz-Sánchez, A. Drilling optimization of woven CFRP laminates under different
tool wear conditions: A multi-objective design of experiments approach. Struct. Multidiscip. Optim. 2016,
53, 239–251. [CrossRef]

http://dx.doi.org/10.1016/j.ijmachtools.2005.10.004
http://dx.doi.org/10.1016/j.jmatprotec.2005.06.039
http://dx.doi.org/10.1016/S0263-8223(02)00257-X
http://dx.doi.org/10.1016/j.compscitech.2006.05.003
http://dx.doi.org/10.1016/j.ijmachtools.2005.03.015
http://dx.doi.org/10.1016/j.ijmachtools.2005.03.016
http://dx.doi.org/10.1177/0731684415612931
http://dx.doi.org/10.3390/ma7064258
http://dx.doi.org/10.1016/j.ijmachtools.2009.10.004
http://dx.doi.org/10.1016/j.matdes.2007.01.016
http://dx.doi.org/10.1016/j.wear.2009.01.031
http://dx.doi.org/10.1016/j.compstruct.2017.06.043
http://dx.doi.org/10.1016/j.ijmecsci.2007.01.001
http://dx.doi.org/10.1016/S0890-6955(96)00095-8
http://dx.doi.org/10.1243/0954405021519735
http://dx.doi.org/10.3390/ma12030448
http://dx.doi.org/10.1016/j.ijmachtools.2004.02.019
http://dx.doi.org/10.1080/10426910802385026
http://dx.doi.org/10.1016/j.jmatprotec.2006.12.043
http://dx.doi.org/10.1016/S0890-6955(01)00035-9
http://dx.doi.org/10.1016/j.proeng.2012.06.027
http://dx.doi.org/10.1007/s00158-015-1324-y


Materials 2019, 12, 2747 13 of 13

28. Krishnaraj, V.; Prabukarthi, A.; Ramanathan, A.; Elanghovan, N.; Senthil Kumar, M.; Zitoune, R.; Davim, J.P.
Optimization of machining parameters at high speed drilling of carbon fiber reinforced plastic (CFRP)
laminates. Compos. Part B Eng. 2012, 43, 1791–1799. [CrossRef]

29. Krishnamoorthy, A.; Rajendra Boopathy, S.; Palanikumar, K.; Paulo Davim, J. Application of grey fuzzy logic
for the optimization of drilling parameters for CFRP composites with multiple performance characteristics.
Measurement 2012, 45, 1286–1296. [CrossRef]

30. Abhishek, K.; Datta, S.; Mahapatra, S.S. Optimization of thrust, torque, entry, and exist delamination factor
during drilling of CFRP composites. Int. J. Adv. Manuf. Technol. 2014, 76, 401–416. [CrossRef]

31. El Kadi, H. Modeling the mechanical behavior of fiber-reinforced polymeric composite materials using
artificial neural networks—A review. Compos. Struct. 2006, 73, 1–23. [CrossRef]

32. Altinkok, N.; Koker, R. Neural network approach to prediction of bending strength and hardening behaviour
of particulate reinforced (Al–Si–Mg)-aluminium matrix composites. Mater. Des. 2004, 25, 595–602. [CrossRef]

33. Karnik, S.R.; Gaitonde, V.N.; Rubio, J.C.; Correia, A.E.; Abrão, A.M.; Davim, J.P. Delamination analysis
in high speed drilling of carbon fiber reinforced plastics (CFRP) using artificial neural network model.
Mater. Des. 2008, 29, 1768–1776. [CrossRef]

34. Altinkok, N.; Koker, R. Modelling of the prediction of tensile and density properties in particle reinforced
metal matrix composites by using neural networks. Mater. Des. 2006, 27, 625–631. [CrossRef]

35. Stone, R.; Krishnamurthy, K. A neural network thrust force controller to minimize delamination during
drilling of graphite-epoxy laminates. Int. J. Mach. Tools Manuf. 1996, 36, 985–1003. [CrossRef]

36. Kuo, C.F.J.; Chang, C.D.; Su, T.L.; Fu, C.T. Optimization of the dyeing process and prediction of quality
characteristics on elastic fiber blending fabrics. Polym. Plast. Technol. Eng. 2008, 47, 678–687. [CrossRef]

37. Chen, W.C.; Fu, G.L.; Tai, P.H.; Deng, W.J. Process parameter optimization for MIMO plastic injection molding
via soft computing. Expert Syst. Appl. 2009, 36, 1114–1122. [CrossRef]

38. Ko, Y.D.; Moon, P.; Kim, C.E.; Ham, M.H.; Myoung, J.M.; Yun, I. Modeling and optimization of the growth
rate for ZnO thin films using neural networks and genetic algorithms. Expert Syst. Appl. 2009, 36, 4061–4066.
[CrossRef]

39. Faraz, A.; Biermann, D.; Weinert, K. Cutting edge rounding: An innovative tool wear criterion in drilling
CFRP composite laminates. Int. J. Mach. Tools Manuf. 2009, 49, 1185–1196. [CrossRef]

40. Ashrafi, H.R.; Jalal, M.; Garmsiri, K. Prediction of load–displacement curve of concrete reinforced by
composite fibers (steel and polymeric) using artificial neural network. Expert Syst. Appl. 2010, 37, 7663–7668.
[CrossRef]

41. Kenneth, L. A Method for the Solution of Certain Non-Linear Problems in Least Squares. Q. Appl. Math.
1944, 2, 164–168.

42. Khashaba, U.A.; EI-Sobaty, I.A.; Selmy, A.I.; Megahed, A.A. Machinability analysis in drilling woven
GFR/epoxy composites: Part II—Effect of drill wear. Composit. Part A 2010, 41, 1130–1137. [CrossRef]

43. Heisel, U.; Pfeifroth, T. Influence of Point Angle on Drill Hole Quality and Machining Forces when Drilling
CFRP. Proc. CIRP 2012, 1, 471–476. [CrossRef]

44. Díaz-Álvarez, A.; Díaz-Álvarez, J.; Santiuste, C.; Miguelez, M.H. Experimental and numerical analysis of the
influence of drill point angle when drilling biocomposites. Compos. Struct. 2019, 209, 700–709. [CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.compositesb.2012.01.007
http://dx.doi.org/10.1016/j.measurement.2012.01.008
http://dx.doi.org/10.1007/s00170-014-6199-3
http://dx.doi.org/10.1016/j.compstruct.2005.01.020
http://dx.doi.org/10.1016/j.matdes.2004.02.014
http://dx.doi.org/10.1016/j.matdes.2008.03.014
http://dx.doi.org/10.1016/j.matdes.2005.01.005
http://dx.doi.org/10.1016/0890-6955(96)00013-2
http://dx.doi.org/10.1080/03602550802129569
http://dx.doi.org/10.1016/j.eswa.2007.10.020
http://dx.doi.org/10.1016/j.eswa.2008.03.010
http://dx.doi.org/10.1016/j.ijmachtools.2009.08.002
http://dx.doi.org/10.1016/j.eswa.2010.04.076
http://dx.doi.org/10.1016/j.compositesa.2010.04.011
http://dx.doi.org/10.1016/j.procir.2012.04.084
http://dx.doi.org/10.1016/j.compstruct.2018.11.018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Details 
	Design of the Artificial Neural Network 
	ANN Training 
	ANN Testing 

	Results and Discussion 
	Conclusions 
	References

