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Abstract. An investigation has been carried out to make use of coir, a natural fibre abundantly available in 
India. Coir–polyester composites were prepared and their mechanical and machinability characteristics were 
studied. The short coir–fibre-reinforced composites exhibited the tensile, flexural and impact strength of 
16⋅1709 MPa, 29⋅2611 MPa and 46⋅1740 J/m, respectively. The regression equations were developed and opti-
mized for studying drilling characteristics of coir–polyester composites using the Taguchi approach. A drill 
bit diameter of 6 mm, spindle speed of 600 rpm and feed rate of 0⋅3 mm/rev gave the minimum value of thrust 
force, torque and tool wear in drilling analysis. 
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1. Introduction 

Natural fibres such as coir, cotton, flax and sisal have 
been used since historical times in a large variety of 
products, ranging from clothes to roofing of houses.  
Today, these fibre composites are appraised as eco-
friendly materials owing to their biodegradability and 
renewable characteristics. The annual world production 
of coconut is about 42 million tons (MT), which would 
amount to almost 50 billion coconuts. Many aspects of the 
use of coir fibres as reinforcement in polymer–matrix 
composites are described in the literature. Coir products 
are assembled from their parts by joining methods; so, it 
is essential to study the drilling characteristics of coir–
polyester composites. 
 Abrao et al (2007) studied the effect of tool material 
and geometry, machining parameters and their influence 
on the thrust force and torque during drilling of fibre- 
reinforced plastics. 
 Godfrey et al (2006) presented a mathematical model 
for correlating the interactions of some drilling control 
parameters such as speed, feed rate and drill bit diameter 
and their effects on some responses such as axial force 
and torque acting on the cutting tool during drilling by 
means of response surface methodology. The results  
obtained show that the mathematical model was useful 
not only for predicting optimum process parameters for 
achieving the desired quality but also for process optimi-
zation. 
 Harish et al (2009) investigated the mechanical proper-
ties of randomly oriented coir composites mixed with 

epoxy resin and made suggestions for low-load applica-
tions. They assessed only the limited mechanical proper-
ties such as tensile strength, flexural strength and impact 
strength, and their work was limited from the machinabi-
lity point of view. 
 Khashaba et al (2006) investigated the effects of the 
drilling parameters, speed and feed, on the required cut-
ting forces and torques in drilling chopped composites 
with different fibre volume fractions. Using multivariable 
linear regression analysis, empirical formulas that correlate 
favourably with the obtained results were developed in 
their work. 
 Fernandes and Cook (2006) described the development 
of an empirical model of the maximum thrust force and 
torque produced during drilling of carbon fibre with a 
‘one shot’ drill bit. 
 Monteiro et al (2008) evaluated structural characteristics 
and mechanical properties of coir fibre–polyester compo-
sites. They analysed variation of the flexural strength 
with the mass fraction of coir fibres and moulding pres-
sure. The results obtained for flexural strength allowed 
the comparison of the technical performance of the com-
posites with other conventional materials. 
 Palanikumar et al (2006) developed a mathematical 
model to predict surface roughness and tool wear in their 
work in order to study the main and interaction effects of 
machining parameters by regression analysis and ANOVA 
techniques and suggested the best procedure for model-
ling and optimization of process parameters. 
 Tsao and Hocheng (2007) presented the prediction and 
evaluation of thrust force and surface roughness concepts 
in drilling of composite material using candle stick drill 
in their work. The approach was based on the Taguchi 
method and the artificial neural network techniques. The 
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experimental results indicated that the feed rate and the 
drill diameter were the most significant factors affecting 
the thrust force, while the feed rate and spindle speed 
contributed most to surface roughness. 
 In most of the works, the characterization study was 
carried out to evaluate mechanical properties, and drilling 
study was made on other than natural fibre-reinforced 
composites. As the development of natural fibre rein-
forced composites (NFRC) composites are growing now, 
this paper focused on the development of mathematical 
model for predicting thrust force, torque and tool wear in 
drilling of randomly oriented coir–fibre-reinforced com-
posites. The drilling characteristics were studied for mak-
ing quality holes and delamination free holes in coir 
composites. For obtaining these requirements, the thrust 
force, torque and tool wear must be studied and opti-
mized. If the hole is made in an optimum set of condi-
tions, cutting forces and tool wear will be minimum. This 
will lead to maximum material removal and less power 
consumption. 
 In this investigation, the coir–fibre-reinforced compo-
site was fabricated using hand layup process. A series of  
experiments were conducted using CNC milling machine 
to drill the coir–polyester composites. A Kistler-make 
drill tool dynamometer was used to record the thrust 
force and torque. A Rapid I machine vision system from 
Customized Technologies (P) Ltd. was used to measure 
the tool wear. 

2. Preparation of specimen and mechanical tests 

The composite prepared in this study was a rectangular 
sheet of length 360 mm, width 360 mm and thickness 
3 mm, made up of randomly oriented coir fibre composite 
material manufactured by the hand layup process. The 
composite was fabricated using green husk coir fibre of 
length 50 mm and content in weight of 19%. For 100 g 
polyester resin, 1⋅5 g accelerator (cobalt octoate) and 
1⋅5 g catalyst (methyl ethyl ketone peroxide) were mixed. 
After the fabrication, test specimens were prepared and 
they were subjected to various mechanical tests as per 
ASTM standards using Universal Testing Machine. The 
ASTM testing standards of ASTM-D 638, ASTM-D 790 
and ASTM-D 256 were followed for tensile, flexural and 
impact strength, respectively. The prepared coir–polyester 
composites exhibited average values of tensile strength, 
flexural strength and impact strength of 16⋅1709 MPa, 
29⋅2611 MPa and 46⋅1740 J/m, respectively. Scanning 
electron micrographs of the tested specimen after tensile 
and flexural tests are shown in figures 1 and 2. 

3. Experimental procedure and tool materials 

The three-axes Mtab-make Maxmill model CNC Vertical 
Machining Center was used to drill the coir–polyester 

composites using M42-grade HSS twist drills. M42 is a 
molybdenum–chromium–vanadium–tungsten high-speed 
steel alloy with an additional content of 8% cobalt. It is 
widely used in metal manufacturing because of its supe-
rior red-hardness as compared with more conventional 
high-speed steels, allowing for shorter cycle times in pro-
duction environments due to higher cutting speeds or due 
to the increase in time between tool changes. This tool 
was supplied by Addison & Co. Ltd. 
 For machining glass–fibre-reinforced polyester (GFRP) 
composites carbide drill bits or other hard drill bits are 
used. As the coir composites are very soft material, the 
conventional HSS tool was preferred. A Kistler-make 
dynamometer was used to record the thrust force and 
torque. It is a typical static cutting force measuring sys-
tem consists of the dynamometer, a connecting cable and 
the multi-channel charge amplifier. 
 A Rapid-I machine vision system from Customized 
Technologies (P) Ltd. was used to measure the tool wear. 
 
 

 

Figure 1. Scanning electron micrograph of coir–fibre– 
polyester specimen after tensile fracture. 

 

 

 

Figure 2. Scanning electron micrograph of coir fibre– 
polyester specimen after flexural fracture. 
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Rapid-I Software comes with powerful graphical tools for 
enhanced measurements and inspections. Using the power-
ful graphical suite available in Rapid-I, the drafting of 
drill bit profile was created using a CAD package. After 
the drilling operation, again the tool profile was drawn. 
Differences between the two profiles were estimated with 
the on-screen digital micrometer tool to estimate tool 
wear. 

4. Design of experiments 

Design of experiments, or experimental design, is the 
design of all information-gathering exercises where varia-
tion is present, whether under the full control of the  
experimenter or not (Palanikumar and Davim 2008). The 
response variables, thrust force and torque were recorded 
for each run using drill tool dynamometer. The effect of 
the machining parameters is another important aspect to 
be considered. It may be seen that cutting speeds from 20 
to 60 m/min are usually employed, whereas feed rate val-
ues lower than 0⋅3 mm/rev were frequent. Cutting speed 
is not a limiting factor when drilling polymeric compos-
ites, particularly with hard metals; therefore, the use of 
cutting speeds below 60 m/min may be explained by the 
maximum rotational speed of conventional machining 
tools, since drill diameters above 10 mm are rarely  
reported in most of the literatures. Another reason for 
keeping cutting speeds below 60 m/min may reside in the 
fact that higher cutting speed values led to higher cutting 
temperature, which in turn caused the softening of the 
matrix. The use of feed rates below 0⋅3 mm/rev may be 
associated to the delaminating damage caused when this 
parameter was increased. Initially, optimization of cutting 
conditions was performed to check the adequacy of the 
levels. It was observed that the optimum operating condi-
tions also lie within the levels assigned. Based on these  
results, the three levels of input variables were con-
firmed. The assignment levels of input variable are given 
in table 1. 

4.1 Taguchi method 

Dr Genichi Taguchi of Japan developed a method for 
designing experiments to investigate how different para-
meters affect the mean and variance of a process per-
formance characteristic that defines how well the process  
 
 
Table 1. Assignement levels of process parameters. 

Drill bit diameter Spindle speed Feed rate 
(mm) (rpm) (mm/rev) 
 

 6  600 0⋅10 
 8 1200 0⋅20 
10 1800 0⋅30 

is functioning. The experimental design proposed by  
Taguchi involves using orthogonal arrays to organize the 
parameters affecting the process and the levels at which 
they should be varied. Instead of having to test all possi-
ble combinations like the factorial design, the Taguchi 
method tests pairs of parameters. This allows for the col-
lection of the necessary data to determine which factors 
most affect product quality with a minimum amount of 
experimentation, thus saving time and resources (Tsao 
and Hocheng 2007). Taguchi proposed a standard eight-
step procedure for applying his method for optimizing 
any process: 
 
Step 1: Identify the main function, side effects and fail-
ure mode. 
Step 2: Identify the noise factors, testing conditions and 
quality characteristics. 
Step 3: Identify the objective function to be optimized. 
Step 4: Identify the control factors and their levels. 
Step 5: Select the orthogonal array matrix experiment. 
Step 6: Conduct the matrix experiment. 
Step 7: Analyse the data. 
Step 8: Predict the optimum levels and performance. 
 
 The three variables namely, drill bit diameter (d), spin-
dle speed (s) and feed rate ( f ) and three levels in each 
category were considered in this work. The L9 orthogonal 
array was developed for analysing 3 variables and 3  
levels in each variable (Tsao and Hocheng 2007). So, the 
L9 orthogonal array was selected, and the values are  
recorded in table 2. The numbering 1 to 9 represents nine 
conditions as per table 2. 

5. Mathematical model of responses 

In statistics, nonlinear regression is a form of regression 
analysis in which observational data are modelled by a 
function that is a nonlinear combination of the model 
parameters and depends on one or more independent 
variables. The data are fitted by a method of successive 
approximations. The statistical tool, regression analysis, 
helps to estimate the value of one variable from the given 
value of another. In this multiple regression work, three 
variables are used to predict the responses. 
 The mathematical relationship for correlating the res-
ponses thrust force (th), torque (tq), tool wear (tw) and 
the considered process variables were obtained from the 
coefficients resulting from the Minitab 15 software out-
put. R2 values are 0⋅921, 0⋅997 and 0⋅997 for thrust force, 
torque and tool wear models, respectively. 

th = 16⋅6 + 8⋅8d + 0⋅0120s + 83 f  

  – 0⋅00425ds + 0⋅0767sf – 28⋅3fd. (1) 

tq = 2⋅93 – 0⋅257d + 0⋅000542s 

  –1⋅1f + 0⋅000045ds + 0⋅000700sf + 1⋅45fd. (2) 
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Table 2. Recorded values in L9 orthogonal array. 

Sl  Drill bit  Spindle  Feed rate Thrust  Torque Tool wear  Chip 
no. diameter (mm) speed (rpm) (mm/rev) force (N) (nm) (mm) formation 
 

1  6  600 0⋅05 50 2⋅02 0⋅07 C 
2  6 1200 0⋅35 88 1⋅56 0⋅15 D 
3  6 1800 0⋅20 58 2⋅94 0⋅20 CD 
4  8 1200 0⋅20 52 2⋅30 0⋅16 C 
5  8 1800 0⋅05 55 3⋅45 0⋅20 D 
6  8  600 0⋅35 32 1⋅02 0⋅03 CD 
7 10 1800 0⋅35 49 3⋅92 0⋅25 C 
8 10  600 0⋅20 69 1⋅56 0⋅12 D 
9 10 1200 0⋅05 39 2⋅25 0⋅21 CD 

 
 

Table 3. Optimum cutting parameters. 

Drill bit  Spindle  Feed rate Chip  Thrust  Torque Tool  
diameter (mm) speed (rpm) (mm/rev) formation force (N) (Nm) wear (mm) 
 

6 600 0⋅30 CD 32 1⋅02 0⋅03 

 
 

 

Figure 3. Photograph of chip type as per L9 orthogonal array. 
 
 

tw = –0⋅0324 + 0⋅0261d – 0⋅182 f + 0⋅000003ds 

   + 0.000342sf – 0⋅0458 fd. (3) 

The input parameters were drill bit diameter (d), spindle 
speed (s) and feed rate ( f ). 

6. Optimization of cutting parameters 

The Taguchi method is a process/product optimization 
method that is based on eight steps of planning, conduct-
ing and evaluating results of matrix experiments to  
determine the best levels of control factors. The primary 
goal is to keep the variance in the output very low even in 
the presence of noise inputs. Thus, the processes/products 
are made robust against all variations. The desired goal 
was chosen for each factor and response from the menu. 

The possible goals are: maximize, minimize, target, 
within range, none (for responses only) and set to an exact 
value (factors only). For optimizing the developed models, 
the minimum goal was set and executed using Design 
Expert 7.1.6 software. The optimum values of cutting 
parameters for minimum responses are given in table 3. 

7. Results and discussion 

The coir–polyester composites exhibited average values 
of tensile strength, flexural strength and impact strength 
of 16⋅1709 MPa, 29⋅2611 MPa and 46⋅1740 J/m, respec-
tively. The optimum set of conditions are used not only 
for minimum power consumption, minimum cutting 
forces, minimum tool wear and maximum metal removal 
rate but also for maximizing hole quality and accuracy. 
The following results are made based on the result of 
numerical optimization: 
 (i) Drill bit diameter of 6 mm is best suitable one for 
minimum drilling forces and tool wear in the range of  
6 to 10 mm drill bit diameters. 
 (ii) Spindle speed of 600 rpm and feed rate of 
0⋅30 mm/rev may be preferred in drilling of coir–fibre-
reinforced composites. 
 (iii) Chip type is another parameter considered in this 
work because it was produced according to the operating 
conditions and material properties. The material is pre-
pared and drilling operations are performed, so the oper-
ating conditions may be optimized easily. Continuous and 
discontinuous chip formation was produced for minimum 
cutting forces and tool wear in HSS tool due to low cut-
ting speed and high feed rate. The chip formation during 
drilling for various conditions as per L9 orthogonal array 
is illustrated in figure 3. 
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Table 4. Validation of mathematical model. 

  Drill bit   Experimental value Predicted value % of error 
  diameter Spindle Feed rate  
Run (mm) speed (rpm) (mm/rev) th tq tw th tq tw th tq tw 
 

1 10 375 0⋅188 98 3⋅71 0⋅14 109 3⋅30 0⋅144 9⋅97 –12⋅41 2⋅53 
2 6 375 0⋅075 65 2⋅38 0⋅12 68 2⋅28 0⋅106 5⋅07 –4⋅29 –12⋅88 
3 6 938 0⋅075 60 2⋅49 0⋅14 62 2⋅77 0⋅131 3⋅21 10⋅07 –9⋅29 
4 10 938 0⋅188 70 3⋅75 0⋅20 84 3⋅93 0⋅197 16⋅51 4⋅66 –1⋅29 
5 6 938 0⋅188 65 3⋅75 0⋅13 59 3⋅70 0⋅116 –9⋅68 –1⋅30 –16⋅50 
6 6 375 0⋅188 58 3⋅57 0⋅07 53 3⋅17 0⋅069 –8⋅56 –12⋅60 –1⋅18 
7 10 375 0⋅075 85 1⋅31 0⋅20 87 1⋅76 0⋅201 1⋅95 25⋅43 0⋅73 
8 10 938 0⋅075 70 2⋅56 0⋅23 71 2⋅34 0⋅233 0⋅89 –9⋅18 1⋅20 

      Average absolute percentage of error 7⋅00 9⋅99 5⋅70 

 
 
 (iv) Confirmation experiments are conducted for eight 
sets of conditions. The experimental values and the pre-
dicted values obtained from mathematical model were 
compared. The percentage of error was calculated for the 
validation of mathematical model. It is observed that the 
average absolute error for thrust force, torque and tool 
wear are less than 10%, and better accuracy is obtained 
using the developed mathematical models. The validation 
of mathematical model is shown in table 4. 

8. Conclusions 

In this work, the nonlinear mathematical equations of thrust 
force, torque and tool wear were developed to correlate the 
important machining parameters in drilling of coir–fibre-
reinforced composites. The important input variables con-
sidered for the present research study is drill bit diameter, 
spindle speed and feed rate. The influences of all machining 
parameters on thrust force, torque and tool wear were ana-
lysed based on the developed mathematical model. The 
following conclusions were drawn based on this study: 
(I) The procedure can be used to predict the responses 
for drilling of coir–fibre-reinforced composites within the 
ranges of variable studied. 

(II) The procedure can also be used to find the optimum 
values of machining parameters for drilling of coir–fibre-
reinforced composites to reduce tool wear. 
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