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a b s t r a c t

Drilling thrust force calculations require a large amount of experimental work, which can be greatly
reduced, since an extensively validated CAD-based approach, using the DRILL3D software application,
has become available. DRILL3D calculates the thrust force of both the cutting areas of the tool (main
edges and chisel edge) simultaneously, which means that every simulation can substitute two separate
lab experiments. Nevertheless, as the number of parameters involved is increasing, the amount of the
necessary simulations becomes substantial. This is the reason that led to the combined use of the
DRILL3D and the design of experiments methodology, which reduces the amount of the necessary digital
experiments to an impressive degree. Themain factors affecting the current analysis are the tool diameter,
the web to diameter ratio, the feed rate and the cutting speed used. Using an L16 Taguchi table, a function
of the developed thrust force can be calculated using the response surface methodology. This statistical
modeling tool employs the regression analysis to establish the relationship between various process
parameters and response.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Hole drilling is by far the most widely used process in
manufacturing. Although it appears to be a relatively simple
process, it is actually a very complex one. One has to consider that,
there are two basic tool areas, the main cutting lips and the chisel
edge, where thrust force is generated. The drilling point’s chisel
edge is dominant at the generation of the tool thrust force, while
the torque is heavily depended on the action of the cutting lips [1].

Researchers have used a number of different approaches, when
simulating drilling, in order to be able to describe accurately
the complexity as well as to calculate thrust forces, torques,
temperatures, tool wear etc. Three main directions have been
adopted over the years.

1. The analytical mathematical approach, where the drilling tool
is analytically described by complicated equations in 3D space
and used for rigorous geometrical calculations of the drilling
process. In a great deal of research efforts, 2D projected
geometry is used instead, in order to reduce the amount of
calculations necessary [2–6].

2. The experimental one, where an extensive amount of experi-
ments take place and the results are stored in databases so that
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different parameters can be used for experimentally derived
equations [7–10].

3. The numerical approach, where methodologies such as the
finite element analysis are used, based on the Lagrangian and
Eulerian methods [11–16].

In an increasing amount of cases, researchers use modern
statistical and artificial intelligence tools, in order to reduce the
amount of experiments needed and derived equations based
on these methods, without performing extensive experiment
plans [17–24].

The current paper focuses on the combination of CAD-based
drilling simulation and design of experiments. Thrust force
calculations require a large amount of experimental work, which
can be greatly reduced, since the CAD-based approach has
been extensively validated via the DRILL3D software application,
built especially for that [25,26]. Nevertheless, as the number of
parameters is increasing, so does the magnitude of the necessary
experimental work. This is the main reason that led to the
combined use of the DRILL3D and the design of experiments
methodology, which limits the amount of the necessary digital
experiments to an impressive degree.

2. The CAD-based methodology

A modern CAD system, together with its API (Application
Programming Interface), can be used to automate a number of
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Fig. 1. DRILL3D simulation workflow.
steps toward manufacturing simulations. Different drill tools and
work pieces can be created parametrically and an appropriate
virtual motion can be programmed, in order to produce all the
necessary solid models of the undeformed chips. Using these
models, the thrust force of the tool can be calculated for every
tool–work-piece material and geometry combination, using a
database containing the appropriate experimental coefficients.

DRILL3D creates automatically both the tool and thework piece
3D solid models and allows the user to select the motion fragment
— step for cutting the work piece (in degrees), as well as the speed
(in m/min) and the feed rate (in mm/rev). In addition, a number
of parameters for setting up the initial conditions, before the
work is initiated, is made available (drill kinematics parameters).
Based on the data referred previously, DRILL3D produces twomore
3D solid models, one describing the drilling action on the main
cutting edge and another for the application of drilling in the
area of the chisel edge. These models of the undeformed chip
follow a procedure of being segmented into smaller pieces, so that
higher accuracy of the thrust force calculation can be achieved. It
is worth mentioning that the automatic extraction of the chips’
main geometrical characteristics, prior to the calculation of the tool
thrust force, integrates the procedure. The complete flow chart of
this novel drilling simulation method is presented in Fig. 1.

2.1. Tool description

The DRILL3D routine outputs the Galloway’s geometrical
description of the tool in a CAD solid model [27]. This solid model
of the twist drill fluted part is formed by sweeping helically an
appropriate flute cross section for straight cutting lips. The twist
drill point geometry is finalized by the Boolean subtraction of the
grinding cones, mentioned in Galloway’s geometry. According to
this model, a range of parameters, separated into two main sets,
have to be set in order to produce the desired variety of drilling
tools. The first set determines the main shape of the tool (radius,
web thickness, half point angle and helix angle), while the second
set provides the detail shape of the tool, based on the conventional
grinding method (half cone angle, distance of the cone along the x
axis and the y axis).

2.2. Digital drilling process

The digital drilling process is separated into two parts. The first
is based on the cutting action of the cutting lips and the second on
the cutting action of the chisel edge. Both are treated in a similar
way, although individually. The final result is the creation of 3D
solid models simulating the undeformed chip and the shape of
the remaining work piece geometries for each case. The tool is
virtually moved transitionally toward the −Z axis (feed) while
at the same time, it is rotated around its Z axis of symmetry
using a constant step. In every step, a Boolean subtraction of the
tool model, from the remaining work piece model is carried out.
The step value, for both cases, is selected comprising the motion
accuracy, the calculation complexity and the CAD system capacity.
Initially, a specially shaped work piece is used, in order that the
cutting lips are directly engaged (steady state case), having a
small hole in the middle (chisel edge area). A rotation step of one
degree can be successfully incorporated into the model (Fig. 2).
Following that, another work piece of pure cylindrical shapewith a
diameter equal to each tool’s chisel edge is used. The step selected
in that case, is in the range of three to five degrees in order to
achieve the appropriate motion accuracy without encountering
software limitations due to the extremely small size of the chip
involved. Once more, the undeformed chip produced and the
remaining work piece involved, consist the outcome of the virtual
cutting process in the area that comes in contact with the chisel
edge (Fig. 3). Both cases are very computing intensive and the
simulations need to run for a significant amount of cycles in order
to achieve constant chip geometry and simulate the steady state
condition.

2.3. Force extraction

The 3D models of the undeformed chip, produced earlier from
both cases, are segmented into smaller pieces in order to achieve



P. Kyratsis et al. / Computer-Aided Design 43 (2011) 1879–1890 1881
Fig. 2. Steady state simulation of the cutting lips penetration into the remaining work piece.
Fig. 3. Steady state simulation of the chisel edge penetration into the remaining work piece.
higher result accuracy. For each individual segmented solid model,
a number of geometrical parameters are automatically recognized
by the DRILL3D routine, and all this data is introduced as input
to the thrust calculation of the tool, based on the Kienzle–Victor
method. In more detail, both the undeformed chip width and
thickness are directly recognized fromeach segmented piece of the
solid models, while the selection of the necessary coefficients Ki
is made based on published data [28]. Finally, the outcome is the
separate calculation of the thrust force for both the tool areas (main
cutting edges and chisel edge) by adding up all the primitive force
components calculated. An example of a thrust force calculation is
analytically presented in Fig. 4.
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Fig. 4. Example of a thrust force calculation.
Fig. 5. Drilling experimental results.
2.4. Experimental verification

The accuracy of the DRILL3D drilling simulation model in cal-
culating the thrust force was verified by executing the actual ex-
periments on a HAAS 3-axis CNC machine center with continuous
speed and feed control within their boundaries and the specimen
usedwas a CK60 plate. A Kistler type 9257 BA three component dy-
namometer was positioned between the machine center and the
work piece. The signal was processed by a type 5233 A control unit
and during the tests, the thrust force was displayed graphically on
the computermonitor and analyzed to enable early error detection
and ensure steady state condition (Fig. 5).
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Fig. 6. Thrust force prediction for D = 10 mm twist drill tool and V = 15 m/min.
Fig. 7. Thrust force prediction for D = 14 mm twist drill tool and V = 20 m/min.
In order to be able to separate the thrust force created by
the two areas (main cutting edges and chisel edge) two series of
experiments were conducted. The first series, involved the direct
drill of the work piece, whichmeans that the total thrust force was
measured. During the second series, thework piecewas preshaped
with a hole in the center. The diameter of the hole was equal to the
dimension of the chisel edge and as a result only the thrust force
of the main cutting edges was measured. Figs. 6 and 7 depict the
thrust force developed in the area of the main cutting lips and the
total thrust force applied by the tool during the drilling process. An
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Table 1
Factors and levels of drilling parameters.

Factor Notation Unit Levels
I II III IV

Tool diameter D mm 10 12 14 16
Web to diameter
ratio

W/D – 0.125 0.130 0.145 0.150

Feed rate f mm/rev 0.20 0.30 0.40 0.50
Cutting speed V m/min 15 20

indicative number of experimental results are presented together
with the results from the DRILL3D simulations so that the accuracy
of the proposed approach to be visualized [29].

3. The proposed model for the thrust force using design of
experiments

In manufacturing, Design of Experiments (DoE) is found to be
an effective statistical technique that can be used for a number of
experimental investigations. The technique is one of the powerful
tools used in order to investigate the causes of process variation.
It is a systematic approach to engineering problem solving, that
applies principles at the data collection stage, to ensure the
generation of valid defensible and supportable conclusions [30].

The response surface methodology (RSM) is adopted, because a
mathematical model can be built easily, with minimal knowledge
of the process, requiring less experiments, and thus reducing both
cost and time of simulation. The RSM is a statistical modeling
tool, which employs the regression analysis to establish the
relationship between various process parameters and response. In
order to develop the mathematical model, proper planning of the
experiments is necessary and the design of experiments technique
has been selected for this reason [31,32].

In the present research, the tool diameter (D), the web to
diameter ratio (W/D), the cutting speed (V ) and the feed rate (f )
are considered the controllable variables. Table 1 depicts all four
factors with their levels, symbols and units used.

For a full factorial analysis, 256 experiments should have been
carried out. Half of them are necessary in order to calculate the
total thrust force produced by the tool, while the rest are necessary
for the determination of the thrust force due to the tool’s chisel
edge area. The large amount of experiments required, implied the
selection of Taguchi’s L16 table, presented in Table 2, together with
the CAD-based experimental results for both the thrust forces.
The materials used for all the force calculations were HSS for the
drilling tool and CK60 for the working piece.
A polynomial mathematical model was used, so that the total
thrust force aswell as the thrust force due to the action of the tool’s
chisel edge area, to be calculated. These models follow the form of

Y = b0 + b1X1 + b2X2 + b3X3 + b4X4 + b11X2
1 + b22X2

2

+ b33X2
3 + b44X2

4 + b12X1X2 + b13X1X3 + b14X1X4

+ b23X2X3 + b24X2X4 + b34X3X4 (1)

where Y is the response i.e. thrust force, Xi stands for the coded val-
ues for i = D,W/D, V , f , and b0, . . . , b34 represent the regression
coefficients.

Using the data illustrated in Table 2 as well as the aforemen-
tioned mathematical model, the following equations form the fi-
nal mathematical model proposed for the calculation of the thrust
forces (in N) for both cases (total thrust force and thrust force due
to the tool’s chisel edge area):

FZ_total = 9941 − 266.5D − 112015(W/D) − 2045f − 143.24V
+ 5.109D2

+ 343750(W/D)2 − 5056f 2

+ 937D(W/D) + 928.4Df + 6.788DV

+ 29603(W/D)f + 715.8(W/D)V (2)

and

Fz_chisel = 8124 − 419.9D − 77116(W/D) − 4356f − 104.76V
+ 4.516D2

+ 171250(W/D)2 − 2318.7f 2

− 2062.5D(W/D) + 394.11Df + 5.811DV

+ 37966(W/D)f + 539.6(W/D)V (3)

where D is the tool diameter, (W/D) is the web to diameter ratio
of the tool, f is the feed rate in mm/rev, V is the cutting speed used
and the tool/work piece materials are HSS/CK60.

(Values highly correlated with other variables have been
excluded from the equation.)

4. Analysis of the results and model validation

The adequacy of themodels is provided at 95% confidence level.
The analysis of variance (ANOVA) has been performed to justify the
validity of the model developed. The ANOVA table consists of sum
of squares (SS) and degrees of freedom (DF). The sum of squares is
usually contributed from the regression model and residual error.
Mean square (MS) is the ratio of sum square to the degree of
freedom and the F-ratio is the ratio of mean square of regression
model to the mean square of residual error (Table 3). According to
the methodology, the calculated value of F-ratio of the developed
model, should be more than the tabulated value of F-table for 95%
Table 2
Experimental plan with the computed thrust forces based on Taguchi’s L16 table.

Exp. no D (mm) W/D f (mm/rev) V (m/min) DRILL3D
Fz_total (N)

DRILL3D
Fz_chisel (N)

1 10 0.125 0.20 15 1916 1072
2 10 0.130 0.30 15 2510 1436
3 10 0.145 0.40 20 3275 2071
4 10 0.150 0.50 20 3864 2511
5 12 0.125 0.30 20 3127 1848
6 12 0.130 0.20 20 2471 1488
7 12 0.145 0.50 15 4337 2747
8 12 0.150 0.40 15 3958 2480
9 14 0.125 0.40 15 4204 2428

10 14 0.130 0.50 15 4876 2918
11 14 0.145 0.20 20 3248 2089
12 14 0.150 0.30 20 4185 2740
13 16 0.125 0.50 20 5933 3615
14 16 0.130 0.40 20 5260 3255
15 16 0.145 0.30 15 4455 2810
16 16 0.150 0.20 15 3520 2257
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Table 3
ANOVA table for the RSMmodels.

Source of variation for Fz_total DF SS MS F P

Regression 12 16974569 1414547 63683 0.000
Residual error 3 6664 2221
Total 15 16981232
R-sq (adj) 99.8%

Source of variation for Fz_chisel DF SS MS F P

Regression 12 6927031 577253 102227 0.000
Residual error 3 1694 565
Total 15 6928725
R-sq (adj) 99.9%

F-table (12, 3, 0.05)=8.74
Fig. 8. Residuals analyses for both thrust forces.
confidence level, in order for themodel to be adequate (636.83 and
1022.27, respectively, instead of 8.74). In addition, the P value is
0.000, which proves the highest correlation, hence the developed
response function is quite adequate at a 95% confidence level.

The validity of the fit of the models can also be proved by
the adjusted correlation coefficient (R-sq (adj)), which provides a
measure of variability in observed output and can be explained by
the factors along with the two factor interactions. This coefficient
in both cases is well beyond 99% and as a result the models appear
to have adequate predictive ability (99.8% and 99.9%, respectively
–Table 3).

The accuracy of the models has been checked by the residual
analysis, and it is essential that the residuals are normally
distributed in order for the regression analysis to be valid. The
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Fig. 9. RSMmodel validation for the drilling simulation.
Fig. 10. Total thrust force for four tool diameters.
normal probability plots of the residuals for both the thrust
forces calculated are depicted in Fig. 8. The graphs show that
the residuals closely follow straight lines (approximately linear
pattern), denoting that the errors are normally distributed. In
addition, both the scatter diagrams of the thrust force residuals
versus the fitted values and the residuals versus the order of
the data presented in Fig. 8, depict that the residuals are evenly
distributed on both sides of the reference line.

Table 4 depicts the calculation of the thrust forces using the
regression models and how these results compare with those
calculated by the DRILL3D simulations. All digital experiments
were run in order to be able to compare the results for the full
factorial set of experiments, in both thrust force cases and validate
the mathematical model. Although the regression models were
derived from the execution of only 16 experiments, according to
the Taguchi L16 table, the high accuracy of the predicted thrust
forces is proved.

When examining the percentage of difference between the
regression and CAD-basedmodels, for all the experiments involved
(N = 128 in both cases), the higher difference among the results is
approx.±5% for the total thrust force of the tool and approx.±6.5%
for the thrust force due to the chisel edge area (Fig. 9). In addition,
in both cases themean value of the percentage of difference is very
close to zero (0.1888% and 0.8106%, respectively) and the resulted
standard deviation is limited to 1.657% and 2.127%, respectively.
Those limited differences prove the validity of the regression
analysis followed and provide a solid basis for the use of a small
amount of appropriately selected digital experiments, in order to
provide a validmathematicalmodel for the developed thrust forces
in drilling.

The thrust force, in both cases under research, is analyzed
through the RSM prediction models by generating 3D response
surface plots. Fig. 10 illustrates the total thrust force developed
for two different cutting speeds (15 m/min and 20 m/min,
respectively) and for four tool diameters each (10 mm, 12 mm,
14 mm and 16 mm). The thrust force increases substantially,
when the tool diameter is increased and leads to a smaller but
observable rise when the cutting speed becomes higher for a
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Table 4
RSMmodel comparison with DRILL3D for the total thrust force and the thrust force due to the chisel edge.

D (mm) W/D f (mm/rev) V (m/min) DRILL3D Fz_total (N) RSM Fz_total (N) DRILL3D Fz_chisel (N) RSM
Fz_chisel (N)

10

0.125

0.2
15 1916 1925 1072 1076
20 2011 1995 1166 1180

0.3
15 2458 2466 1380 1394
20 2579 2536 1501 1498

0.4
15 2822 2906 1640 1664
20 2966 2976 1784 1768

0.5
15 3289 3245 1901 1889
20 3456 3315 2067 1993

0.13

0.2
15 1927 1933 1098 1091
20 2023 2022 1194 1208

0.3
15 2510 2489 1436 1427
20 2636 2577 1562 1544

0.4
15 2903 2944 1726 1717
20 3055 3032 1878 1834

0.5
15 3394 3298 2012 1960
20 3570 3386 2189 2078

0.145

0.2
15 2089 2061 1271 1185
20 2200 2203 1382 1343

0.3
15 2673 2662 1614 1578
20 2815 2804 1755 1736

0.4
15 3108 3161 1904 1925
20 3275 3303 2071 2083

0.5
15 3586 3559 2225 2225
20 3782 3701 2421 2383

0.15

0.2
15 2088 2138 1274 1234
20 2200 2298 1385 1405

0.3
15 2722 2753 1667 1646
20 2868 2914 1813 1817

0.4
15 3146 3267 1993 2011
20 3321 3428 2168 2183

0.5
15 3662 3680 2309 2331
20 3864 3840 2511 2502

12

0.125

0.2
15 2284 2306 1297 1283
20 2398 2444 1410 1445

0.3
15 2978 2973 1699 1679
20 3127 3111 1848 1841

0.4
15 3544 3538 2030 2029
20 3722 3677 2208 2191

0.5
15 3963 4003 2337 2332
20 4168 4141 2542 2494

0.13

0.2
15 2351 2323 1368 1318
20 2471 2480 1488 1493

0.3
15 3057 3005 1783 1733
20 3213 3161 1939 1908

0.4
15 3650 3586 2143 2101
20 3838 3742 2331 2277

0.5
15 4076 4065 2459 2424
20 4291 4221 2675 2599

0.145

0.2
15 2553 2480 1584 1474
20 2692 2690 1722 1690

0.3
15 3271 3206 2015 1946
20 3448 3416 2192 2162

0.4
15 3862 3831 2376 2372
20 4071 4041 2585 2588

0.5
15 4337 4354 2747 2751
20 4578 4565 2988 2967

0.15

0.2
15 2588 2566 1624 1543
20 2731 2794 1766 1773

0.3
15 3349 3307 2099 2034
20 3533 3535 2283 2264

0.4
15 3958 3947 2480 2479
20 4175 4175 2697 2708

0.5
15 4417 4485 2842 2877
20 4666 4713 3091 3106

(continued on next page)
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Table 4 (continued)

D (mm) W/D f (mm/rev) V (m/min) DRILL3D Fz_total (N) RSM Fz_total (N) DRILL3D Fz_chisel (N) RSM
Fz_chisel (N)

14

0.125

0.2
15 2727 2728 1586 1526
20 2866 2934 1725 1746

0.3
15 3527 3520 2047 2000
20 3706 3727 2226 2221

0.4
15 4204 4212 2428 2429
20 4417 4418 2641 2649

0.5
15 4742 4802 2775 2811
20 4985 5008 3018 3031

0.13

0.2
15 2806 2755 1670 1581
20 2953 2979 1817 1815

0.3
15 3631 3562 2159 2075
20 3821 3786 2348 2309

0.4
15 4301 4268 2534 2522
20 4523 4492 2756 2756

0.5
15 4876 4873 2918 2923
20 5132 5098 3174 3157

0.145

0.2
15 3079 2939 1921 1799
20 3248 3217 2089 2073

0.3
15 3886 3791 2435 2350
20 4099 4069 2648 2624

0.4
15 4634 4541 2893 2854
20 4888 4819 3147 3128

0.5
15 5292 5191 3363 3312
20 5587 5469 3658 3586

0.15

0.2
15 3131 3035 2016 1889
20 3307 3331 2193 2177

0.3
15 3964 3901 2519 2459
20 4185 4197 2740 2746

0.4
15 4595 4667 2918 2982
20 4851 4963 3174 3270

0.5
15 5256 5331 3420 3459
20 5556 5627 3720 3747

16

0.125

0.2
15 3192 3190 1896 1804
20 3358 3465 2063 2083

0.3
15 4084 4109 2405 2358
20 4295 4383 2616 2636

0.4
15 4872 4926 2857 2865
20 5123 5200 3108 3144

0.5
15 5641 5642 3323 3326
20 5933 5916 3615 3604

0.13

0.2
15 3296 3227 2006 1881
20 3472 3519 2182 2172

0.3
15 4196 4160 2525 2453
20 4417 4452 2747 2745

0.4
15 4997 4992 2993 2979
20 5260 5284 3255 3271

0.5
15 5754 5723 3448 3459
20 6056 6015 3750 3751

0.145

0.2
15 3543 3439 2274 2160
20 3743 3785 2474 2493

0.3
15 4455 4417 2810 2790
20 4701 4763 3057 3122

0.4
15 5366 5293 3392 3373
20 5663 5639 3690 3706

0.5
15 6114 6068 3843 3910
20 6451 6414 4181 4242

0.15

0.2
15 3520 3545 2257 2271
20 3718 3908 2455 2617

0.3
15 4587 4537 2951 2919
20 4846 4901 3210 3265

0.4
15 5523 5428 3560 3522
20 5835 5792 3872 3867

0.5
15 6283 6218 4024 4077
20 6636 6582 4377 4423
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Fig. 11. Thrust force due to the chisel edge for four tool diameters.
constant diameter. A similar trend of the thrust force due to the
chisel edge area is illustrated in Fig. 11.

5. Conclusions

A combined use of CAD-based simulation and design of
experiments has been presented in this paper, in order to
accurately calculate the developed thrust force on a drilling tool.
The thrust forces under consideration involved both the total
thrust force and the thrust force due to the action of the chisel edge
area. Theywere both studiedwith respect to the tool diameter, the
web to diameter ratio, the feed rate and the cutting speed used. The
full factorial analysis would demand 256 experiments; so design
of experiments was adopted in order to reduce the amount of the
experiments. All the experimental work was based on DRILL3D, a
novel drilling simulation application, which has been validated in
the previously published research work.

The combination of the CAD-based drilling simulation and
the design of experiments methodology was used in order to
achieve higher level of verification, while at the same time to
radically reduce the cost of the necessary experimental effort. The
mathematical models produced based on the RSM methodology,
proved to be very accurate and extremely easy to use since they
provide a function, which can be used directly in a variety of other
applications.
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