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Abstract
The presented publication is focused on increasing the productivity and efficiency of machine production of precision holes. 
Considerable attention was paid to the influence of the pre-preparation and drilling technology on the quality of the reamed 
hole. The material selected for machining was chromium-molybdenum steel 42CrMo4 QT. The cluster analysis is imple-
mented to evaluate the experimental results obtained by measuring the cylindricity and surface roughness of the drilled and 
reamed holes. The factor of hole pre-preparation technology was selected in two quality levels, and the factor of drilling 
technology in four quality levels. The constant factors were carefully controlled during the experiment, i.e., other possible 
influences were excluded or minimised. Under constant cutting conditions, the experiment of the subject machining process 
was carried out. The cutting process parameters investigated were the cylindricity and the roughness of the machined surface 
Ra. The novelty and contribution of this research lie in confirming the assumption that drilling technology influences hole 
quality primarily, whereas hole pre-preparation technology has a secondary effect.

Keywords  Drilling · Reaming · Precision holes · Cylindricity and roughness · Surface integrity

1  Introduction

Most scientific research publications focus on evaluating 
quality parameters after drilling, depending on the choice 
of material [1–4].

Another important area of the subject is monitoring 
dynamic phenomena accompanying drilling, which play 
a significant role in the final assessment of surface integ-
rity and tool wear [5–9]. In [6], a simulation of drilling and 
reaming is performed using a model that incorporates the 
effects of the forces imposed by the machine tool-cutting 
tool-workpiece system [7, 8]. Publications [9–11] concen-
trate on the effect of vibrations that accompany drilling. 
Both drilling and reaming are loaded with vibration as a 
negative factor [9]. In particular, publications [10, 11] deal 
with the problem of vibration in drilling using a generalised 
model that addresses the effects of vibration on the tool in 
terms of tool life and wear time. In addition, the manifesta-
tion of vibrations having an adverse effect is the lower qual-
ity of the drilled hole.

Similar to drilling, reaming is also monitored for fac-
tors that significantly affect the final quality of the hole. 
The objectives of the publications [12–15] are mainly 
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concerned with describing the behaviour and properties of 
the tool under different reaming conditions with respect to 
the desired roughness and geometric accuracy. The depend-
encies investigated are also cutting forces, chip character 
and chip leakage from the cutting point [14, 15]. In [6], a 
mathematical model of drilling and reaming is proposed to 
determine the variation of tool eccentricity due to vibra-
tion and the degree of influence on the final hole comple-
tion. Paper [7] deals with a technical as well as economic 
comparison of two manufacturing systems in the drilling of 
compacted graphite iron: drilling and reaming × drilling. 
As part of the technical analysis, they examined the tool 
wear mechanism, hole quality, and machining time, while 
the economic analysis focused on the total costs of machin-
ing using a specially designed drill and conventional drills 
followed by reamers. In comparison with reamers, specially 
designed drills showed lower wear.

Publications dealing with the use of coolant, its quan-
tity, and the pressure applied are numerous. The analysis of 
experimental results for the choice of different cutting fluid 
concentrations during reaming is addressed in publications 
[16, 17]. Publication [17] investigates the performance of the 
selected cutting fluid in terms of the geometric accuracy of 
the produced hole and the desired roughness.

Based on the analysis of the current state in the given 
field of research, it can be stated that the vast majority of 
publications deal separately with either the drilling tech-
nology and accompanying phenomena (e.g., cutting forces, 
vibration, chip formation) or hole reaming, but only in terms 
of the selected technology and the set cutting conditions. 
The main technological factors investigated are the material 
to be machined, the type of tool and its clamping and the 
process fluid. The process fluid is mainly concerned with 
its concentration, the pressure applied, and the method of 
delivery to the cutting point. The influence of rigidity and 
machine tool performance is also assessed.

In particular, publications [18–21] deal with the problem 
by applying an innovative experimental approach, in which 
the impact of the quality of hole drilling on the quality of 
the reamed hole is addressed in the context of error chaining 
in multilevel manufacturing and systematic steps to iden-
tify and control the errors involved in the evaluation of the 
hole after reaming. Simulation models are also presented to 
assess the described uncertainties in the measurement results 
[8, 22–24].

Reaming from different angles, as well as the method of 
tool clamping, the selection of cutting tool materials, and 
their mutual comparison, have been addressed by authors 
of publications [25–28] for several years. By using com-
bined drill-reamer bits, the purpose of the paper [29] was 
to determine the speed and axial feed rate that will reduce 
the inner surface roughness while maintaining circularity in 
both robot and CNC drilling reaming operations.

Globally, different production methods and access to 
quality are used based on the manufacturer’s goals, capa-
bilities, and familiarity with the system. It is necessary to 
measure attributes of the output of a manufacturing process 
in order to monitor and improve the process. The param-
eters of every machining process can differ depending on 
the type of operation and mechanism involved. For typical 
machining operations such as turning, milling, and drilling, 
the standard machining parameters that can be controlled are 
the feed rate, the depth of cut, and the cutting speed. Based 
on the review, the majority of studies investigated the effect 
of varying machining performance on the alteration of sur-
face roughness of the workpiece [30–34]. Most of them are 
concerned with the applied statistical methods to decrease 
the variability of a product.

The analysis of variance (ANOVA) is one of the most 
powerful analytic techniques available in statistics. It splits 
an observed aggregate variability that is found inside the 
data set. After that, the data should be separated into sys-
tematic and random factors. This data set has statistical sig-
nificance in the systematic factor. Using the ANOVA, the 
analyst determines how the independent variable influences 
the dependent variable.

Before the invention of analysis of variance, t- and z-tests 
were used instead of ANOVA. Ronald Fisher developed 
the analysis of variance method in 1918. These tests are 
an extension of the z-test and the t-test. Statistical Methods 
for Research Workers, published in 1925, was the first pub-
lication to introduce the term ANOVA [35]. Experimental 
psychology was the primary application of ANOVA in its 
early days. Later, however, it was expanded to include more 
complex subjects.

A new generation of optimisation approaches is replacing 
traditional approaches. Generally, there are three types of 
approaches to optimisation problems, namely exact meth-
ods, heuristic methods, and metaheuristic methods. In an 
optimisation problem, the best amounts are sought for the 
decision variables so that the objective function of the prob-
lem becomes optimal (e.g., it becomes the minimum value 
in a minimization problem and vice versa). The heuristic 
algorithms, however, are extremely case-sensitive, while 
metaheuristics have a general framework and are easily 
adapted to a variety of optimisation problems by making 
minor adjustments. Metaheuristics can produce satisfac-
tory results within a few minutes if the algorithm is well-
designed and the parameters are tuned correctly. The crucial 
part of using metaheuristics for optimizing problems is to 
devise mechanisms that make the problem understandable 
to the algorithm’s structure [36].

There are various types of metaheuristic algorithms, 
including local search algorithms (Simulated Annealing, 
Tabu Search, Variable Neighborhood Search), population-
based algorithms (Cuckoo Search Algorithm, Genetic 
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Algorithms, Ant Colony Optimisation, Particle Swarm 
Optimisation, Archimedes Optimisation Algorithm), and 
so on [37]. The main objective of all of these algorithms is 
to enumerate part of the solution space and to generate new 
solutions based on the feedback they receive from previ-
ous solutions in order to achieve a better solution space. 
Essentially, the algorithm starts with one initial (in local 
search algorithms) or set (in population-based algorithms) 
of solutions and moves along the solution space in an effort 
to find better solutions, finally reporting the best possible 
solution [38, 39].

Compared to the selection of publications focusing on 
drilling or reaming, only a small percentage of authors com-
prehensively dealt with the problem of the interaction of 
both technologies. Whether drilling significantly (or how 
significantly) affects the final quality of the reamed hole 
still needs to be investigated. In the presented article, it 
is assumed in principle that the quality parameters of the 
reamed hole are more significantly affected by the previ-
ous technology. In particular, inappropriate choice of cut-
ting conditions, machining technology, and significant tool 
cutting-edge wear affect surface integrity directly. Ream-
ing cannot completely eliminate the defects caused by the 
previous technology. However, it is usually the case of the 
final operation, preceded either by drilling only or by adding 
another technology, namely reaming or drilling. After drill-
ing, the drilled holes usually have a high roughness of the 
machined surface or do not have a nominal diameter. While 
reaming and drilling improve the quality of the drilled hole, 
the trend in the last few years has been to remove these tech-
nologies from the production process. This simplification 
then increases demands on the drilling technology, dispens-
ing with the finishing operations altogether.

2 � Methods

The experimental work was carried out on a DMG MORI-
CTX beta 1250 TC4A multifunctional turning centre 
(Fig. 1).

The workpiece, in the form of a bar stock with dimen-
sions ø30h9, was clamped in a three-jaw chuck (main/ head-
stock spindle). The material selected for machining was 
chromium-molybdenum steel 42CrMo4 QT (hardened to 
1000 MPa). The steel used has a bainitic microstructure and 
contains a large amount of sulphide oxides. The chemical 
composition and mechanical properties are given in Table 1.

2.1 � Machining tools

Four machining tools were used in the experimental part: 
a spiral drill, edge shaper, centre drilling tool, and reamer.

Spiral drill

specifications: Nachreiner E.3617.1.1180, *VHM - Spi-
ralbohrer mit IK,

5xd 11.8 × 56 × 71 x 118 mm; SD 12.0 HA;
geometry: tip angle 140°;
layer: TiAlN;
clamping: Schunk hydro clamp 206406_03; ø 20 mm; 

4814; Tendo E Compaq;
overhang: 72.8 mm;
material: sintered carbide;
experimental conditions:
vc = 80 m· min-1 → n =2160 min-1 ;
fot = 0.19 mm → vf = 410 mm· min-1 .
During the experimental research, a drill with the follow-

ing characteristics was used for drilling:
•        Point angle: 140 °
•        Helix angle: 30 °
•        Drill diameter: 11.8 mm
•        Flute length: 56 mm
•        Body: 71 mm
•        Overal lenght: 118 mm
•        Shank diameter: 12 h6
During drilling, Blasocut Combi BC36, with a concentra-

tion of 8%, was also used.
Edge shaper
specifications: none; it is a VBD shaper;
geometry: 45° main cutting-edge angle;
layer: TiN;
clamping: ER32 collet clamp;
material: sintered carbide;
experimental conditions:
vc = m· min-1 → n = 1500 min-1 ;
fot = mm → vf = 100 mm·min-1 .
Center drilling tool
specifications: none; it is a monolithic instrument;

Fig. 1   General view of the multifunctional turning centre DMG 
MORI-CTX beta 1250 TC4A
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geometry: 45° main cutting-edge angle;
layer: -
clamping: hydro clamp;
experimental conditions:
vc = m·min-1 → n = 1725 min-1

fot = mm → vf = 100 mm· min-1 ;
dimensions of the hole: ø 4 mm x 2 mm.
Reamer
specifications: internal specifications HAM-FINAL 6320-

574 ø12H7;
geometry: 45° main cutting-edge angle;
layer: -
clamping: hydro clamp (RC head);
material: cermet;
experimental conditions:
vc = 180 m· min-1 → n = 4775 min-1 ;
fot = 0.72 mm → vf = 3438 mm· min-1 .

2.2 � Technological procedure for the production 
of the reamed hole

All the tools used to produce the desired hole were clamped 
in the milling spindle. The technological procedure for the 
production of the reamed hole was as follows:

A.	 Alignment of the front (straight blade tipped at 45°);
B.	 edge shrinkage 0.5×45°;
C.	 variations in technology:

0 ... full-length drilling;
1 ... drilling the centre hole;

D	 drilling a hole ø 11.8 mm to a depth of 60 mm (accord-
ing to the drawing) + variation of technologies:

0 ... working feed;
1 ... working feed with interruption after 1D (1 mm 

rebound);
2 ...reduced pilot working feed (50 % up to 0.2 L/D) + 

working feed;
3 ... reduced pilot working feed (50 % up to 0.2 L/D) +
working feed with 1D interruption (1 mm rebound);

E.	 shrinking the inner edge 0.5 × 45° to ø 11.8 mm;
F.	 reaming the hole ø12H7 to a depth of 50 mm;
G.	 pinning the specimen at a distance of 59 mm from the 

face while simultaneously stepping into the counter 
spindle;

H.	 edge shrinkage 0.5 × 45° to ø 30 mm.

The exchange of tools took place in automatic mode. 
The reamer (Table 2) was clamped in an RC head, which 
allows controlling the eccentricity of the clamped reamer. 
For the purpose of the experimental work, the radial 
run-out (on the reamer cutting edges) was set to 2 μm. 
Blind/non-passage holes (Fig. 2) were drilled and reamed 
according to the A-F process described above. For ease of 
handling, the specimens (in terms of cleaning the inner 
hole and measurement) were clamped to form a through 

Table 1   Chemical composition and mechanical properties of 42CrMo4+QT steel

42CrMo4 + QT Chemical element analysis [%] C Mn Si P S Cr Mo Cu Al
0.43 0.85 0.19 0.021 0.020 1.14 0.17 0.24 0.012

Mechanical properties Rm [MPa] Rp 0.2 [MPa] A [%] Z [%] Kv [J] 20°C
1036 880 15.1 58 82

Fig. 2   Reamed specimen

Fig. 3   Specimen for measurement

678 The International Journal of Advanced Manufacturing Technology (2023) 126:675–695



1 3

hole (Fig. 3) according to the procedure G-H mentioned 
above.

Figure 4 shows the experimental machining system as 
well as a representation of the workspace of the machine 
(Fig. 4).

The constant uncontrollable factors were precisely 
defined, i.e., all instrument parameters were measured and 
continuously checked during the experiment. The control-
lable factors, namely hole preparation before drilling (factor 
1) and drilling technology (factor 2), were the subject of the 
experimental investigation. Each factor took on a certain 
number of levels, with each being qualitative only.In order 
to carry out the experiment correctly, the machinery and 
instrumentation used (Table 3) and the plan of the experi-
ment (Table 4) were precisely specified.

2.3 � Cylindricity measurement

The first parameter evaluated was the cylindricity of the 
drilled and reamed holes. The measuring device Taylor Hob-
son Talyrond 585 Lt, manufactured by Taylor Hobson (UK), 
was used to measure cylindricity. The maximum diameter 

of the measured part is 300 mm, with a length of 400 mm. 
The maximum weight of the measured part is 75 kg, and 
the measurement accuracy is ± 0.01 μm. When measuring, 
it is possible to insert contacts with a 0.80 mm, 1.50 mm, 
and 4.00 mm “ball.” Measuring arms with a tip of 2.00 μm 
and 5.00 μm are available for roughness measurement. The 
cylindricity was evaluated on the basis of 5 measurements 
carried out on equidistant surfaces. In order to avoid meas-
urement errors, the roughness parameter Ra was measured 
ten times at each measurement point, which is also desirable 
with regard to the following statistical data processing. The 
measurement points for the roughness parameter were iden-
tical to the measurement points for the cylindricity measure-
ment. The graph (Fig. 5) clearly shows that the drilling of 
the centre hole (hole preparation) has a positive effect in the 
case of the “working feed” drilling technology, up to 1 accu-
racy class in terms of variation range and almost a quarter 
lower value compared to the median. This is true both for the 
cylindricity after drilling and after final reaming.

When comparing the effect of all four technologies for 
full-length drilling (without drilling the centre hole), it is 
clear that any interruption of the cut or reduced run-in condi-
tions has a positive impact on reducing the variation margin 
and increasing the accuracy of the drilled hole after drilling.

The best option for hole quality after drilling appears to 
be the “non-continuous working feed” technology. In the 
case of the effect of drilling the centre hole, no effect on 
accuracy is demonstrated. Only the variation margin is most 
significant for the “working feed” technology. By comparing 
the technologies “centre hole drilling” and “full-length drill-
ing,” the influence of the technologies is again not clearly 
demonstrated.

When comparing the effect of all drilling technologies 
(hole pre-preparation and preparation before reaming) on the 
resulting accuracy after reaming, it is clear that in all cases, 
the accuracy of the holes was improved while the variation 
margin was significantly reduced. Furthermore, it can be 
concluded that the “centre hole drilling” technology refines 
the hole after reaming. Overall, it is clear that the median 

Table 2   Specifications of the 
reamer

Material of the body sintered carbide

Cutting edge material cermet

Total length 116 mm

Reamer diameter 12.014 mm

Diameter of the cylindrical 

shank
10 mm

Shank diameter 9.5 mm

Length of cutting part 5.8 mm

Depth of reaming 4.5 D

Number of cutting edges 6

Helix angle 0°

Chamfer angle 45°

Rake angle 0°

Phase width 0.25 mm

Tooth spacing 60°, 63°, 57°, 60°, 63°, 57°

Fig. 4   View of the machine workspace and the tools used
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cylindricity is within a narrow range of accuracy in all cases. 
It shows that a particular reamer can refine even previous 
lower-quality holes after drilling. The reamer thus exhibits 
high stability and reliability.

In terms of the analysis of the investigated parameters of 
cylindricity of the reamed holes, the Analysis of Variance 
was used. As a statistical method, ANOVA makes it pos-
sible to verify whether the value of a random variable for 
a specific investigated element is statistically significantly 
influenced by the value of a feature that can be observed for 
this element.

2.4 � Surface roughness measurement

The second parameter evaluated was surface roughness. A 
Hommel Etamic T8000, high precision roughness tester, was 
used to measure the surface roughness of the reamed holes. 
Each specimen was clamped in a prismatic fixture (Fig. 6), 
and then the surface roughness Ra, i.e., the mean arithmetic 
deviation of the profile, was measured on it.

In terms of the analysis of the investigated parameters of 
the roughness of the reamed holes, the ANOVA statistical 
method was also used.

3 � Results and discussion

The presented article evaluates the machined holes by the 
achieved accuracy level (IT) and other surface integrity 
parameters. The measured data were evaluated and presented 
using graphs and dendrograms.

The charts of the dependence of the cylindricity on the 
technology used (Fig. 5) express the position of the mean 
value for the variation range of the measured data in order 
to subtract the median values for each technology. The 
magnitude of the variation range can then be used to infer 
the variability of the values of the investigated numerical 
variable. At the same time, the boundaries of each accu-
racy class are inserted in the charts to facilitate the iden-
tification of the measurement results. The dendrograms 
(Fig. 7) present the measurement results in order to read 
the similarity or dissimilarity of the compared elements.

The STATISTICA 13.5 program was used for the explora-
tory analysis of the experimentally obtained data regarding 
cylindricity and roughness, and the Minitab 19.0 program 
was implemented for the logistic regression analysis.

3.1 � ANOVA analysis of variance for cylindricity 
of drilled and reamed holes

The double-sorting analysis of variance examines the 
effect of two factors on the investigated dependent vari-
able. We denote these independent variables, the factors, Ta
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by the symbols A and B. We also denote a as the number 
of levels of factor A, and b as the number of levels of fac-
tor B. We denote the number of objects corresponding to 
the i-th level of factor A and the j-th level of factor B by 
nij. In order to investigate interactions of factors within 
the analysis of variance, it is appropriate that nij be greater 
than 1. For the measured values of the dependent response 
variable, we will consider model (1),

where μ is the common part of the mean of the dependent 
variable; αi the effect of factor A at level i (i = 1,..., a); βj the 
effect of factor B at level j (j = 1,..., b); γij the interaction of 
factor A at level i and factor B at level j; εijk the random error, 

(1)xijk = � + �i + �j + �ij + �ijk

Table 4   Plan of the experiment

Factor Level

1. 2. 3. 4.

Hole preparation technologies Full-length drilling Drilling of the centre hole
DR01A.0XX DR01A.1XX

Drilling technology working feed non-continuous working feed 
(L/D)

reduced working pilot feed (50% 
up to 0.2xL/D) + working feed

reduced pilot working feed 
(50% to 0.2xL/D) + non-
continuous working feed

DR01A.X0X DR01A.X1X DR01A.X2X DR01A.X3X

Fig. 5   Effect of selected factors on the cylindricity of the drilled and reamed hole on the applied technology

Fig. 6   Clamped specimen measured with Homel Etamic T8000 pro-
filometer
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which we assume to have zero mean, normal distribution, 
and equal variance for all values of i and j.

For each combination of factors, we measure c objects 
(k=1,..., c), i.e., all nij = c. We assume that the value of c is 
greater than 1.

In the analysis, we examine three pairs of hypotheses:
H01: α1 = α2 =... αa =0;
H11: not all αi effects are zero;
H02: β1 = β2 =... βb =0;
H12: not all βj effects are zero;
H03: there is no interaction between factors A and B (all 

γij = 0);
H13: some interactions are non-zero.
The construction of the test F-statistic is based on the 

decomposition of the sum of squares of the measurement 
deviations from the common mean x . The decomposition of 
the deviation

(

xijk − x
)

 of measurement xijk from the overall 
meanx is given by (2),

where the members represent point estimates of the 
effects of αi , βj , and γij.

If we add the squares of both sides of equation (2) for all 
measurements, after adjustment, we get the relation (3) in 
the form

The relation (3) can be written symbolically as the sum of 
the individual parts of the total variability (4).

(2)

(

xijk − x
)

=
(

xijk − xij.
)

+
(

xi.. − x
)

+
(

x.j. − x
)

+
(

xij. − xi.. − x.j. − x
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(4)ST = Se + SA + SB + SI

The sums of squares SA and SB capture the main effects 
of the factors, the sum of SI their interactions. The sum of 
squares Se assesses the within-group measurement vari-
ability and is used to estimate the joint variance of the ran-
dom error εijk in the analysis of the variance model. The 
analysis of the variance table (Table 5) contains all the 
necessary information to obtain the test statistics.

In order to justifiably state that factor A affects the 
investigated variable X, the null statistical hypothesis H03 
must be accepted at the chosen level of significance. This 
guarantees that the effect of factor A at a given level is the 
same for all levels of factor B.

Based on the results listed in Table 6, it can be argued 
that all the effects of the independently investigated vari-
able “Preparation before drilling” are null in terms of H01.

Therefore, hole preparation before drilling has no effect 
on the change in the cylindricity of the drilled hole at the 
significance level of α = 5%. Similarly, the interaction of 
hole preparation before drilling and the drilling technol-
ogy itself is also statistically insignificant in terms of the 
change in the hole cylindricity value after drilling. How-
ever, the change in the hole cylindricity value after drill-
ing is influenced by the drilling technology itself, as evi-
denced by the significance level achieved of p = 0.009106 

Fig. 7   Effect of drilling technology on the cylindricity of drilled holes

Table 5   Analysis of variance for double sorting

Variability source: S Degr. of freedom MS F H0

Factor A SA a - 1 MSA MSA / MSe H01

Factor B SB b - 1 MSB MSB / MSe H02

Interaction SI (a - 1)· (b - 1) MSI MSI / MSe H03

Residual Se ab· (c - 1) MSe

Total variance ST abc - 1
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(Table 6), which is calculated based on Fisher’s test for 
this effect [40–42].

For the investigated effect of the technology, a uniform 
designation was used:

PBD0 drilling in solid material
PBD1 drilling the centre hole
PBD2 pilot hole milling
DT0 drilling by working feed
DT1 drilling with interruption after 1D
DT2 reduced working feed to 50% to a 

depth of 12 mm
DT3 reduced working feed to 50% to 

a depth of 6 mm + drilling with 
interruption after 1D;

* significant at the α = 5% signifi-
cance level.

Figure 7 represents the influence of the drilling tech-
nology used on the cylindricity of the drilled holes, i.e., 
the dependence of cylindrical drilling on the drilling 
technology (Fig. 7a) and the dependence of the drilling 
technology on the different means selected for cylindri-
cal drilling (Fig. 7b). Based on the previous conclusion 
(concerning the significant influence of drilling technol-
ogy on the cylindricity of the drilled hole (Fig. 7a)), it is 
evident that regardless of the hole pre-preparation technol-
ogy before drilling, the largest values of the cylindricity 
of the hole after drilling, with an average value of 19.417 
μm, is achieved when drilling with a working feed. It is 

followed by cylindricity when drilling with a reduced 
working feed to 50% to a depth of 12 mm and then drill-
ing with a working feed with an average cylindricity value 
of 16.608 μm. The lowest value of cylindricity is observed 
for the drilled hole, with an average value of 12.339 μm 
when drilling with 1D interruption. However, due to the 
statistical insignificance of the interaction between the 
hole pre-preparation technology before drilling and the 
drilling technology itself, it is also necessary to verify the 
differences between the experimentally obtained values 
of the drilled hole cylindricity by individual Fisher’s test 
(Table 7).

Table 7 shows that significant differences in the mean 
values of the drilled hole cylindricity at the chosen level of 
significance α = 5% are observed for the selected drilling 
technology DT1 and technology DT0 with the differential 
value at the level of −7.24 μm. Another significant differ-
ence in the hole cylindricity value after drilling is observed 
for the selected drilling technology DT3 and DT0. According 
to Table 5, the other compared technologies can be consid-
ered identical in terms of statistical inference. Therefore, the 
measured differences in cylindricity between the technolo-
gies can only be attributed to chance. Based on the above 
analyses of the change in the drilled hole cylindricity values 
depending on the selected hole pre-preparation technology 
before drilling and the selected drilling technology, a regres-
sion model can be constructed in terms of relation (1) with 
an extension to include the influence of the individual hole 
preparation and drilling technologies. Table 8 shows that 

Table 6   ANOVA results for the 
cylindricity of the drilled holes

Effect Univariate Tests of Significance for Cylindricity-drilling [μm]

SS Degr. of 
freedom

MS F p

The Intercept 11007.87 1 11007.87 408.7448 0.000000
Preparation before drilling 49.73 1 49.73 1.8467 0.182176
Drilling technology 358.13 3 119.38 4.4328 0.009106
Preparation before 

drilling*Drilling technology
89.21 3 29.74 1.1042 0.359361

Error 1023.37 38 26.93

Table 7   Individual Fisher’s test 
for differences of the mean for 
drilling technology

Difference of drilling 
technology levels

The difference 
of means

SE of difference Individual 95% CI t-value p-value

DT1 - DT0 −7.24 2.17 (−11.64; −2.85) −3.34 0.002
DT2 - DT0 −2.97 2.17 (−7.37; 1.42) −1.37 0.179
DT3 - DT0 −6.04 2.22 (−10.54; −1.54) −2.72 0.010
DT2 - DT1 4.27 2.12 (−0.02; 8.56) 2.02 0.051
DT3 - DT1 1.20 2.17 (−3.19; 5.60) 0.55 0.583
DT3 - DT2 −3.07 2.17 (−7.46; 1.33) −1.41 0.166
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only the drilling technology DT0 and drilling technology 
DT1 cause a statistically significant change in the value of 
the cylindricity (at the chosen confidence interval of α = 
0.05). From this table, it is clear that the most significant 
parameter of the regression model is the intercept, which 
indicates that other influences, which were not considered 
under investigation in the study, are also largely responsible 
for the change in the cylindricity value.

If the relationship (1) and the results presented in Table 8 
are taken into account, the dependence of the cylindricity of 
the drilled hole (5) can be predicted in the following way:

(5)Cylindricity − drilling = 15.518 + 1.043 ⋅ PBD0 − 1.043 ⋅ PBD1 + 4.06 ⋅ DT0 − 3.18 ⋅ DT1−

− 1.09 ⋅ DT2 − 1.98 ⋅ DT3 + 0.76 ⋅ PBD0 ⋅ DT3 − 1.64 ⋅ PBD0 ⋅ DT1 + 1.84 ⋅ PBD0 ⋅ DT2−

− 0.96 ⋅ PBD0 ⋅ DT3 − 0.76 ⋅ PBD1 ⋅ DT0 + 1.64 ⋅ PBD1 ⋅ DT1 − 1.84 ⋅ PBD1 ⋅ DT2

Based on Table 9, it can be further argued that all the 
effects of the investigated independent variable “Preparation 
before drilling” are zero in terms of H01, i.e., hole preparation 
before drilling has no effect on the change in the cylindricity 
of the reamed hole at the significance level of α = 5%. Simi-
larly, the interaction of hole preparation before drilling and 
the drilling technology itself is also statistically insignificant 
in terms of the change in the value of hole cylindricity after 
drilling. However, the change in the hole cylindricity value 
after reaming is influenced by the drilling technology itself, as 
evidenced by the significance level achieved ofp = 0.016882 
(Table 9) for this effect, calculated based on Fisher’s test.

Suppose we extend the analysis of variance of the 
dependent variable of reamed hole cylindricity to include 
hole cylindricity measured after drilling (Table 10). In 
that case, we can see that reamed hole cylindricity is not 
affected by hole cylindricity after drilling with a signifi-
cance level of p = 0.174164 achieved at the chosen level 
of significance of α = 5%.

The highest value of the cylindricity of the reamed holes 
was obtained in the DT0 technology with a mean value of 
6.578 μm (Fig. 8a). When using the DT1 drilling technol-
ogy, the average value of the reamed hole cylindricity was 

5.962 μm, while the lowest average value of the reamed 
hole cylindricity was obtained when using the DT2 drill-
ing technology. The average value of the reamed object 
cylindricity in this technology was 4.307 μm.

When comparing the different drilling technologies (Fig. 8b, 
Table 11) with respect to the validity of H03, it can be seen that 
the significant difference in the reamed hole cylindricity values 
at the chosen confidence interval of α = 0.05 is between the DT2 
and DT0 technologies with a differential value of −2.271 μm at 
the achieved significance level of the individual Fisher’s test p = 
0.003 and between the drilling technologies DT2 and DT1 with 

Table 8   Individual Fisher’s test for differences of the mean for drill-
ing technology

Term Coef SE Coef 95% CI t-value p-value

Constant 15.518 0.768 (13.964; 17.071) 20.22 0.000*
Preparation before drilling (PBD)
  PBD0 1.043 0.768 (-0.511; 2.597) 1.36 0.182
  PBD1 -1.043 0.768 (-2.597; 0.511) -1.36 0.182
Drilling technology (DT)
  DT0 4.06 1.35 (1.33; 6.80) 3.01 0.005*
  DT1 -3.18 1.31 (-5.83; -0.53) -2.43 0.020*
  DT2 1.09 1.31 (-1.56; 3.74) 0.83 0.409
  DT3 -1.98 1.35 (-4.71; 0.76) -1.46 0.152
Preparation before drilling*Drilling technology
  PBD0-DT0 0.76 1.35 (-1.98; 3.49) 0.56 0.579
  PBD0-DT1 -1.64 1.31 (-4.28; 1.01) -1.25 0.219
  PBD0-DT2 1.84 1.31 (-0.81; 4.49) 1.41 0.167
  PBD0-DT3 -0.96 1.35 (-3.70; 1.77) -0.71 0.480
  PBD1-DT0 -0.76 1.35 (-3.49; 1.98) -0.56 0.579
  PBD1-DT1 1.64 1.31 (-1.01; 4.28) 1.25 0.219
  PBD1-DT2 -1.84 1.31 (-4.49; 0.81) -1.41 0.167
  PBD1-DT3 0.96 1.35 (-1.77; 3.70) 0.71 0.480

Table 9   ANOVA results for the 
cylindricity of the reamed holes

Effect Univariate tests of significance for Cylindricity-reaming [μm]

SS Degr. of 
Freedom

MS F p

Intercept 1395.081 1 1395.081 515.5424 0.000000
Preparation before drilling 7.326 1 7.326 2.7073 0.108137
Drilling technology 31.235 3 10.412 3.8475 0.016882
Preparation before 

drilling*Drilling technology
8.006 3 2.669 0.9862 0.409568

Error 102.830 38 2.706
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a differential value of −1.654 μm at the achieved significance 
level of the individual Fisher’s test p = 0.024.

The measured values of the cylindricity of the reamed holes for 
individual trials of the implemented experiment (Table 12) can be 
classified into accuracy classes IT10 to IT12. If the measured value 
of the cylindricity of the reamed hole for a given test is smaller 
than the table value for a specific accuracy class in Table 12, then 
we assign the value 1 to the individual test result. Otherwise, if the 
measured value of the cylindricity of the reamed hole exceeds the 
table value of cylindricity for the given class accuracy, we assign 
a value of zero to the result of an individual trial. In this way, we 
will convert the measured dependent variable (the cylindricity of 
the reinforced hole) into an ordinal dichotomous scale. So, we can 
apply binary logistic regression analysis.

Logistic regression is used in modelling the probability of 
the investigated variable depending on the value of the inter-
val or categorical variable. The random investigated variable 

is assumed to have a binomial distribution with parameter π, 
which corresponds to the probability of the outcome “1” and 
varies monotonically with the value of the independent variable. 
The resulting model is just an estimate of this parameter as a 
function of x. The use of the logistic model is very broad and 
covers a number of very different fields. In logistic regression, 
the probability depending on the variable x is modelled using 
the logistic model (6), or after adjustment (7).

The expression log (π(x)/1 – π(x)) is called the logit. 
The values of α and β are the regression coefficients, and 

(6)�(x) =
exp(� + �x)

1 + exp(� + �x)

(7)log
�(x)

1 − �(x)
= � + �x

Table 10   ANOVA results 
for the individual factors of 
the extended reamed hole 
cylindricity model

Effect Parameter SS F p

Preparation before drilling 6.632489112 2.054124219 0.1587061
Drilling technology 31.23457038 3.72258078 0.01787047
Cylindricity – drilling [μm] 0.071044902 6.044177046 1.906568756 0.174164638

Fig. 8   Effect of drilling technology on the cylindricity of reamed holes

Table 11   The individual 
Fisher’s test for differences of 
mean cylindricity of reamed 
holes for drilling technology

Difference of drilling 
technology levels

Difference of 
means

SE of difference Individual 95% CI t-value p-value

DT1 - DT0 -0.617 0.672 (-1.976; 0.743) -0.92 0.364
DT2 - DT0 -2.271 0.704 (-3.697; -0.845) -3.22 0.003*
DT3 - DT0 -1.331 0.672 (-2.690; 0.029) -1.98 0.055
DT2 - DT1 -1.654 0.704 (-3.080; -0.229) -2.35 0.024*
DT3 - DT1 -0.714 0.672 (-2.073; 0.646) -1.06 0.295
DT3 - DT2 0.941 0.704 (-0.485; 2.367) 1.34 0.190
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the least squares method is used to estimate a and b. This 
method produces maximum likelihood estimates of α and 
β. The logistic regression model can be constructed by 
a sigmoidal curve π(x), which expresses the probability 
estimation of dependence of the observed phenomenon 
on x. This model can be used to predict the probability or 
risk at set values of x. The independent variable x can also 
be multivariate x = (x1, ..., xm). The corresponding model 
has a shape analogous to linear regression (8).

If we consider the accuracy class of the reamed holes 
in terms of their cylindricity in the sense of Table 12, the 
accuracy class IT10 to IT8 includes the results of all realised 
experiments; therefore, the binary dependent variable IT10 
to IT8 in terms of coding of the logistic regression takes 
the value 1 (the phenomenon occurred). For the purpose 
of modelling the probability of inclusion of a reamed hole 
in the accuracy class, we use accuracy class IT6. The basic 
indicators of the logistic model are shown in Table 13.

Table 14 shows the estimates of the regression coeffi-
cients (Term), i.e., their directives, estimates of their stand-
ard deviations, 95% confidence intervals of the regression 
coefficient estimates and the calculated significance levels 
p. The regression parameter of each trait, i.e., the independ-
ent variable, is an estimate of the change in the logistic 
regression function if there is a unit change in the feature in 
question, assuming that the other features are held constant.

Thus, the logistic regression model found for the 
dependent variable of precision class IT6 (if we can clas-
sify a given experiment into this class) occurs for state 1, 
i.e., we can write (9), (10).

(8)�(x) =
exp

(

� + �1x1 + �2x2 +⋯ + �mxm
)

1 + exp
(

� + �1x1 + �2x2 +⋯ + �mxm
)

(9)IT6(1) =
exp

(

Y �
)

1 + exp(Y �)

(10)

Y
�

= 3.67 − 0.301 ⋅ Cylindricity(drilling) + 0.000 ⋅ PBD0 + 0.736 ⋅ PBD1+

+0.000 ⋅ DT0 − 1.410 ⋅ DT1 + 3.660 ⋅ DT2 + 0.360 ⋅ DT3

Based on Table 14, it can be concluded that the classi-
fication of the reamed hole based on the cylindricity value 
into accuracy class IT6 at the significance level α = 5% 
is influenced by the drilling technology DT2 used and the 
cylindricity value achieved during drilling.

From Fig. 9, Table 14, and the relation (10), it can be 
seen that increasing the value of the reamed hole cylin-
dricity before reaming by 1 μm decreases the probabil-
ity of the reamed hole being classified in accuracy class 
IT6 by 35.12%. We can also see that a higher probability 
of achieving accuracy class IT6 in terms of reamed hole 
cylindricity is achieved with the PBD1 pre-drilling hole 
pre-preparation technology, although this conclusion is not 
statistically significant. In terms of the selected drilling 
technology, the use of the DT2 technology increases the 
probability of the hole being classified in the IT6 accuracy 
class by a factor of 38 compared to the use of the DT0 

Table 12   Tolerances in relation 
to the accuracy class of reamed 
holes

Accuracy class Circularity[μm] Rollability[μm] Mean[μm] Ra[μm]

IT10 30 30 70 3.2
IT9 20 20 43 3.2
IT8 12 12 27 1.6
IT7 8 8 18 0.8
IT6 5 5 11 0.8
IT5 3 3 8 0.4
IT4 2 2 5 unspecified
IT3 1,2 1,2 3 unspecified

Table 13   Input values of the investigated variable IT6

Variable Value Count

IT6 1 22 (Event)
0 24
Total 46

Table 14   Estimates of the regression coefficients of the logistic 
model for the cylindricity of reamed holes for accuracy class IT6

Term Coef SE Coef 95% CI Z-value p-value

Constant 3.67 1.92 (-0.09; 7.43) 1.91 0.056
Cylindricity-

drilling 
[μm]

-0.301 0.117 (-0.530; -0.072) -2.58 0.010*

Preparation before drilling
PBD1 0.763 0.786 (-0.778; 2.303) 0.97 0.332
Drilling technology
DT1 -1.41 1.08 (-3.53; 0.72) -1.30 0.195
DT2 3.66 1.60 (0.52; 6.80) 2.28 0.022*
DT3 0.36 1.04 (-1.67; 2.39) 0.35 0.729
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drilling technology, which is considered the drilling tech-
nology reference in the model (9) and (10). The ratio of 
the “chances” for the categorical variables of the logistic 
model (9) and (10) to classify the reamed hole into accu-
racy class IT6 based on the cylindricity of the reamed hole 
is shown in Table 15.

Table 15 shows that using the PBD1 pre-drilling hole 
pre-preparation technology increases the probability that a 
reamed hole will be classified in the IT6 accuracy class in 
terms of its cylindricity by a factor of 2.14 compared to the 
use of the PBD0 pre-drilling technology. In terms of the pre-
reaming technology itself, the probability of being able to 
classify the reamed hole into accuracy class IT6 based on the 
cylindricity index is only 0.24 times higher when using the 
DT1 technology than when using the DT0 technology. Sig-
nificant differences are seen when using the DT2 and DT0 
drilling technologies, with the difference being more than 
38 times greater and even 158 times more significant when 

comparing the DT2 to DT1 technologies. The quality of the 
tightness of the translation is demonstrated by three tests: the 
Pearson test, the deviance test, and the Hosmer-Lemershow 
test. A large χ2 value indicates poor model translation and, 
thus, low calculated significance level p values. The good-
ness-of-fit tests, with their relatively high calculated signifi-
cance levels p = 0.357 and p = 0.493 (Table 16), show suf-
ficient evidence for the proposed model to translate the data 
adequately. Indeed, if the p-value is less than the selected 
significance level α = 5%, the test demonstrates poor and 
inadequate data translation.

Table 17 declares the number and percentage of concord-
ance, discordance, and tied pairs and the correlation matrix 
evaluation statistics. These measures capture the association 
between the given and calculated probabilities. The results 
of this table are evaluated by matching measurements with 
different values of the dependent variable. From 22 experi-
ments where, based on the cylindricity value, the reamed 
hole was classified into the group of accuracy class IT6, and 
24 experiments where, based on the cylindricity value, the 
reamed hole was not classified into the group of accuracy 
class IT6, 528 pairs with different values of the dependent 
variable will arise. According to this scheme, we consider 
a pair as concordant if the experiment classifies the reamed 
hole into accuracy class IT6 based on the cylindricity, i.e., 
it has a higher probability of being in accuracy class IT6, 
and we consider it as discordant if the opposite is true. In 
our case, 86.6% of the pairs are concordant, and 13.1% are 
discordant.

Somers’ criterion D, Goodman-Kruskal’s criterion 
gamma, and Kendall’s criterion tau capture the concordance 
or discordance of these pairs. These measures lie between 
the values of 0 and 1, and larger values indicate that the 

Fig. 9   Chart of main effects for 
accuracy class IT6

Table 15   Odds ratios for categorical predictors of the logistic model 
(9) and (10). The odds ratio for level A relative to level B

Level A Level B Odds ratio 95% CI

Preparation before drilling
PBD1 PBD0 2.1436 (0.4594; 10.0032)
Drilling technology
DT1 DT0 0.2452 (0.0293; 2.0531)
DT2 DT0 38.8492 (1.6803; 898.1819)
DT3 DT0 1.4318 (0.1879; 10.9104)
DT2 DT1 158.4310 (5.2550; 4776.4547)
DT3 DT1 5.8391 (0.8730; 39.0537)
DT3 DT2 0.0369 (0.0015; 0.8835)
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model has a better predictive ability. In our case, the values 
lie in the interval of 0.73 to 0.37, demonstrating the suffi-
cient predictive ability of the model.

3.2 � ANOVA analysis of variance for drilled 
and reamed hole roughness

The second evaluated parameter is the roughness of the 
machined surface Ra, i.e., the average arithmetic devia-
tion of the profile. The evaluated parameter is dependent 
on many variable factors, such as machining technology, 
physical and mechanical properties of the material to be 
machined, quality, shape and geometry of the cutting tool 
cutting-edge, cutting-edge wear, cutting conditions (espe-
cially cutting speeds), stiffness of the machine tool-cutting 
tool-workpiece system, process fluid, etc. The following 
graphs show the effect of selected factors on the roughness 
of the drilled and reamed hole, both when drilling into 
a solid material (Fig. 10) and when drilling with a pre-
drilled centre hole (Fig. 11). From the results shown, it is 
clear that the numerical values of Ra obtained after drill-
ing can be classified as fine machining. By subsequently 
reaming these holes, a reduction in the variation margin as 
well as in the position of the mean Ra value was achieved 
in all cases.

Furthermore, it can be observed that the most signifi-
cant variation range of roughness and median is observed 
in the case of the “working feed” technology. On the other 
hand, the lowest median and variation margin is observed 
for the “non-continuous working feed” technology. In both 
cases, the effect of the hole pre-preparation technology is not 
demonstrated. Suppose we use Fisher’s analysis of variance 
(ANOVA) methodology to determine the influential input 
factors on the change in the value of the dependent variable 
Ra (Table 18). In that case, we can see that in terms of the 

defined hypotheses H01, H02, and H03, the value of the rough-
ness parameter Ra of the drilled holes is influenced by the 
preparation before drilling with a significance value of p = 
0.000363, the drilling technology itself with the achieved 
significance level of p = 0.000000, as well as the interaction 
of pre-drilling preparation and drilling technology with the 
achieved significance level of p = 0.00000.

When we analyse the influence of the individual input 
variables (Fig. 12) in more depth using the individual Fisher 
test (Table 19), we can see (observe) that the lowest values 
of the roughness parameter Ra are obtained for the selected 
pre-drilling preparation technology PBD0 with an average 
value of Ra = 0.369 μm. When using the pre-drilling hole 
pre-preparation technology PBD1, the average value of the 
drilled hole roughness parameter Ra = 0.425 μm, and when 
using the technology PBD2, the average value of Ra = 0.448 
μm.

Table 19 shows that a statistically significant difference 
in the achieved value of the roughness parameter Ra of the 
drilled holes at the selected significance level α = 5% is 
demonstrated between the pre-drilling hole pre-preparation 
technology PBD1 and PBD0 with a differential value of 
0.0543 μm and between the technologies PBD2 and PBD0 
with a differential value of 0.0796 μm.

When analyzing the effect of the drilling technology itself 
on the change in the value of the drilled hole roughness 
parameter Ra (Fig. 13), it is evident that the highest Ra value 
was obtained using the DT0 drilling technology, with an 
average value of 0.538 μm. When using the DT1 drilling 
technology, the average value of the investigated param-
eter Ra was 0.376 μm. The lowest values of the roughness 
parameter Ra were obtained when using the DT3 drilling 
technology, namely 0.336 μm.

Comparing Fisher’s individual test of the different 
drilling technologies with respect to the achieved value 
of the drilled hole roughness parameter Ra (Table 20), 
we can see that the significant difference at the selected 
significance level α = 5% is between the selected drill-
ing technology DT1 and DT0 with a differential value of 
-0.151 μm, between the technology DT2 and DT0 with a 
differential value of -0.119 μm, between the technology 
DT3 and DT0 with a differential value of -0.192 μm, and 
between the technologies DT3 and DT2 with a differential 
value of -0.072 μm.

The effect of the interaction of the hole pre-preparation 
technology before drilling and the drilling technology itself 
on the value of the investigated roughness parameter Ra is 
shown in Fig. 14.

Figure 14 shows that for the hole pre-preparation tech-
nology PBD0, the differences in the average value of the 
investigated roughness parameter Ra depending on the drill-
ing technology used are minimal and range from 0.311 μm 
for the drilling technology DT3 to a value of 0.407 μm for 

Table 16   Goodness-of-fit test of the model used in (9) and (10)

Test DF Chi-Square p-value

Deviance 40 42.66 0.357
Pearson 40 39.50 0.493
Hosmer-Lemeshow 8 7.60 0.473

Table 17   Logistic model association rates for the cylindricity of the 
reamed hole (accuracy class IT6)

Pairs Number Per cent Summary measures Value

Concordant 457 86.6 Somers’ D 0.73
Discordant 69 13.1 Goodman-Kruskal Gamma 0.74
Ties 2 0.40 Kendall’s Tau-a 0.37
Total 528 100.0
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Fig. 10   Effect of selected factors on the roughness of the drilled and reamed hole when drilling into solid material

Fig. 11   Effect of selected factors on the roughness of drilled and reamed holes, when drilling with a pre-drilled center hole
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the drilling technology DT1. More significant differences 
in the value of the roughness parameter Ra when using the 
PBD1 pre-drilling technology are observed when using the 
DT0 drilling technology with an average value of the inves-
tigated parameter Ra = 0.605 μm and when using the DT2 
drilling technology with an average value Ra = 0.420 μm. 
The minimum value of the parameter Ra was obtained using 
the drilling technology DT3 with an average value of 0.329 
μm. However, the difference between the DT3 and DT1 drill-
ing technologies is -0.0015 μm, and this difference is not 
statistically significant based on the individual Fisher test. 
Therefore, these achieved Ra values can be considered iden-
tical. When using the hole pre-preparation technology prior 
to drilling PBD2, the maximum value of the investigated 
parameter Ra is achieved when using the drilling technology 

DT0 with an average value of 0.628 μm. Consequently, the 
value of the roughness parameter Ra is in the interval of 
0.364 to 0.402 μm when using the drilling technology DT1, 
DT2 and DT3. However, the minimum value is observed for 
the DT3 drilling technology.

Based on the above analyses of the change in the val-
ues of the roughness Ra of the drilled hole depending on 
the selected hole pre-preparation technology before drilling 
and the selected drilling technology, it is possible to build a 
regression model in terms of relation (1) with an extension 
to the influence of the individual hole preparation and drill-
ing technologies. Table 21 shows that a statistically signifi-
cant change in the Ra value of the drilled hole at the selected 
significance level α = 5% is caused by the surface prepara-
tion technologies PBD0 and PBD1, the drilling technology 

Table 18   ANOVA results for 
Ra of the drilled holes

Effect Univariate tests of significance for Ra [μm]

SS Degr. of 
freedom

MS F p

Intercept 44.92369 1 44.92369 2500.099 0.000000*
Preparation before drilling 0.29367 2 0.14683 8.172 0.000363*
Drilling technology 1.37213 3 0.45738 25.454 0.000000*
Preparation before 

drilling*Drilling technology
0.86388 6 0.14398 8.013 0.000000*

Error 4.60000 256 0.01797

Fig. 12   Effect of pre-drilling technology on the Ra value of drilled holes

Table 19   Fisher individual test 
for differences of mean Ra of 
drilled holes for preparation 
before drilling

Difference of preparation 
before drilling levels

Difference of 
means

SE of difference Individual 95% CI t-value p-value

PBD1 - PBD0 0.0543 0.0203 (0.0144; 0.0943) 2.68 0.008*
PBD2 - PBD0 0.0796 0.0201 (0.0401; 0.1191) 3.97 0.000*
PBD2 - PBD1 0.0252 0.0201 (-0.0143; 0.0648) 1.26 0.209
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Fig. 13   Effect of the drilling technology on the Ra value of the drilled holes

Table 20   Fisher’s individual 
test for differences of mean Ra 
of the drilled holes for drilling 
technology

Difference of Drilling 
technology Levels

The Difference 
of Means

SE of The Dif-
ference

Individual 95% CI t-value p-value

DT1 - DT0 -0.1513 0.0227 (-0.1961; -0.1066) -6.66 0.000*
DT2 - DT0 -0.1198 0.0234 (-0.1660; -0.0737) -5.11 0.000*
DT3 - DT0 -0.1926 0.0234 (-0.2388; -0.1465) -8.22 0.000*
DT2 - DT1 0.0315 0.0231 (-0.0139; 0.0769) 1.37 0.173
DT3 - DT1 -0.0413 0.0231 (-0.0867; 0.0041) -1.79 0.075
DT3 - DT2 -0.0728 0.0238 (-0.1196; -0.0260) -3.06 0.002*

Fig. 14   Chart showing the inter-
action of hole pre-preparation 
technology and drilling technol-
ogy for the parameter Ra 
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DT0, the drilling technology DT1, and the drilling technol-
ogy DT3. From this table, it can be seen that the significant 
term in the regression equation is the absolute term Con-
stant, which indicates that other influences are also largely 
responsible for the change in the value of the cylindricity, 
but we did not investigate them in the study.

Considering the relation (1) and the results shown 
in Table 21, we can write the prediction equation of the 
dependence of the cylindricity of the drilled hole (11).

After reaming the hole, it can be concluded that there 
is no direct influence of the pre-preparation and drilling 
technology on the resulting roughness of the reamed hole. 
Thus, the reamer refined the previous hole pre-preparation 
and drilling technologies without their significant influence. 
On the other hand, a relatively significant smaller variation 

(11)

Ra = 0.41108 − 0.0446 ⋅ PBD0 + 0.0097 ⋅ PBD1 + 0.0349 ⋅ PBD2 + 0.116 ⋅ DT0−

− 0.0354 ⋅ DT1 − −0.0039 ⋅ DT2 − 0.0767 ⋅ DT3 − 0.1334 ⋅ PBD0 ⋅ DT0+

+ 0.0756 ⋅ PBD0 ⋅ DT1 + 0.037 ⋅ PBD0 ⋅ DT2 + +0.0207 ⋅ PBD0 ⋅ DT3+

+ 0.0679 ⋅ PBD1 ⋅ DT0 − 0.0554 ⋅ PBD1 ⋅ DT1 + 0.0031 ⋅ PBD1 ⋅ DT2−

− 0.0156 ⋅ PBD1 ⋅ DT3 + 0.0655 ⋅ PBD2 ⋅ DT0 − 0.0202 ⋅ PBD2 ⋅ DT1−

− 0.0401 ⋅ PBD2 ⋅ DT2 − 0.0052 ⋅ PBD2 ⋅ DT3

range of roughness can be observed for the holes that were 
drilled. In order to qualify the experimental results more 
objectively, the measurement results are subjected to statis-
tical analysis.

3.3 � Cluster analysis of the measured data

ANOVA analysis of variance was the basis for cluster analy-
sis of the measured data. Cluster analysis is a summary name 
for a whole group of computational procedures whose aim is 
to decompose a given set into several relatively homogene-
ous subsets (clusters) so that the units (objects) inside the 
clusters are as similar as possible and the units (objects) 
belonging to different clusters are as similar as possible. In 
doing so, each unit is described by groups of features (vari-
ables). The result of the analysis depends on the choice of 
variables, the selected distance measure between objects and 
clusters, and the selected calculation algorithm.

In general, the cluster analysis methodology can be 
expressed as follows: we have n units (objects), and each unit 
is characterised by p features. The results of the observation 
(experiment) form the matrix (12),

where the objects x1 . x2 . .... xn p – articulated observa-
tion vectors. Thus, the task of cluster analysis is to partition 
the set X into the set S; S = {S1 . S2 . .... Sm }, where S1 . S2 . 
.... Sm is m of clusters into which the grouping of objects xn 
is realised. In general, the number of clusters can be n, but 
only the number of clusters significantly smaller than the 
number of original units is of practical interest. It is gener-
ally required that the clusters be mutually disjunctive. The 
clusters formed should be as compact as possible and realis-
tically isolated from each other, which needs to be quantified 
appropriately [43–45].

The task of cluster analysis (based on the values of 
observed variables) is to divide a set of objects into rela-
tively homogeneous groups, where the objects in a group are 
similar in terms of these variables and differ from objects in 
other groups. Euclidean distance measures, namely Ham-
ming, Chebyshev, or Mahalanobis, are most commonly used 
to assess the similarity of objects. Distance pairs of units 
can be arranged in a square symmetric matrix with zeros 
on the main diagonal. In actual clustering, different criteria 
may apply to determine the distance of two clusters, i.e., 
minimum, maximum, or average distance.

The analysis used the Euclidean distance of objects Xi and 
Xj to determine the dissimilarity measure of two objects (13).

(12)X =
{

x1, x2,… , xn
}

(13)d3
(

Sh, Sk
)

=
1

nhnk

∑

Xi∈Sh

∑

Xj∈Sk

d
(

Xi,Xj

)

Table 21   Regression coefficients of the model for Ra of the drilled 
holes

Term Coef SE coef 95% CI t-value p-value

Constant 0.41108 0.00822 (0.39489; 
0.42727)

50 0.000*

Preparation before drilling
PBD0 -0.0446 0.0117 (-0.0676; -0.0217) -3.82 0.000*
PBD1 0.0097 0.0117 (-0.0133; 0.0327) 0.83 0.407
PBD2 0.0349 0.0115 (0.0122; 0.0577) 3.03 0.003*
Drilling technology
DT0 0.116 0.0142 (0.0881; 0.1438) 8.18 0.000*
DT1 -0.0354 0.0139 (-0.0627; -0.0081) -2.55 0.011*
DT2 -0.0039 0.0145 (-0.0324; 0.0246) -0.27 0.789
DT3 -0.0767 0.0145 (-0.1052; -0.0482) -5.3 0.000*
Preparation before drilling – drilling technology
PBD0-DT0 -0.1334 0.0205 (-0.1737; -0.0931) -6.52 0.000*
PBD0-DT1 0.0756 0.0196 (0.0369; 0.1143) 3.85 0.000*
PBD0-DT2 0.037 0.0201 (-0.0025; 0.0765) 1.85 0.066
PBD0-DT3 0.0207 0.0207 (-0.0200; 0.0615) 1 0.316
PBD1-DT0 0.0679 0.0199 (0.0288; 0.1070) 3.42 0.001*
PBD1-DT1 -0.0554 0.0196 (-0.0941; -0.0167) -2.82 0.005*
PBD1-DT2 0.0031 0.0207 (-0.0376; 0.0438) 0.15 0.880
PBD1-DT3 -0.0156 0.0207 (-0.0563; 0.0251) -0.75 0.452
PBD2-DT0 0.0655 0.0198 (0.0266; 0.1045) 3.31 0.001*
PBD2-DT1 -0.0202 0.0196 (-0.0587; 0.0183) -1.03 0.302
PBD2-DT2 -0.0401 0.0206 (-0.0807; 0.0004) -1.95 0.052
PBD2-DT3 -0.0052 0.0200 (-0.0445; 0.0342) -0.26 0.796
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where xik is the value of the k-th variable at the i-th object 
and xjk is the value of the k-th variable at the j-th object.

For the actual clustering, the centroid method was 
selected. In the initial phase of clustering, each object forms 
its own cluster. In the following steps, two clusters whose 
distance is minimum are always merged. All clustering pro-
cedures end at (n – 1) steps by merging all objects into a 
single cluster. Let di (Sh . Sk ) denote the distance measured 
between clusters Sh and Sk. Then (14) applies to the centroid 
clustering method.

The centroid method defines the distance measured 
between clusters as the distance of their diameters, i.e., 
(15), with (16), (17) representing the number of objects 
in the cluster.

The results of the measurements are presented in the 
form of dendrograms from which the similarity or dis-
similarity of the compared elements can be read. In the 
presented publication, the similarity of technologies (strat-
egies) is based on selected measurement parameters. With 

(14)d3
(

Sh, Sk
)

=
1

nhnk

∑

Xi∈Sh

∑

Xj∈Sk

d
(

Xi,Xj

)

(15)d4
(

Sh, Sk
)

= d
(

xh, xk
)

(16)xh =
1

nh

∑

Xi∈Sh

Xi

(17)xk =
1

nk

∑

Xj∈Sk

Xj

respect to the conclusions drawn in the previous chapters 
(Fig. 15), the results of the cylindricity (Fig. 15 left) and 
the roughness Ra (Fig. 15 right) after drilling are com-
pared based on similarity. The horizontal axis expresses 
the degree of dissimilarity. On the vertical axis, the code 
designation of each technology can be found (Table 2).

As a consequence of the so-called “icicle” diagram, i.e., 
with respect to the degree of pairwise dissimilarity, it is 
possible to identify the nearest neighbouring technology 
whose results are similar and the most distant neighbour. 
From the perspective of hole cylindricity, it follows that 
the most appropriate drilling technology is non-continu-
ous drilling, either full-length or with a pre-drilled central 
hole. These results are most similar. Conversely, the most 
significant difference is achieved between this technology 
and the working feed drilling technology, again either full-
length or with a drilled centre hole.

Thus, the conclusion of the analysis is clear, i.e., the drill-
ing technology has a greater influence on the final quality of 
the drilled hole, followed by the hole pre-preparation tech-
nology under the declared experimental conditions.

4 � Conclusion

The new findings from the research concerned the quality of 
the hole after drilling and the quality of the hole after reaming.

When examining the quality of the drilled hole, the fol-
lowing phenomena were observed and demonstrated:

•	 positive effect of the centre hole (pre-preparation) during 
drilling with the continuous working feed on the cylin-

Fig. 15   Cluster analysis–comparison of different pre-preparation and hole drilling technologies, based on similarity in terms of cylindricity (left) 
and roughness (right)
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dricity of the drilled hole (improvement of the IT accu-
racy class by up to 1 degree) and higher reliability of the 
result;

•	 any interruption of the cut or reduced run-in conditions 
has a positive impact on reducing the variation margin 
and increasing the accuracy of the drilled hole after drill-
ing;

•	 the best option in terms of hole quality after drilling is 
the “non-continuous working feed” technology without 
affecting the hole pre-preparation;

•	 the highest roughness of the drilled hole in the case of the 
continuous working feed (the highest median value and 
variation range) and, on the contrary, the lowest rough-
ness of the drilled hole in the case of the non-continuous 
working speed (the lowest median value and variation 
range) without the influence of the hole pre-preparation 
technology.

When investigating the quality of the reamed hole, the 
following phenomena were observed and demonstrated:

•	 slightly positive effect of the centre hole when drilling 
with the continuous working feed on the cylindricity of 
the reamed hole (improvement of the IT accuracy class 
by up to 1 degree) and higher reliability of the result;

•	 hole reaming for all variations (technologies) of pre-
preparation and hole drilling leads to a clear refinement 
of the holes, both in median value and in reduction of the 
variation margin;

•	 some (less pronounced) influence of the centre hole drill-
ing on achieving higher accuracy of cylindricity (accu-
racy class IT6);

•	 the reamer has a high ability to refine holes (accuracy 
class up to IT 6) for lower quality holes (accuracy class 
from IT 10) after drilling, i.e. the reamer represents high 
stability and reliability;

•	 only an indirect effect of the pre-preparation and drill-
ing technology on the resulting roughness of the reamed 
hole; in contrast, a significantly smaller variation range 
of roughness for holes that have been drilled.

Because the reamer exhibited a high level of refinement 
regardless of the previous drilling or hole pre-preparation, 
further partial research activities will be focused on reduc-
ing the stiffness of the reamer in order to modify its design.
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