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Abstract

This paper presents an experimental approach to evaluate the ability of a six-axis industrial robot to drill aluminum alloy parts.
A strategy based on statistical tests has been studied to quantify and predict the relative contribution of cutting parameters
on cutting force and shape errors during drilling. This technique is based on the identification of relevant sources of error during
high-speed robotic fitting. The machining quality was quantified in terms of dimensional and geometric tolerance, chip formation
and evacuation, burr formation, edge build-up, tool wear and surface damage. Statistical analysis of the experimental results reveals
a strong dependence between part accuracy and drilling force. An experimental model was developed to represent and predict the
cutting force during drilling and an accurate error prediction capability was distinguished. It was found that at high cutting speed and
feed rate, the cutting force was the main source of error affecting the accuracy of the machined parts. Verification experiments are
performed, and the results reveal that dimensional defects are significantly reduced by a heat treatment effect (90 HRE) and the thrust
force decreases with an increase in cutting speed. The recommended cutting speed for robotic drilling is 6000 rpm with a feed rate
of 0.15 mm/min. This study provides important technical guidance for improving the robotic drilling of aluminum alloy in practice.
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1 Introduction

The industrial sector of material transformation uses the
principle of material removal by cutting tool for machin-
ing. Generally, this method is based on the use of Computer
Numerical Control (CNC) machine tools on which one or
more cutting tools are installed. Machine tools are con-
stantly evolving to meet the needs of companies that have
increasingly strong flexibility constraints. In spite of these
advantages which allowed improving the reliability of the
production processes, to optimize the cycle time and to
attenuate the loads on the operator, the recourse to this
type of machine is subjected to several not negligible con-
straints such as a limited accessibility to some points in the
space and a weak adaptability and flexibility of produc-
tion. Currently, the manufacturing industry is a complex
system whose activities meet technical, economic, human
and social objectives. Thus, industrial robots have been
efficient and sophisticated tools to perform repetitive and

intensive work. They are also used to replace the human
operator in dangerous work environments. Nowadays,
the presence of robots has become indispensable in some
industrial sectors (automotive and aeronautics), as their use
conditions the economic survival of companies [1]. This
is especially true in the case of mechanical machining of
metals such as aluminum, steel, titanium and other materi-
als such as plastics and composites. Aluminum alloys have
been widely used in the aerospace and automotive indus-
tries to replace weightier alloys. This is due to its superior
properties of high specific strength, high corrosion resis-
tance, good formability, recyclability and low manufac-
turing cost. In general, machining aluminum alloys is rel-
atively easy compared to other metals. However, it can be
difficult when it comes to drilling [2]. The high ductility of
aluminum alloys often leads to the formation of long con-
tinuous chips and burrs at the entrance and exit of drilled
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holes due to the work hardening effect [3]. The formation
of burrs at the entrance and exit of holes can lead to diffi-
culties in assembling the parts and can also lead to rejec-
tion of the parts. In addition, the competition in the global
manufacturing industry is very high. The industrial need
to change production techniques in order to meet the per-
sonalized demands of the products is constantly evolving.

Drilling is the most common material removal process
used in the aerospace and automotive industries to create
or enlarge holes through a component for assembly pur-
poses. Tool wear is inevitable and severe in the machin-
ing of metal alloys. The involvement of worn tools in the
machining process will reduce surface quality and increase
production costs. In fact, failure at any point on the cut-
ting edge will reduce the overall cutting performance of
the tool and degrade the surface integrity. Therefore, it is
necessary to provide for wear distribution in the different
cutting edge [4]. However, traditional dry drilling signifi-
cantly limits the improvement of machining efficiency and
surface quality [5]. The mechanics of the drilling process
have been extensively studied and several factors influence
part accuracy, including robot accuracy, dynamic motion
loads, thermal conditions, and cutting forces [6]. In this
context, cutting force is an area of considerable research
interest. Due to the high sensitivity and fast response of the
cutting force signal to changes in cutting conditions [7—11].
The force signal can be processed for various tasks to opti-
mize machine tool utilization, such as feed rate, tool wear,
vibration, and force monitoring for tool breakage detec-
tion [6—15]. The use of industrial robots for machining pro-
cesses instead of machine tools is widespread in various
manufacturing fields, which contribute to perform automat-
ically operation such as milling, drilling, grinding, deburr-
ing and polishing [16]. Many challenges have slowed down
the adoption or sometimes inhibited the use of robots for
machining tasks. While limited machining accuracy has
been a major obstacle hampering the adoption of robotic
machining systems [17, 18]. However, a discussion of var-
ious processes in which robots need to deal with significant
process forces while fulfilling their machining task is nec-
essary. Technical progress in robots have positioned them
today as serious challengers to conventional machine tools
in terms of precision, load capacity and flexibility for rough-
ing and finishing machining operations [19]. Industrial
robots have interesting speed performances but lower static
and dynamic stiffness than machine tools. This evolution
comes up against technical and technological constraints
related to the devices set up to meet industrial requirements.

On the other hand, relatively reasonable amplitude of the
machining forces, they induce on the robot which carries
the spindle of machining of the deformations which can be
not negligible with regard to the precision of desired real-
ization. In addition, there is an appearance of vibratory
phenomena that require the stopping of the process. This
instability can cause a premature break of the tool or degra-
dation by fatigue of the machine component. The deform-
able behavior of robots is linked to the deformable elements
of their kinematic chain among which the reducers repre-
sent the most flexible element. Therefore, the use of indus-
trial robots in the context of machining necessarily requires
the control of the cut stability. Given these constraints, sev-
eral industrial sectors have adopted industrial robots as an
alternative solution to Computer Numerical Control (CNC)
machine tools. Industrial robots are increasingly used for
pre-machining operations that require high productivity.
Therefore, the exploitation of industrial robots in the con-
text of machining necessarily involves the control of cutting
stability. Most of the researches work in robotic machining
focuses on robot accuracy in terms of end-member place-
ment accuracy and machining repeatability or vibration
instability [20-26]. Therefore, it becomes important to be
able to master their technology.

This research work is part of robotic drilling operations
on aluminum alloys. The difficulties are generally mani-
fested at the complexity level of integration and adapta-
tion of these machines in processes of aluminum drilling.
It aims to develop solutions to the technological problems
associated with robotic machining by investigating the
robotics adequacy for the drilling process. In this paper,
the aim is to investigate the robotic drilling of an alumi-
num alloy with a focus on cutting forces, surface quality,
dimensional and geometric tolerances. We investigate the
characterization of the cutting effort as well as the inter-
action effort/dimensional quality according to several
factors. The objective is to optimize the robotic drilling
conditions with multi-performance characteristics using
Taguchi's hybrid desirability approach.

2 Materials and methods

The drilling experiments were conducted using a KUKA
robot (KR 500-2 MT with six axes) manipulating a high-
speed SLF FS33-60/0.15 spindle with a KR C2 ed05 con-
troller (Fig. 1). The KR 500-2 MT is a standard robot
for a payload of 500 kg, a process force of up to 8,000 N
and a reach of 3,326 mm. standard KUK A controller and
software ensure reliable production results. The spindle



Drilling Tool "

Messaoudi et al. | 237
Period. Polytech. Mech. Eng., 67(3), pp. 235-251, 2023

SLFFS33-60/015 % »

spindle

Fig. 1 In the experimental setup used during the drilling tests, the KUK A robot manipulates a spindle; 1. Drilling tool used during the tests;

2. The block + 3-axis dynamometer assembly rigidly fixed to the positioning table

(SLF FS33-60/0.15) features the following characteristics:
Maximum rotation of 60,000 min', power of 170 W and
torque of 6 N cm.

An uncoated high-speed steel twist drill was manu-
ally attached to the spindle and would be used to drill an
A356 aluminum alloy block (3/8 inch truncated drill with
118° tip angle, Fig. 2). It should be noted that similar drill-
ing tools were used during the testing to ensure reliability
in the geometry and properties of the tools used (Fig. 1).
The same coordinate system and robot configuration were
kept for all drilling tests. The robot is positioned in a rela-
tively folded configuration as shown in Fig. 1.

The distance between the robot base and the tool is
1839.43 mm and the drilling direction is parallel to the lin-
ear axis. The joint angles at the starting position of the
robot are shown in Table 1.

Fig. 2 Uncoated high-speed steel twist drill used for drilling A356 blocks

An aging heat treatment is applied to improve the
strength and hardness of 300 x 100 x 20 mm? size blocks of
A356 alloy that were received in an as-cast condition (7).
These blocks underwent solution heat treatment "SHT" at
a temperature of 540 °C for 8 hours (7). Then, the blocks
were dipped in hot water (60 °C) followed by artificial
aging at 155 °C (7}) and 220 °C (T,) for 5 hours. For the
measurement of micro-hardness, a Digital Micro-hardness
Tester FM-1 was used. The hardness values obtained were
57, 76 and 90 HRE for A356-T4, A356-T6 and A356-T7
respectively (Table 2). These blocks were mounted on
a three-axis dynamometer (Kistler 9255B table) using
a hexagonal screw to properly quantify the robot's ability
to drill under different cutting conditions. The assembly is
rigidly attached to the positioning table (Fig. 1).

Table 1 Joint angle at the starting position of the robot

Linearaxis Joint1 Joint2 Joint3 Joint4 Joint5 Joint 6

436.8 mm  88.35° —18.02° 115.48° 180.69° 97.97° —0.3°

Table 2 Typical mechanical properties of A356 alloy block

b A356

roperty T, r, T
Tensile strength, o,/MPa 150 234 200
Yield Strength, ¢, ,/MPa 88 205 165
Elongation, 6% 4.0% 3.5% 2.0%
Hardness, HRE 57 90 76
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The cutting force signals were then amplified and ana-
lyzed using the 48 KHz sampling rate. The raw cutting
force data were exported to Matlab for further analysis
and no filters were applied to the force signals. The aver-
age forces generated during the drilling of each hole were
calculated in the time period corresponding to the first
contact of the drill with the block surface and its complete
retraction at the end of the drilling cycle.

The drilling experiments were conducted at different
cutting speeds and feed rates. To formulate the relationship
between the drilling responses and the cutting parameters
and their interaction effects, a full factorial experimental
design was used to construct the experiment matrix. For this
purpose, three levels of cutting speed and feed rate were
used. The factors studied and their levels are summarized
in Table 3. The drilling tests were replicated three times for
each condition. A total of 81 experiments were conducted
to complete the study. The mean values of the recorded
responses were used for the experimental analysis.

The diameter, circularity and cylindricity of the
drilled holes were obtained using a Mitutoyo CRYSTA
type three-dimensional measuring machine (CMM)
(1600 x 3000 x 1100 mm?) with special balancing. The mea-
surements were repeated three times and the average value
was used in the experimental analysis. To study the sur-
face texture of the drilled holes, the specimens were ultra-
sonically cleaned in an ethanol bath. The arithmetic sur-
face roughness Ra was recorded at four different positions
and the measurements were repeated twice at each point
using the Mitutoyo SJ 400 profilometer.

3 Results and discussion

3.1 Experimental design and results

Fig. 3 (a), Fig. 4 (a) and Fig. 5 (a) show an example of thrust
force signals (F,) obtained during dry drilling. It is evi-
dent that we obtain signals with substantially compara-
ble force profiles. An analysis in the time and frequency
domain of the experimental data of thrust forces collected

Table 3 Drilling process parameters

Variable parameter Low limit Intermediate High limit Levels
rpm 2000 6000 10000
Speed
m/min 60 180 300 3
Tooth passing frequency Hz 33.33 100 166.66
Feed rate mm/rev 0.015 0.15 0.35 3
Material hardness HRE 57 76 90 3
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Fig. 3 Thrust force in the time and frequency domain during robotic drilling at a speed of 2000 rpm and a feed rate of 0.35 mm/rev:

(a) Thrust force signals obtained during dry drilling; (b) Zoom in on the stability period of the thrust force; (c) FFT of the instantaneous thrust forces

during the stability period; (d) Zoom in on the FFT plots
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Fig. 4 Thrust force in the time and frequency domain during robotic drilling at a speed of 6000 rpm and a feed rate of 0.35 mm/rev:
(a) Thrust force signals obtained during dry drilling; (b) Zoom in on the stability period of the thrust force; (c) FFT of the instantaneous thrust forces
during the stability period; (d) Zoom in on the FFT plots
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Fig. 5 Thrust force in the time and frequency domain during robotic drilling at a speed of 10,000 rpm and a feed rate of 0.35 mm/rev:
(a) Thrust force signals obtained during dry drilling; (b) Zoom in on the stability period of the thrust force; (c) FFT of the instantaneous thrust forces
during the stability period; (d) Zoom in on the FFT plots

under different drilling conditions has been performed. This interrupted cut contributes to vibration and leads to
Each revolution of the tool brings each cutting edge into the resulting drilling errors. To verify the significant pres-
contact with the material once. This interrupted cutting ence of interrupted drill cut and possible anomalies in the

pattern causes the force on the cutting edge to fluctuate. data acquisition during the drilling process, a zoom in on
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the stability period of the thrust force was performed and
presented in Fig. 3 (b), Fig. 4 (b) and Fig. 5 (b) and the
frequency of cutting-edge passage was identified. These
values show a peak in the thrust force for each edge, and
the height of the peaks is not the same due to cutting inter-
ruption errors and other phenomena generated by the tool.
The Fast Fourier Transform (FFT) is a powerful technique
commonly used in signal analysis to detect periodicity
and obtain the frequency components of a signal hidden in
noise. Graphs representing the FFT of the instantaneous
thrust forces during the stability period are reported in
Fig. 3 (c), Fig. 4 (¢) and Fig. 5 (c) respectively. Referring to
Figs. 3 (c), 4 (¢), 5 (c), it clearly indicates that the instanta-
neous thrust forces are the combination of forces at differ-
ent frequency values. Zooming in on the FFT plots reveals
that the tooth passage frequency is 100 Hz to 166 Hz for
the rotational speed of 6000 rpm and 10,000 rpm respec-
tively (Fig. 3 (d), Fig. 4 (d) and Fig. 5 (d)). These frequen-
cies are in good agreement with the fundamental cut-
ting-edge passage frequencies presented in Table 3.
Moreover, the FFT results also show that other sources
of error introduce harmonic frequencies that are multiple
of the cutting-edge frequency (two to four times the main
frequency). Certainly, industrial robots are systems com-
posed of several mechanical parts and mostly use gears to
amplify the torques produced by their motors. However,
the use of gears introduces non-linear and periodic errors
in the operation of the amplification mechanism. Radial
eccentricity, axial oscillation, tooth-to-tooth contact and
gear tooth profile are sources of error in the operation of
the industrial robot. In general, low-frequency compo-
nents are mainly subject to eccentricity, wobbling in the
bearing guides and gear misalignment. Abrupt changes or
high frequency components are mainly subject to tooth-
to-tooth contact and errors caused by ball-bearings [27].
During our tests, all robot joints rotate simultaneously, and
more than 20 gears are involved in the drilling operation.

In addition, each gear has its own characteristics, it also
produces specific signals. This describes the strong depen-
dence of the robot stiffness on the cutting forces.

Also, the machining process contributes with its own
unavoidable error such as tool runout which also contrib-
utes to produce uneven cuts with vibration risk. Tool runout
leads to content in the drilling signal that is synchronous
with the spindle speed. The signals overlap significantly and
are combined by random noise, the situation becomes more
complicated, and at this point it is very difficult to identify
the frequency components by examining at the original sig-
nal. Despite this, the harmonic frequencies that are multi-
ple of the cutting-edge pass frequency are certainly the fre-
quencies due to tool runout in the absence of disturbances.

In this study, we used an average value of the thrust
force. The results obtained are presented in Fig. 6, which
describes the evolution of the thrust force (/) for the differ-
ent feed rates during robotic drilling (increase or decrease).
The forces are amplified at a much higher magnitude when
the feed rate is extremely high. Thus, it is observed that the
force evolves almost linearly. In addition, the maximum
force obtained when drilling at low rotational speed and
high feed rate. These forces can cause a deflection of the
robot spindle. It was also found that with the different hard-
ness values, the average thrust force values remain very
close. It should also be noted that the difference between
the forces is substantially constant (= 600 N) when chang-
ing the feed rate value. In addition, the variation of the
thrust force is smaller with respect to the rotational speed
(= 100 N). In robotic machining processes where mate-
rial is removed by mechanical action such as drilling, con-
trolling the thrust force could significantly improve the sta-
bility and capability of the process. The greater the thrust
force applied to the cutting tool, the greater the possibility
of robot deflection. So, for good stability and process capa-
bility, the feed rate should be correlated with the rotation
speed to minimize the thrust force.
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Fig. 6 Average value of thrust forces for all drilled holes: (a) Material hardness 57 HRE; (b) Material hardness 76 HRE; (c) Material hardness 90 HRE



3.1.1 Direct effects on the thrust force

Fig. 7 shows the direct effect of all the factors studied on
the average value of the thrust force. The main objective
is to show which factors have the maximum effect on the
studied response (F). Any increase in the cutting param-
eters leads to a change in the thrust force. The direct effect
of each factor immediately highlights the important factor
which is the feed rate. An increase in feed rate results in
an increase in thrust force. Changing from a rigid material
to a hard material decreases the thrust force. Rotational
speed has a much smaller effect on the thrust force.

3.1.2 Pareto chart

The study of the influence of the parameters consists
in determining the combination of factors that would
increase the thrust force (F)). The Pareto diagram allows
us to determine the influential factors in order of decreas-
ing contribution. The reading of the Pareto diagram
(Fig. 8) highlights the predominance of the feed rate fac-
tor on the thrust force. Thus, it can be seen that the three
factors feed rate, material hardness and the interaction
between feed rate and rotation speed alone explain more

1500
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900 — _\

600 —

Thrust force (N)

300 -

| I I B

2000 10000  0.015 0.35 1 2 3

Rotational speed Feed rate Hardness

Fig. 7 Main effects plot for thrust force (F.)

T

Feed rate (mm/rev)

Rotational speed x Feed rate

Hardness (HRE)

Feed rate x Hardness

Rotational speed (rpm)

p=0.05

Standardized Effect Estimate (Absolute Value)

Fig. 8 Pareto chart of normalized effects for the thrust force (F))
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than 95% of the variability of the response. The contri-
bution of the rotational speed is masked because their
influence is small. Thus, the factors feed rate and mate-
rial hardness seem to be the ones to control to minimize
the thrust force. The analysis of the direct effects on the
response, their interactions and the order of contribution
allowed us to distinguish the great influence of the feed
rate and the material hardness on the thrust force.

3.1.3 Analysis of variance

Analysis of variance (ANOVA) allows us to study the
main effects of the independent parameters, as well as
their interactions, in order to know their combined effects
on the dependent response. From the significant variables
and their interactions, a multiple regression analysis will
allow establishing an empirical model with a coefficient
of determination R?. Table 4 presents the ANOVA statis-
tical results for drilling thrust force. This analysis of vari-
ance was performed for a significance level of 5%, i.e.,
for a confidence level of 95%. The last column of Table 4
shows the contribution of the factors (in %) to the total
variation, indicating the degree of influence on the result.
The results show that the feed rate is the factor that rep-
resents the greatest effect on the variation of thrust force,
explaining 94.9% of the contribution. The interaction
between rotational speed and feed rate is found to be sig-
nificant in Table 4 (1.845%), and therefore, the presence
of rotational speed in the regression model is found to be
necessary (0.016%) and feed rate should be correlated with
rotational speed. Also, the hardness effect was with a con-
tribution of 1% on the thrust force. Then, the interaction
between the feed rate and the material hardness was with
a contribution of 0.343%. On the other hand, the other
interactions present very low percentage contributions
on the variation of thrust force.

Table 4 ANOVA results of the thrust force variance

ANOVA; Var.: Thrust force (N); R-sqr = 97.66%, 33-level factors,
3 Blocks, 27 Runs

SS df MS F p-value (%)
Rotational 5501 1057 01477 0704562 0.016
speed (rpm)
Feedrate © cossa1 1 6095541 $51.8586 0.000000 94.92
(mm/rev)
Hardness 61424 1 61424 85840  0.008004 0.956
(HRE) : : :
Nxf 118496 1 118496 16.5600 0.000550 1.845
fx HR 22055 1 22055  3.0822  0.093731 0.343
Error 150267 21 7156
Total SS 6421501 26
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3.1.4 Regression model

Regression analysis was used to develop the regression
model for the thrust force response. The processing of the
experimental results obtained in Table 4 allowed the deter-
mination of a statistical model, expressing the relationship
between the different factors of rotational speed (N), feed
rate (f), material hardness (HR) during robotic dry drilling
of A356 aluminum. In order to establish a model to explain
the response, the quality of the model must first be verified.
The statistical test that measures the quality of the modeling
is the multiple correlation coefficients R?, which expresses
the ratio of the variance explained by the model to the total
variance. To determine which parameters are most influen-
tial on the dependent responses in our empirical model, we
compared R? following the step-by-step method used manu-
ally, which starts from the complete model and at each step
the associated variable with the largest p-value (Table 4) is
eliminated from the model. The coefficient of determina-
tion of the model is high and converges to unity indicat-
ing a good agreement with the experimental results. Table 4
shows the coefficient of determination values (R*> = 97.66%)
of the proposed model, which indicate a good correla-
tion between the predicted and experimental robotic drill-
ing data. The results compiled in Table 4 show that all the
variables and their interactions have a significant effect on
the dependent variable thrust force. This method allowed
us to classify according to the degree of fit and choose the
required model, which is in Eq. (1):

F =22394+5460.56f -0.73HR—-0.14f x N

1
—15.36 /' x HR + 65.37. M

The analysis of the mathematical model makes it pos-
sible to define more precisely the evolution as well as the
degrees of the various factors influencing the increase
in the thrust force. To this end, the analysis of the differ-
ent factors shows that the greatest influence is reserved
for the feed rate, followed by the hardness of the material,
while the rotation speed has a negligible influence, which
is why it does not occur in the model. The validation of
the results given by the model consists in examining if
the assumptions made at the beginning of the experimen-
tal design are well verified. In our case, all the combina-
tions of our experimental design are well tested. We were
therefore able to calculate all the interactions. However,
the hypothesis of linearity of the response remains to be
verified. To do so, if the distribution of the predicted val-
ues is normal to the observed values, the plotted points
must be aligned on a line. If an effect does not satisfy

this condition, it means that it deviates from normal-
ity and is therefore likely to be insignificant. The corre-
sponding factor or interaction may therefore be insignif-
icant in this case. The predicted thrust force values show
that the plotted points are nearly aligned on a straight
line (Fig. 9). The predicted forces are close to the normal
line and are therefore normally distributed. The residu-
als between the measured and predicted values are less
than 5%. Consequently, the values that deviate from the
straight line are due to measurement errors and to factors
that have been eliminated from the proposed model.

3.1.5 Response surface

The graphical representation of the regression model
equation allows us to illustrate the variations in response
and eventually identify the areas of the experimental
field in which the thrust force is maximum or minimum.
The response surfaces (Fig. 10) concretize the variation of
thrust force as a function of the different factors of rota-
tional speed (), feed rate (f) and material hardness (HR)
during A356 robotic drilling. From Fig. 10, it can be seen
that an increase in thrust force occurs for the different cut-
ting conditions. The feed rate has a significant effect on the
increase in thrust force, regardless of the rotation speed
and the material hardness used. Also, it is observed that
material hardness leads to higher thrust force at high rota-
tion speed. It was also found that the effect of material
hardness on the force profile was similar as that of rotation
speed. In this study, the minimum is given by a rotational
speed (N = 2000 rpm), feed rate (/= 0.35 mm/rev) and
for a hardness (57 HRE). The main conclusion of these
response surface is that there are combinations between
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the different factors (N x f; N x HR, f x HR) for which the
thrust force is low. In the considered experimental area,
the response surfaces underline the major importance of
the feed rate factor on the thrust force level achieved by the
combination between the rotation speed and the material
hardness. The hardness factor of the material also contrib-
utes significantly to the achievement of a low force, but to

a minor degree compared to the interaction between feed

rate and material hardness, which can also be explained

by the hardness range explored which are relatively small.

This leads us to conclude that the feed rate factor is of pri-

mary importance in the management of the thrust force.

3.2 Discussions

3.2.1 Dimensional and geometric tolerances

The objective of robotic drilling is to obtain a hole that
satisfies specific dimensional and geometric requirements.
It is therefore necessary to verify that the conditions stud-
ied respond to these requirements. Once the robotic drill-
ing was completed, the drilled holes were inspected in
the metrology laboratory using a coordinate measuring
machine (CMM). After measuring the average diameters
(Fig. 11), the circularity and cylindricity were calculated.
The results of the inspection are presented in Fig. 12.
In these measurements, the ability to drill A356 alumi-
num alloy using the robot was evaluated in terms of hole
diameter accuracy. The drilled holes quality is directly
related to the circularity and cylindricity value of the
holes. Consequently, the calculated diameter and circular-

ity will be affected by many error sources with different
shapes and frequencies.
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Fig. 11 Measured circularity with a drilling depth of 20 mm
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Since the robotic drilling in this work is mainly used
for the passage of fasteners (bolt, rivet ...), the diameter of
the through-hole is often associated with so-called enve-
lope tolerances. The hole dimensions are characterized by
a nominal diameter of 9.525 mm, a tolerance width of IT8
and a tolerance position of H8 according to ISO for holes
with sliding fit (IT8 = 27 microns) [28, 29]. H9 hole tol-
erances with poor hole quality is obtained for a very low
rotational speed which caused high plastic deformation
(IT9 = 43 microns). Deviations between the nominal and
the achieved diameter can result from a variety of sources.
The non-conformity is due to the robotic drilling stabil-
ity which generates thrust forces causing the deviation of
the tool axis (tool runout). Also, it can be a phenomenon
of chip evacuation and thermal shrinkage (dry drilling).
In Fig. 6, it was found that the average value of the thrust
forces increases with increasing feed rate. On the other
hand, the linear relationship observed in Fig. 12 (a) during

Cylindricity

10000
Rotational speed [rpm]

©

Fig. 12 Results of (a) average diameter deviation; (b) circularity and (c) cylindricity of holes for different cutting conditions

2000
Rotational speed [rpm]

6000 10000

robotic drilling indicates that the degree of increase or
decrease in the average diameter deviation was related
to the rotation speed. Although the average thrust forces
increase with increasing feed rate, the results show that
robotic drilling at medium feed rates and high material
hardness provides a more accurate tolerance than drill-
ing at low material hardness (Fig. 12 (b)). In addition, the
cylindricity shows a clear relationship between rotational
speed and material hardness (Fig. 12 (c)).

3.2.2 Chip formation and evacuation

The drilling process can be compared to milling and turn-
ing, but the requirements for chip formation and evacua-
tion are more severe for drilling. In our robotic drilling
tests, the shortest possible drill bit was used to reduce
deflection and vibration. Fig. 13 shows similar chip mor-
phologies depending on the feed rate applied. Indeed, it
can be seen that the drilling produces a conical helical
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Fig. 13 Variation in chip formation under different feed rate when drilling A356 at 6000 rpm and 57 HRE:
(a) 0.015 mm/rev; (b) 0.15 mm/rev; (c) 0.35 mm/rev

chip with a small or large pitch. The compactness obtained
minimizes the length of the chip and allows the chip to
optimally occupy the entire flute of the drill.

Long chips can cause jamming in the drill flutes.
At high feed rates, the morphology of the chips generated is
found to be quite chaotic, with tendencies towards tangling
(Fig. 14). In addition, it was also observed that the thicker
and stiffer chip section obtained when drilling at high feed
rates (Fig. 13 (c)). This suggests problems with evacuation.

Chip jamming in the
drill flutes

(@

drill flutes

(®

To do this, the chip must have both a length and a morphol-
ogy adapted to the tool. If this is not the case, poor chip
removal can lead to surface deterioration or tool breakage.
For the process to be stable, the cutting conditions must be
set to produce short chip shapes (Fig. 13 (a)).

After examining the chip morphology, we considered
that segmented chips are typical of aluminum alloys, as
shown in Fig. 15. The chips produced by robotic drilling
A356 at a hardness of 90 HRE show many small cracks

Chip jammingin th
drill flutes

©

Fig. 14 Long chips that cause blockages in the drill flutes:
(a) Material hardness 57 HRE; (b) Material hardness 76 HRE; (c) Material hardness 90 HRE

@
Fig. 15 Variation in chip formation under different hardness when robotic drilling A356 at 6000 rpm and 0.015 mm/rev:
(a) Material hardness 57 HRE; (b) Material hardness 76 HRE; (c) Material hardness 90 HRE
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that characterize brittle fracture (Fig. 15 (c)). In contrast to
a hardness of 57 HRE which is more ductile, the chip for-
mation does not reveal this type of cracking (Fig. 15 (a)).
At the minimum feed rate, the chip structure has a high
plastic deformation and is more deformed and elongated.
Chip fragmentation and evacuation become stable when
the chip fracture is brittle at high rotation speed and low
feed rate (Fig. 15 (c)). Because high rotational speed results
in less curled chips due to less friction and high feed rate
produces thicker and stiffer chips.

3.2.3 Burrs formation

Fig. 16 shows the type of burr generated at different mate-
rial harnesses when robotic dry drilling of alloy A356.
The results show that hardness has a significant effect on
the formation and size of burrs. The burr defect is char-
acterized by a localized excess of material on the hole
transverse edge. During the drilling process, as the tool
approaches the surface exit, the material volume remain-
ing to be cut decreases. Below a minimum thickness,

the material will start to deform plastically from the

(@ (b)

transverse edge towards the cutting edge under the action
of the thrust force. When the drill opens, this deformed
material will be pushed away from the workpiece in such
a way that it will no longer be in the path of the tool edges
and will therefore not be cut (Fig. 16). Observations have
shown that the burrs generated on the entry side are much
smaller than those on the exit side. As a result, most of the
burrs are on the exit surface while the entry surface of the
hole has little or no burrs.

In addition, it was found that for different rotation speeds
and feed rates, the most common type of burr observed
was a homogeneous burr of uniform thickness (Fig. 17).
The appearance of this phenomenon depends on several
parameters, including the thrust force and the material
ductility. It is noted that an increase in the material ductil-
ity will result in the formation of larger burrs. It can also
be seen that this phenomenon increases as the thrust force
(or feed rate) increases. In robotic drilling, burrs require
additional deburring operations to facilitate re-assembly.
Even if this defect can be corrected in most cases, it nev-
ertheless generates additional production costs. Different

©

Fig. 16 Material hardness influence on burr formation when robotic drilling of aluminum alloys A356 at 6000 rpm and 0.35 mm/rev:
(a) Material hardness 57 HRE; (b) Material hardness 76 HRE; (c) Material hardness 90 HRE
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Fig. 17 Material hardness influence on burr formation when robotic drilling of aluminum alloys A356 at different feed:
(a) Material hardness 57 HRE; (b) Material hardness 76 HRE; (c) Material hardness 90 HRE



strategies can be adopted during the robotic drilling pro-
cess, such as using adaptive control of the thrust force
and keeping it below a critical value in order to reduce the
occurrence of burrs. Also, burr reduction can be achieved
by selecting a low feed rate with a less ductile material
obtained by heat treatment.

3.2.4 Built up edge chip formation and tool wear

In general, the cutting parameters and conditions, the
tool type and the material nature being drilled are the
three parameters governing wear. In the case of A356 at
57 HRE, which is generally soft and more ductile, it was
found that for all rotation speeds, robotic dry drilling gen-
erated a higher thrust force mainly due to build up edge
(BUE) on the drill bit (Fig. 18). They are located at the
tip, the main cutting edge and the tool nose. The BUE
phenomenon is manifested by the deposition of a mass
of material on the cutting face, the edge and the skirt,
modifying the initial geometry, the tool/chip contact and
the cutting angle. As the built-up edge tends to grow, it
becomes unstable and eventually breaks. As a result, the
robotic drilling process becomes unstable.

Throughout our tests, similar drilling tools were used
for each drilling operation to ensure consistency in the
geometry and properties of the tools used. Fig. 19 shows
an example of tool flank wear. In all the experiments car-
ried out, the main form of tool failure in A356 drilling is
flank wear (Fig. 19). The abrasive wear process in A356
drilling is not at all different from the usual tool wear pro-
cess in metalworking. This is due to the presence of hard
silicon particles in the drilled aluminum matrix. However,

Fig. 19 Tool flank wear
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the wear on the tool flank was insignificant at the cutting
edge. This is the only wear mode present for all rotational
speed, as these particles are not influenced by the relative
tool/chip kinematics.

3.2.5 Surface finish and roughness index

The drill bit is inside the workpiece and is not visible
during the operation. Robotic dry drilling produces highly
deformed areas on the sidewall and damage that leaves
spiral marks on the surface machined by the tool (Fig. 20).
The surface finish of the drilled holes is a very important
result on the parts performance and durability. The par-
ticular surface effects observed in robotic dry drilling can
be explained by the phenomenon of chips being drawn
against the side wall of the hole as the drill retracts. Also,
reduced hole quality is due to poor chip evacuation at low
rotation speed. It was also found that chip fragmentation is
more difficult at high feed rates and mainly influences the
surface finish and contributes to the hole quality. In addi-
tion, chip sealing in the drill flutes was observed to lead
to less efficient chip evacuation. As a result of these dis-
turbances (chip evacuation and jamming, insert edge, ...),
the surface condition can become unpredictable and lead
to dimensional variations during drilling. Therefore, the
quality of drilling with a robot depends on many factors
that influence the cutting force signals. In addition, the
topography and texture of the drilled surface is used more
as an indication of the variation in tool wear, tool vibra-
tions detected directly on the robot components.

The surface roughness values (Ra) of the drilled hole are
shown in Fig. 21. They are measured parallel to the feed
direction. It is obvious that the surface roughness depends
on the machining factors used at each time, which is a com-
plex problem in the robotic drilling process. Generally, the

Fig. 20 Surface finish when robotic drilling of A356 with a hardness of
76 HRE, at 6000 rpm and 0.15 mm/rev
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surface roughness is affected by two main factors: the feed
rate and the tool geometry (cutting edge). From Fig. 21, it is
confirmed that with an increase in material hardness, the
surface roughness values (Ra) are more shaped. Therefore,
material hardness is a dominant parameter and has much
more effect on Ra. The comparison between different feeds
with the same tool shows that the higher feed rate increases
the separation between the feed marks, which leads to an
increase in the value of the geometric surface roughness.
The feed rate has the main influence on the surface finish
obtained. It has been found that the lowest feed values give
a cheap finish due to the very low chip thickness which
leads to poor surface formation. Asymmetrical roughness
due to plastic deformation was observed when drilling the
A356 at low rotational speed. Above a certain rotational
speed value, the irregular roughness disappears. The sur-
face roughness at low rotational speed is influenced by
plastic surface deformation and BUE formation. The rota-
tional speed is the parameter that has a great influence
on the roughness due to the contribution of the processed
material to the robotic machining process.

Finally, the criterion of the hole wall roughness depends
essentially on the stability of the process and the good
chips evacuation. The roughness qualification is accept-
able if the value does not exceed 1.6 microns. Conformity
with this geometric criterion can only be achieved by act-
ing on the process/tool pair:

* On the robotic drilling process side, it is important
to limit undesirable vibrations, spindle runout and to
adapt the cutting parameters.

¢ On the tool side, the diameter of the drill bit allows the
hole to be calibrated. It is therefore important, once the
tool has been set, to prevent variations in edge geom-
etry caused by wear or by the sticking of the removed
material (seen when drilling aluminum parts).

8 E=d 2000 rpm
B 6000 rpm
E= 10000 rpm

Fig. 21 Material hardness influence on surface roughness during
robotic drilling of the A356 at 0.15 mm/rev

» Chip formation and chip evacuation are the main fac-
tors influencing hole quality in drilling (Figs. 14, 15).

3.2.6 Optimization of robotic drilling conditions
In general, the industry needs to produce parts with dimen-
sional tolerances that are more important than generating
a thrust force. Since each process response is important,
it is necessary to optimize all these responses simultane-
ously, not one by one. In our optimization problem, the
objective is to minimize geometry deviation and plot the
expected circularity or cylindricity in the plane of rota-
tional speed and feed rate. It is therefore necessary to find
the levels of the input variables that allow the best com-
promise to be obtained. There are several methods of get-
ting as close as possible to the minimum value required.
One of these methods is to use the desirability function,
proposed by Derringer and Suich [30], which introduces
a global desirability criterion for the proposed input vari-
ables. By using this method, the optimization of several
quality characteristic problems becomes simpler. This
method uses an objective function, called the desirabil-
ity function, and transforms the estimated response into
a scale-free value, called desirability, which ranges from
0 to 1. The desirability value increases as the correspond-
ing response increases. The factor setting levels with the
maximum desirability value are considered the optimal
parameters. Multiple response optimizations were applied
to determine the global optimum and then to achieve the
study objective of minimizing thrust forces and dimen-
sional tolerance. According to the optimization analysis, it
was observed that the highest desirability value (= 90%) is
achieved in the test with the combination in Table 5.
When the number of response variables is small, the
contour plots for each response can be superimposed
to graphically show the optimum point (Fig. 22). These
response plots for desirability show that at constant feed
rate, desirability varies with changing rotation speed and
material hardness. However, under all conditions, max
desirability can be achieved at the low rotation speed and
high feed rate, while min desirability is expected at the
highest rotation speed and feed rate. In addition, it can

Table 5 Highest desirability value obtained in the test with the
combination between rotational speed, feed and hardness

Values

6000 rpm

Properties Thrust force with the circularity

Rotation speed:
F =770.96 N
015 mm/rev Circularity = 17 um

90 HRE

Feed rate:

Hardness:




Hardness = 56 HRE

Hardness = 57 HRE
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Fig. 22 Dimensional tolerances deviation as a function of thrust force for different cutting conditions:
(a) Material hardness 57 HRE; (b) Material hardness 76 HRE; (c) Material hardness 90 HRE
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be seen that max desirability can be achieved by using a
material with high hardness. The following graphs show
the responses as a function of feed rate and rotation speed.
In general, for the uncoated high-speed steel twist drill,
drilling at low rotation speed (2000—6000 rpm) and high
feed rate (approx. 0.3 mm/min) leads to a better tolerance
according to ISO [28, 29].

4 Conclusions

In this paper, we characterize robotic drilling in terms
of cutting forces, dimensional quality and the interaction
between them. This study shows that, regardless of the
material being machined, the robot and its configuration,
the degradation of dimensional drilling quality increases
with increasing cutting forces. Minimizing the cutting
force with the use of optimal cutting conditions improves
the accuracy of the robot. In addition, the effect of low joint
stiffness manifested itself in the degree of cutting force
fluctuations that decrease the stability and repeatability of
machining in mass production. Based on the experimental
results, the following conclusions can be written:

* The FFT analysis of the instantaneous drilling forces
during the steady state period shows a large number
of peaks corresponding to the tooth passage frequency
and its harmonics and to the tool runout frequency.

e A clear relationship between geometric deviation
and drilling effort was observed.
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