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Abstract

Single-lip deep-hole drilling (SLD) is characterized by high surface quality and compressive residual stress in the subsurface
of the drill hole. These properties depend significantly on the thermomechanical conditions in the machining process. The
desired subsurface properties can be adjusted in-process via process monitoring near the cutting zone with a sensor-integrated
tool and closed loop control when the thermomechanical conditions are maintained in the optimum range. In this paper, a
method is presented to control the thermomechanical conditions to adjust the properties in the subsurface. The process model
integrated in the controller is implemented as a soft sensor and takes into account the residual stresses, the roughness, the
hardness and the grain size in the surface as well as in the subsurface depending on the process control variables, such as the
feed rate and cutting speed. The correlation between the process variables, the thermomechanical conditions of the cutting
process and the subsurface properties are investigated both experimentally and by finite element (FE) simulations. Within
a justified process parameter range, characteristic fields for the soft sensor were established for each property. In addition,
the procedure of controller design and the employed hardware and interfaces are presented.

Keywords Closed loop control - Soft sensor - Sensor-integrated tool - Finite element method (FEM) - Single-lip deep hole

drilling

1 Introduction

According to the Association of German Engineers (VDI
3208), the single-lip deep hole drilling method is used for
boreholes with a diameter of D=0.5 mm to 80 mm and a
depth of 1=3 D to 1=250 D. In individual cases, depths of
up to 900 D can be achieved [1]. In the transitional range
from D =20 mm, the BTA method is used as an alternative
[2]. Single-lip deep hole drilling (SLD) uses asymmetrical
single-cutting tools applying a passive radial force to the
bore wall via the incorporated guide pads. This results in
interactions between the tool and the workpiece in a com-
bination of cutting and forming [3]. The cooling lubricant
required to remove the heat and the chips from the cutting
area is fed at comparatively high pressures in the range of
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20-250 bar inside the tool. The produced chips are trans-
ported out of the hole through the corrugation of the tool,
continuously. Single-lip deep hole drilling can be applied for
a wide range of materials from aluminum to super alloys and
achieves a high dimensional accuracy regarding the diameter
and the straightness as well as high surface qualities in the
workpieces. Both the single-lip deep hole drilling process
as well as the tools can be improved further with respect
to maximum performance and applicability on specially
designed machines. Many applications exist for single-lip
deep hole drilling e.g. for diesel injection components, medi-
cal tools, plastic injection molds and many more. The drill-
ing diameter, the drilling length and the surface quality to be
produced are the most important aspects for the use of deep
hole drilling processes [1].

Single-lip deep hole drilling fulfills the quality require-
ments very well with the achievable high surface quality
and drilling tolerances of IT8 to IT9 [4]. During the process,
the protruding guide pads come into contact with the bore
wall and affect the subsurface of the borehole by forming.
Depending on the cutting speed and the feed, which influ-
ences the thermomechanical condition in the process zone as
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well as the level of the normal force acting through the guide
pads three different profiles can be distinguished. The so-
called open profile exists at low forces and consists mainly
of feed marks. The partially closed profile consists of both,
marks along the complete drilling track and marks, which
occur just in sections. Surface pitting occurs in the closed
profile if excessive forces are applied. Grooving also occurs
in all profiles, if workpiece particles stick on the the guide
pads and scratch over the borehole surface [1]. Studies have
shown that an increase of the feed lead to an increase of the
roughness depth R, and thus a decrease of the surface quality
[5]. In addition to the roughness, the microhardness in the
workpiece is also influenced by the feed. It was even found
that the microhardness is increased near the drill hole and
decreases with increasing distance from the surface. The
highest hardness was observed with the lowest feed [5].

Experimental results are available for single-lip deep
hole drilling of the stainless martensitic steel X20Cr13 in
quenched and tempered condition [6]. Here, a comparison
of cooling lubricant variants showed that deep hole drilling
oil is more effective than emulsion for the machinability of
the material. The best conditions were found for the cutting
speed v, in the range of 70-90 m/min and for a feed rate f
of 0.03 mm, respectively. Generally, the tool life decreased
with higher feed and cutting speed values. This is caused by
increasing thermal loads with higher cutting speeds and by
increasing mechanical loads on the tool cutting edges with
higher feed rates. Cutting speeds that were too low also lead
to early tool damage due to the increased amount of hard-
ened material.

In [7], the influence of different cutting speeds dur-
ing deep hole drilling of the quenched and tempered steel
42CrMo4 + QT on the formation of thermally altered layers
in the bore subsurface is discussed. Machining is carried out
under minimum quantity lubrication (MQL) conditions. This
shows an increase in the layer depth with increasing cutting
speed and a change in the microstructure with the formation
of a white etching layer (WEL). The obtained properties
of the workpiece surface and the subsurface depend on the
respective material modification, which can be adjusted by
the applied loads during the process [8].

During machining, the subsurface of the workpiece is
plastically deformed. Beside phase transformation and sur-
face reactions, this is one of the mechanisms, which causes
a refinement of the microstructure with significantly smaller
grain sizes in the sub-um range in the subsurface [9]. The
severe plastic deformation increases the dislocation density
in this region, contamination enters the matrix and residual
stresses are introduced. Forming always introduces residual
stresses in the subsurface. The change in the energy state
in the material influences the diffusion on the surface. This
effect can lead to an increase in the dissolution rate [10].
Depending on the alloy and the distribution of residual
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stresses, residual stresses can also lead to an improvement
in passivity [11].

Within the framework of the subproject in the priority
program SPP 2086, the focus is primarily on the analysis
and the adjustment of the subsurface properties of the bore-
hole wall during single-lip deep hole drilling depending on
a wide range of different process parameter. The aim of the
project is to adjust the subsurface properties such as residual
compressive stresses or surface quality by means of closed
loop control of the deep hole drilling process and to elimi-
nate subsequent processes. Process-independent correlations
between the thermomechanical loads in the workpiece mate-
rial and the resulting changes in the material behavior are
used to adjust the subsurface properties, which was proposed
by [8]. The thermo-mechanical condition is monitored with
a sensor-integrated tool. Temperatures at the cutting insert,
acceleration of the drill head, feed force and drilling torque
can be measured and transmitted from the rotating tool. In
the following chapters, the sensory tool, transmission sys-
tems and methods of data acquisition and modeling of the
soft sensor are described. In addition, the supporting FEM
simulations of chip formation and the methodology for the
formation of transfer functions and controller development
is presented.

2 Sensor integrated single-lip deep hole
drilling tool

Advances in electronics, sensors and communication tech-
nologies have enabled a wide leap in mechatronic intelligent
tooling systems. The integration of sensors, power sources
and microcontrollers into tooling systems is predominantly
used for process monitoring and control [12]. The intelli-
gent tool systems lead to an increase in the accuracy, robust-
ness and productivity of machining processes and enable
monitoring directly at the point of action. In the holisti-
cally networked machine park of the Institute for Machine
Tools (IfW) at the University of Stuttgart, self-optimizing
machine concepts are developed [13], whereby not only
online machine data flow into the optimization cycle, but
also the data from sensor-integrated tools [14]. In addition to
sensor-integrated milling tools [15], clamping devices, tool
holders and spindles, a sensory single-lip deep hole drill-
ing tool with the corresponding data transmission system
has also been developed [16]. The sensor-integrated SLD
was developed as part of the priority program SPP 2086 of
the German Research Foundation (DFG) and enables near-
acting point measurement of temperatures and accelerations.
The developed SLD tool is shown in Fig. 1.

Due to the challenging process accessibility in the bore
and the changing workpiece geometry in the broad applica-
tion, the actual thermomechanical conditions can only be
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Acceleration sensor

Temperature sensors

Fig. 1 Sensor-integrated single-lip deep hole drilling tool for accel-
eration and temperature measurement

monitored externally with great effort. For this reason, there
is a need for sensor-based process monitoring and control
on the tool side, which enables the in-process manipula-
tion based on measured data. The typical 1/d ratios of the
SLD process and the high cooling lubricant pressure also
make sensor integration a challenge. The selected EB 800
from Giihring KG possesses an outer diameter of 18 mm, a
length of 644 mm and is equipped with a replaceable cutting
insert and four guide pads. This set up limits the installation
space, which led to a very compact design in the final meas-
uring system and was developed for operation under high
mechanical and thermal loads. The following requirements
must be fulfilled:

e The electronics must be robust against cooling lubricant
at pressures between 20 and 45 bar and separated from
contact with the chips to be removed.

e The tool should also be machined as little as possible to
avoid significant effects on the stiffness of the tool struc-
ture and to keep the manufacturing process simple.

e The assembly and wiring should also be done in few sim-
ple steps.

In developing the measurement system, it was assumed
that measuring of both the torsional, axial and radial vibra-
tions caused by the drilling process, as well as the resulting
temperatures is feasible. The angular velocity and position of
the rotating drill can be calculated in real time, which is also

Fig.2 Left: position of the
ADXL 377 acceleration sensor,
right: position of the tempera-
ture sensors SMD 0603 AEC-
Q200 PT1000 under the cutting
insert in the EB 800 single-lip
deep hole drilling tool from
Giihring KG

Guide pads
Cutting edge

helpful for the process control. As the preliminary investi-
gations for the selection of the suitable acceleration sensor
have shown, the resonance frequencies of the torsional oscil-
lations lie with the used tool at approx. 1 kHz. A fast Fourier
transform (FFT) analysis of the measured drilling torque—
with the KISTLER 9125A rotational dynamometer—was
carried out [16].

The analog acceleration sensor ADXL.377 is positioned
under the front guide pad of the tool and allows measure-
ments in three axial, radial and tangential directions, see
Fig. 2 left. This setup allows the separation of the vibration
components and thus identifying different process effects,
such as wear, material inhomogeneities or the cause of pro-
cess noise. Furthermore, this allows the calculation of the
cutting speed and the position of the tool tip, which also
delivers the straightness deviation [16]. The temperature is
measured by three SMD 0603 AEC-Q200 PT1000 resistance
temperature detectors (RTD) located directly under the cut-
ting insert, see Fig. 2 right. The RTD are particularly well
suited for this application because the change in resistance
is linear over a wide temperature range, with good accuracy
and response time. Both the acceleration sensor and the tem-
perature sensors are each mounted on a specially designed
circuit board.

In order to transmit the sensor data from the rotating
tool, a wireless as well as a wired telemetry system were
developed. The first variant is based on an Arduino micro-
controller transmitting the data to a computer via Wi-Fi.
Two circuits were designed, each containing a microcon-
troller, one for the vibration measurement and one for the
temperature measurement. The two circuits and the batteries
are placed in opposite to each other in a tool holder adapter.
The assembled component of the wireless version is shown
in Fig. 3. The adapter possesses a cooling channel and addi-
tional channels for cable feed-through.

In the wired version, an 8-channel slip ring (RX-
HS020A-QS3-00008C01) from the company B-Command
is used for data transmission and power supply. The sche-
matic of the tool holder developed for this purpose can be
seen in Fig. 4.

The data lines are connected directly to a commercial
measuring system from National Instruments and pro-
cessed with the software LabVIEW. The voltage values
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Fig.3 Developed wireless data acquisition and transmission module
[16]

cooling channel

split driller holder slip ring

slip ring holder with wire feed through

Fig.4 Tool holder with sealed wire entry and cooling channel for sig-
nal transmission from the rotating tool via an 8-channel slip ring

of the acceleration sensor and the change in resistance of
the temperature sensors are acquired via the PXIe-6358
measuring card and processed in the PXIe-8840 real-time
controller with the NI Linux Real-Time operating sys-
tem. Power is also supplied via the PXIe-6358, but here
series resistors must be used to reduce the voltage for the
ADXL 377 from 5 to 3 V and to set the measuring current
for the PT 1000 sensors to 300 pA. In addition to the meas-
ured data from the sensory tool, the feed force, the drilling
torque as well as the pressure and flow rate of the deep
hole drilling oil are recorded via the PXIe-4480 measuring
card. Figure 5 shows the corresponding hardware concept
for process monitoring and closed loop control.

This concept enables editing the subsurface properties
via process control with the aid of the sensory tool and
the corresponding soft sensor. In order to be able to inte-
grate the control, an interface for the external control of
the cutting parameters is necessary. This requires a digital
control of the feed and the rotational speed of the drilling
machine (deep hole drilling machine MO-TM-HF-16-2-S
182 of Walter Mock GmbH). As a solution, the feed over-
ride of the machine, which is designed as an encoder, was
replaced by a transistor module ULN2803A. This allows
switching between manual presetting of the feed or rota-
tional speed value and digital control by means of addi-
tionally attached switches [17].

Measurement System

Machine Tool

Dynamometer (Kistler 9125A)

MO-TM-HF-16-2-S Walter Méck GmbH

T;;ii_-'v Flow meter (KRACHT VC 0,4
L F1 PS G-08)
Pressure sensor (ifm PN 9021)

| Single-Lip Deep Hole Drilling |

Sensor Integrated Tool

E Temperature (SMD 0603 AEC-
Q200 PT1000) |

Siemens840D |+

Override: vi, n |

Acceleration (ADXL 377 +200g)

4

Data Acquisition

Controller

PXle-6358

PXle-8840 with NI Linux Real-Time

B_E=

PXle-4480

]

Soft Sensor
Signal Process Model:
Processing: L) Regression model in
PC with LabVIEW LabVIEW
Software

Fig. 5 Hardware concept for process monitoring and closed loop control
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3 Soft sensor

The aim of this project is to develop an approach to adjust
the subsurface properties of a bore wall by closed loop
control in real time during the process. Since quantities
such as residual stresses, surface roughness, microhard-
ness or grain size in the subsurface in-process are not
accessible, a soft sensor is required to predict the sub-
surface properties. This soft sensor concept is intended
to be a simple observer by the presented implementation
in LabVIEW.

3.1 Experimental investigations

The soft sensor is to be implemented as a multiple regres-
sion model, which is derived from the characteristic fields
of the subsurface properties. The fields are generated by
experimental investigations and FEM simulations. First,
a response surface design was created in order to statis-
tically validate the experimental results and still keep
the test effort within limits compared to a full factorial
test plan. The response surface design was set up with
the machining parameters cutting speed v, or rotational
speed n and feed rate v; as factors. For the test factors,
an application-oriented range was defined and extended
over the process boundaries, for the rotational speeds
1057.89-1683.11 min~"! and the feed rates 3.77-71.62 mm/
min. In addition, at least three repetitions are provided,
for better statistical validation. In total 39 repetitions with
different process parameters are required. The parameter
range is set around the cutting data recommended by the
VDI, taking into account the machine performance. The
cutting parameters were also taken above the minimum
and maximum limits in order to push the process stabil-
ity to the limits. In the test plan in Table 1 the so-called
point type indicates whether the process parameters are
above the limits or not: a central point is marked with a
“0” (below the limit), a corner point with a “1” (at the
limit) and a grid point with a “— 17 (above the limit). All
experimental parameters are processed under the same
conditions, for example, same machine tool, same batch
of workpiece material, same tool with new inserts, etc.,
which is described by a “1” in the category blocks. The
quenched and tempered steel 42CrMo4 + QT is used as the
workpiece material. Despite its widespread use in mechan-
ical engineering, this material is nevertheless demanding
in terms of machining because its k., ; value is high with
2500 N/mm?. As a result, wear on the guide pads as well
as cutting edge rounding occurs relatively quick, ampli-
fying the change in thermomechanical state. Zylindrical
specimens with an outer diameter of 25 mm and a length

of 100 mm are used as specimens in order to minimize the
effect of workpiece geometry on the heat distribution. The
accelerations and temperatures are measured with the sen-
sory tool and additionally, on the machine side, the feed
force F; and the drilling torque M are recorded. The oil
flow and pressure are also measured, but remain constant.

In this project, the hypothesis is pursued that the subsur-
face properties are dependent on the thermomechanical state
in the cutting zone and that any disturbing factors, such as
cutting edge wear, can be detected via this thermomechani-
cal state. Thus, the subsurface condition can be adjusted or
kept in a constant range via the temperature on the cutting
insert and via the mechanical variables such as the force, the
drilling torque and the acceleration. In the first step towards
the soft sensor the correlation between the thermomechani-
cal quantities and the control variables n and v; was investi-
gated. The mechanical quantities that characterize the deep
hole drilling process are the feed force F; and the drilling
torque M. They were recorded with a KISTLER 9125A rota-
tional dynamometer. Figure 6 shows a measured evolution of
the feed force from the response surface design at medium
rotational speed and feed rate. The diagram shows a typical
increase in force at the start of drilling—here a drill bush
was used—before the force reaches a steady state. To gen-
erate the characteristic field, the average force in the steady
state was determined and collected for each machining
parameter set from Table 1. Figure 7 shows the correlation
of the averaged feed force with all the investigated cutting
parameter sets. The surface was created by interpolating the
result values using the second-order distance method. As a
result, the feed force increase with increasing feed velocity
is due to increasing chip thickness and metal removal rate
as well as the asymmetrical tool geometry. According to
Patra et al. and Biermann et al. [1, 18] a correlation exists
between the increase in rotational speed and increase in
radial force, which is mainly caused by the asymmetric tool
geometry resulting in stronger deformation of the bore wall.
With increasing rotational speed, the feed force increases,
too, which is in contrast to the expected feed force decrease
caused by a reduction of the chip thickness with increasing
rotational speed and constant feed velocity. Supporting the
presented results, Nickel et al. also found that in single-lip
deep hole drilling of 42CrMo4 + QT, the feed force increases
with both the increase in feed rate and the increase in cutting
speed [19]. In addition, these observations were confirmed
by the FE simulation results in Fig. 16.

The drilling torque evolution behaves similar to the feed
force with the peak at the start of drilling and the subsequent
steady state, but the load gradient and the fluctuations at the
bore exit are more pronounced, see Fig. 8. This effect may
be due to the non-uniform load distribution on the cutting
edge due to partial and progressive exit of the tool tip. The
correlation of the averaged drilling torque with the cutting
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Table 1 Response surface

. o Pass sequence Point type Blocks Vv, in m/min fin mm nin min~! V¢ in mm/min
design for the derivation of
characteristic fields 1 -1 1 59.82 0.0275 1057.89 29.09
2 -1 1 59.82 0.0275 1057.89 29.09
3 0 1 77.50 0.0275 1370.50 37.69
4 1 1 90.00 0.0450 1591.55 71.62
5 1 1 90.00 0.0450 1591.55 71.62
6 0 1 77.50 0.0275 1370.50 37.69
7 -1 1 77.50 0.0028 1370.50 3.77
8 -1 1 95.18 0.0275 1683.11 46.29
9 1 1 65.00 0.0100 1149.45 11.49
10 -1 1 77.50 0.0028 1370.50 3.77
11 -1 1 95.18 0.0275 1683.11 46.29
12 1 1 65.00 0.0450 1149.45 51.73
13 0 1 77.50 0.0275 1370.50 37.69
14 0 1 77.50 0.0275 1370.50 37.69
15 -1 1 59.82 0.0275 1057.89 29.09
16 -1 1 77.50 0.0028 1370.50 3.77
17 1 1 90.00 0.0100 1591.55 15.92
18 0 1 77.50 0.0275 1370.50 37.69
19 0 1 77.50 0.0275 1370.50 37.69
20 1 1 90.00 0.0100 1591.55 15.92
21 0 1 77.50 0.0275 1370.50 37.69
22 -1 1 77.50 0.0522 1370.50 71.61
23 0 1 77.50 0.0275 1370.50 37.69
24 1 77.50 0.0275 1370.50 37.69
25 1 1 65.00 0.0100 1149.45 11.49
26 -1 1 95.18 0.0275 1683.11 46.29
27 0 1 77.50 0.0275 1370.50 37.69
28 0 1 77.50 0.0275 1370.50 37.69
29 0 1 77.50 0.0275 1370.50 37.69
30 1 1 65.00 0.0100 1149.45 11.49
31 -1 1 77.50 0.0522 1370.50 71.61
32 1 1 90.00 0.0450 1591.55 71.62
33 0 1 77.50 0.0275 1370.50 37.69
34 1 1 65.00 0.0450 1149.45 51.73
35 0 1 77.50 0.0275 1370.50 37.69
36 1 1 65.00 0.0450 1149.45 51.73
37 -1 1 77.50 0.0522 1370.50 71.61
38 1 77.50 0.0275 1370.50 37.69
39 1 90.00 0.0100 1591.55 15.92

parameters is shown in Fig. 9. At low rotational speed, the
drilling torque initially increases with v; and then decreases
again slightly. This phenomenon can also be observed at
high feed rate and with increasing rotational speed.
Furthermore, the acceleration at the drill head tip in the
tangential, axial, and radial directions was measured with
the previously described sensory single-lip deep hole drill-
ing tool. The acceleration signal can be used not only to
detect unwanted vibrations, but also to calculate the posi-
tion or the rotational speed of the cutting insert. Figure 10

@ Springer

shows the acceleration values at intermediate cutting data
of the investigated parameter range (pass sequence = 3). As
expected, the dominant component is the tangential accel-
eration. The measurement in three axial directions offers
a great advantage, such as the identification of occurring
disturbance factors. For example, it was found that the strong
noise development, which is often problematic in deep drill-
ing processes, is caused by the radial vibration. The selected
measuring range of +200 g of the ADXL 377 is sufficient, as
the measurements have shown. The sampling rate is 1 kHz.



Production Engineering (2024) 18:319-337

325

end

mean force

r/

—filtered force
measured force

—corrected force
mean force

—

1 L

Fig.6 Feed force evolution 800 |
diagram for single-lip deep 9
hole drilling, n=1370.5 min~", o i;‘ :
v¢=37.69 mm/min, p=20 bar, g
V=5 1/min L
400
z
3 200
8
3 o
w
-200 -
-400 - L]
-600 ;
0 50
1300
1200
1100 ?
1000 ]
900 |
F/ N 00
700 |
600 |
500 |
400 ~/‘ 1600
300
200 ] 1400

n/ min?
5 ~ 1200
4 60 1000
vi/ mm/min

Fig.7 Correlation between feed force and cutting parameters for sin-
gle-lip deep hole drilling

100 150 200 250
Time/ s

For the soft sensor and the associated closed loop control,
the information of the actual rotational speed is to be used
from the acceleration signal. The rotational speed speci-
fied in the machine tool control does not correspond to the
actual rotational speed at the cutting edge, which is due to
the forces acting in the process and the tool elasticity at a
length of 644 mm. Therefore, the actual cutting speed should
be included in the regression model. The cutting speed can
be calculated from both radial and tangential acceleration,
with the radial acceleration method being the more accu-
rate since no integration is required [16]. Another method of
obtaining velocity information from the acceleration signal
is real-time FFT analysis. Figure 11 shows an example block
diagram in LabVIEW that filters the acceleration data and
performs an FFT to calculate the rotational speed or cut-
ting speed using the frequency information. Figure 12 shows

—drilling torque
—mean drilling torque

mean drilling torque

1 I — ]

Fig. 8 Drilling torque evolu- 7
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M/ Nm

vi/ mm/min

Fig.9 Correlation between drilling torque and cutting parameters for
single-lip deep hole drilling

the deviation between the rotational speeds specified in the
machine control system and the measured maximum rota-
tional speed amplitudes, which are the arithmetic averages of
each process parameter set. With higher feed rate, the devia-
tion from the preset becomes smaller and more independent
of the rotational speed. With higher spindle rotational speed,
the difference to the current rotational speed at the tool tip
calculated from the frequency also increases, since this
increases the drilling torque (Fig. 8) and thus also the cut-
ting force, which can lead to a higher torsional displacement
of the tool and vibrations. However, the overall difference is

Fig. 10 Acceleration measure- 200
ment with a sensor integrated

single-lip deep hole drill- 150
ing tool in tangential (X),

axial (Y), and radial (Z) 100
direction, n=1370.5 min~!,
v¢=37.69 mm/min, p=20 bar,

V=5 1/min

50

Acceleration /g
o

-100

-150

just in a low range between 1 and 2%. The entire control is
to be implemented in LabVIEW.

The temperature measurement with the sensor-inte-
grated tool at three positions under the cutting insert
(Fig. 2) with intermediate cutting parameters (pass
sequence = 3) can be seen in Fig. 13. The overall temper-
ature level is significantly lower than the expected tem-
peratures in the process zone. This can be explained by
the positions of the sensors behind the cutting insert. An
approach to obtain the actual temperature in the cutting
zone from these measured values has been extensively
investigated and proposed in [20]. However, for control-
ling the process the absolute value of the temperature
is less important than the changes during the measure-
ment. For this purpose, the uncertainty and the tempo-
ral resolution of the measured values is more important,
which is sufficiently low and high, respectively. The good
resolution and low measurement uncertainty can be seen
from the fact that the shape of the temperature evolution
curve of all three sensors agrees very well but at slightly
different temperature levels, which can be attributed to
the positions of the sensors. The temperature at the start
of drilling rises rapidly and then remains quasi constant
until the exit was reached, which is comparable to the
behavior of the feed forces. At the exit, the temperature
rises again. This steep increase is due to the missing cool-
ing lubricant, which shoots out of the backside of the
cylindrical sample and thus remains no longer around

1 1 1 1 1 1 1 I

-200 : .
0 20 40

Fig. 11 Example block diagram
in LabVIEW for determining DAQmx Physical Channel
the rotational speed from the —

acceleration signal
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Fig. 12 Deviation of the rotational speed depending on the machining
parameters

the cutting edge to dissipate the heat. The highest mean
temperature with 53 °C is measured at position T2 (red),
as this sensor is located in the outer part of the circuit
board and thus closest to the cutting corner of the insert,
which is in contact with the bore wall. Sensor T1 (green)
measures a lower mean temperature with 47 °C, as it is
located further away from the cutting zone. The lowest
mean temperature was measured with 45 °C at position
T3 (blue). The latter sensor is closest to the axis of rota-
tion, which leads to a lower cutting speed in this position.
To create the temperature characteristic field and making
the system more robust against deviations, the average of
the mean temperature in the steady state in all three posi-
tions was considered. Figure 14 shows this correlation
of the mean temperature with the machining parameters.
The temperature tends to increase with the feed rate and
the cutting speed, although it drops again slightly at high
values.

Fig. 13 Temperature measure-

70
60
50

T/ °C 6

30 1600

20
n/ mint

20

40

1000

v¢/ mm/min

Fig. 14 Correlation between temperature and cutting parameters for
single-lip deep hole drilling

3.2 Numerical investigations

Beside the experimental investigations of the SLD process
to acquire data for the soft sensor a numerical framework
was set up to support the measurements by delivering addi-
tional insights into the process. Recent numerical inves-
tigations employ a coupled Eulerian-Lagrangian (CEL)
approach to model the extreme deformations in the cutting
processes with less mesh sensitivity and higher computa-
tional performance compared to the often applied arbitrary
Lagrangian Eulerian formulation (ALE) [21]. Thus, the
presented numerical investigations on SLD focuses on the
CEL approach. As discussed before, the investigated process
parameters were obtained from design of experiment (DoE)
to parametrize regression models (see Table 1). Finally,
these regression models will be included in the control

ment with a sensor integrated —T1
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v;=37.69 mm/min, p=20 bar, T1mean
V=5 /min —T2mean

| —T3mean

15 1 | 1 | |
0 50 100 150 200 250

Time /s

@ Springer



328

Production Engineering (2024) 18:319-337

concept for SLD. In addition, the experimental results were
employed to validate the simulations results.

Basically, the CEL modelling approach combines the
advantages of the Lagrangian formulation with the advan-
tages of the Eulerian formulation [22]. In the Lagrangian
formulation, the Lagrangian body is meshed from a discrete
geometric part instance, which corresponds to the shapes of
the parts being modeled. Each individual mesh node with
its material point is moved and deformed as one entity in
space, so the material boundary coincides with the element
boundary. This conventional formulation offers geometrical
accuracy, robustness and computational efficiency. However,
it tends to exhibit severe mesh distortion when undergo-
ing very large deformations. In contrast, the Eulerian for-
mulation uses compressible Navier—Stokes equations and
can be utilized to obtain a reasonable solution in situations
where the material undergoes extreme deformations such
as gas and fluid flow or machining problems. The Eulerian
mesh is fixed in space and does not deform, whereas the
material within the Eulerian domain can move and deform
separately from the mesh nodes. The Eulerian elements
may be partially or completely void from material, which is
then represented by volume fractions within each Eulerian
mesh element [23]. The solver Abaqus offers this promis-
ing simulation approach with the functionality of the typical
Lagrangian FE models, such as constitutive laws or contact
definitions.

Model setup

The setup of the assembled simulation model consisted
of the tip of the drill head including the cutting insert and
the two front guide pads as well as a penny-shaped work-
piece (see Fig. 15). The geometry of the drill head was
extracted from CAD data of Giihring KG and the geometry
of the workpiece based on the cylindrical samples in the

Drill head

25 mm

Fig. 15 The setup of the assembled simulation model for the CEL
approach [25]
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experiment. To reduce the computational costs a thickness
of 5 mm of the workpiece was considered and just the radius
of 12.5 mm was taken over from the experiment. As men-
tioned before, the drill head was shortened to represent the
drill head tip with the prefrontal guide pads and the cutting
insert. Due to the high stiffness of the insert and the guide
pad in the drill head, which are based on cemented carbide,
the whole drill head was considered as one rigid body part.
The insert possesses an ideal sharp cutting edge radius. In
order to move the driller in the correct way with respect to
feeding and rotation, a reference node was defined, which
is linked to all of the nodes in the drill head. Thus, on this
reference node a lateral velocity along the driller axis and
an angular velocity around this axis were applied. Further-
more, the degrees of freedom at the bottom surface as well
as the lateral surface of the penny-shaped workpiece were
restricted to avoid rigid body movement of the workpiece.

As contact conditions, a general contact was defined
between the drill head surface and the upper surface of the
workpiece with a hard pressure overclosure correlation,
which describes the interaction of the cutting insert and the
workpiece in direction orthogonal to the surface. Further
selected interaction properties are the Coulomb friction
model with a friction coefficient of 0.32 [24].

The coupled thermomechanical simulation setup even
requires heat generation due to friction assigning a factor
of 0.99, which determines the distribution of heat between
the interacting surfaces and an initial temperature, which
was set to room temperature. In contrast to the experiments,
the drilling condition within the simulations were assumed
as dry.

The mesh of the Eulerian domain contains hexahedral
elements with an averaged edge length of 0.25 mm. To rep-
resent the material behavior properly, thermal properties as
well as mechanical properties with temperature and strain
rate dependency were assigned. For machining simulations,
the so-called Johnson—Cook (JC) model in combination with
its damage model has proven to deliver realistic mechanical
response. For the summary of the material data of the drill
head as well as the workpiece and for further details of the
FE model it is referred to Guski et al. [25].

Data analysis

Due to the high computational effort, a mass scaling
factor of 1.0 x 10° was selected to perform the whole simu-
lation study. In total simulations with nine different pro-
cess parameter combinations, which can be found in the
table of the response surface design (Table 1), were run
and analyzed using this mass scaling factor. To remove the
effect of the mass scaling factor on the simulation results
the process parameter set with the highest feed and thus
shortest calculation time was selected to perform a sensi-
tivity analysis. The resulting quantities, such as the feed
force, the drilling torque and the temperature at the cutting
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Table 2. Regression coefficients of the non-linear regression model,
mean square error (MSE) and the resulting mass scaling correction
factor

Quantity A B C MSE MSC factor

0.0081 0.4689  0.7670 6.5163e—04 0.30
Torque 0.0144 0.5694  5.8095 1.2862 0.37
Temperature 0.3418 0.6366 165.9438 2.8789e¢+03 0.24

Feed force

edge for different mass scaling factors were used to extrap-
olate to values without mass scaling. For this purpose, the
following nonlinear regression model using the so-called
Huber loss as weight function was applied [26]:

y=Aeexp(Bex)+C ¢))

where A, B and C are the regression coefficients of the non-
linear model, which have to be determined for each quantity.
The determined coefficients are summarized in Table 2.
By comparing the extrapolated quantities with the
quantities at a mass scaling factor of 1.0 x 10°, values for
the mass scaling effect were calculated. The evaluation of
feed force, the drilling torque and the temperature leads
to mass scaling correction factors of 0.30, 0.37 and 0.24,
respectively. These values were then applied to the corre-
sponding simulation results. This procedure has delivered
more realistic results, which were used to parametrize the
polynomial regression models for the soft sensor.
Simulation results
All simulation results were evaluated with respect to
the feed force, the drilling torque, the temperature at the
cutting edge as well as the residual stress in the bore hole
wall and adjusted by the mass scaling correction factor.
Each simulation delivers a value for the whole parameter
space, which was defined by using the response surface
design (Table 1). For evaluating the feed force and drill-
ing torque, the reaction force and torque at the reference
point in feeding direction were evaluated. For each process
parameter set the simulation time was adjusted to reach
the steady state regime with constant quantities. Then the
arithmetic average was calculated within the steady state
regime. This resulting value was plotted for each simula-
tion with respect to the feed rate and cutting speed.
Then, a polynomial surface fit of second order with
respect to the feed velocity (X) and a linear dependency
according to rotational speed (Y) was applied to determine
the parameters of the regression model with the form:

where by; are the estimated regression coefficients to plot a
three-dimensional surface that captures the predicted value
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Fig. 16 Simulation results and experimental values as well as the
determined regression surfaces for the feed force (top) and the drill-
ing torque (bottom) with respect to the nine process parameter sets

of the dependent variable (Z) at every combination of the
two independent variables (X, Y).

For comparison reasons, the fitting procedure was
repeated for the experimental data.

Figure 16 shows the simulation results (circle) and the
experimental values (triangle) visualized by marker of the
feed forces (top) and the drilling torque (bottom). In addi-
tion, the determined regression surfaces are shown. For both
quantities the surfaces show a comparable shape: increasing
force with increasing feed and increasing rotational speed,
but a slightly higher level for the experiments. The overall
behavior is correctly approximated. However, in the experi-
ment for a high feed a decrease of the torque with increasing
rotational speed and a maximum deviation of the simulation
results and the experimental values for a high feed and a low
rotational speed was observed. This deviation can be attrib-
uted to the influence of the absence of a lubricant and thus
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significantly higher workpiece temperatures, which softens
the workpiece material in the simulation. As indicated by
the positions of the regression surfaces to each other the
simulation results underestimate the experimental results for
both, the feed force and the torque. To quantify this observa-
tion a mean value for the nine different process parameters
were calculated: for the feed force a mean difference of 32%
and for the torque a mean difference of 26% was obtained,
respectively. These mean values cover a variance from 9%
(high feed velocity) to 62% (low feed velocity) of the whole
process parameter space.

The procedure to identify the regression model was
repeated with the temperature at the cutting edge and
the temperature values of the PT1000 located directly
under the cutting insert for all process parameter sets.
The observed values as well as the determined regression
surfaces are shown in Fig. 17 top. The deviation of the
results between simulation and experiment is larger com-
pared to the feed force or drilling torque. Due to the lubri-
cant and measurement positions, a temperature between
40 and 60 °C in the whole parameter space was measured.
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Fig. 17 Simulation results and experimental values as well as the
regression surfaces for the temperature (top) and the residual stress in
the borehole wall (bottom)
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In contrast, the simulations provide much higher tempera-
tures but the same trends, an increasing temperature with
increasing feed and increasing rotational speed. Whereas,
the increase in temperature with increasing rotational
speed is less pronounced. Overall higher temperatures
are observed, which was expected due to the difference
in the location of RTD underneath the insert, which is
different from the evaluation point on the outer corner of
the cutting insert in the simulation. On the other hand,
the temperatures from the CEL simulation are underesti-
mated compared to the temperatures in the cutting zone
from the literature and from the preliminary investigations
[27]. This analysis is supported by a mean difference of
66% with a maximum difference of 300% for a high feed
velocity. Much smaller deviations can be found for low
feed velocities.

The residual stresses in the bore hole wall were analyzed
and collected for all nine process parameter sets. The ana-
lyzed values are the arithmetic average of the tangential
stress in four positions around the bore hole. These values
were compared with results from residual stress determina-
tion measurements with the hole drilling method. For robust-
ness reasons the values in a depth of 50 pm were employed.
Each process parameter set leads to compressive stresses
in tangential direction in the subsurface region of the drill
hole wall. Then, a polynomial surface fit of second order
was applied to determine the parameters of the regression
models according to Eq. 2. The regression surfaces and the
corresponding numerical results and experimental determi-
nation of the residual stress shows Fig. 17 bottom. Overall, a
good match between the numerical and experimental results
were obtained. The deviations in the shape of the regression
surfaces showing a concave shape for the simulation results
and a convex shape for the experimental results, respectively,
can be originated from an overestimation in the simulation
for a small feed and small rotational speed as well as an
underestimation for a high feed and a high rotational speed.
In addition, the high tensile stress of 336 MPa for a high
feed velocity and low rotational speed, which is close to the
yield strength of the material at room temperature (410 MPa
[28]) was considered as an outlier. These observations are
caused by the remarkable scatter of the experimental results
of the hole drilling method within the process parameter
sets, which has to be taken into account for the assessment
of the results. However, except of the outlier, all the deter-
mined values are in the compressive regime from — 530 to
— 30 MPa.

The resulting regression coefficients and the estimated
error (R?) are summarized in Table 3. Especially, the R? is
remarkable small for the feed force and the drilling torque.
Since the temperature is almost constant in the entire param-
eter space in the experiment the agreement with the polyno-
mial model is rather poor, as expected. The same observation
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surfaces according to Eq. 2 and Feed force
the estimated error (R2) Simulation  77.46 14.61 0.0389  —0.0759 — 0.00021 0.9835
Experiment - 72.18 19.66 0.2683 —0.0983 —0.00184 0.9918
Torque
Simulation —0.3996 0.1697 0.000446 —0.00114 —7.127e— 06 0.9726
Experiment —0.0570 0.2508 0.000580 - 0.00075 —6.651e— 05 0.9925
Temperature
Simulation - 157.8 5.69 0.1059 —0.03759 —0.000444 0.9957
Experiment 3.313 0.9258 0.0338 —0.00278 —0.000369 0.8397
Residual stress
Simulation 119.5 —-9.157 —0.2029 0.1399 —0.00077 0.3693
Experiment — 1289 35.88 0.5666 —0.06589 —0.01741 0.9193

holds for the residual stress but due to a large scatter in the
obtained values. For this quantity, a third order polynomial
model reduces the estimated error significantly.

The presented numerical investigations show, that the
CEL approach is able to deliver realistic results for drilling
processes. Due to simplifications of the FE models, such as
a shorter workpiece, comparable large element sizes, and dry
drilling condition, which are necessary due to the high com-
putational effort, expected deviations occur in comparison to
experimental results. Nevertheless, especially the mechani-
cal quantities, such as feed force, drilling torque and residual
stress, deliver a good agreement in most of the parameter
space. Just in the range of high feed velocity (50-70 mm/
min) and low rotational speeds (1000—1200 min~") larger
deviations were observed. Within the framework of this
numerical study, the parameters of the second order poly-
nomial regression surfaces were determined and provided to
the soft sensor for online monitoring the thermomechanical
status during the drilling process.

3.3 Subsurface investigations

Beside the development of the sensory tool and the determi-
nation of the characteristic fields for describing the thermo-
mechanical conditions as a function of the process param-
eters the correlation between the subsurface properties and
the thermomechanical conditions were investigated. Finally,
this connects the process parameters with the subsurface
properties, which are the target variables of the controller
and soft sensor to be developed. The thermomechanical
conditions, such as the feed force or the temperature are the
measured variables of this closed loop controller, which are
accessible during the process with the aid of the sensor-inte-
grated tool. The process parameters are correspondingly the
control variables of the controller. In order to describe the
subsurface properly, the 39 specimens from the response sur-
face design must be investigated in depth. For describing the

subsurface quality, the residual stresses in the bore wall were
determined and the microhardness, the roughness, the grain
size and the grain morphology were examined. Afterwards,
characteristic fields of the subsurface properties were gen-
erated and a multiple regression model was derived, which
predicts the subsurface condition by taking into account the
measured variables and the control variables.

The residual compressive stresses were measured using
the hole drilling method in a distance of approx. 10 mm from
the driller exit, due to better accessibility (see Fig. 18 right).
First, a strain gauge rosette is adhesively bonded to the bore
wall, then the specimen is cut along the axis of rotation and
the released strains are measured. Subsequently, a hole is
drilled in the strain gauge rosette and the strains dependent
on the depth are also recorded. Finally, these strains were
converted to the residual stresses in the subsurface. Figure 18
shows the resulting tangential and axial stress dependent on
the depth of an example measurement at medium rotational
speed and low feed rate (pass sequence=7). As can be seen,
high residual compressive stresses are generated in both
directions in the single-lip deep hole drilling process, which
decrease with the distance to the machined surface. The final
residual compressive stress is a superposition of the stresses
resulting from the cutting process as well as from the form-
ing by the guide pads. Figure 19 shows the resulting residual
stress in a depth of 50 um for all the investigated samples as
characteristic fields of the residual stresses in tangential and
axial direction. The residual stress was evaluated in a depth
of 50 um due to the high uncertainty in smaller depths. On
the top, the residual stresses are shown in the axial direction
relative to the workpiece geometry, and on the bottom in the
tangential direction. In the tangential direction, the residual
compressive stresses are higher. This can be explained by
the guide pads, which form the bore wall in this direction.

Furthermore, it can be clearly seen that lower rotational
speeds and feed rates, or lower temperatures and feed forces
tend to cause higher compressive residual stresses. Similar
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Fig. 18 Left: residual stresses radial into the depth of the bore wall at n=1370.5 min~!, v¢=3.77 mm/min, p=20 bar, V=5 I/min, right: set up

of hole drilling method
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Fig. 19 Residual stresses at 50 pm depth radial in the bore wall, top:
stress in axial direction, bottom: stress in tangential direction

effects could also be observed in the turning process of alu-
minum alloys [29], lower cutting speed lead to compres-
sive residual stresses. This could be explained by the tem-
perature effect of the residual stress: higher temperatures
tend to induce tensile residual stresses, while the lower the
temperature is, the higher are the compressive stresses in

@ Springer

the workpiece. This effect can be explained by the interac-
tion of thermally and mechanically induced residual stress.
For elevated temperatures, the thermal effect become more
dominant and the generation of mechanical residual stresses
is counteracted by a thermal component due to the frictional
heat generated and the work of deformation. In this case, the
residual compressive stresses are reduced in the subsurface
region, as the high-temperature yield strength is exceeded
during the process [30]. The comparison of the characteristic
field of the temperature (Fig. 14) with the characteristic field
of the residual stress in Fig. 19 shows this correlation, nicely.

For characterizing the subsurface of the bores further,
microhardness measurements were performed. Thin slices
were cut out in the center of the cylindrical specimen. Then
the cut samples were embedded in resin for the surface prep-
aration to carry out the hardness (HV 0.05) measurements
radially outward from the bore wall. The total thickness of
the bore wall is 3.5 mm. The first measuring point is located
20 um from the bore surface; all other points are located at a
distance of 100 um from each other. The resulting hardness
values are the mean values from three repetitions. As can
be seen in Fig. 20 top, the scatter of the confidence interval
is high, but a clear decreasing trend of the hardness with
the distance from the bore surface is observed. This obser-
vation is valid for all investigated cutting parameters. By
this method, the gradient can be determined and thus the
degree of hardening in the subsurface. The red measuring
point with a hardness of 395 HV 0.05 is located at a dis-
tance of 100 um from the bore wall and is the mean value of
10 measurements on the circumference of the investigated
slice. The standard deviation is approx.+6.7 HV 0.05. The
mean value in this depth will be used for the soft sensor
because the strain orthogonal to the indentation direction
of the Picodentor HM500 Helmut Fischer close to the edge
falsifies the measured values leading to an underestimation.
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Fig.20 Top: microhardness radial into the depth of the bore wall at
n=1057.89 min~", v¢=29.09 mm/min, p=20 bar, V=5 I/min, bot-
tom: micro hardness depending on feed velocity and rotational speed

The characteristic field in Fig. 20 bottom shows the mean
values of all samples at a distance of 100 pm from the bore
wall. A similar tendency as for residual stresses can be
observed; with decreasing cutting speed and feed rate (i.e.
at lower temperatures and feed forces) the highest hardness
is achieved. However, the hardness measurements are also
high at very high rotational speed and feed rate, which is a
positive effect from an efficiency point of view.

In addition, the depth of grain refinement of the deep-
drilled specimens was examined. For this purpose, the same
slices from the center of the specimen as for the micro-
hardness measurements were examined using the electron
backscatter diffraction (EBSD) data from SEM analyses.
Figure 21 shows the microstructure in the area below the
surface in the sample produced with the process parameters
n=1057.89 min~", v¢=29.09 mm/min, p=20 bar, V=51/
min (pass sequence = 1), exemplarily. The colors of the
grains refer to a certain crystallographic orientation, which
were just used to separate each grain during automatic evalu-
ation of the microstructure.

A pearlitic microstructure with randomly orientated
lamellar grains is observed for the whole area. However,
a closer look on the subsurface, which shows Fig. 22 left,
deliver an affected area adjacent to the surface.

Fig.21 EBSD data from the subsurface in the sample produced with
the parameter n=1057.89 min~!, v;=29.09 mm/min, p=20 bar,
V'=5 I/min

The surface of the bore wall is in the upper part of the
image. Close to the surface a clearl grain refinement was
observed with very small equiaxed grains due to the machin-
ing up to a depth of 2 um. Below this depth, it is also clearly
seen that the grains increase and become aligned in the
cutting direction. In order to quantify the depth of impact,
the number of grain center in the horizontal section across
the depth was evaluated. As a result, two regimes were
observed: close to the surface with a high number of grains
and apart from the surface with a continuously decreasing
number of grains, see Fig. 22 right. The transition depth,
which is assumed as the transition from the first to the sec-
ond regime, was defined as the intersection of the regres-
sion lines based on a Gaussian model. In this example, a
transition or impact depth (d;;,,) of 1.82 um was determined.
This value will be used for the subsurface quantification via
the regression model. With the aid of the EBSD investi-
gations, it was found, that the drilling process affects the
microstructure especially within a distance from the surface
up to 5 um depending on the process parameters. This leads
to the conclusion that this subsurface area possesses a major
impact on the increase in microhardness in the subsurface
region, finally.

Additionally, the roughness Ra in the center of the speci-
men was also investigated and plotted as a characteristic field
in Fig. 23. It can be seen that the surface quality improves
with increasing feed velocity and rotational speed.

Four quantities have been presented that are used for as
subsurface properties, the residual stresses, the microhard-
ness, the impact depth of grain refinement and the roughness.
Thus, four target variables and two control variables (n, vy)
are available for the controller. This leads to a requirement of
eight transfer functions, which is challenging to implement
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Fig.22 EBSD measurements
to investigate the grain size and
distribution in the subsur-

face at n=1057.89 min~",
v;=29.09 mm/min, p=20 bar,
V'=5 I/min, left: grain distribu-
tion, right: number of grains
depending on the distance to the
surface
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Fig. 23 Surface roughness Ra in the center of the specimen depend-
ing on feed velocity and rotational speed

in the controller design and not robust enough because the
subsurface characteristics can have opposite effects. There-
fore, a promising approach is to normalize the subsurface
properties and to condense them to one characteristic value,
which is called SUBS for subsurface, see Eqs. 3—7. SUBS
is the mean value from the normalized subsurface properties
and can have a value between 0 and 100. The algebraic sign
of the individual subsurface characteristic values and whether
a maximum or a minimum is striven for must be taken into
account. This approach enables the fitting of a multiple poly-
nomial regression function, which describes the characteristic
factor SUBS,, as a function of the control variables (n, v¢)
and measured variables (M, F, T and a respectively n,), thus
condensing all the characteristic fields presented (Eq. 8). For
the realization, the Minitab software is used. As a specifica-
tion, terms up to second order should be used and interactions
between predictors should be considered. The statistical soft-
ware calculates the best fit. As can be seen, the feed velocity
has a great impact on the subsurface quality. R? is a measure of
how well the model fits. An R? of 1 indicates that the regres-
sion predictions perfectly fit the data.
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3.4 Outlook on the integration of the soft sensor
in the closed loop controller

In the preliminary investigations, it was found that a
dynamic excitation in e.g. sinusoidal form or as chirp exci-
tation, as it is done for highly dynamic systems to derive the
transfer function, is not reasonable for a comparably slow
system with a dead time of 150 ms [17]. Therefore, in the
coming investigations, the transfer functions for the closed
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Fig. 24 Multivariable closed loop controller with a soft sensor in LabVIEW for subsurface properties conditioning in the deep hole drilling bore

wall

loop controller will be determined experimentally by first
changing the feed velocity in steps at constant rotational
speed and next changing the rotational speed at constant
feed velocity. With the introduction of the characteristic
value SUBS, only two transfer functions are required, for n
and v;. For the experimental data the transfer function will
be determined by using Matlab software with the System
Identification tool. The core of the multivariable control-
ler are two proportional-integral-derivative (PID) control-
lers each for v¢ and n and the soft sensor (SUBS,,,) that
predicts the subsurface quality. The PID controllers will be
parameterized in Simulink using the two transfer functions.
The overall design of the multivariable controller in Lab-
VIEW can be seen in Fig. 24. The regression model is used
as a function and receives real-time measurement data from
the sensory tool and the measurement equipment as well
as the current set values of the control variables v; and n,
which guide the process and are specified by the external
hardware respectively (Fig. 5). Therefore, the soft sensor
possesses the function of an observer; the current process
state and the control variables will be used to feed back the
predicted target variable SUBS, which allows the calculation
of the control deviation. In addition to the soft sensor and
the PID controllers, the design includes a feedforward con-
trol, which prevents the intervention until the cutting edge
is engaged. Besides, a control is implemented, which only
switches on the rotational speed controller if the feed veloc-
ity has reached the upper or lower limit and the target value
is not yet achieved or the control deviation is still too large.
Furthermore, two function units are implemented, which
convert the control values specification into a binary signal
for the machine control. The next step in this work contains
testing and optimizing the design.

4 Conclusion

In this study, a sensor integrated single-lip deep hole drilling
tool, a soft sensor and an approach of a closed loop process
control as well as the corresponding experiments for data
acquisition were presented. Based on the results obtained in
this study, the following conclusions can be drawn:

e The sensor-integrated single-lip deep hole drilling tool
was tested over a wide range of parameters and had
proven to be robust.

¢ Differences in machining parameters can be character-
ized clearly by the measured thermomechanical state.

e Subsurface properties can be well modeled by the
regression models based on the characteristic fields,
which show the correlation with the thermomechanical
process state.

e FE models had proven to be a good tool to approximate
the drilling process simulatively.

e Although some assumptions and simplifications regard-
ing the drill head and the drilling conditions were made
in the simulations, realistic trends as well as quantities
were obtained. In particular, the mechanical quanti-
ties, such as feed force, drilling torque as well as the
residual stress show a good agreement with the experi-
mental results over a wide range of process parameter,
which proves the application as soft sensor data.

e The subsurface quality can be described in good
approximation via multiple regression.

e LabVIEW offers a wide range of possibilities to deter-
mine the transfer functions experimentally in real time,
to implement the multivariable controller and for the
integration of the soft sensor.
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