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SUMMARY

Industrial robots offer lower costs, better exibility, and a bigger working area in com-
parison with conventional machine tools for machining. Currently, they cannot compete
with conventional CNC machine tools in the eld of high accuracy and precision due to
the lower stiffness, which leads to higher static de ection errors and vibrations. Because of
this, industrial robots are currently more widely used for industrial machining operations
with low cutting forces like grinding. Therefore, this thesis focuses on the reduction of

force-induced errors and vibrations during robotic milling.

At rst, a hybrid robotic setup is designed and built in this thesis. The hybrid setup en-
ables subtractive as well as additive manufacturing processes. The subtractive processing
capability of the hybrid robotic setup in the form of face milling is utilized for the inves-

tigation of different approaches for the enhancement of the accuracy during robotic milling.

Speci cally, a control algorithm for the reduction of force-induced axial depth-of-cut errors

is implemented. A force/torque-sensor is used for the measurement of the forces during a
face milling operation in real time. Based on comparison of the measured and expected
forces, the latter calculated using a mechanistic milling force model, the axial depth-of-cut
is adjusted through in nitesimal corrections in the cartesian z direction of the robot end
effector. Experimental results show an improvement in the accuracy of the axial depth-
of-cut betweerl:18 % and13.:63 % using the proposed control strategy. Additionally, an
improvement of the quality of the generated surface of Ugdt@ % through the use of the

control algorithm is shown.

Finally, a strategy for the reduction of vibrations during robotic milling is proposed. In

this thesis, the vibrations are reduced through a sinusoidal variation of the spindle speed.

XVii



Experimental results show a reduction of at |eb312% of the measured forces. In the

z direction, the forces are reduced up&@07% Furthermore, an improvement of the
generated surfaces through modulation of the spindle speed is presented. Based on the ex-
perimental results, a control strategy for the on-line detection and reduction of vibrations
through spindle speed modulation is also implemented. On-line detection of vibrations is
achieved through comparison of the measured and expected forces, which are calculated
using the mechanistic milling force model. Experimental results show a signi cant reduc-
tion in the measured forces of betwegn11%and5203% Additionally, an improvement

in the quality of the generated surface is noticeable.
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CHAPTER 1
INTRODUCTION

1.1 Motivation and Problem Statement

Traditionally, industrial robots (IR) are used in particular for handling tasks. Due to the in-
creasing demands for more exibility and lower costs in modern production environments,
robots are also being used for other manufacturing tasks [1]. The range of manufacturing

tasks goes from additive to subtractive processes like machining and grinding [2].

Industrial robots offer lower costs, better exibility, and a bigger working area in com-
parison with conventional machine tools for machining. In addition, the use of industrial
robots in noisy, dusty, and unhealthy environments is highly desirable [3]. So far they can-
not compete with conventional machine tools in the eld of high accuracy and precision.
The parameter with the biggest in uence is the stiffness of the robot. The low robot stiff-
ness has an adverse effect on the accuracy during machining due to vibrations resulting
from high cutting forces [4]. Because of the lower stiffness, a cutting for&®@¥ during
machining can cause a positional error of udtom for an industrial robot compared to
less tharD:01mm for a conventional machine tool [5]. The majority of the positional er-
ror during machining comes from the force induced errors [1]. Because of this, industrial
robots are currently used in industrial machining operations with low cutting forces like

polishing and grinding [6].

Compensation of force-induced position errors can be achieved through position sensor-
based and model-based methods. Position sensor-based approaches measure the position

error directly in the Cartesian or the Joint space of the robot and adjust the position of the



robot accordingly. Due to the high demands on the accuracy of the measuring systems,
these methods are very costly. Model-based approaches use mathematical models for the
prediction of the elastic deformation of the robot and compensate the position accordingly
[5]. Furthermore, force sensor-based approaches have recently gained in importance. Here,
the forces are measured with a force-sensor and compared with the forces calculated with
a empirical model. Based on this comparison, the cutting parameters are adjusted [7]. In
this thesis, the latter approach will be used for the development of a control algorithm for

enhancement of the accuracy of an industrial robot during face milling.

Another limitation in robotic milling is chatter vibration. Chatter vibration can result in
poor dimensional accuracy of the surface, reduced tool life, and damage to the spindle or
robot. A distinction is made between regenerative chatter, which is caused by instantaneous
variation in the chip thickness due to phase difference between the previous cutter path and
the current path and mode coupling chatter, which is caused by the vibrations of the sys-
tem mass in the directions of the degrees of freedom [8]. A control algorithm that detects

chatter vibrations and minimizes them if necessary is needed and is developed in this thesis.

In this thesis, a robotic setup that enables additive processes as well as subtractive man-
ufacturing processes is developed and implemented. Furthermore, this thesis is motivated
by the need to develop more advanced solutions for the improvement of accuracy and sup-

pression of chatter during machining with industrial robots.

1.2 Research Objectives

Considering the problems and the motivation discussed in the previous section, this thesis
aims to create a hybrid robotic setup, which has the capability to add material as well as to
subtract material. The capability of this hybrid robotic setup to subtract material is used for

the development of new methods for the improvement of the accuracy of industrial robots.



The speci ¢ objectives of this thesis are the following:

« Build a hybrid robotic setup that enables additive as well as subtractive manufactur-

ing methods.

 Establish a control algorithm for the enhancement of the machining accuracy of an

industrial robot through compensation based on the measured forces in face milling.

 Establish a control algorithm for the suppression of chatter vibrations in face milling

through continuous variation of the spindle speed.

The objectives of this research are accomplished through a comprehensive literature
review of relevant prior work followed by the development and experimental validation of

the proposed approaches.

1.3 Proposed Approach

A methodical approach for the development of a hybrid robotic is used. The dif culty
lies in the integration of the spindle and the welding gun for the addition of material to
the surface with gas shielded arc welding into a robotic setup. Different approaches are
investigated and the most suitable one is elaborated and implemented. The nal solution
involves switching between tools by rotating axis 5 of the rood®y Furthermore, differ-

ent approaches to trigger the welding gun are elaborated and evaluated. The nal solution

involves triggering the welding gun remotely by an electric solenoid.

A method for the compensation of static de ection errors in a face milling operation

through the adjustment of the axial depth-of-cut based on a comparison of the calculated
and the measured forces is proposed. A mechanistic model is used for calculation of the
expected forces. The model is calibrated and validated with experiments. Cut parameters

were chosen for which the model is valid. The improved accuracy of the axial depth-of-cut



is demonstrated through experiments.

Furthermore, a method for the reduction of chatter vibrations through the variation of the
spindle speed with a certain frequency is implemented. This approach has already been
tested on traditional machine tools and is applied in this thesis to an industrial robot. The
chatter vibrations are detected through a comparison of the measured and the expected
forces. The expected forces are calculated with the help of a mechanistic model. The

model is calibrated and validated through experiments.

1.4 Thesis Outline

The following chapters of this thesis are organized as follows. Chapter 2 presents a compre-
hensive review of the relevant prior work in the eld of robotic milling. Chapter 3 describes
the methodical development and implementation of the hybrid robotic setup. Chapter 4 de-
scribes and discusses the algorithm for the adjustment of the axial depth-of-cut in robotic
face milling based on the comparison of the measured and the expected forces. Chapter 5
presents the development of an algorithm for the detection and (if needed) the suppression
of chatter vibrations. Finally, the major conclusions of this thesis and recommendations for

future work are given in Chapter 6.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

A comprehensive review of the relevant work in the literature is presented in this chapter.

The literature review is divided into the following sections:

Prediction of the Cutting Forces during Milling Operations

Errors in Robotic Machining

Reduction of the Static De ection Errors in Robotic Milling

Chatter Vibrations in Robotic Milling

Methods for the Avoidance of Chatter Vibrations in Robotic Milling

Different concepts for the prediction of the cutting forces during milling operations
are presented in the rst section of the chapter. Afterwards, an overview of the different
sources of errors during robotic machining is given. Finally, the most relevant sources of
errors with the corresponding concepts from the literature for the reduction or avoidance of

these errors are presented in more detail.

2.2 Prediction of Cutting Forces during Milling Operations

The literature distinguishes between static and dynamic approaches for the modelling of
cutting forces during milling. In contrast to the static approaches, dynamic approaches
take into account the dynamic effects of the mechanical system during the milling process.
Static approaches involve the computation of the static cutting forces without consideration

of the in uence of the structural dynamics of the machining system. According to [9], the

5



use of a static approach that includes a perfect rigid milling system is valid for the case of

machining with a convention&omputer Numerical ContrdlCNC) machine tool.

One of the rst models for the prediction of the cutting forces during a milling process
was established in [10]. This static cutting force model for end milling was developed fur-
therin [11], [12] and [13]. The rst approach for the prediction of the cutting forces during

a face milling operation was established in [14]. This approach is valid for a range of dif-
ferent cutting conditions, cutter geometries, and workpieces. Furthermore, it considers the
effects of spindle tilt as well as runout of the cutting tool. This mechanistic model was
supplemented by a strategy for the identi cation of cutting tool wear in [15]. The use of
similar models for the calculation of the cutting forces for more complex workpiece geome-
tries reported in [16]. In [17], a tool with multiple teeth was considered as a multi-degree
of freedom spatial system to account for the dynamic effects during the milling operation.
Due to the lower stiffness of industrial robots in comparison with conventional CNC ma-
chine tools, the dynamic effects should be paid more attention to in robotic applications.
Especially for a pose of the robot with low stiffness, the de ections of the system and
therefore the effect on the chip load and the cutting forces can be signi cant. Due to this
fact, the dynamic effects during robotic milling have been investigated in the most recent
research. An elasto-dynamic model for end milling with an industrial robot that considers
the interaction between the machine tool and the workpiece and describes the dynamic be-
havior of the robot with a mass-spring-damper system was presented in [18]. A non-linear
stiffness model was established in [19]. A dynamic force model for a milling process that
incorporates the effect of robot dynamics as well as the effect of external forces on the

robot stiffness was implemented in [4].



2.3 Errors in Robotic Machining

An overview of the errors in robotic machining is given in [20]. In general, the following

sources of errors can be identi ed:

* Environment-dependent errors
* Robot-dependent errors

— Geometrical errors
— Non-geometrical errors

— System errors

» Process-dependent errors

The accuracy of an industrial robot depends strongly on the chain of components be-
tween the tool attached to tieol Center Poin{TCP) of the industrial robot and the oor.

Environment-dependent errors such as temperature cannot be neglected [21] [22].

Errors caused by the robot structure are called robot-dependent errors. These errors can
be classi ed as geometrical and non-geometrical errors. In general, geometrical errors can
be compensated by calibration. Variations in the link geometry as well as variations in
the orientation of the joints after assembly cause inaccuracy in the pose of the TCP. Non-
geometrical errors also occur in the local environment. In contrast to geometrical errors,
they cannot be compensated through calibration of the robot. They are caused by the de-
formation of components of the industrial robot, especially the joints and the links [23].
Furthermore, system errors belong to the category of robot-dependent errors. They include
errors that are caused by improper calibration, sensor measurement errors and numerical

round-off errors in the controller of the robot [1].



Process-dependent errors are the most important source for positional errors. It was shown
in [5] that force-induced errors can reatmm for the milling of aluminum. Quantitative
values for the forces depend on the process parameters such as the spindle speed, axial

depth-of-cut, radial depth-of-cut, and chip load [24].

2.4 Static De ection Error Reduction in Robotic Milling

An overview of the approaches for the reduction of static de ection errors in robotic milling

in the literature is given in Figure 2.1.

Approaches for the Reduction of Static De ection Errprs

Indirect Reduction Direct Reduction

x

~ Reduction of the Cutting Forces Model-based Compensatien
—{ Enhancement of the Robot-Stiffngss Sensor-based Compensatjen
Positional - Force

Figure 2.1: Overview of the Approaches for the Reduction of Static De ection Errors

Static de ection error reduction approaches can be classi ed as indirect and direct

methods.

First, the de ection error can be reduced through a direct reduction of the cutting forces.
This can be done by an adjustment of the cutting parameters [9] or by a change of the ma-
terial workpiece [25]. Furthermore, an enhancement of the stiffness of the industrial robot
is an approach for the reduction of the static de ection error. As shown in [26], this can be

achieved through a double parallel mechanism.



The two main methods for the direct compensation of the process force-induced robot de-
formations are model-based compensation and sensor-based compensation. Model-based
compensation approaches use a model for the prediction of the deformation of the robot
and adjust the position of the end effector accordingly as shown in [5]. Different types of
models were established in the literature. For example, in [18], a reduced elasto-dynamic
model of the robotic milling process that takes the interaction between the milling tool
and the workpiece into account was investigated. A reduced elasto-dynamic model, which
is supplemented by a robotic milling process was presented in [19]. As shown in [27],
static models can also be used for the modelling of an industrial robot. Here, a reduced
elasto-static model for the enhancement of the accuracy of the end effector of an industrial
robot was used. Further, model-based approaches were investigated in [28], [29], [30]. In
comparison, position sensor-based compensation approaches measure the error in position
of the robot rst and subsequently adjust the position accordingly [7]. However, position
sensor-based approaches are dif cult to implement for robotic milling applications. In the
literature, a linear scale was used for the measurement of the link deformation caused by

the external forces [31].

Furthermore, force sensor-based approaches have recently gained in importance for ap-
plications in manufacturing processes using an industrial robot. In force sensor-based ap-
proaches, the forces occurring during the manufacturing process are measured with a force
sensor and are compared with the forces calculated with a suitable model. Different ap-
proaches for the prediction of cutting forces are presented in section 2.2. Subsequently,
the cutting parameters are adjusted based on the comparison of the measured and expected
forces. Here, the adjustment of the feed rate as well as the adjustment of the axial depth-
of-cut is possible. Different force sensor-based approaches are discussed in the literature.

A force sensor-based approach for polishing applications was presented in [32]. The use of



anin situ thin- Im wireless force sensor for the measurement of the forces during robotic
milling in real-time was investigated in [7]. Here, the measured forces were utilized in a
mechanistic milling force model for the estimation of the instantaneous radial and axial
cutter engagements for direct tool position compensation feedback. As shown in [33], the
concept of force sensor-based compensation was also used for other manufacturing pro-

cesses using an industrial robot like grinding.

2.5 Chatter Vibrations in Robotic Milling

An understanding of the dynamic behavior of an industrial robot is important to under-
stand the limitations of the accuracy and part quality during machining using an industrial
robot. Vibration amplitudes escalate especially when the process forces match the natural
frequency as well as the direction and vibration modes of the robot structure. The dynamic
stability depends on the parameters of the cut. Here, the joints of an industrial robot are the
major cause for oscillations during machining [6]. Chatter vibrations are a phenomenon
that have been extensively studied in the past. Chatter is characterized by self excited vi-
brations, which can cause poor surface nish and excessive loads on the cutting tool and
spindle and therefore can result in tool and bearing failures [34]. As a result, chatter vibra-
tions are considered a major problem in robotic milling. A general distinction can be made

between mode coupling chatter and regenerative chatter.

Mode coupling chatter is caused by the vibrations of the system mass in the direction of
the degrees of freedom. Here, the whole robot structure experiences severe vibrations [8].
Mode coupling chatter is caused by insuf cient stiffness as well as by the mode coupled
structure of the robot itself and typically occurs in a lower frequency range arbithz

to 30Hz [35].

In contrast to mode coupling chatter, regenerative chatter occurs locally at the machine
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tool or the workpiece. It is considered as the most signi cant cause of machine instability
in a machine tool and is undesirable and less controllable compared with forced vibrations
[36]. It is caused by the variation of the chip thickness and the cutting forces during ma-
chining, which occur due to the phase difference between the wave left by the previous
cutting teeth and the wave generated by the current teeth. Regenerative chatter typically

occurs in a higher frequency range betw&&@Hz andl1; 00Hz [35].

Various methods for the detection of chatter vibrations were investigated in the literature.
One approach for the in-process detection of chatter was presented in [37]. Here, chat-
ter vibrations were detected from the amplitudes of the peak sound spectrum at chatter
frequency ranges. This approach was supplemented in [38]. An approach for on-line de-
tection of chatter was shown in [39]. Here, a method was proposed that detects chatter
vibrations and estimates the chatter frequencies accurately before chatter vibrations are
fully developed. The Renyi entropy is an effective index for the characterization of the
randomness of time series data. This index was used for the detection of chatter vibrations
in [34]. In [40], chatter vibrations were detected through a combination of the analysis of

the data in the frequency and the time domains.

2.6 Methods for the Avoidance of Chatter Vibrations

Due to the negative effects of chatter vibrations, various approaches for the avoidance of
chatter vibrations were investigated in the literature. Different methods for the avoidance
or reduction of chatter vibrations were established. An overview of the most widely used

methods in the literature is given in Figure 2.2.
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Figure 2.2: Overview of the Approaches for the Avoidance of Chatter Vibrations

The most common approach in industry is the adjustment of cutting parameters. Chatter
vibrations can be avoided through the conservative selection of feed rate and depth-of-cut.
For such conservative cutting conditions, chatter vibrations do not occur over a wide range
of cutting speeds [41]. A more complicated approach for the reduction of chatter vibra-
tions is to increase the dynamic stiffness of the machine tool, the xture, and the tooling
structures [42]. Another approach is to dampen the vibrations. A method for modelling
the required damping force was shown in [43]. For the implementation, passive damping

approaches [44] as well as active damping approaches [45] are used in the literature.

The use of a milling cutter with a non-constant pitch as well as the method of continuously
variation of the spindle speed during the cut can disturb the mechanism of regenerative
chatter. The use of a milling cutter with a non-constant pitch was investigated for different
cutting tools like an end mill [46] and a face mill [47]. Due to the effectiveness in suppres-

sion of chatter, cutters with a non-uniform pitch were implemented in production processes
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like the manufacturing of turbine engines [48]. The concept of avoidance of chatter through
continuous variation of the spindle speed is also known as adaptive speed modulation in the
literature. In [49], the avoidance of chatter vibrations through adaptive speed modulation
was mentioned for the rst time in the literature. This concept was supplemented in vari-
ous investigations. In [37], the stability of the milling process was improved by a control
algorithm that detects chatter vibrations early and disturbs the wave regeneration. Here, the
selection of the modulation parameters, namely the amplitude and frequency of speed mod-
ulation, is not clear. According to [50] and [41], an unsuitable selection of the modulation
parameters resulted in an adverse effect and propagated chatter vibrations for otherwise sta-
ble cutting conditions. The selection of the most suitable modulation parameters for each
application is still under investigation. The speed modulation parameters were selected by
a PD fuzzy logic controller in [51]. This approach was further supplemented in [52]. In
[53], a multi-level random spindle speed variation was used. A more analytic approach for

the determination of the modulation parameters was presented in [54].

2.7 Summary

In this chapter, different sources of errors during machining with an industrial robot were
presented. The most signi cant errors are the force-induced errors. Furthermore, chatter
vibrations can lead to an unacceptable surface nish. An overview of the errors in robotic

machining that are relevant for this thesis, is given in Figure 2.3.

Sources of Errors during Robotic Milling

Y

Force-Induced Error Chatter Vibrations

v

Figure 2.3: Overview of the Main Errors in Robotic Machining

In this thesis, a control algorithm for the reduction of force-induced errors as well as a

control algorithm for the avoidance or reduction of chatter vibrations during robotic milling

13



are developed and implemented.
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CHAPTER 3
ROBOTIC HYBRID SETUP

3.1 Introduction

In this thesis a robotic hybrid-setup is developed. This setup enables subtractive manu-
facturing processes as well as additive manufacturing processes. A special focus of the
chapter is on the hardware-integration as well as software-integration of each component
of the setup. Furthermore, a simpli ed procedure is used for the integration of individual

components into the robotic hybrid-setup.

3.2 Industrial Robot

In this thesis an industrial robot of the typ@JKA KR210 L180-4s used. The robot is

shown in Figure 3.1.

Industrial Robot

Figure 3.1: Industrial Robot: KUKA KR210 L180-2

The used robot has a repeatability od:06mm. Further technical details are listed in

Table A.1. The type of industrial robot is shown in Figure A.1.
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3.2.1 DynamicalBehaviourof the IndustrialRobot

The dynamical behaviour of the robot can be characterized by its frequency response func-
tion, which can be determined using experimental modal analysis. In this analysis method,
the robot structure is excited in the direction of the axis along which its reaction is mea-

sured. The frequency response functions for the x,y and z directions for one position along

the robot path used in this thesis are shown in Figure 3.2.

Figure 3.2: Frequency Response Function (Pose: Start) of the Industrial Robot

The frequency response functions for another pose along the path are shown in Fig-
ure A.2. The natural frequencies of the robot for both the x and y directions are around
11Hz and50Hz. Furthermore, a high stiffness of the robotic system becomes apparent
for excitation in the z direction (for the pose shown in Figure A.2). Based on this, suit-
able spindle speeds can be selected for later experiments with the robot and to Iter the

dynamical behavior of the industrial robot from the measured force data.
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3.2.2 SoftwarelntegrationArchitectureof the IndustrialRobot

The established software integration architecture of the industrial robot is shown in Fig-
ure 3.3. The industrial robot and the robot controller are connected through an interface
for communication between the industrial robot and a sensor system, Balleat Sensor
Interface(RSI). This interface enables data exchange between the robot controller and a
sensor system. Corrections can be sent within a cycle tim@mo$. This corresponds to a
frequency 0f8333Hz. Furthermore, the positional data of the robot in its cartesian space
as well as the rotation angles of the joints are send to the robot controller. The received
data is transmitted to a personal computer via an Ethernet connection. The network proto-
col Transmission Control ProtocdITCP) is used. The processing of the received data is

done in the multi-paradigm programming language Python.

Industrial Robot

'y

RSI

Y

Robot Controller

'y

Ethernet

Y

Personal Computer

Figure 3.3: Software Integration Architecture of the Industrial Robot

3.3 Force/Torque-Sensor

The force/torque-sens&T| Omega 16@s used in this thesis. The sensor can sample with
a maximum frequency of; 00(Hz. The response of the sensor is characterized in [55].
In this thesis, the bandwidth of the force/torque-sensor is assumed to be suf cient. Further

technical data of the force/torque-sensor is listed in Table A.2.
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3.3.1 Hardwarelntegrationof the Force/Torque-Sensor

A suitable mounting for the interface between the force/torque-sensor and the robot ange
is designed. Furthermore, a second mounting for the interface between the sensor and the
spindle is added to the setup. During the development, particular attention was paid to the
rigidity of the structure. Due to the high rigidity of the developed structure, any in uences

of the mountings of the force/torque-sensor can be neglected. The three-dimensional model

of the planned hardware integration is illustrated in Figure 3.4.

Robot-Flange

Mounting01

Mounting02

Figure 3.4: Hardware Integration of the Force/Torque-Sensor

The mounted force/torque-sensor is shown in Figure 3.5.
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