
DEVELOPMENT OF HIGH PERFORMANCE GRINDING PROCESS
USING HYBRID REDUNDANT MANIPULATOR

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

MASOUD LATIFI NAVID

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR

THE DEGREE OF DOCTOR OF PHILOSOPHY
IN

MECHANICAL ENGINEERING

DECEMBER 2017





Approval of the thesis:

DEVELOPMENT OF HIGH PERFORMANCE GRINDING
PROCESS USING HYBRID REDUNDANT MANIPULATOR

submitted by MASOUD LATIFI NAVID in partial fulfillment of the require-
ments for the degree of Doctor of Philosophy in Mechanical Engineer-
ing Department, Middle East Technical University by,

Prof. Dr. Gülbin Dural Ünver
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. M. A. Sahir Arıkan
Head of Department, Mechanical Engineering

Assoc. Prof. Dr. Erhan İlhan Konukseven
Supervisor, Mechanical Engineering Dept., METU

Examining Committee Members:

Prof. Dr. Raif Tuna Balkan
Mechanical Engineering Dept., METU

Assoc. Prof. Dr. Erhan İlhan Konukseven
Mechanical Engineering Dept., METU

Assoc. Prof. Dr. Mustafa Doğan
Control and Automation Engineering Dept.,
Istanbul Technical University

Assoc. Prof. Dr. Murat Demiral
Mechanical Engineering Dept., Çankaya University

Assist. Prof. Dr. Orkun Özşahin
Mechanical Engineering Dept., METU

Date: 2017/12/28



I hereby declare that all information in this document has been ob-
tained and presented in accordance with academic rules and ethical
conduct. I also declare that, as required by these rules and conduct,
I have fully cited and referenced all material and results that are not
original to this work.

Name, Last Name: MASOUD LATIFI NAVID

Signature :

iv



ABSTRACT

DEVELOPMENT OF HIGH PERFORMANCE GRINDING
PROCESS USING HYBRID REDUNDANT MANIPULATOR

LATIFI NAVID, MASOUD
Ph.D., Department of Mechanical Engineering
Supervisor : Assoc. Prof. Dr. Erhan İlhan Konukseven

December 2017, 141 pages

Automatic grinding using robot manipulators, requires simultaneous control of
the robot endpoint and force interaction between the robot and the constraint
surface. In robotic grinding, surface quality can be increased by accurate esti-
mation of grinding forces where significant tool and workpiece deflection occurs.
Tool deflection during robotic grinding operation causes geometrical errors in the
workpiece cross-section. Also, it makes controlling the grinding cutting depth
difficult. Moreover small diameter of the tool in robotic grinding causes dif-
ferent behavior in the grinding process in comparison with the tools that are
used by universal grinding machines. In this study, a robotic surface grinding
force model is developed in order to predict the normal and tangential grinding
forces. A physical model is used based on chip formation energy and sliding
energy. To improve the model for robotic grinding operations, a refining term is
added. In order to include the stiffness of the tool and setup in the force model,

v



penetration tests are implemented and their results are used in refining term of
the force model. The model coefficients are estimated using a linear regression
technique. The proposed model is validated by comparing model outputs with
experimentally obtained data. Evaluation of the test results demonstrates the
effectiveness of the proposed model in predicting surface grinding forces. In this
thesis, a method is proposed for calculation of the tool deflection in normal and
tangential directions based on grinding force feedback in these directions. Based
on calculated values, a real-time tool deflection compensation algorithm is de-
veloped and implemented. Implementing surface grinding with constant normal
force is a well-known approach for improving surface quality. Tool deflection in
the robotic grinding causes orientation between the force sensor reference frame
and tool reference frame. This means that the measured normal and tangen-
tial forces by the sensor are not actual normal and tangential interaction forces
between the tool and workpiece. In order to eliminate this problem, a resul-
tant grinding force control strategy is designed and implemented for a parallel
hexapod-robotic light abrasive surface grinding operation. Due to the nonlin-
ear nature of the grinding operation, a supervised fuzzy controller is designed
where the reference input is identified by the proposed grinding force model.
Evaluation of the experimental results demonstrates significant improvement in
grinding operation accuracy using the proposed resultant force control strat-
egy in parallel with a real-time tool deflection compensation algorithm. The
final aim of this thesis is to develop a posture optimization strategy for robotic
grinding operation using 12 DOF hybrid redundant manipulator. The 12 DOF
redundant hybrid manipulator of present study is composed of a 6 DOF serial
ABB IRB2000 robot and a 6 DOF PI H-824 hexapod where the parallel hexa-
pod is connected to the end of the serial ABB manipulator. Here the fifth joint
(wrist) of the ABB serial manipulator is the weakest joint in the robot, so the
computed torque of this joint is selected as the cost function. The aim is to
minimize this factor by finding the best configuration of the hybrid manipulator
using genetic algorithm approach. For such a purpose, a complete kinematic and
dynamic model of the 12 DOF manipulator is developed where the output of the
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grinding force model is fed into the dynamic model as external reaction forces.
The computed torque of the wrist joint is given to the optimization module and
new configuration is generated by the module and is given to the dynamic model.
This process continues until converge to the minimum computed torque value.
Then the optimal configuration is chosen for the grinding operation. The eval-
uation of this posture optimization approach shows its great ability to decrease
the necessary actuating torques of the redundant manipulator joints.

Keywords: Robotic Grinding, Grinding Force model, Hybrid Redundant Ma-
nipulator, Tool Deflection Compensation, Posture Optimization
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ÖZ

HİBRİT ARTIK ROBOT KOLU KULLANARAK YÜKSEK
PERFORMANSLI TAŞLAMA İŞLEMİ GELİŞTİRMESİ

LATIFI NAVID, MASOUD
Doktora, Makina Mühendisliği Bölümü
Tez Yöneticisi : Doç. Dr. Erhan İlhan Konukseven

Aralık 2017, 141 sayfa

Robot manipülatörler kullanılarak yapılan otomatik taşlama işlemi, robot uç
noktasının ve robot ile yüzey arasında oluşan kuvvetin kontrolünü gerektirir.
Robotik taşlama işleminde takım ve iş parçası eğilmeleri önemli ölçüde oluştu-
ğundan, oluşan kuvvetlerin doğru tahmin edilmesi, ortaya çıkan yüzey kalitesini
artırmakta önem taşımaktadır. Robotik taşlama işleminde takımda oluşan sap-
malar iş parçasının kesitinde geometrik hatalara neden olmaktadır. Ayrıca bu
durum taşlama derinliğinin kontrolünü de zorlaştırmaktadır. Ek olarak, robotik
taşlama işleminde kullanılan küçük boyutlu takımlar üniversal taşlama makina-
larında kullanılan takımlara kıyasla taşlama işlemin süresince farklı davranışlara
sebebiyet verir. Bu çalışmada; robotik yüzey taşlama kuvvet modeli, teğet ve dik
yöndeki kuvvetlerin tahmin edilebilmesi için geliştirilmiştir. Talaş oluşturma ve
kayma enerjisine dayanan fiziksel bir model kullanılmıştır. Bu modeli robotik
taşlama işleminde kullanabilmek için modele iyileştirici bir terim eklenmiştir.
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İyileştirici terimin bulunmasında penetrasyon test sonuçları kullanılarak, takı-
mın ve deney düzeneğinin rijitliği modele dâhil edilmiştir. Modelin katsayıları
doğrusal regresyon metodu ile bulunmuştur. Sunulan modelin çıktıları ile deney-
sel olarak elde edilen sonuçlar karşılaştırılarak doğruluğu gösterilmiştir. Test so-
nuçlarının karşılaştırılması sunulan modelin yüzey taşlama işlemi kuvvetlerinin
tahminindeki başarımını göstermektedir. Bu tezde, dik ve teğet yönde takımda
oluşan sapmaların hesaplanması için bir model öne sürülmüştür. Bu model aynı
yönlerdeki taşlama işlemi kuvvetleri geri bildirimini temel almaktadır. Hesapla-
nan değerlere göre gerçek zamanlı takım esneme telafisi algoritması oluşturulmuş
ve uygulanmıştır. Yüzey kalitesinin artırmak için dik yönde sabit kuvvet kont-
rollü yüzey taşlama işlemi uygulaması bilinen bir yöntemdir. Robotik taşlama
işleminde oluşan takım sapması, kuvvet sensörü referans sistemi ile takım refe-
rans sistemi arasında bir oryantasyon farkı oluşturur. Bu fark, sensörden okunan
takım ile iş parçası arasındaki dik ve teğet yöndeki kuvvet değerlerinin, gerçekte
oluşan kuvvetler değerlerine eşit olmadığını ifade eder. Bu problemi ortadan kal-
dırabilmek için, bileşke kuvvet modeli kontrol metodu yüzey taşlama işlemi için
tasarlanıp uygulanmıştır. Taşlama işleminin doğrusal olmayan yapısından do-
layı, referans girdisi taşlama kuvvet modelinden tanımlanan bir denetimli bula-
nık kontrolcü tasarlanmıştır. Sunulan bileşke kuvveti kontrolü metodu ve gerçek
zamanlı takım sapması telafisi algoritması kullanılarak yapılan deney sonuçları
taşlama işleminin doğruluğunun önemli ölçüde iyileştirildiği görülmektedir. Bu
tezin son amacı, 12 serbestlik dereceli hibrit manipülatör kullanılarak robotik
taşlama işlemi için bir duruş eniyilemesi stratejisi geliştirmektir. Sunulan ça-
lışmada kullanılan, 12 serbestlik dereceli manipülatör 6 serbestlik dereceli seri
ABB IRB2000 robotun ucuna yine 6 serbestlik dereceli paralel PI H-824 hekza-
pod robotun takılmasıyla oluşturulmuştur. ABB seri manipülatörün beşinci ek-
lemi (bilek eklemi) en zayıf eklem olduğundan, eklem üzerine etkiyen tork değeri
maliyet fonksiyonu olarak seçilmiştir. Buradaki hedef, genetik algoritma kulla-
nılarak hibrit manipülatörün en iyi konfigürasyonunu bularak maliyet fonksiyo-
nunu en küçüklemedir. Bu amaç için 12 serbestlik dereceli manipülatörün tüm
kinematik ve dinamik modelleri oluşturulmuştur. Oluşturulan taşlama kuvvet

ix



modelinin çıktısı dinamik modele harici reaksiyon kuvveti olarak beslenmiştir.
Bilek eklemi üzerine etkiyen tork eniyileme modeline beslenip, manipülatörün
yeni konfigürasyonu elde edilmiş ve dinamik modele verilmiştir. Bu sürece, en
küçük tork değeri elde edilene kadar devam ediliyor. Daha sonra taşlama işlemi
için hesaplanan optimum konfigürasyon kullanılıyor. Bu duruş eniyilemesi yak-
laşımı, fazlalık manipülatör eklemlerine etkiyen gerekli torkların azaltılmasında
etkisini göstermiştir.

Anahtar Kelimeler: Robotik Taşlama, Taşlama Kuvvet Modeli, Hibrit Artık Ro-
bot Kolu, Takım Eğim Kompanzasyonu, Duruş Optimizasyonu
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Objectives of the Thesis

Automatic grinding systems have been investigated for years to mimic adaptive
nature of human intelligence in order to replace manual grinding, which is labor
intensive and not productive. However, anthropomorphous robots are the best
state of the art compromise between performance and flexibility for automated
grinding tasks. They provide larger work volumes, safety and efficiency at a lower
cost than computer controlled (CNC) grinding machines. Also they provide
a greater reachability and working capabilities on the complex paths of the
deburring tasks. Therefore, anthropomorphic robots are suitable for grinding
processes.

Automatic grinding using robot manipulators requires simultaneous control of
the robot endpoint and force interaction between the robot and the constraint
surface. In robotic grinding, surface quality can be increased by accurate esti-
mation of grinding forces. Also in robotic grinding operation a significant tool
deflection occurs due to the lower stiffness of the manipulator and tool, compared
with operation by universal grinding machines. Tool deflection during robotic
grinding operation causes geometrical errors in the workpiece cross-section. Also,
it makes difficult to control the grinding cutting depth. The small diameter of
the tool causes different behavior in the grinding process in comparison with the
tools that are used by universal grinding machines.
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Serial and parallel manipulators have their own advantages and disadvantages.
The large workspace and flexibility of serial manipulators are very useful but
extended structures of them have a tendency to vibrate working at high speeds
and to deflect dealing with high loads. Also because of the serial configuration,
errors of each link are added up and the overall error reflects to the end effector.
Hybrid manipulators are known by combination of the serial and parallel ma-
nipulators or combination of two serial manipulators such that moving platform
of the ones is fixed base of the others like a parallel manipulator chain.

The aim of this thesis is to develop a high performance grinding process us-
ing hybrid redundant manipulator. In this process a novel optimized strategy
is used for posture optimization and path generation of the redundant hybrid
manipulator based on computed torques minimization of a critical joint while
grinding operation. For calculating the joint torque, the dynamic model of the
hybrid manipulator should be developed. That’s why in this thesis a complete
kinematic and dynamic analysis of the hybrid manipulator is done. The interac-
tion force between tool and workpiece should be given as input to the dynamic
model in order to find the reaction forces/torques on bodies. So it is necessary to
predict the normal and tangential grinding forces using a grinding force model.
Due to lower stiffness of robotic grinding and tool deflection effect, an optimized
force model is needed for this purpose. One of the main goals of this thesis is
to develop a new force model that is optimized for robotic grinding operation
considering setup stiffness. The steps of posture optimization process and the
interaction between grinding model and the dynamic model are shown in Fig-
ure 1.1. Force interaction between the tool and workpiece is significant for
grinding operation. Implementing grinding with constant normal force is a well-
known approach for improving surface quality. Tool deflection in the robotic
grinding causes orientation between the force sensor reference frame and tool
reference frame. This means that the measured normal and tangential forces
by the sensor are not actual normal and tangential interaction forces between
the tool and workpiece. Consequently force-position control approach does not
work properly. Furthermore, geometrical errors occurs in cross-section of the
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Figure 1.1: Steps of posture optimization process

workpiece because of tool deflection effect during surface grinding operations.
In this thesis, one of the objectives is to compensate the tool deflection effect
and prevent geometrical errors on cross-section of the workpiece by a kinematic
solution.

1.2 Contributions of the Thesis

This thesis in composed of three main parts. In the first part, a novel hybrid
grinding force model based on energy and experimental methods is developed.
The developed model is optimized for robotic grinding operation considering the
setup stiffness and mechanical properties of the setup and workpiece. A physical
model is used based on chip formation energy and sliding energy. To improve
the model for robotic grinding operations, a refining term is added. The stiff-
ness of the tool and setup is inherently included using penetration test results
and estimating the refining term of the model. The model coefficients are cal-
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culated using a linear regression technique. The proposed model is validated by
comparing model outputs with experimentally obtained data. Evaluation of the
test results demonstrates the effectiveness of the proposed model in predicting
surface grinding forces.

In the second part of this thesis a method is utilized for calculation of the tool
deflection in normal and tangential directions based on grinding force feedback
in these directions. Based on calculated values, a novel real-time tool deflec-
tion compensation (TDC) algorithm is developed and implemented for robotic
grinding using a parallel hexapod. Another contribution of this part is design
and implementation of a supervised resultant grinding force fuzzy controller for
a parallel hexapod-robotic light abrasive surface grinding operation. Such a con-
troller eliminates the orientation problem between sensor reference frame and
tool reference frame which is a result of tool deflection phenomena in robotic
grinding. Due to the nonlinear nature of the grinding operation, a supervised
fuzzy controller is designed where the reference input is identified by the force
model that is developed in this thesis. Evaluation of the experimental results
demonstrates significant improvement in grinding operation accuracy using the
proposed resultant force control strategy in parallel with a real-time TDC algo-
rithm.

In the third part of this thesis a novel strategy for posture optimization of the
12 DOF redundant hybrid manipulator is proposed. This method is based on
minimization of the computed torque of wrist joint of serial part of the hybrid
manipulator. The kinematic and dynamic analysis of the hybrid manipulator is
done in this part. The force calculated by the developed grinding force model
is given to the dynamic model of the hybrid redundant manipulator and the
torque in the critical joint is calculated by the dynamic model. In redundant
manipulators, there are infinite inverse kinematics solutions. In this thesis a
configuration generation approach for 12 DOF hybrid redundant manipulator
is proposed. Based on the workpiece geometry and desired grinding geometry,
the tip point location and orientation in the robot workspace are obtained. For
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the obtained location and orientation and for a given grinding force by the force
model, the configuration generation algorithm is implemented and generates
various configurations for redundant manipulator. A search algorithm is used
in order to find the optimum posture that leads minimum torque in the critical
joint of the hybrid manipulator. Also in this part a method is proposed in
order to find optimum orientation for surface grinding in the work space. In
this method, instead of giving tip orientation to the optimization algorithm,
the search approach finds the optimum tip orientation in parallel with optimum
posture of the manipulator. The simulation results showed that it is possible
to minimize the computed torque of a desired joint in redundant manipulators
using true posture of the robot. Based on the proposed posture optimization
method and based on proposed grinding force model, it is possible to generate
an optimum path for the robot during grinding operation.

1.3 Outlines of the Thesis

A brief information related to the motivation, objectives, contributions and out-
line of this thesis are given in the first chapter. The detailed presentation of
each part of the thesis are explained in the following chapters. There are five
chapters in this thesis.
In the second chapter contains detailed steps of developing a hybrid model based
on energy and experimental methods for parallel hexapod-robotic light abrasive
grinding operations. In this chapter the detailed introduction and literature
survey about physical and empirical grinding force models and robotic grinding
operations are presented. The steps of robotic surface grinding model develop-
ment are also explained. The detailed explanation of an energy-based model
of surface grinding forces is presented followed by the procedure of penetration
tests and feature selection algorithm. The penetration tests are used for extract-
ing new features related to the mechanical properties of the grinding setup and
workpiece. Afterwards, grinding force model improvement with a refining term
is explained. The refining term optimizes the energy-based model for robotic
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grinding operations. The experiments results and a discussion about them are
also given in second chapter. In the second and third chapters, the just parallel
hexapod is considered as grinding robot and serial manipulator is assumed as a
locked rigid body.
The third chapter is related to development of a high performance parallel
hexapod-robotic light abrasive grinding using real-time tool deflection compen-
sation and constant resultant force control. In this chapter the detailed intro-
duction and literature survey about constant force control and different control
methods in robotic grinding are presented. Afterwards the effects of tool de-
flection on robotic surface grinding forces are investigated. The experimental
setup and technical details of tool deflection modeling are also given in this
chapter. Based on such a model for tool deflection a kinematic solution for tool
deflection compensation is presented. Then a constant resultant force control
approach using model supervised fuzzy controller is presented. In this supervised
control approach, the developed force model in Chapter 2 is used for reference in
put generation that is given to a fuzzy controller in order to keep the resultant
grinding force constant during the operation. The results of implementing the
tool deflection compensation and resultant force control in parallel are given in
this chapter. The results show the effectiveness of this methods in increasing the
accuracy of the operation and preventing the geometrical errors on workpiece
cross-section.
The fourth chapter is related to the kinematic/dynamic analysis and posture
optimization of a 12 DOF hybrid redundant manipulator. In this chapter an in-
troduction and literature survey about applications of the hybrid manipulators
in machining operations are presented. Then the kinematic/dynamic analysis
and simulation of the ABB IRB2000 manipulator are explained. Afterwards the
kinematics and dynamic analysis of the parallel hexapod are given. Finally a
novel method for posture optimization and path generation of 12 DOF hybrid
redundant manipulator based on computed torque minimization of wrist joint
is presented. In this part the simulation results of such an optimization show
the capability of proposed method in minimization of wrist torque.
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In the fifth chapter a general conclusion of this thesis, and possible future works
on upcoming tasks are presented. References are also provided in the Reference
section.
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CHAPTER 2

HYBRID MODEL BASED ON ENERGY AND EXPERIMENTAL
METHODS FOR PARALLEL HEXAPOD-ROBOTIC LIGHT

ABRASIVE GRINDING OPERATIONS

Automatic grinding using robot manipulators requires simultaneous control of
the robot endpoint and force interaction between the robot and the constraint
surface. In robotic grinding, surface quality can be increased by accurate esti-
mation of grinding forces where significant tool and workpiece deflection occurs.
In this chapter a novel grinding force model is proposed that is optimized for
the robotic grinding operation. The model considers setup and workpiece me-
chanical properties using several features that are extracted from penetration
tests. Also the percent load of the spindle which is a function of spindle current
is used in the proposed model.

2.1 Introduction

Grinding is a finishing operation that is used for obtaining high surface quality
and high accuracy of dimension. The exerted force is an important factor that
greatly affects the grinding operation and resulting surface quality. Constant
force control in the normal direction is a potent way to obtain small and uni-
form chips, leading to improvements in surface quality in machining operations.
Without a force sensor, grinding force estimation is an important means of con-
trolling the process. An accurate force estimation model provides assistance in
robotic precision grinding operations.
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Grinding operation is a complex process and susceptible to workpiece shape and
material as well as robot type and configuration. Large number of character-
istic quantities have influence upon grinding normal and tangential forces. In
addition to the tool and workpiece types and materials, the depth of cut, spin-
dle speed, and feed-rate are well-known grinding parameters that affect force.
Considerable researches in development of grinding force models were made by
researchers. The main aim of these researches is to predict the grinding normal
and tangential forces as a function of grinding parameters.

2.2 Literature Survey

2.2.1 Grinding force models

Grinding models can be classified into two main branches: physical and empirical
models [94]. Empirical models are based on experimental results. The physical
models are based on physical laws and mathematical relationships between input
and output parameters. Physical models are more general, but empirical models
are more accurate in certain experiment conditions [11].

2.2.1.1 Physical grinding force models

Physical grinding models are derived from operation attributes, process vari-
ables, physical laws and physical assumptions. These types of models can be
derived from analytical or numerical approaches. The material removing process
in grinding can be considered to be an interaction between many small abra-
sive edge elements and the workpiece. An analytical force model considering
single edge grit individually and extending the results for all active abrasive
grits was proposed by Azizi et al. [6]. The effect of kinematic parameters and
grinding surface characteristics like number of active grits and their sharpness
were included. However, elastic deformation of the tool, workpiece and setup
were not considered. Aslan et al. [5] proposed a semi-analytical grinding force
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model using micro milling analogy and modeling geometrical characteristics of
the individual grits. The grit distribution on the wheel and the interaction with
the workpiece was investigated. Also the important parameters like shear stress
and friction coefficient between the workpiece and grits were included in the
model. Temperature measurement were done during experiments in order to
obtain shear stress using Johnson-Cook formula. The setup and grinding wheel
assumed stiff enough in this research. Based on a single grain force model,
a new grinding model was generated by Wang et al. [95]. These researchers
analyzed grain trajectory and interaction between grain and the workpiece in
order to find critical grain penetration depths that cause sliding, cutting and
plowing behaviors. The used setup was composed of a CNC machine and an
alumina wheel with 15.24 cm diameter. Due to such a stiff setup, the effect of
the tool deflection was not mentioned in this research. The maximum error be-
tween experimental and predicted normal/tangential grinding forces were 9.1%
and 10% respectively. Hecker et al. [38] proposed a method for prediction of
grinding power and force based on the probabilistic distribution of unreformed
chip thickness. These researchers used kinematic and dynamic analysis of the
process and incorporated the material properties and wheel micro structure in
their model. They also considered elastic deformation of the tool and workpiece
on the contact length. A model based on static and dynamic chip formation
energy was proposed by Tang et al. [91], and formulas for chip formation forces
and sliding forces during the grinding operation were calculated without consid-
ering tool deflection and stiffness effects. This model is investigated in Chapter
2.3.1 in detail. Dynamic grinding models were proposed as a function of ma-
terial removal rate (MRR) in [48]. A 25% relative error on the mean forces
values were observed comparing the model outputs and experimental data. In
this model the contact stiffness between the wheel and workpiece is modeled as
a single spring. However, the stiffness of the setup elements are not considered.
Cohesive zone based finite-element method was used by Feng et al. [28] for
modeling the grinding of ceramic materials. The results of normal forces pre-
diction were more accurate in comparison with the tangential forces prediction.
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They investigated the effect of tool deflection especially on tangential grinding
forces. The tool deflection effect on tangential forces was modeled as a function
of stiffness and friction coefficients and difference between SDOC and ADOC.
The new function improved the model performance in prediction of tangential
forces but they did not considered the tool deflection effect in normal direction.

2.2.1.2 Empirical grinding force models

The empirical force models are based on collecting data from experiments and
finding relationships and patterns between inputs and reaction forces. The re-
lationships and patterns are not necessarily mechanistically relevant. Artificial
neural networks (ANN) and regression techniques are common methods for mak-
ing an empirical model. An empirical force model was generated by Guo et al.
[32] using a CNC machine and parameters like feed rate, wheel speed and dy-
namic depth of cut. The model describes amplitude and frequency properties
of the grinding force. They used linear regression approach in their study for
making the model from experimental data. The mechanical properties of the
material and setup such as their deflection and elastic deformation were not
considered. The comparison between developed force model and experimental
data showed that the error deviations were within acceptable range. Amamou
et al. [3] proposed an ANN model in order to predict the specific tangential
and normal grinding forces by determination of an optimal ANN input set. The
average percentage of the deviation from the validation experiments was equal
to 7.84% using the developed ANN model. A hybrid model based on genetic
algorithm (GA) and artificial neural networks was generated for optimization
of process parameters in NC camshaft grinding [22]. The absolute maximum
error was less than 17.44%. The evaluation of the result showed that absolute
maximum error was less than 17.44%. Also the 85.42% of the predicted values
had error ranging between ±10%.
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2.2.2 Robotic grinding

Automatic grinding systems have been investigated for years to mimic the adap-
tive nature of human intelligence in order to replace manual grinding, which is
labor-intensive and not productive. Force-position control is a common tech-
nique when grinding with robots, where the end point of the manipulator must
be controlled together with force interaction between the manipulator and work-
piece. Robotic disc-grinding operations were investigated by Dai et al. [21],
and a linear autoregressive moving average with exogenous variable model of
the fourth order (ARMAX) was generated. This model was used to develop
an adaptive pole placement controller in order to regulate the normal grinding
force. The average measured forces during their experiments were not constant.
These researchers estimated that changing the grinding force is due to the setup
error, robot error or stiffness change in different configurations of the robot.
The model was a relation between depth of cut and normal grinding force. The
effects of wheel speed, feed rate and stiffness of the setup were not investigated.
An experimental study was performed by Tahvilian et al. [90] for coefficient de-
termination of a semi-analytical grinding force model, where a flexible robot was
used as a tool holder. These researchers investigated the number of impact cut-
ting actions per wheel turn at various grinding power levels. Using the measured
power, MRR and wheel speed, the coefficients of the force model were identified.
The stiffness of the setup, workpiece properties and defection effects were not
considered in this research. The stiffness of the robot structure can affect grind-
ing model accuracy where it depends on the current position of the robot axes,
as well as direction of movement. This effect is especially pronounced when deal-
ing with the difference between the set depth of cut (SDOC) and actual depth
of cut (ADOC); the stiffness of the machine, the tool-workpiece contact stiffness
and grinding stiffness (cutting stiffness) must be investigated. An analysis of
the SDOC and ADOC was performed by Zhang et al. [103], where a fixture
was used for fixing the workpiece, which enabled the machine stiffness to vary
in a desired range. In that study, for a given stiffness value that was a result
of the fixture set, the SDOC and ADOC were observed and investigated using
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a multi-pass method. The results demonstrated that for higher stiffness values,
the ADOC is closer to the SDOC.

Robotic grinding machines have lower stiffness in comparison with universal
grinding machines. This issue leads to dimensional errors and decreases the ma-
chining accuracy. The stiffness factor can be categorized as manipulator, work-
piece and tool stiffness. In the literature, several techniques were used in robotic
machining operations to decrease effect of errors and increase dimensional ac-
curacy and surface quality by considering the stiffness. The elemental errors
were categorized, weighted and introduced to the homogenous transformation
matrix of a multitasking machine using the Denavit – Hartenberg approach in
Ref. [24]. The origin of these errors can be traced to such parameters as the stiff-
ness of the tool and robot cutting tool deformation and geometric or kinematic
errors. These researchers defined errors as additional geometric factors in the
kinematics of the robot. Position error during robotic deburring with constant
normal force was investigated in Ref.[87]. To prevent position error, excessive
contact force and workpiece damage, an impedance controller was implemented
with respect to the robot stiffness. One of the important focuses in the litera-
ture is investigation of tool deflection effects on machining. Due to the nature
of robotic machining where tiny drill bit tools are used, machining forces and
surface quality are greatly influenced by tool deflection. Correlations between
tool position in the space and three cutting force components (coordinates X,
Y, and Z) were used for more useful diagnosis of the machining test [59]. The
data were collected and processed in order to extract the relationship between
cutting forces and their actual point of effect in the space. Such a relationship
reflects the deflection amount of the tool. Due to uncertainty in the physical
models, empirical models are preferred for prediction of the tool stiffness [4].
An empirical research is described in Ref.[56] in order to study the effect of
workpiece inclination, tool slenderness, and cutting strategy on tool deflection
during high speed milling. The results showed that proper selection of the tool
and milling strategy can decrease tool deflection.
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Considering the entire system stiffness (tool, workpiece and hexapod stiffness)
to be an important parameter, a novel grinding force model is derived in this
study and optimized for robotic grinding. A physical model plus a refining term
was used. The refining term indirectly includes the mechanical properties of
the setup and workpiece. In addition to the common grinding variables, such
as spindle speed, depth of cut, and feed rate, feedbacks from the spindle were
used in the refining term of the surface grinding force model. The details of the
grinding model are explained in the next section. The performance of the pro-
posed model in predicting the grinding forces is investigated, and a comparison
between the proposed model and the physical model is performed.

2.3 Development of Robotic Surface Grinding Model

The aim of the grinding model is to predict the normal and tangential reaction
forces coming from the work piece and acting on the tip point of the robotic
machine tool. A precise model requires a pre-estimation of the reaction param-
eters. A path control strategy can be designed with respect to these reaction
parameters in order to increase grinding operation performance. To generate a
grinding model, an experimental setup was designed. The setup was composed of
PI H-824 hexapod, ATI Gamma IP60 force/torque sensor, high-frequency BMR
222-42-MHM spindle, CBN ZY 4.0-5 B126 tool (overhang 25 mm), workpiece
(St37 steel), tool changer and collets (Figure 2.1).

The setup enabled the implementation of a grinding operation under controlled-
conditions and registered the incoming data from the spindle (current and load
percent), force/torque sensor and the hexapod (position feedback). The 6 DOF
parallel hexapod that is used in this study has 1.7N/µm stiffness in the normal
direction (Z direction) and 7N/µm stiffness in tangential direction (Y direction).
The normal and tangential axis of the hexapod are along Z and Y directions
respectively that are shown in Figure 2.1. The repeatability of the hexapod in
normal and tangential directions are ±0.1µm and ±0.5µm and the single actu-
ator design resolution of the hexapod is 0.007µm. Stiffness of the force/torque
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Figure 2.1: Experiment setup

sensor in normal and tangential directions are 18N/µm and 9.1N/µm. The res-
olution of the Force/Torque sensor in its normal and tangential directions are
0.0125N and 0.00625N . Head stiffness of the spindle is negligible. The hexa-
pod and force/torque sensors are notably stiff, and they are sufficiently accurate
to cover the range of parameters for the grinding experiments conducted in this
study. An electro-spindle is used with maximum nominal output power of 300W
and maximum rotation speed of 60000 rpm.

CBN abrasive mounted bits were used as a grinding tool in this study due to
their high resistance against wear, heat dissipation properties and a dry work-
ing capability without any coolant [16] and [17]. Based on the data collected,
the mechanics of the grinding process can be investigated, and a model of the
grinding operation can be generated using analytical methods and data mining
and pattern recognition techniques. A large number of parameters affect the
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reaction behavior of the workpiece during grinding operations, such as material
mechanical properties, stiffness of robot, stiffness of the spindle and toolset, feed
rate, depth of cut, spindle speed, workpiece profile, and power of the spindle.
As mentioned before, the robotic grinding setup has lower stiffness (1.7N/µm
in the z direction and 7N/µm in the y direction) in comparison with universal
grinding machines (60− 100N/µm in the z direction and 30− 60N/µm in the
y direction) [55]. Therefore, the tool can be deflected during the operation.
Tool deflection has a significant effect on the grinding operation. An example
of robotic grinding with constant set depth of cut (SDOC) and spindle speed is
shown in Figure 2.2. In surface A, grinding has been performed at a constant
feed rate. On this surface, the tool could not reach to the SDOC due to tool
deflection. When the hexapod reaches point B, feeding by the hexapod was
stopped and the tool began to compensate its deflection. The tool continuously
removes chips at point B, compensates the deflection and reaches the SDOC, as
shown in the side and top views of Figure 2.2. Surface C is not machined in this
figure.

In this study, we combined both physical and empirical methods for the gen-
eration of a comprehensive grinding model with a capability of extension to
different grinding setups and workpiece materials. The steps of the grinding
model generation are shown in Figure 2.3. Model generation included a refining
term that was added to an energy-based surface grinding model (see section
2.3.1) in order to increase accuracy. The model uses a specific grinding energy,
where its variables are classic grinding variables (spindle velocity, the depth of
cut, feed rate and tool geometry). The coefficient of each term in a new equation
was calculated with a linear regression approach with respect to experimental
grinding data. The procedure for extracting the refining term equation is as
follows: first, design of experiment (DOE) using the Taguchi method was per-
formed and penetration tests were implemented through the DOE table. After
implementing the penetration tests, the dimension of dataset increased, adding
new extracted features from test results. Next, a feature selection algorithm
was implemented to select the most correlated features with the desired out-
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Figure 2.2: Robotic grinding with constant SDOC and spindle speed. A: Ground
surface with constant feed rate where tool deflection happens, B: Ground point
where hexapod is stopped (zero feed rate) without tool deflection, C: Unma-

chined surface

put (normal/tangential grinding forces). Finally, the refining term equation was
generated as a function of the selected features. The resulting model is sensitive
to setup, tool and workpiece stiffness. The accuracy of grinding forces predic-
tion is improved using the new model in comparison with energy-based model
prediction results.

2.3.1 Energy-based model of surface grinding forces

It is possible to define the grinding forces as a combination of two different
forces. The first one is cutting deformation force, and the second one is sliding
force. A cutting deformation force is composed of a chip formation force and a
plowing force. The chip formation force is interaction force between the cutting
edges of the tool and workpiece material when plastic deformation of workpiece
occurs along rake face of the cutting edges. The sliding force is a result of
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Figure 2.3: Grinding model generation steps

rubbing between the wear flats and the workpiece. The plowing force is a result
of elastic reaction between flank surface of the tool and machined material. The
plowing force do not contribute to removal of the chip. It is possible to neglect
the plowing force because it is a notably small value in comparison with the
chip formation force [63]. Therefore, the grinding force can be written as a
summation of the chip formation and the sliding forces.

FGrinding = FChip+FSliding (2.1)

Specific grinding energy can be written as a combination of the chip formation
specific energy and the sliding specific energy.

uGrinding = uChip+uSliding (2.2)
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The chip formation specific energy is composed of two parts, static specific chip
formation energy (us) and dynamic specific chip formation energy (ud).

uChip = us+ud (2.3)

The static specific chip formation energy is constant and can be identified by
experiments. The dynamic specific chip formation energy in the grinding oper-
ation is a result of both the strain rate effect and the thermal softening effect.
Considering these effects, the ud can be obtained using Eq. 2.4, where κ and γ̇0

are experimental constants. The parameter C is the number of effective abrasive
blades of the grinding wheel in unit area, r is the chip width ratio to the chip
thickness, de is an equivalent tool diameter, Vs is the tool wheel velocity, ap is
the depth of cut, Vf is the feed rate and c2 is a constant coefficient [91].

ud = c2 ln(κ (Cr)0.5 de
0.25 Vs

1.5

γ̇0 ap0.25 Vf
0.5 ) (2.4)

The ud equation can be written as a summation of two terms Eq.2.5. The first
term includes only constant parameters and the second term includes variables.
Both constant and variable terms of the ud equation are multiplied by c2.

ud = c2 ln(κ (Cr)0.5 de
0.25

γ̇0
) + c2 ln( Vs

1.5

ap0.25 Vf
0.5 ) (2.5)

Using constant terms of uChip as c1:

c1 = us+ c2 ln(κ (Cr)0.5 de
0.25

γ̇0
) (2.6)

The chip formation specific energy can be expressed as follows [91]:

uChip = c1 + c2 ln( Vs
1.5

ap0.25 Vf
0.5 ) (2.7)
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The tangential chip formation force can be obtained from the specific chip for-
mation energy using the following formula [64]:

Ft,Chip = uChip Vf ap b

Vs
(2.8)

Parameter b is the tool width. Substituting Eq. 2.7 in Eq. 2.8, the tangential
chip formation force will be as follows [91].

Ft,Chip = c1 (bap Vf
Vs

) + c2 (bap Vf
Vs

) ln( Vs
1.5

ap0.25 Vf
0.5 )

(2.9)

The normal chip formation force formula is the same as a tangential chip for-
mation force formula. The only differences are coefficients where c1 and c2 are
multiplied by the static and dynamic ratio of the normal chip formation force
to the tangential chip formation force [91].

Fn,Chip = c3 (bap Vf
Vs

) + c4 (bap Vf
Vs

) ln( Vs
1.5

ap0.25 Vf
0.5 )

(2.10)

As shown in Eq. 2.1 the second part of the grinding force is sliding force. The
tangential and normal sliding forces can be written as follows [64]:

Ft,Sliding = µ p̄ bA
√
ap de (2.11)

Fn,Sliding = p̄ bA
√
ap de (2.12)

In Eq. 2.11 and Eq. 2.12, µ is the frictional coefficient, A is an area ratio of
the grinding wheel′s wear surface and p̄ is the average contact force between the
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workpiece and the tool. The formulas of µ and p̄ are expressed in Eq. 2.13 and
Eq. 2.14 where, α, ζ and p0 are constant coefficients that can be determined by
experiments [91].

µ= αVs de
4p0 Vf

+ ζ (2.13)

p̄= 4p0 Vf
Vs de

(2.14)

Substituting equations 2.13 and 2.14 in equations 2.11 and 2.12 and simplifying
the results, the sliding tangential and normal forces are obtained as follows.

Ft,Sliding = (αAb)
√
ap de) + (4 ζ p0A) (

bVf
√
de ap

Vs de
) (2.15)

Fn,Sliding = (4p0A) (bVf
Vs

√
ap
de

) (2.16)

In this study, the constant coefficients are determined by a linear regression
approach. Therefore, it is possible to combine the experimental constant coeffi-
cients for each term in the equations. Considering:

c5 = αA (2.17)

c6 = 4 ζ p0A (2.18)

c7 = 4p0A (2.19)

The tangential and normal sliding forces can be written as Eq. 2.20 and Eq.
2.21.
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Ft,Sliding = c5(b
√
de ap) + c6 (

bVf
√
de ap

Vs de
) (2.20)

Fn,Sliding = c7 (bVf
Vs

√
ap
de

) (2.21)

Finally, adding the chip formation and sliding forces as given in Eq. 2.1, the
general form of the grinding tangential force (Ft′) and grinding normal force
(Fn′) are obtained.

Ft
′ = c1 (bap Vf

Vs
) + c2 (bap Vf

Vs
) ln( Vs

1.5

ap0.25 Vf
0.5 )

+c5 (b
√
de ap) + c6 (

bVf
√
de ap

Vs de
) (2.22)

Fn
′ = c3 (bap Vf

Vs
) + c4 (bap Vf

Vs
) ln( Vs

1.5

ap0.25 Vf
0.5 )

+c7 (bVf
Vs

√
ap
de

) (2.23)

The above force model is based on specific grinding energy without considering
the mechanical properties such as stiffness of the setup and the possible deflection
of the tool and setup during robotic grinding. Therefore, it is necessary to
improve the model.

2.3.2 Penetration tests

To improve the energy-based grinding force model, we conducted several pene-
tration tests and extracted the material and setup mechanical properties from
the test results. The extracted characteristics are used for the identification of
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Figure 2.4: Penetration tests example

the model parameters. In the penetration test, the tool enters the workpiece
axially, similar to a slot grinding operation, where the feed direction is normal
to the workpiece surface. In Figure 2.4, four penetration tests on a workpiece
are shown. The DOE methodology is used before implementing the penetration
tests. Based on our setup and spindle capabilities, four different levels were
defined for each grinding parameter (spindle speed, depth of cut and feed rate).
For spindle speeds, 10000, 20000, 30000 and 40000 rpm were used. For the
depth of cut, 150, 300, 450 and 600 micro meters were selected. For a feed rate
considering the working conditions of the hexapod, the values of 0.2, 0.4, 0.6
and 0.8 mm/s were selected. Using Taguchi′s method, a set of experiments was
designed, which is shown in Table 2.1.

In the study, forces, spindle position feedbacks from hexapod, spindle current
and spindle percent load were registered during the experiments. The data set
dimension was increased by adding extra features that were extracted from the
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Table 2.1: Design of experiment Taguchi method

Expeiment No ap(µm) ωs(RPM) Vf (mm/s)

1 150 10000 0.2
2 150 20000 0.4
3 150 30000 0.6
4 150 40000 0.8
5 300 10000 0.4
6 300 20000 0.2
7 300 30000 0.8
8 300 40000 0.6
9 450 10000 0.6
10 450 20000 0.8
11 450 30000 0.2
12 450 40000 0.4
13 600 10000 0.8
14 600 20000 0.6
15 600 30000 0.4
16 600 40000 0.2

collected data. These new features enabled us to obtain valuable knowledge
about workpiece mechanical properties, stiffness of the setup and tool defor-
mation in different experiment conditions. For each experiment with a certain
ap, Vf and Vs, if the tangential or normal force is plotted in the time domain,
a graph similar to Figure 2.5 is obtained. Several valuable features can be ex-
tracted using such a graph. There is a peak time and a corresponding peak force
value in the graph. This peak occurs when the hexapod reaches the desired cut-
ting depth, while the tool is still reaching the SDOC. In an ideal condition when
the grinding robot and tool are sufficiently stiff, and negligible deformation hap-
pens, the force value should fall to zero immediately at the point where SDOC
is reached, which corresponds to the peak point in the penetration test.
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Figure 2.5: Tangential force profile of a penetration test in the time domain

In real conditions, when the tool enters the workpiece, it starts to be deformed
and follows the hexapod motion with a delay. A continuous increase in the force
value is observed at this stage. When the hexapod reaches the SDOC, feeding
is stopped, which is the state at which that peak force value occurs. After this
state, in spite of the zero feed rate, the deformed tool still removes chips until
it compensates its deformation and reaches the vertical position. Therefore, the
force value follows a parabola in the descending section of the graph (Figure
2.5). By investigating the force graph of the penetration test, it is possible to
extract new features that are correlated with workpiece properties and setup
stiffness. Therefore, the start time, peak time, end time, ascending period (t1)
and descending period (t2) of the graph, peak force value (Fp), an area between
the start and peak time (A1) and an area between the peak time and the end
time (A2) were extracted as new features. The features were extracted for the
tangential and normal force graphs. The symbols of all extracted features and
their descriptions are shown in Table 2.2.

After increasing the data dimension, a feature selection algorithm was imple-
mented to select the most correlated features with the desired output. For this
purpose, a merit was calculated for each feature subset. Next, the subset that
had higher merits were selected as inputs to the grinding model. A correlation-
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Table 2.2: Descriptions of the extracted features

Symbol Description

ap Depth of cut
de Tool diameter
A1ft Area under Ft graph from start time to peak time
A1fn Area under Fn graph from start time to peak time
A2ft Area under Ft graph from peak time to end time
A2fn Area under Fn graph from peak time to end time
∆Aft A1ft−A2ft

∆Afn A1fn−A2fn

Ft Tangential grinding force
Fn Normal grinding force
Fpt Peak Ftvalue
Fpn Peak Fnvalue
Is Spindle current
Lp Percent load of the spindle. If the spindle is not loaded and

no defect exists, the Lp will equal to 0%
Lpmax Peak Lpvalue of penetration test
t Elapsed time while grinding
t1ft Start to peak period of t-Ft graph (ascending period)
t2ft Peak to end period of t-Ft graph (descending period)
t1fn Start to peak period of t-Fn graph (ascending period)
t2fn Peak to end period of t-Fn graph (descending period)
tpft Peak time of Ft graph
tpfn Peak time of Fn graph
Vf Feed rate
Vs Velocity of tool wheel periphery (m/s)
ωs Spindle speed (RPM)
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based feature selection (CFS) is used for feature selection.

2.3.3 Feature selection

To obtain an accurate predictive model for a class feature, it is important to
select the best predictors from a dataset. The best predictors stand for the
features that are highly correlated with the class feature. In this study, the class
features are normal and tangential grinding forces. So we need to select the most
correlated features from our dataset in order to design a grinding force prediction
model. A common method for calculating the feature-class correlation value is
using Pearson′s correlation coefficient. This method investigates each feature-
class correlation individually. The weak point of this method is that it does
not account for feature-feature correlations that can be classed as redundancy
between features. Therefore both feature-class and feature-feature correlations
should be considered during evaluation of a feature subset. It is necessary to
use an algorithm that searches among the possible feature subsets and calculate
a merit for them. The highest merit gives the best feature subset in order
to use them for predictive model generation. CFS has a heuristic in order to
determine the merit of the features subset with respect to capability of each
feature for prediction of the class label, and the degree of redundancy between
them [7]. “The heuristic is based on the following hypothesis. Good feature
subsets contain features highly correlated with the class but uncorrelated with
each other [25]. Eq. 2.24 formalizes the heuristic of CFS [36].

MeritS = k rcf√
k+k (k−1) rff

(2.24)

Eq. 2.24 presents the merit of a feature subset S that includes K features.
rcf expresses the average of feature-class correlation, and rff is the average
feature-feature correlation [37]. The nominator indicates how predictive a subset
of features is, and the denominator indicates the redundancy amount between
the features. This process handles irrelevant and weak features and discards
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Table 2.3: Selected subset with respect to the grinding forces using CFS

No Selected subset Selected subset
Class feature: Ft Class feature: Fn

1 ap ap

2 ωS ωS

3 Is Is

4 LP LP

5 Vf Vf

6 t1ft t1fn

7 t2ft t2fn

8 Fpt Fpn

9 A1ft A1fn

10 A2ft A2fn

the redundant attributes which are highly correlated with one or more of the
other attributes [34]. For continuous class data, the method that was used for
computing the correlation between attributes was a standard linear (Pearson′s)
correlation. The n possible features generate 2n possible subsets that testing all
of this space is clearly time consuming, and impossible. Using CFS we could
generate a matrix of feature-class and feature-feature correlations from training
data and search in subset space with different search algorithms [35]. In the
present study, a Genetic Algorithm (GA) search method was used. The cost
function of GA was the calculated Merit of feature subset. The aim of the
GA search was to find a feature subset with the maximum Merit [31]. The
main advantage of CFS is that it can detect a correlation between features and
eliminate the redundant features. This advantage improves the accuracy of the
generated model. The CFS is implemented twice, considering tangential and
normal grinding forces to be class features. The selected features for each class
feature are given in Table 2.3.
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Note that ∆Aft and ∆Afn are eliminated by CFS, because they are a function
of the A1ft, A2ft, A1fn and A2fn parameters.

2.3.4 Grinding force model improvement with a refining term

At this step, the equations of refining terms (∆t and∆n) are introduced for tan-
gential and normal forces. The outputs of the energy-based model are expressed
in Eq. 2.22 and Eq. 2.23 as Ft′ and Fn′. Therefore, adding a new refining term
changes the general form of the proposed grinding force model as follows:

Ft = Ft
′+ ∆t (2.25)

Fn = Fn
′+ ∆n (2.26)

The parameters ∆t and ∆n are a function of selected features that are shown
in Table 2.3. Among the selected features, there are classic grinding variables
(ap, ωs and Vf ) that are used in the energy-based model. Additionally, there
are features from the penetration tests analysis (A1ft, t1ft, A2ft, t2ft, Fpt, A1fn,
t1fn, A2fn, t2fn and Fpn). There are two important factors that are derived
from the spindle data that are the spindle current and the spindle percent load
(Is and Lp). Both have a significant correlation with grinding forces. Their
Pearson′s correlation coefficients are approximately 0.9. Spindle percent load is
a factor that reflects the spindle current during operation, and it varies between
0 and 100.

Lp = Is − Is0

Is100 − Is0
×100 (2.27)

In this equation, Is0 is the spindle current without any load, and Is100 is the
spindle current for a full load. These parameters are spindle characteristics, and
they can be derived from the spindle datasheet or by experiment.
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Figure 2.6: Spindle percent load in time domain during penetration test

An example of a percent load graph is shown in Figure 2.6 that is related to
the penetration test shown in Figure 2.5. The same start, peak and end time
of the force and percent load graphs and their similar patterns are obtained
because of high correlation between grinding force and spindle percent load. The
maximum value of the percent load graph (Lpmax) and the peak value of the force
graph occur simultaneously. Note that there is approximately 16% load because
of the tool and tool holder selected in this experiment. The spindle percent
load includes both current information and spindle characteristics. Therefore,
application of the spindle percent load instead of the spindle current enables the
force model to be modified for different spindle types. The mechanical properties
of the setup and workpiece are included in the proposed grinding force model
using ∆t and ∆n. For this purpose, three items were defined as follows for
derivation of ∆t and ∆n. These three items are correlated to the important
parameters, such as stiffness of the setup.

∆t = c8 (A1ft
t1ft

) + c9 (A2ft
t2ft

) + c10 (Lp
Fpt
Lpmax

) (2.28)
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∆n = c11 (A1fn
t1fn

) + c12 (A2fn
t2fn

) + c13 (Lp
Fpn
Lpmax

) (2.29)

• The first item of Eq. 2.28 and Eq. 2.29 is an average ascending force from
the beginning of the penetration until the hexapod reaches SDOC and
the end of feeding. This item reflects the average grinding force during
penetration of the workpiece, and it changes with workpiece mechanical
properties and stiffness of the setup.

• The second item is an average descending force from the end of feeding
until compensation of the tool deflection and a zero reaction force. This
item is highly correlated with the amount of tool deflection, and it reflects
the average grinding force during compensation of the tool deflection to
the vertical position.

• The third item is an estimation of the grinding forces using the spindle
percent load. A linear relationship between the force and the percent load
is assumed because of a high correlation coefficient of Lp. Therefore, in the
third item, instantaneous Lp multiplied by the rate of the peak penetration
force values to the peak percent load value of the penetration test Lpmax
provides an estimation of the grinding forces in real time.

Substituting equations 2.22 and 2.28 in equation 2.25, the general form of the
tangential grinding force model is derived. Substituting equations 2.23 and 2.29
in equation 2.26, the general form of the normal grinding force model is derived.
The coefficients c1− c13 are identified using a linear regression method. In the
research, based on the parameters of Table 2.1, 16 surface grinding tests were
conducted. The parameters of the proposed model were identified using the
linear regression approach and the performance of the proposed model is shown.
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2.4 Results and discussion

The general form of the proposed model is shown in the previous section. In
this section, all necessary constant coefficients are calculated using the linear
regression approach. Sufficient data samples are collected to implement the
regression method. All grinding data samples of each experiment were cropped
and merged together. The new database has more than 51000 data samples
from different regimes. Implementing a linear regression technique on a database
identified all constant coefficients of the model. The following equations were
obtained for the grinding forces.

Ft = −4.67−37.1 (bap Vf
Vs

) + 0.505 (bap Vf
Vs

) ln( Vs
1.5

ap0.25 Vf
0.5 )

+0.0228 (b
√
de ap) + 1631 (

bVf
√
de ap

Vs de
) + 0.465 (A1ft

t1ft
)−1.15 (A2ft

t2ft
)

+0.311 (Lp
Fpt
Lpmax

) (2.30)

Fn = −4.42−155 (bap Vf
Vs

) + 10.5 (bap Vf
Vs

) ln( Vs
1.5

ap0.25 Vf
0.5 ) + 2317 (bVf

Vs

√
ap
de

)

+1.49 (A1fn
t1fn

)−4.24 (A2fn
t2fn

) + 1.79 (Lp
Fpn
Lpmax

) (2.31)

Units of parameters of the above model are given in Table 2.4.

Investigating the normal and tangential forces of the grinding experiments, three
different surface grinding regimes were observed. These regimes are defined
based on force change patterns during the surface grinding operation. By chang-
ing the stiffness of the grinding setup or by changing the grinding parameters
(spindle speed, depth of cut and feed rate), one of the regimes can occur. In the
first regime, forces remained almost constant during the operation (Figure 2.7).
Grinding with very stiff machines, high spindle speed, low cutting depth and
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Table 2.4: Units of parameters

Parameters Unit

ap µm

Vf mm/s

Vs m/s

b mm

de mm

Figure 2.7: Example of the first regime robotic grinding

low feed rate are the factors that lead to constant grinding forces (first surface
grinding regime).

In the second regime, the forces increased almost linearly during the operation
(Figure 2.8). This regime is observed when significant tool deflection occurs.
Grinding by machines with lower stiffness, such as robot manipulators, low spin-
dle speed, high cutting depth and high feed rate, are the factors that lead to the
ascending grinding forces (second surface grinding regime).

In the third regime, force fluctuations were observed during the grinding exper-
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iment (Figure 2.9). This regime is a transition between the first and second
regimes, where small tool deflections occur frequently during the operation.

In this research, the grinding parameters were kept constant during experiments.
Note that when the grinding forces change in the experiment, the spindle percent
load will also be changed. The examples of measured tangential and normal
forces of grinding operations from the three regimes are plotted in Figures 2.10
- 2.15 with the proposed model and energy-based model outputs. The accuracy
of a predicting model can be evaluated with its capability to predict the values
close to the experimental data. Root mean square error (RMSE) is a factor to
evaluate how well the model outputs fit the experimental data. Smaller value of
RMSE means the model has predicted the values that are closer to the reality.
Two different predicting models can be compared by calculation of their RMSE
on an experimental dataset. To investigate the performance of the proposed
model in comparison with the energy-based model, RMSE were calculated for
both tangential and normal forces considering all 16 experiments and 51113 data
samples. The RMSE of tangential and normal forces prediction are shown in
Table 2.5. RMSE values of tangential and normal forces prediction using the
proposed model are less than RMSE of same forces prediction with the energy-
based model. It shows superiority of the developed model.

RMSE =
√∑n

i=1 (Fmodel−Fexp)2

n
(2.32)

In the RMSE formula, Fmodel is the model output, and Fexp is the experimental
data.

The results shown in Figures 2.10 - 2.15 indicate the effectiveness of the proposed
model in the prediction of the normal and tangential grinding forces, especially
for the first and second regimes. For the data of regime 3, outputs of the
developed model are close to the measured average force values. The proposed
model shows significant improvement in grinding force prediction compared to
the energy-based model, especially in prediction of the normal forces.
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Table 2.5: RMSE of tangential and normal forces prediction over the total datset
using proposed model and energy-based model

Grinding forces prediction RMSE value

Ft prediction with proposed model 1.1311 N
Ft prediction with energy-based model 1.1936 N

Fn prediction with proposed model 3.2377 N
Fn prediction with energy-based model 3.6590 N

Figure 2.8: Example of the second regime robotic grinding
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Figure 2.9: Example of the third regime robotic grinding

Figure 2.10: Regime 1 example. Tangential grinding force of experimental data
(blue graph), proposed model outputs (red graph) and energy-based model out-
puts (green graph)
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Figure 2.11: Regime 1 example. Normal grinding force of experimental data
(blue graph), proposed model outputs (red graph) and energy-based model out

puts (green graph)

Figure 2.12: Regime 2 example. Tangential grinding force of experimental data
(blue graph), proposed model outputs (red graph) and energy-based model out

puts (green graph)
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Figure 2.13: Regime 2 example. Normal grinding force of experimental data
(blue graph), proposed model outputs (red graph) and energy-based model out

puts (green graph)

Figure 2.14: Regime 3 example. Tangential grinding force of experimental data
(blue graph), proposed model outputs (red graph) and energy-based model out

puts (green graph)
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Figure 2.15: Regime 3 example. Normal grinding force of experimental data
(blue graph), proposed model outputs (red graph) and energy-based model out

puts (green graph)
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CHAPTER 3

HIGH PERFORMANCE PARALLEL HEXAPOD-ROBOTIC
LIGHT ABRASIVE GRINDING USING REAL-TIME TOOL

DEFLECTION COMPENSATION AND CONSTANT
RESULTANT FORCE CONTROL

In robotic grinding, significant tool deflection occurs due to the lower stiffness
of the manipulator and tool, compared with operation by universal grinding
machines. Tool deflection during robotic grinding operation causes geometrical
errors in the workpiece cross-section. Also, it makes difficult to control the
depth cut during the operation. In this chapter, an approach is developed for
real-time calculation and compensation of the tool deflection in normal and
tangential directions. Also a supervised fuzzy control method is developed for
controlling the resultant grinding force in order to obtain constant depth cut
during surface grinding process.

3.1 Introduction

Robotic machining systems have been researched for years to compromise be-
tween performance and flexibility for automated machining tasks such as grind-
ing of jet engine turbine propellers. Despite providing great working capabilities
on the complex paths of machining tasks, robotic machining setups have less
stiffness compared with computer numerical controled (CNC) machines. Tool
deflection in robotic machining significantly affects the machining forces, ma-
chining accuracy and surface quality. The machining setup stiffness and effects
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of setup, workpiece and tool deflections in the operation performance as well as
techniques of handling these effects have been researched [61], [14], [58], [60] and
[13]. In order to decrease dimensional errors due to the tool deflection in surface
milling operations, a tool path selection method is developed in [57] based on
minimization of tool deflection forces along the path. In this method, for three
and five axis milling operations the paths that result minimum tool deflection
cutting force, which is defined in the plane of the tool axis and the normal vector
to the workpiece surface, are extracted. Implementing milling on these paths
decreases dimensional errors. For three axis milling two options are proposed.
The first is selecting a general path that minimizes the mean value of the tool
deflection force and the second is selecting the various milling directions at each
control node that results less tool deflection force and connecting these nodes to-
gether. For the five axis milling, both tool axis orientation and milling direction
are considered in order to minimize the tool deflection force. In spite of higher
accuracy choosing proper tool path, the authors did not propose any algorithm
for compensation of the tool deflection. In [99], a method is proposed for min-
imization of vibrations and cutting forces during ball end milling of hardened
steel. This method is focused on optimal selection of tool overhang and surface
inclination in order to minimize the cutting forces and vibrations and improve
the surface quality of machined workpiece. The results of this research show
that increasing the tool overhang causes an increase of acceleration of vibration
amplitudes. Also the results of this research indicate that increasing the surface
inclination causes to decrease of cutting forces where the maximum value for
cutting forces is obtained during slot milling with zero inclination. The sur-
face inclination effect together with cutting speed effect are investigated in [98]
during ball end milling of hardened steel. An optimum values are proposed for
cutting speed and surface inclination for minimization of cutting forces. Such
a minimization in cutting forces decreases the tool deflection and improves the
machining accuracy. The focus of both of mentioned researches are on opti-
mization of machining parameters with respect to the workpiece surface profile
but compensation of the tool deflection is not considered. In ultra-precision
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machining the effect of workpiece material properties are more important in
comparison with conventional machining because the depth of cut changes in
sub-micrometer range [27]. The effect of elastic recovery of workpiece material
on surface roughness during ultra-precision milling is investigated in [96]. The
results of this research revealed that the elastic recovery capability of workpiece
material improves the surface finish in ultra-precision raster milling. The static
stiffness of different points of workpiece are calculated and the surface topog-
raphy of these points after precise turning are investigated in [70]. The results
reveal the considerable effect of stiffness on surface roughness. In the most of
the experiments, the surface quality are better at the points with higher stiffness
and less deflection.

3.2 Literature Survey

There are several studies in the literature related to the compensation of tool
deflection effects on workpiece. In this section, a review of the different strate-
gies of these studies is presented. Most of the mentioned studies are related
to end-milling operation. Kline et al. [44] proposed a method for predicting
the amount of tool and workpiece deflection in end-milling operation based on
cantilever beam theory. A force model and cantilever beam theory were used to
obtain the amount of deflection. Similarly, Ryu et al. [83] investigated side will
machining operation and attempted to predict the errors caused by tool deflec-
tion. However, a solution for compensation of these errors was not presented.
The effect of workpiece curvature on tool deflection and the resulting surface
errors were investigated in [80]. A method based on path correction was pro-
posed by Law et al. [47]. Their aim was to decrease tool deflection and its effect
on the workpiece using optimum tool path. Approaches for path correction in
end-milling operations were presented in [89], [23], [88] and [33] by adding an
offset to the tool path. Cantilever beam theory was used to calculate the amount
of tool deflection. Rao et al. [81] proposed an iterative approach instead of a
single offset to compensate for offset error caused by tool deflection. However,
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tool angle compensation was not investigated. A method for compensation of
tool angle and tool displacement during end-milling operation was proposed by
Yang et al. [100] where a proximity sensor was used for detecting tool deflection.
A strong aspect of their research is that they considered both tool angle and
tool tip displacement by compensating errors.

3.2.1 Constant Force Control

In recent years, force control during robotic machining has been significant for
the proper execution of the operation tasks [102], [12]. In these tasks, the robot
is controlled to maintain a given set force while the deflection of the robotic
arm and cutting tool are major factors that should be considered. In [52], a
force control system was designed to reduce the surface roughness by decreasing
grinding force variation. A PID controller was used without considering tool
and setup deflections during the process where the force sensor is mounted un-
der the workpiece. A constant normal force control technique was developed
by the authors. A normal force control on robotic grinding and deburring was
investigated by Domroes et al. in[26]. They tried to maintain a constant nor-
mal force by adjusting the feed rate. However, they did not offer a systematic
procedure for defining the reference force. Also, the stiffness of the setup and
workpiece were not investigated. In [76], an adaptive control strategy for surface
finishing was studied in which the goal was to track the desired motion in the
tangential direction and regulate the desired force normal to the surface simul-
taneously. For this purpose, a dynamic model of the robot was generated. Using
the dynamic model, a control scheme was developed that adapts the grinding
coefficient, which is the relationship between the normal and tangential forces.
The designed controller was tested on straight and curved surfaces. Thomessen
et al. proposed a strategy to control the normal grinding force by simultane-
ously adjusting the position and feed rate of the tool [93]. Active control force
feedback was used in grinding of large Francis turbines where the force sensor
was located behind the end effector of the manipulator. However, a user-defined
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reference force was used during experiments. Despite the large normal grinding
force values, the effects of tool deflection and resulting errors on the sensor ref-
erence frame were not considered. An automatic grinding system using a hand
grinder and a CNC machine was investigated by Liu et al. in [51]. Compliance
of the grinding system was considered by modelling the stiffness of each com-
ponent using a mass spring model. The real-time normal force feedback was
supplied by a force sensor located under the workpiece. For normal grinding
force control, a PID controller was used. A linear relationship between the cut
depth and the normal force was assumed, and the slope of the cut depth–normal
force graph was used as a stiffness of material removal process.

There are two options for the placement of force sensors for grinding operation.
The first option is mounting the sensor under the workpiece. The advantage of
this option is that there is no orientation between the sensor reference frame and
workpiece reference frame. This means that the measured normal and tangential
grinding forces by the sensor are real normal and tangential interaction forces
between the tool and workpiece. However, in grinding of larger workpieces, it
is not functional to use a sensor under the workpiece. The second option is
placing the force sensor behind the spindle. This option is useful for industrial
grinding applications using robot manipulators. But, in robotic grinding, due to
deflection of the tool, there is an orientation between the sensor reference frame
and tool reference frame. This means that the measured values for normal
and tangential forces are not the real normal and tangential interaction forces
between the tool and workpiece. In this study, the second option is selected
for mounting the force sensor. In order to solve the problem caused by the tool
reference frame orientation, the resultant grinding force was selected as a control
parameter.

There is limited research on the effects of resultant force control in machining.
An adaptive controller was developed by Budak to control the resultant force of
milling operations [12]. A significant improvement was observed in the surface
quality of the workpiece using the resultant force control algorithm. An adaptive
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control strategy was used in [41] to maintain a constant resultant force while im-
plementing robotic deburring. The proposed approach showed promising results
in force/position tracking of an unknown environment. Although normal force
control in robotic grinding is a research field that is often investigated, model
supervised resultant force control is not studied in detail. In this study, model
supervised resultant force control is studied in order to improve surface quality.

3.2.2 Control approaches

Designed linear controllers, such as PID, can be tuned and used in certain grind-
ing conditions. However, due to the non-linearity of the grinding process, the
mentioned linear controllers do not turn out a comprehensive solution. Fuzzy
controller or a combination of fuzzy and PID controllers are preferable solutions
for force control during grinding operations. A hybrid force motion control ar-
chitecture is proposed in [65] for increasing robot autonomy. The performances
of PI and fuzzy PI controllers were compared, and fuzzy PI controller showed
better efficiency. A fuzzy controller is used for force control of a ceramic grinding
(Al2O3) process in [62]. The results showed a more stable machining process
when fuzzy controllers were used. Li et al. proposed an adaptive fuzzy control
algorithm for hard sphere grinding [49]. Instead of a force sensor, a model was
used to estimate the grinding force based on the spindle current indirectly. Based
on the grinding force, the cut depth and spindle speed were controlled with a
dynamic threshold-based fuzzy adaptive control approach. Although spindle
current is used as a key factor for estimation of the grinding force, the obtained
model cannot be used for different setups and spindles. This is because of the
different characteristics of different spindles. The same current value can cor-
respond to different grinding force bands when the spindle types are different.
In our study, a factor called percent load is used in the grinding force model
instead of spindle current. A fuzzy PID controller for grinding and deburring
applications was generated in [92], [101]. The parameters of the PID controller
were updated online at each sampling time by fuzzy rules.
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In this study, a combination of a robotic grinding force model and a fuzzy
control strategy is developed to maintain a constant resultant grinding force
during robotic grinding operation. The grinding model used is optimized for
robotic grinding applications considering the setup, tool and workpiece stiffness.
As a result, a realistic reference force is generated for the fuzzy controller. Also,
an approach is utilized for calculating tool deflection values as a function of
grinding forces in the normal and tangential directions. A kinematic solution is
proposed for real-time tool deflection compensation (TDC).

3.3 Effect of tool deflection on robotic surface grinding forces

Grinding with constant normal force and constant tangential velocity is a well-
known approach for increasing operation accuracy and obtaining constant cut-
ting depth and surface quality along the workpiece. However, the mentioned
approach is effective when using universal grinding machines that are very stiff
and the deflection of the tool and setup is negligible. In the case of robotic
grinding, the stiffness of the robot and setup is lower than CNC type grinding
machines. Consequently, there are considerable tool and setup deflections that
have significant effects on the grinding forces. During grinding with CNC type
machines, when there is a flat workpiece profile and the grinding parameters
(depth of cut, spindle speed and feed rate) are constant, the grinding normal
and tangential forces are expected to be constant. However, in robotic grind-
ing, due to lower stiffness and tool-setup deflection, the grinding forces can
show three different characteristics through the workpiece profile even when the
grinding parameters are constant and the workpiece has a flat surface profile
[46]. The three characteristics are classified in three regimes in Ref. [46]. In the
first regime, the grinding forces remain almost constant because the tool is able
to cut the workpiece at a constant feed rate (Figure 2.7). In the second regime,
there is an almost linear increase in grinding forces because the tool cannot cut
the workpiece at a constant feed rate and, consequently, tool deflection occurs
(Figure 2.8). In the third regime, a transition between regime 1 and regime 2
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Figure 3.1: Orientations between the tool tip reference frame and force sensor
reference frame

occurs with small tool deflection followed by immediate compensation (Figure
2.9).

The differences between the characteristics of robotic grinding and CNC grinding
show the effects of tool deflection and setup stiffness on normal and tangential
force behaviors. In grinding operations with force feedback, the force sensor is
commonly mounted behind the spindle or behind the workpiece. If tool deflec-
tion occurs, an orientation occurs between the tool tip reference frame and the
force sensor reference frame, as shown in Figure 3.1. This tool deflection can
be expressed as two orientations around the Ysensor axis (βt) and Zsensor axis
(γt). In this case, the measured normal and tangential grinding forces are not
the grinding forces of the tool reference frame because of the orientation. Force
changes caused by the deflection cause an undesired variation of cutting depth
along the workpiece. The other important effect of tool deflection is geometrical
errors in the cross-section of the workpiece. The contact angle between the tool
and workpiece changes the cutting depth in the cross-section of the workpiece.
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Figure 3.2: Tool modeled as a cantilever rod (left). Internal moment at x
distance from the tool holder is shown (right)

3.4 Experimental setup

The experiment setup in this chapter is same as Chapter 2 (Figure 2.1). In addi-
tion to the 6-DoF parallel manipulator, the experimental setup has an additional
1 degree of freedom that is actuated by a piezo actuator. The actuator is fixed
to the properly constrained table, presenting a single degree of freedom in the
z-direction as shown in Figure 2.1. While performing grinding in the y-direction
as shown in Figure 2.1, the machining errors can be reduced by admittance
control-based negative compensation by the actuation of the piezo actuator.

3.5 Modeling tool deflection

In this section, the model developed for tool orientation and displacement in the
normal and tangential directions is explained. The tool-workpiece interaction
and their reaction parameters are shown in Figure 3.2. Assuming that the
spindle and the robot are rigid and that the tool has a finite rigidity, the tool
can be modeled as a cantilever rod where the internal moment at a distance of
x from the tool holder (point A) can be represented as M.

To calculate the deflection and stiffness, the double integration method is uti-
lized:

49



EI
d2δ

dx2 =−M (3.1)

where
E: Modulus of Elasticity
I: Moment of Inertia
δ: Displacement
x: Distance from point A
The following equilibrium equation can be written:

−Fx+FL+M = 0 (3.2)

so,

M = Fx−FL (3.3)

Substituting Eq. 3.3 into Eq. 3.1 and implementing the double integration
method, equations 3.4-3.6 can be written.

EI
d2δ

dx2 = FL−Fx (3.4)

EI
dδ

dx
= F L x− Fx

2

2 +C1 (3.5)

EIδ = F L x2

2 − F x3

6 +C1x+C2 (3.6)

where C1 and C2 are constants. Implementing boundary conditions:

For x= 0

 δ = 0→ C2 = 0
dδ
dx = 0→ C1 = 0

(3.7)
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As a result:

dδ

dx
= F

EI

(
Lx− x

2

2

)
(3.8)

δ = F

2EI

(
Lx2− x

3

3

)
(3.9)

Maximum deflection and slope occur at the end of the tool where x= L.
In normal direction, considering F = Fn, tool tip displacement (δn) and tool
deflection (βt) are obtained as Eq. 3.10 and Eq. 3.11.

δn = FnL
3

3EI (3.10)

βt = FnL
2

2EI (3.11)

In tangential direction, considering F = Ft, tool tip displacement (δt) and tool
deflection (γt) are obtained as Eq. 3.12 and Eq. 3.13.

δt = FtL
3

3EI (3.12)

γt = FtL
2

2EI (3.13)

3.6 Kinematic solution for tool deflection compensation (TDC)

In order to develop a kinematic solution for TDC, the exact position and orien-
tation of the tool tip should be identified with respect to the hexapod reference
frame. Then, it is possible to determine the new position and orientation for the
hexapod aiming to compensate for geometrical errors caused by tool deflection.
For this purpose, five reference frames are defined in the setup. The first ref-
erence frame (Rbase) is the base reference frame, which is defined at the center
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Figure 3.3: Illustration of the setup and assigned reference frames

of the hexapod top plate when it is in home position without any rotation or
translation. Rbase is fixed at this point and acts as the global coordinate system.
The second frame (Rhex) is defined at the center of the top plate of the hexapod
and moves with it. The third frame (Rspn) is defined as the tool holder of the
spindle. The fourth and fifth reference frames (Rtan and Rnor) are assigned to
the tool tip. The last two reference frames are related to the tool deflection in
normal and tangentıal directions with respect to the Rspn. The side and front
views of the setup and assigned reference frames are shown in Figure 3.3.

The reference frames from the base frame to the tool tip are shown in Eq. 3.14.

Rbase→Rhex→Rspn→Rtan→Rnor (3.14)

Let C(i,j) be the rotation matrix of the jth reference frame with respect to the
ith reference frame.

In this paper, the rotation matrices are written as exponential rotation matrix
in the general form of eũθ as in Ref. [73], [74]. It expresses a rotation of an
angle θ about axis n, which is a unit column matrix. Here, ũ represents a skew
symmetric matrix corresponding to the unit vector n.
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u=


u1

u2

u3

→ ũ=


0 −u3 u2

u3 0 −u1

−u2 u1 0

 (3.15)

The expansion of the exponential rotation matrix about axis n with angle θ is
known as the Rodrigues formula, as in Eq. 3.16.

eũθ = I cos θ+ ũ sin θ+uuT (1− cos θ) (3.16)

Also, ui is defined as the ith basic column matrix, which is the column matrix
representation of the ith unit basis vector −→u (k)

i in reference frame Rk that is its
own reference frame [75].

ui = u
(k/k)
i =

{
−→u (k)
i

}
|Rk (3.17)

Considering the end axis of the assigned reference frames indicated in Figure 3.3
and the expression of the rotation matrices. The rotation matrix from Rhex to
Rnor can be expressed as follows:

Ĉ(hex,nor) = Ĉ(hex,spn)Ĉ(spn,tan)Ĉ(tan,nor) (3.18)

Considering assembly errors, the position and orientation of the spindle tool
holder with respect to the hexapod reference frame are identified using a coor-
dinate measurement machine (CMM). Consequently, the rotation matrix from
Rhex to Rspn can be written as Eq. 3.19.

Ĉ(hex,spn) = ĈCMM (3.19)

where ĈCMM is a constant rotation matrix that expresses the orientation of the
spindle with respect to the hexapod moving plate.
Tool deflection can be decoupled to two successive rotations in the tangential
and normal directions. Note that both of the mentioned rotations occur about
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unit vectors of the spindle reference frame. γt is the rotation of the tool around
the z-axis (u3) of Rspn due to deflection in the tangential direction. So the
rotation matrix from Rspn to Rtan can be written as Eq. 3.20.

Ĉ(spn,tan) = e

(
ũ

(spn/spn)
3 γt

)
(3.20)

βt is rotation about the y-axis (u2) of Rspn due to deflection in the normal
direction. So the rotation matrix from Rtan to Rnor can be written as Eq. 3.21.

Ĉ(tan,nor) = e

(
ũ

(spn/tan)
2 βt

)
(3.21)

Eq. 3.21 should be expressed in the spindle reference frame as follows:

e

(
ũ

(spn/tan)
2 βt

)
= Ĉ(tan,spn)e

(
ũ

(spn/tan)
2 βt

)
Ĉ(spn,tan) (3.22)

Considering Eq. 3.23 as:

Ĉ(tan,spn) = e
−
(
ũ

(spn/spn)
3 γt

)
(3.23)

So Eq. 3.22 will change to Eq. 3.24.

e

(
ũ

(spn/tan)
2 βt

)
= e
−
(
ũ

(spn/spn)
3 γt

)
e

(
ũ

(spn/spn)
2 βt

)
e

(
ũ

(spn/spn)
3 γt

)
(3.24)

Tool deflections in both the tangential and normal directions are expressed in
the spindle reference frame. Consequently, substituting Eqs. 3.19, 3.20 and 3.24
into the Eq. 3.18 rotation matrix from hexapod to tool tip (Ĉ(hex,nor)) can be
obtained as follows: Simplifying ũ(spn/spn)

i as ũi, consequently:

Ĉ(hex,nor) = ĈCMM e(ũ3 γt)e−(ũ3 γt)e(ũ2 βt)e(ũ3 γt) (3.25)
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given

e(ũ3 γt)e−(ũ3 γt) = Î (3.26)

Ĉ(hex,nor) = ĈCMM e(ũ2 βt)e(ũ3 γt) (3.27)

Let thexspn be the translation from the hexapod reference frame to the spindle
reference frame obtained by CMM.

thexspn =


rx

ry

rz

 (3.28)

Considering the assigned reference frames and tool deflection, the translation
from the hexapod reference frame to the tool tip can be written as Eq. 3.29.
Based on the feeding direction, δt can be a positive or negative value. Here, δn
is always a negative value because the normal grinding force and Z-axis are in
opposite directions.

tspnnor =


−Lcosγt cosβt

δt

δn

 (3.29)

Consequently, the translation matrix and transformation homogenous matrix
from Rhex to Rnor are as follows:

thexnor =


rx−Lcosγt cosβt

ry + δt

rz + δn

 (3.30)
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T hexnor =

 Ĉ(hex,nor) thexnor

0 0 0 1

 (3.31)

In order to obtain the forward kinematics of the robotic grinding setup, the trans-
formation homogenous matrix should be written in the base reference frame.
This means the rotation and translation of the hexapod moving plate with re-
spect to the base frame should be considered. Considering the transformation
homogenous matrix from Rbase to Rhex as T basehex :

T basehex =

 Ĉhex tbasehex

0 0 0 1

 (3.32)

where Ĉhex and tbasehex are the orientation and translation matrices of the hexapod
moving plate and can be controlled in real-time. The forward kinematics of the
robotic grinding setup can be defined as TFK and obtained by multiplication of
T basehex to T hexnor .

TFK = T basehex T hexnor (3.33)

The transformation homogenous matrix for hexapod that maintains the desired
position and orientation of the tool tip can be defined as (T basenew−hex). The desired
forward kinematics of the setup is TFK−desired. Therefore;

T basenew−hex T hexnor = TFK−desired (3.34)

Finally, multiplying the desired forward kinematics with the inverse of T hexnor , a
new position and orientation of the hexapod are obtained that compensate for
the geometrical errors due to tool deflection.

T basenew−hex = TFK−desired T hexnor
−1 (3.35)
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In this study, the desired orientation for the tool is to maintain the vertical
direction. Therefore, all of the calculations during operation are made with this
goal. In our setup, the calculated new rotation matrix for the hexapod should
be changed to the Euler angles 1-2-3 sequence format to use as the input to
the robot. In the next section, the resultant force control strategy is explained,
which is implemented in parallel with the TDC approach.

3.7 Constant resultant force control using model supervised fuzzy
controller

In the previous section, the effect of tool deflection is investigated and a kine-
matic solution is proposed. The normal and tangential grinding forces measured
by the sensor were shown not to be the grinding forces of the tool reference frame
because of the mentioned orientations related to the tool deflection. Therefore,
controlling the force in the normal direction of the force sensor reference frame is
not a proper approach. This is the reason that the resultant of the grinding force
components (normal and tangential forces measured by the sensor) is controlled
instead of the normal force.

The robotic grinding operation has a highly nonlinear nature as shown in the
previous section. Therefore, designing a control architecture need to be able to
maintain a constant resultant grinding force is challenging. The conventional
linear fixed-gain PID controllers can be optimized easily for desired control spec-
ifications such as overshoot, rise time, settling time, etc. Due to the nonlinearity
of the grinding process, application of a PID controller with constant gains is
not a proper approach and the gains should be modified continuously while
handling different inputs and operating conditions. Even if the PID controller
is optimized and used for certain conditions, implementation of the controller
on a physical setup is challenging. In the physical setup, there are three input
sources that should be considered. The first source is the parallel hexapod by
which the grinding path and feed rate are controlled. The second source is the
piezo actuator by which the depth of cut is controlled. The third source is the
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force sensor that supplies the force feedback. All of them have different response
times. The controller should be able to synchronize the model and physical setup
and control the setup force response in such a way that it converges to the model
output that acts as the reference input.

In this study, a model supervised fuzzy control architecture was designed. For
the user-defined set depth of cut (SDOC), spindle speed, feed rate and average
spindle percent load, the model gives the proper reference resultant grinding
force. The aim of the model supervised controller is to make the physical setup
interaction resultant force converge with the reference value provided by the
model. The depth of cut and its rate of change are the controlled parameters
that are output by the fuzzy controller. During the operation together with the
resultant force controller, the TDC algorithm is also used.

3.7.1 Grinding force model

The resultant force in grinding operation is the sum squared root of the normal
and tangential forces, which is to be controlled. In order to design and optimize
a controller, a grinding force model is defined. In robotic grinding, due to the
effect of tool deflection and setup stiffness, the grinding model should be able to
predict the forces in the different regimes mentioned in Chapter 2. In Chapter 2,
an optimized force model for robotic grinding is proposed. In this model, using
penetration tests and extracting the defined features, the mechanical properties
of the setup and workpiece are included in the model indirectly. Also in this
model, the percent load of the spindle, which is a function of spindle current, is
included as an extra predictor in the model. The mentioned model is used in
this study as a reference (required force components) input generator.
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Figure 3.4: Architecture of the proposed model supervised fuzzy admittance
controller

3.7.2 Fuzzy controller design

In order to obtain desired cutting depth (SDOC) a resultant grinding force con-
trol strategy is used. The reference value for resultant grinding force is generated
by the grinding force model where the inputs of the force model are desired depth
of cut (SDOC), spindle speed, feed rate and average spindle percent load. The
output of the model is proper reference resultant grinding force. The physi-
cal setup resultant force is controlled by the fuzzy controller in order to track
the reference force generated by the grinding force model. The input of the
controller is the error between the reference force profile and resultant grinding
force feedback measured by the sensor. During tool and workpiece interaction,
to prevent any impulsive behaviors followed by unwanted overshoots and force
fluctuations and probable tool and workpiece defects, both cutting depth and its
rate of change should be controlled simultaneously. So, the outputs of the fuzzy
controller are the necessary change in depth of cut (∆ap) and its rate of change
(∆ȧp). The mentioned fuzzy controller outputs are input to the piezo actua-
tor. The architecture of the proposed admittance control structure is shown in
Figure 3.4.

In this study, nine Gaussian membership functions were designed for error, (∆ap)
and (∆ȧp) as shown in Figure 3.5, Figure 3.6 and Figure 3.7 respectively.

The rule bases of the fuzzy controller are given in Table 3.1. The results and
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Figure 3.5: Membership functions of Error

Figure 3.6: Membership functions of (∆ap)

Figure 3.7: Membership functions of (∆ȧp)
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Table 3.1: Rule bases of the fuzzy controller

No Rule bases

1 If (Error is N4) then (∆ap is N4) and (∆ȧp) is N4
2 If (Error is N3) then (∆ap is N3) and (∆ȧp) is N3
3 If (Error is N2) then (∆ap is N2) and (∆ȧp) is N2
4 If (Error is N1) then (∆ap is N1) and (∆ȧp) is N1
5 If (Error is Z) then (∆ap is Z) and (∆ȧp) is Z
6 If (Error is P1) then (∆ap is P1) and (∆ȧp) is P1
7 If (Error is P2) then (∆ap is P2) and (∆ȧp) is P2
8 If (Error is P3) then (∆ap is P3) and (∆ȧp) is P3
9 If (Error is P4) then (∆ap is P4) and (∆ȧp) is P4

advantages of the proposed control strategy are presented in the next section.

3.8 Results and discussion

The general form of the proposed resultant grinding force control strategy is
shown in the previous section. An example of the grinding resultant force profile
without using a force controller and without implementing the TDC algorithm
is shown in Figure 3.8. A flat-shaped workpiece was used for this experiment.

As the normal, tangential and resultant grinding forces increase almost linearly,
this experiment belongs to the second grinding regime. Such a force increase
is due to the tool deflection and low stiffness of the robotic grinding setup.
The profile of the workpiece surface is measured by a Keyence-LK-HO27 laser
distance sensor, shown in Figure 3.9.

Due to the applied resultant force (Figure 3.8) the profile produced on the surface
is shown in Figure 3.10 together with original surface profile of the workpiece..

As shown in Figure 3.10, the grinded surface profile shows the expected depth
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Figure 3.8: Grinding resultant force profile without using a force controller

Figure 3.9: Measurement setup
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Figure 3.10: Surface profile of the workpiece before grinding and after grinding
operation without any force control

of cut increase along with the resultant force rise. It shows that the material
removal rate is changing along the workpiece. Therefore, it is not possible to
obtain desired cutting depth (SDOC) and desired constant material removal
rate during the surface grinding operation which cause geometrical errors. The
increase in the resultant force is due to tool deflection. Such a deflection adds
an extra component to the grinding force continuously, and this component can
be considered as a spring force.

Without implementing the TDC algorithm, a significant error occurs in the
cross-section of the workpiece. As shown in Figure 3.11, an inclined cross-section
is obtained because of the tool deflection. Such an inclination makes it difficult
to control SDOC.

Applying the proposed control approach on the robotic grinding operation and
trying to maintain a constant grinding resultant force led to the force graph
shown in Figure 3.12. In this graph, the force controller tries to maintain a
resultant force of 9 N based on the grinding model output. In this experiment
spindle speed is 30000 rpm, SDOC is 230 µm, feed rate is 0.1 mm/s and percent
load is 36%. The percent load value is selected based on maximum value of
percent load in penetration test that is explained in Chapter 2.
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Figure 3.11: Inclined cross-section because of tool deflection

Figure 3.12: Grinding resultant force profile using the proposed force control
approach
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The measured surface profile of the workpiece after the grinding operation with
resultant force control is shown in Figure 3.13 together with Figure 3.11. The
graph indicates a noticeable effect of the resultant force control on grinding
accuracy. It is shown that the cutting depth remains constant after settling of
the resultant grinding force.

In this research, in order to express the effect of the resultant grinding force
on the workpiece profile, the force change is shown from tool and workpiece
contact instant until tool exit, in parallel with the resulting workpiece profile.
The measured surface profile of the workpiece after the grinding operation with
resultant force control is shown in Fig. 3.13 together with the original workpiece
surface profile before grinding operation. As shown in Fig. 3.13, by entering
the tool to the workpiece, the cutting depth is increased. When the grinding
force reaches to the reference resultant grinding force value, the controller keeps
the resultant grinding force at the range of reference grinding force value. In
this condition (point A to point B on the workpiece), the cutting depth remains
almost constant until the tool begins to exit from workpiece. In both Fig. 3.10
and Fig. 3.13, there are increases in the last parts of the workpieces′ machined
surfaces which means decrease in material removal rate. This increase starts
when the tool begins to exit the workpiece. Consequently the cutting force and
the cutting depth decrease and this changes cause ascending in the workpiece
profile graph. In this experiment, when the tool is completely in contact with the
workpiece and without considering effect of tool entrance and tool exit (point A
to point B on the workpiece), the average cutting depth is equal to 209 µm where
the SDOC is equal to the 230 µm. Using the controller, the average error between
actual and target cutting depth is equal to 21 µm. The maximum variation on
the workpiece profile in this condition is equal to 30 µm. It means that using
the resultant force control method, the cutting depth and surface quality remain
constant with acceptable accuracy. Without using the proposed controller, the
cutting force and consequently cutting depth increase until the tool starts to
exit from the workpiece. The maximum variation on the workpiece profile in
this condition is equal to 106 µm and the average cutting depth is equal to 185.5
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Figure 3.13: Surface profile of the workpiece before and after grinding operation
using the proposed force control approach

µm. It means that without using any controller, the cutting depth and surface
quality variate along the workpiece where the average error between actual and
target cutting depth is equal to 44.5 µm. The target grinding accuracy in this
study is 30 µm for the range of 200-250 µm cutting depth in one cut machining.
The achieved average accuracy was 21 µm. Note that the tool entrance and exit
parts are not considered. It is important to note that without implementing
TDC, due to the inclination of workpiece cross section, the above values are not
meaningful for cutting depth values and operation accuracy.

The effect of TDC is shown in Figure 3.14 implementing the tool deflection
compensation algorithm, a vertical cross-section is obtained.

The motions of the hexapod in the X, Y and Z directions while implementing the
deflection compensation algorithm are shown in Figure 3.15. Also, the hexapod
rotations around the X, Y and Z axes during operation are shown in Figure 3.16.
The motion in the Y-direction decreases linearly because the feeding during
operation is in the Y-direction. The other motions and orientations are due to
the outputs of the compensation algorithm.

One of the challenges of using fuzzy controllers is their stability check difficulty
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Figure 3.14: Effect of the TDC algorithm on the workpiece cross-section

Figure 3.15: Hexapod motion in the X, Y and Z directions during the robotic
grinding experiment
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Figure 3.16: Hexapod rotation around the X,Y and Z axes during the robotic
grinding experiment

in different conditions. If a constant improper reference input is used, it is
possible to encounter instabilities. However, the fuzzy approach is useful for
controlling cutting depth and its rate of change simultaneously, but tuning this
type of controller without using a model is problematic. The first advantage
of the proposed control architecture is that due to its model supervised nature,
the reference force profile that should be tracked by the physical setup is realis-
tic. This means that an improper reference force is guaranteed not to be given
to the physical setup. Consequently, the unwanted grinding force overshoots
and fluctuations followed by probable instabilities and tool or workpiece defects
are prevented. Furthermore, application of the grinding model and the model-
supervised controller facilitates the pre-simulation of the operation and tuning
of the controller based on the desired controller characteristics.
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CHAPTER 4

KINEMATIC/DYNAMIC ANALYSIS AND POSTURE
OPTIMIZATION OF A 12 DOF HYBRID REDUNDANT

MANIPULATOR

4.1 Introduction

Serial and parallel manipulators have their own advantages and disadvantages.
The large workspace and flexibility of serial manipulators are very useful but
extended structures of them have a tendency to vibrate working at high speeds
and to deflect dealing with high loads. Also because of the serial configuration,
errors of each link are added up and the overall error reflects to the end effec-
tor. Parallel manipulators they are more robust dealing with high loads and
they are appropriate for precise positioning. But small work space is the impor-
tant limitation of the parallel manipulators. Hybrid manipulators are suitable
choices in order to use advantages of serial and parallel manipulator simulta-
neously. Combination of large workspace of serial manipulators and high work
load and accuracy of parallel manipulators makes the hybrid manipulators as
suitable choice in many operations like grinding and deburring. In this chapter
a 12 DOF hybrid manipulator is investigated that is composed of a 6 DOF serial
ABB IRB2000 robot and a 6 DOF PI H-824 Hexapod. The Parallel hexapod
is connected to the end of the serial ABB manipulator (Figure 4.1). Complete
kinematic and dynamic analysis of the hybrid manipulator is done and all reac-
tion/actuating forces and torques are calculated. A novel strategy for posture
optimization of the redundant hybrid manipulator based on minimization of
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Figure 4.1: 12 DOF redundant hybrid manipulator

the computed torque of wrist joint of serial part of the hybrid manipulator is
proposed in this chapter.

4.2 Literature survey

The idea of using hybrid serial-parallel manipulator for grinding and deburring
operation was proposed in [54] first. Hybrid manipulators are known by com-
bination of the serial and parallel manipulators or combination of two serial
manipulators such that moving platform of the ones is fixed base of the oth-
ers like a parallel manipulator chain. An example of hybrid architecture using
two serial manipulators with 3 DOF in chain form is presented in [104] and
[82]. Such a combination gives over all 6 DOF with respect to the fixed base
frame. Another example of hybrid structure based on serial-parallel combination
is shown in [15] where a 2 DOF serial manipulator is mounted to the moving
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platform of a 3 DOF parallel manipulator. A discussion on kinematics and dy-
namics analysis of hybrid manipulators produced by attaching multiple 3 DOF
serial manipulators was done in [67] and [39]. It is necessary to do kinematics
and dynamics analysis for each hybrid structure separately because each new
configuration has its own kinematics and control scheme. Redundancy of a ma-
nipulator is characterized as more degree of freedom than is necessary to do
a specified task. Such a property enables the manipulator to access any point
in the workspace with infinite postures. The related infinite inverse kinematic
solutions are of interest in many robotic studies [8]. Choosing the proper inverse
kinematic solution and optimal posture of the manipulator is a challenging point
that has a potential to improve the performance of the redundant device. The
optimization criteria should be selected in proper way based on objectives such
as singularity or obstacle avoidance, power consumption minimization, stability
and stiffness maximization, etc. [8]. There are large numbers of researches that
propose numerical methods in order to use the redundancy in desired way. A
comprehensive investigation of different criteria of using redundant manipulators
like dynamics, singularity, task augmentation robustness and optimization are
explained in [8]. The joint variables minimization factor is used in [9] in parallel
with investigation of the joint limitations. The Ref. [45] focused on motion and
singularity of 7 DOF humanoid arm while working in different angles. Several
approaches are proposed in [53, 19, 18, 71, 20] in order to prevent singularity
of the redundant manipulator. Increasing obstacle avoidance capability of the
redundant manipulator considering the joint limitations is the area of interest
in [84, 77, 68, 2, 72]. Efficient motion planning using redundancy is investigated
in [97, 79]. Fault tolerance characteristics of redundant robots were shown in
[40]. Actuating forces/torques minimization using redundancy is investigated
in dynamic and static conditions in [42, 29, 78, 10]. Also artificial intelligence
concepts (ANN, GA) are used while investigating redundant manipulators in
[50, 25, 69]. There are few researches that focused on analytical solutions while
investigating the redundant manipulators. The joint variables are calculated as
a function of arm angle on humanoid manipulator in [85] in order to optimize
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the arm angle while using joint variable minimization and joint limitations as
path generation criteria. Also an analytical approach based on the arm angle of
a humanoid manipulator with link offsets as extra complexity is proposed in [86]
in order to analyze kinematic features of the manipulator in different configu-
ration due to arm angle change. Motion characteristics of a 7 DOF exoskeletal
arm were studied in [66] using same method. A semi analytic solution is used
in [43] for avoiding singular configuration of the manipulator using the general-
ized inverse of the Jacobian matrix. Some redundancy resolution problems were
solved in [1] with analytical approaches in velocity level. Manipulator tip point
trajectory improvement was investigated in [30] with an analytical approach.
In [75] two different performance criteria in position and velocity level are pro-
posed in order to obtain optimal inverse kinematic solution of the redundant
manipulators.

4.3 Kinematic and dynamic analysis and simulation of ABB IRB2000
manipulator

The IRB 2000 is a 6 DOF industrial serial manipulator with six revolute joints.
Assigned reference frames and dimensions related to the Denavit-Hartenberg
parameters are shown in Figure 4.2. A set of exponential rotation matrices are
used [75] in order to express kinematic description of the manipulator. If Ĉ(i,j)

be considered as the jth link orientation with respect to the ith link the Eq. 4.1
can be written as follow based on D-H parameters [75].

Ĉ(i−1,i) = eũ3θi eũ1αi (4.1)

The Denavit-Hartenberg table of the robot is shown in the Table 4.1.

4.3.1 Forward kinematics of the ABB IRB2000 manipulator

The orientation matrices from frame 0 to 6 are:
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Figure 4.2: Reference frames of ABB IRB2000 Manipulator

Table 4.1: Denavit-Hartenberg parameters of ABB IRB 2000 manipulator

Link No ai[mm] αi[rad] di[mm] θi[rad]

1 0 α1 =−π/2 d1 = 750 θ1

2 a2 0 0 θ2−π/2
3 a3 α3 =−π/2 0 θ3− θ2

4 0 α4 = π/2 d4 = 850 θ4

5 0 α5 =−π/2 0 θ5

6 0 0 d6 = 100 θ6
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Ĉ(0,1) = eũ3θ1e−ũ1
π
2 (4.2)

Ĉ(1,2) = eũ3θ
′
2whereθ′2 = θ2−π/2 (4.3)

Ĉ(2,3) = eũ3θ
′
3e−ũ1

π
2whereθ′3 = θ3− θ2 (4.4)

Ĉ(3,4) = eũ3θ4eũ1
π
2 (4.5)

Ĉ(4,5) = eũ3θ5e−ũ1
π
2 (4.6)

Ĉ(5,6) = eũ3θ6 (4.7)

The location of each link origin point with respect to the previous link origin
point is calculated as follows:

r(0)
01 = d1u3 (4.8)

r(1)
12 = a2eũ3θ

′
2u1 (4.9)

r(2)
23 = a3eũ3θ

′
3u1 (4.10)

r(3)
34 = a3u3 (4.11)

r(4)
45 = 0̄ (4.12)
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r(5)
56 = d6u3 (4.13)

So the simplified orientation matrix can be written as follow.

Ĉ(0,6) = eũ3θ1e−ũ1πe−ũ2(θ′
2+θ′

3)eũ3θ4e−ũ2θ5eũ3θ6 (4.14)

considering

θ′23 = θ′2 + θ′3 (4.15)

Ĉ(0,6) = eũ3θ1e−ũ1πe−ũ2θ
′
23eũ3θ4e−ũ2θ5eũ3θ6 (4.16)

So the wrist point location with respect to the base frame is

r̄ = r(0)
01 + Ĉ(0,1)r(1)

12 + Ĉ(0,2)r(2)
23 + Ĉ(0,3)r(3)

34

+Ĉ(0,4)r(4)
45 + Ĉ(0,5)r(5)

56 (4.17)

And the position of tip point with respect to the base frame is

p̄= r̄+ d6Ĉ(0,6)u3 (4.18)

4.3.2 Inverse kinematics of the ABB IRB2000 manipulator

The inverse kinematics of the 6 DOF IRB200 robot is obtained as follows. Start-
ing from tip point:

r̄ = p̄−d6Ĉ(0,6)u3 (4.19)
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r̄∗ = r̄−d1u3 (4.20)

It is noticed that in previous equation there are three equations and three un-
knowns namely θ1, θ′2, θ′23.
since

r̄∗ =eũ3θ1 [ū1(a2cosθ̇2 +a3cosθ̇23−d4sinθ̇23)

+ ū3(−a2sinθ̇2 +a3sinθ̇23−d4cosθ̇23)]
(4.21)

Multiplying both side by ut2e−ũ3θ1

ut2e−ũ3θ1 r̄∗ = 0becauseut2u1 = 0 and ut2u3 = 0 (4.22)

so

r∗2 cos(θ1)− r∗1 sin(θ1) = 0 (4.23)

consequently

θ1 = atan2(σ1r
∗
2,σ1r

∗
1) where σ1 =±1 (4.24)

premultiplying r̄∗ by u1te−ũ3θ1

ut1e−ũ3θ1 r̄∗ = a2 cosθ′2 +a3 cosθ′23−d4 sinθ′23 (4.25)

r̄∗1 cos(θ1) + r̄∗2 sin(θ1) = a2 cosθ′2 +a3 cosθ′23−d4 sinθ′23 (4.26)

Letting X = r∗1 cos(θ1) + r∗2 sin(θ1)
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so

a3 cosθ′23−d4 sinθ′23 =X−a2 cosθ′2 (4.27)

Premultiplying r̄∗ by u3te−ũ3θ1

u3
te−ũ3θ1 r̄∗ =−a2 sinθ′2−a3 sinθ′23−d4 cosθ′23 (4.28)

−a2 sinθ′2−a3 sinθ′23−d4 cosθ′23 = r∗3 = Y (4.29)

so

−a3 sinθ′23−d4 cosθ′23 = Y +a2 sin
(
θ′2
)

(4.30)

Squaring and adding Eqs. (4.25) and (4.28)

2a2Xcos
(
θ′2
)
−2a2Y sin

(
θ′2
)

=X2 +Y 2 +a2
2−a2

3−d2
4 (4.31)

Letting 2a2X = A and −2a2 =B and X2 +Y 2 +a2
2−a2

3−d2
4 =D∗

Bcos
(
θ′2
)

+Asin
(
θ′2
)

=D∗ (4.32)

Using some variable change we can write

B

(
1− t2

1 + t2

)
+A

( 2t
1 + t2

)
=D∗ (4.33)

t2 (−B−D∗) + t(2A) + (B−D∗) = 0 (4.34)
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∆ = 4A2− [4(−B−D∗)(B−D∗)] (4.35)

t1,2 = −2A±
√

∆
2(−B−D∗) (4.36)

θ′2 = atan2
(
2t,
(
1− t2

))
(4.37)

θ2 = θ′2 +π/2 (4.38)

η3 = 1
a2

3 +d2
4

[
a3
(
X−a2cos

(
θ′2
))
−d4

(
Y +a2sin

(
θ′2
))]

(4.39)

ζ3 = 1
a2

3 +d2
4

[
−d4

(
X−a2cos(θ′2)

)
−a3

(
Y +a2sin

(
θ′2
))]

(4.40)

θ′23 = atan2 (ζ3,η3) (4.41)

θ3 = θ′23 +π/2 (4.42)

let

Ĉ∗ = eũ2θ
′
23eũ1πe−ũ3θ1Ĉ(0,6) = eũ3θ4e−ũ2θ5eũ3θ6 (4.43)

if

Ĉ∗ =


c∗11 c∗12 c∗13

c∗21 c∗22 c∗23

c∗31 c∗32 c∗33

 (4.44)
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Figure 4.3: Forward and inverse kinematics blocks of the ABB manipulator

θ4 = atan2(σ3c
∗
23,σ3c

∗
13) where σ3 =±1 (4.45)

θ5 =−atan2
(
σ3
√

1− c∗33
2, c∗33

)
(4.46)

θ6 = atan2(σ3c
∗
32,σ3c

∗
32) where σ3 =±1 (4.47)

If θ5 = 0, it is a singularity point. Then

θ6 = atan2(σ3c
∗
21,σ3c

∗
11) where σ3 =±1 (4.48)

The forward and inverse kinematics calculation in SIMULINK is shown in Figure
4.3.

Graphical simulation of the manipulator using virtual reality modeling language
toolbox of MATLAB are shown in Figure 4.4 and Figure 4.5.
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Figure 4.4: Simulation of ABB manipulator using VRML toolbox

Figure 4.5: Simulation of ABB manipulator
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4.3.3 Jacobian calculation of ABB IRB2000 manipulator

In IRB2000 manipulator, Jacobian matrix is generated from kinematics. Gener-
ally, Jacobian is a matrix with 6 rows and m columns. In present (ABB IRB2000)
manipulator DOF is 6. That’s why Jacobian matrix is in the following form.

ĴR =

 J̄R1 J̄R2 J̄R3 J̄R4 J̄R5 J̄R6

J̄A1 J̄A2 J̄A3 J̄A4 J̄A5 J̄A6


6×m

(4.49)

where

J̄R1 = ∂p̄

∂θ1
(4.50)

J̄R2 = ∂p̄

∂θ2
(4.51)

J̄R3 = ∂p̄

∂θ3
(4.52)

J̄R4 = ∂p̄

∂θ4
(4.53)

J̄R5 = ∂p̄

∂θ5
(4.54)

J̄R6 = ∂p̄

∂θ6
(4.55)

Here p̄ is displacement of the tip point in inertial frame and was calculated
forward kinematics analysis of the manipulator.
Also, second row of Jacobian matrix elements are as follows:

J̄A1 = column

[(
∂Ĉ

∂θ1

)
Ĉt
]

= ū3 (4.56)
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J̄A2 = column

[(
∂Ĉ

∂θ2

)
Ĉt
]

= 0 (4.57)

J̄A3 = column

[(
∂Ĉ

∂θ3

)
Ĉt
]

= eũ3θ1e−ũ1π (−ū2) (4.58)

J̄A4 = column

[(
∂Ĉ

∂θ4

)
Ĉt
]

= eũ3θ1e−ũ1πe−ũ2θ3eũ2
π
2 (ū3) (4.59)

J̄A5 = column

[(
∂Ĉ

∂θ5

)
Ĉt
]

= eũ3θ1e−ũ1πe−ũ2θ3eũ2
π
2 eũ3θ4 (−ū2) (4.60)

J̄A6 = column

[(
∂Ĉ

∂θ6

)
Ĉt
]

= eũ3θ1e−ũ1πe−ũ2θ3eũ2
π
2 eũ3θ4e−ũ2θ5 (ū3) (4.61)

Generating the Jacobian matrix, it is possible to analyze the static force/torque
of the manipulator. If transpose of the Jacobian matrix is multiplied by force
vector on tip point, torques of the joints can be obtained.

τ̄ = Ĵ tF̄ (4.62)

where

F̄
(0)
end effector =

 F̄ (0)

M̄ (0)

 (4.63)

τ̄ =



τ1

τ2

τ3

τ4

τ5

τ6


(4.64)
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For testing the Jacobian matrix, 6 harmonic trajectory are given to the joints
of the manipulator which are function of time. The mentioned trajectory are as
follows.

θ1 = 0.03 + 0.3sin(t) (4.65)

θ2 = 0.03 + 0.3(cos(t)−1) (4.66)

θ3 = 0.03−0.3sin(t) (4.67)

θ4 =−0.8sin(3t) + 10 (4.68)

θ5 = 0.7cos(2t)sin(t+ 5) + 20 (4.69)

θ6 = 2t+ 12sin(t) (4.70)

Figures 4.6 and 4.7 Show the trajectories of joints 1 to six together with their
angular velocities and angular acceleration profiles.

Now velocity of the tip point in X,Y and Z directions are calculated using two
different ways and results are compared together. First we extract the velocity
of the tip point with respect to the mentioned trajectories using Jacobian ma-
trix. Afterwards, using forward kinematics of the manipulator the trajectory of
tip point in X,Y and Z directions are calculated. The numeric differentiation
of these trajectories gives velocities of the tip point in X,Y and Z directions.
Comparing these two velocities the Jacobian matrix can be validated.
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Figure 4.6: Trajectory, angular velocity and angular acceleration profiles of joints
1, 2 and 3. The blue graphs are related to the θ1, θ2 and θ3. The red graphs are
related to the θ̇1, θ̇2 and θ̇3. The green graphs are related to the θ̈1, θ̈2 and θ̈3.

Figure 4.7: Trajectory, angular velocity and angular acceleration profiles of joints
4, 5 and 6. The blue graphs are related to the θ4, θ5 and θ6. The red graphs are
related to the θ̇4, θ̇5 and θ̇6. The green graphs are related to the θ̈4, θ̈5 and θ̈6.
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Figure 4.8: X and vx profiles of the tip point using Jacobian matrix and numer
ical differentiation

Figures 4.8, 4.9 and 4.10 show the X,Y and Z profiles of the tip point together
with vx,vyandvz respectively. The blue graphs are related to the X,Y and Z
profiles. The red graphs are related to the vx,vyandvz profiles that are obtained
using Jacobian matrix. The green graphs are related to the vx,vyandvz profiles
that are obtained using numerical differentiation of X,Y and Z profiles. The re-
sults show that the numerical method and Jacobian based method are following
each other very well and it verifies the Jacobian calculation.

4.3.4 Dynamic analysis of ABB IRB2000 manipulator

During dynamic analysis of the manipulator using Newton-Euler approach, it is
necessary to know the angular velocity/acceleration and linear velocity/acceleration
of mass center of each body in its body fixed frame. First it is necessary to take
all of the angular velocities to the i’th body fixed frame with respect to the for-
ward kinematics information. Then taking derivative of the #»ω

(i)
i/0 using the chain

rule with respect to the θj and θ̇j , it is possible to derive angular acceleration
of each body #»α

(i)
i in it’s body fixed frame.
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Figure 4.9: Y and vy profiles of the tip point using Jacobian matrix and numer
ical differentiation

Figure 4.10: Z and vz profiles of the tip point using Jacobian matrix and nu
merical differentiation
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#»ω
(i)
i/0 = f

(
θ̇i, θi, θ̇i−1, θi−1, . . . , θ̇1, θ1

)
(4.71)

#»α
(i)
i =

i∑
j=1

θ̇j ∂ #»ω
(i)
i

∂θj
+ θ̈j

∂ #»ω
(i)
i

∂θ̇j

 (4.72)

In order to calculate linear velocity and acceleration of center of mass we can
write position vector of the mass center as follows.

#»α
(i)
i =

i∑
j=1

θ̇j ∂ #»ω
(i)
i

∂θj
+ θ̈j

∂ #»ω
(i)
i

∂θ̇j

 (4.73)

#»r mi = #»r
(0)
i + xmi

#»u i
1 + ymi

#»u i
2 + zmi

#»u i
3 (4.74)

For eliminating coriolis term while taking derivative, it is possible to take all of
the terms of #»r mi expression to the zero frame.

r̄mi = #»r
(0)
i + xmi Ĉ(0,i) ū( ii)

1 + ymi Ĉ(0,i) ū( ii)
2 + zmi Ĉ(0,i) ū( ii)

3 (4.75)

Then taking derivative using chain rule gives velocity of center of mass at zero
frame.

#»

V
(0)
i =

i∑
j=1

θ̇j
∂ #»r

(0)
i

∂θj
(4.76)

Now again using chain rule and taking derivative of the velocity vector, the
acceleration of the center of mass can be calculated as follow.

#»a
(0)
i =

i∑
j=1

θ̇j ∂ #»

V
(0)
i

∂θj
+ θ̈j

∂
#»

V
(0)
i

∂θ̇j

 (4.77)

Now the acceleration term is ready to be taken to the ith body fixed frame.
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#»a
(i)
i = Ĉ(i,0) #»a

(0)
i (4.78)

For the first part of dynamic analysis of the hybrid manipulator direct and in-
verse dynamic of serial ABB manipulator will be analyzed. In dynamic investiga-
tion based on Lagrangian method, kinetic energy statement is subjected to both
generalized coordinates and bodies fixed frame coordinates. In this condition,
calculating partial derivations in order to obtain generalized momenta equation
leads very long expressions. In order to solve this problem Newton-Euler tech-
nique is utilized for dynamic analysis of the manipulator. Furthermore, it is
possible to obtain all reaction forces, moments and accelerations of generalized
coordinates based on known actuating torques/forces, using Newton-Euler dy-
namic equations. The mentioned torques/forces are exerted from actuators to
the joints of the manipulator. The ABB manipulator is composed of 6 bodies
that each body is related to a link. Newton-Euler method generates 6 scalar
equations in the space for each body where 3 scalar equations come from force
vector and 3 scalar equations are extracted from moment vector. So 36 scalar
equations should be generated while dynamic analysis of the manipulator that
are mentioned in Table 4-2. In Table 4-2 the interaction force and moments
between bodies together with actuating torques coming from joint motors are
shown.

For ith body of the serial manipulator, the Newton-Euler dynamic analysis
method is described as follows. As mentioned the ABB manipulator is com-
posed of 6 bodies that each body is related to a link. Each body is connected
to the next body by a revolute joint. Based Newton-Euler approach for each
body six scalar equations are derived; three scalar equations from force vector
equation and other three scalar equations from moment vector equations. The
general form of these equations for ith body according to the forces in Table 4-2
are mentioned as follows.

#»

F i−1, i + #»

F i+1, i−mig #»u 0
3 = mi

#»a i (4.79)
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Table 4.2: Number of unknowns in direct dynamic of ABB IRB2000 manipulator

Joints Bodies
Unknowns

Parameters#»

F
# »

M θ̈

1 Rev. 0 & 1 3 2 - #»

F 01 = F011
#»u 1

1 + F012
#»u 1

2 + F013
#»u 1

3
# »

M01 = M011
#»u 1

1 + M012
#»u 1

2 +
(
T1−C01θ̇1

)
#»u 1

3

2 Rev. 1 & 2 3 2 - #»

F 12 = F121
#»u 2

1 + F122
#»u 2

2 + F123
#»u 2

3
# »

M12 = M121
#»u 2

1 + M122
#»u 2

2 +
(
T2−C12θ̇2

)
#»u 2

3

3 Rev. 2 & 3 3 2 - #»

F 23 = F231
#»u 3

1 + F232
#»u 3

2 + F233
#»u 3

3
# »

M23 = M231
#»u 3

1 + M232
#»u 3

2 +
(
T3−C23θ̇3

)
#»u 3

3

4 Rev. 3 & 4 3 2 - #»

F 34 = F341
#»u 4

1 + F342
#»u 4

2 + F343
#»u 4

3
# »

M34 = M341
#»u 4

1 + M342
#»u 4

2 +
(
T4−C34θ̇4

)
#»u 4

3

5 Rev. 4 & 5 3 2 - #»

F 45 = F451
#»u 5

1 + F452
#»u 5

2 + F453
#»u 5

3
# »

M45 = M451
#»u 5

1 + M452
#»u 5

2 +
(
T5−C45θ̇5

)
#»u 5

3

6 Rev. 5 & 6 3 2 - #»

F 56 = F561
#»u 6

1 + F562
#»u 6

2 + F563
#»u 6

3
# »

M56 = M561
#»u 6

1 + M562
#»u 6

2 +
(
T6−C56θ̇6

)
#»u 6

3

7 Motion 1-6 - - 6 θ̈1, θ̈2, θ̈3, θ̈4, θ̈5 , θ̈6

Total 18 12 6 36 Unnowns

where #»

F i−1, i is the force vector acting from (i−1)th body to ith body and #»

F i+1, i

is the force vector acting from (i+ 1)th body to ith body.

#»

F i−1, i = F(i−1, i),1
#»u i

1 + F(i−1, i),2
#»u i

2 + F(i−1, i),3
#»u i

3 (4.80)

#»

F i+1, i = F(i+1, i),1
#»u i

1 + F(i+1, i),2
#»u i

2 + F(i+1, i),3
#»u i

3 (4.81)

The gravity term is always expressed in zero frame, but before extracting the
equations we need to take all elements to the ith frame.

#»r = #»u 0
3 (4.82)
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r̄(i) = u3( 0
i ) = Ĉ(i,0)u3( 0

0) (4.83)

The #»a i is acceleration vector of the center of gravity of the ith body on body
fixed frame i that is calculated in kinematic analysis of the manipulator.

#»a i = ai1
#»u i

1 + ai2
#»u i

2 + ai3
#»u i

3 (4.84)

Three scalar equations can be extracted from a vector equation.
Three scalar equations related to the Newton-Euler moment equation of the ith

body can be extracted as follow:

−−→CiAi×
#»

F i−1, i +−−→CiBi ×
#»

F i+1, i + # »

M i−1, i + # »

M i−1, i =
^

J i.
#»α i + #»ω i ×

^

J i.
#»ω i (4.85)

where
Ci: gravity center of the ith body
Ai: connection point of body (i−1)th and body i
Bi: connection point of body i and body (i+ 1)th

×: cross product
. : dot product

The schematic configuration of −→Ai,
−→Bi and

−→Ci vectors is shown in Figure 4.11.

Here xmi,ymi and zmi are position parameters of the ith body mass center in body
fixed frame. Note that in (−−→CiBi) vectors we start from mass centers and go to
the frame i, That’s why a negative signs are appeared on the vector expressions.
Also the (−−→BiAi) Vectors are in negative direction of the −→r i−1,i vectors that are
mentioned in kinematic analysis section.

−−→AiCi +−−→CiBi =−−→AiBi (4.86)
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Figure 4.11: Schematic configuration of connections and center of gravity vectors
of a body

−−→CiBi +−−→BiAi =−−→CiAi (4.87)

−−→CiBi =−xmi
#»u i

1−ymi
#»u i

2− zmi
#»u i

3 (4.88)

−−→BiAi =− #»r i−1,i (4.89)

−−→CiAi =−xmi
#»u i

1−ymi
#»u i

2− zmi
#»u i

3− #»r i−1,i (4.90)

An important point here is that while writing the −−→BiAi, the vector #»r i−1,i must
be written at ith body fixed frame. For example for the body 1:

r01
(0) = d1u3→ ˆr01

(1) =−d1C(1,0)u3( 0
0) =−d1 u2→

−−−→B1A1 =−d1
−→u2 (4.91)

In the moment equations for ith body # »

M i−1,i is the moment vector acting from
(i−1)th body to ith body and # »

M i+1,i is the moment vector acting from (i+ 1)th

body to ith body.

# »

M i−1, i = M(i−1, i),1
#»u i

1 + M(i−1, i),2
#»u i

2 +
(
Ti−C(i−1, i)θ̇i

)
#»u i

3 (4.92)
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Where Ti is torque between (i−1)th body and ith body around #»u 3, C(i−1,i)

is viscous friction coefficient of the joint that is related to the relative angular
velocities of the bodies.

# »

M i+1, i = M(i+1, i),1
#»u i

1 + M(i+1, i),2
#»u i

2 +
(
Ti+1−C(i, i+1)θ̇i+1

)
#»u i

3 (4.93)

Where Ti+1 is torque between body i and body i+ 1 around #»u 3, C(i,i+1) is vis-
cous friction coefficient.

#»α i is angular acceleration of the ith body and have 3 components around #»u i
1,

#»u i
2 and #»u i

3.

#»α i = αi1
#»u i

1 +αi2
#»u i

2 +αi3
#»u i

3 (4.94)

The term ( #»ω i ×
^

J i.
#»ω i) is a vector with three components in terms of #»u i

1, #»u i
2

and #»u i
3 where

^

J i is moment of inertia dyadic of the ith body. The three scalar
equations coming from moment equations can be written as follows.

Extracting 6 equations (3 form force vector/3 from moment vector) for 6 body
36 scalar equations are generated with 36 unknowns related to the reaction
forces/torques and angular accelerations of the joints. Note that in all of the
above equations #»

F i+1,i = − #»

F i,i+1 and # »

M i+1,i = − # »

M i,i+1 due to the reaction
force/torque effect.
So the equations can be written in matrix format as follows in order to calculate
direct kinematics of the manipulator.
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[Coefficients]36×36 .



θ̈i

F (i−1, i),1

F (i−1, i),2

F (i−1, i),3

M (i−1, i),1

M (i−1, i),2


36×1

= [Known parameters]36×1 (4.95)

Substituting the θ̈i by Ti in the unknown parameters matrix and manipulating
the coefficient and known parameters matrices, it is possible to find inverse
kinematics of the manipulator easily.

[Coefficients]36×36 .



T i

F (i−1, i),1

F (i−1, i),2

F (i−1, i),3

M (i−1, i),1

M (i−1, i),2


36×1

= [Known parameters]36×1 (4.96)

A model and simulation of the IRB2000 manipulator is developed using MAT-
LAB R© Simscape toolbox (Figure 4.12).

4.4 Kinematics and dynamic analysis of the parallel hexapod

Using transformation homogenous matrix and inverse kinematics, it is possible
to find the stroke lengths with known angular displacement of the platform
in roll, pitch and yaw motions. This method does not give any information
about angular displacement of the motor bodies that are necessary for dynamic
analysis. Using any dynamic analysis approach like Newton-Euler or Lagrange-
Euler, all moving bodies’ angular displacements, velocities and accelerations
are needed. In order to calculate mentioned parameters loop closure equation
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Figure 4.12: MATLAB R© Simscape model of ABB IRB2000 manipulator

(LCE) in 3D for each motor can be written where each equation gives three scalar
equations. In our hexapod each motor is connected to the base frame with a
universal joint. So four reference frames are assigned and shown in Figure 4.13.

Zero frame is fixed on point O and frame P is assigned to the upper platform at
point A. This frame has a translation X, Y and Z values and rotation with Euler
angles sequence 1-2-3 (Roll, Pitch and Yaw) with respect to the zero frame. Due
to the hexapod motors configuration there is another fixed rotation between zero
frame and motor body fixed frames about #»u

(0)
3 . We call this constant azimuth

angle as ψi for each motor. So the constant rotation with respect to the zero
frame can be written as
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Figure 4.13: Hexapod views and assigned reference frames

Ĉ(0,∗) = eũ3ψi (4.97)

This rotation is shown on top view of the hexapod in Figure4.13. It le ads
to a fixed dummy frame that is fixed for each motor and shown by #»u

(∗)
1 and

#»u
(∗)
2 vectors in Figure 4.13. Another frame 1 is assigned on point D and has

a rotation about #»u
(1)
2 = #»u

(∗)
2 with ϕ1i angle. The last frame 2 is assigned on

point D and has a lateral rotation about #»u
(1)
3 = #»u

(2)
3 with ϕ2i angle. As shown

in Figure 4.13, the LCE equation for each motor can be written as:

−→OA +−→AB =−→OC +−→CB (4.98)

Vector −→OC is a known vector that indicates the location of each motor with
respect to the zero frame. For ith motor

−→OC = pix
#»u

(0)
1 + piy

#»u
(0)
2 + piz

#»u
(0)
3 (4.99)

The −→CB vector is
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−→CB = Si
#»u

(2)
1 (4.100)

where si is variable parameter related to the motor shaft length. It is preferred
to write all vector notations in zero frame

CB(0) = siū
( 1

0)
1 = siĈ(0,1)ū( 1

1)
1 (4.101)

Now considering Ĉ(0,∗), it is possible to define Ĉ(0,2) as rotation matrix that
transfer frame zero to frame 2.

Ĉ(0,2) = eũ3ψieũ2ϕ1ieũ3ϕ2i (4.102)

Consequently

CB(0) = sieũ3ψieũ2ϕ1ieũ3ϕ2i ū1 (4.103)

Vector −→CB can be written in vector notation as

−→CB = #»u
(0)
1 [si(cosϕ1i cosϕ2i cosψi− sinϕ2i sinψi)]

+ #»u
(0)
2 [si(cosϕ1i cosϕ2i sinψi + sinϕ2i cosψi)]

− #»u
(0)
3 [si cosϕ2i sinϕ1i] (4.104)

Left side of the equation 4-104 is known and calculated using translation X, Y
and Z values and rotation with Euler angles sequence 1-2-3 (Roll, Pitch and
Yaw) with respect to non-inertial frame.

−→OA = X #»u
(0)
1 + Y #»u

(0)
2 + Z #»u

(0)
3 (4.105)
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−→AB = rix
#»u

(p)
1 + riy

#»u
(p)
2 + riz

#»u
(p)
3 (4.106)

In vector −→AB expression rix, riy and riz are position information of upper side
of the each motor that is connected to the upper plate and these positions
parameters are known due to design configuration of hexapod. It is possible to
express vector −→AB in zero frame.

AB(0) = rixĈ(0,p)ū

(
p
p

)
1 + riyĈ(0,p)ū

(
p
p

)
2 + rizĈ(0,p)ū

(
p
p

)
3 (4.107)

Where Ĉ(0,p) is rotation matrix of the upper platform of the hexapod rotation
with Euler angles sequence 1-2-3 (Roll, Pitch and Yaw). The reason that we
use 1-2-3 sequence is that in this sequence the singularity is happen when pitch
angle β = π/2 and almost it is impossible due to geometry of the platform.

Ĉ(0,p) = eũ1αeũ2βeũ3γ (4.108)

Ĉ(0,p) = eũ1αeũ2βeũ3γ (4.109)

so


1 0 0
0 cosα −sinα
0 sinα cosα




cosβ 0 sinβ
0 1 0

−sinβ 0 cosβ




cosγ −sinγ 0
sinγ cosγ 0

0 0 1



=


c11 c12 c13

c21 c22 c23

c31 c32 c33

 (4.110)

Consequently
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AB(0) = eũ1αeũ2βeũ3γ = [rixū1 + riyū2 + rizū3] (4.111)

Vector AB(0) is composed of known parameters and for simplification it can be
written as follow.

−→AB = bix
#»u

(0)
1 + biy

#»u
(0)
2 + biz

#»u
(0)
3 (4.112)

Now the equation 4-98 can be modified by substituting of the above vectors.

X #»u
(0)
1 + Y #»u

(0)
2 + Z #»u

(0)
3 + bix

#»u
(0)
1 + biy

#»u
(0)
2 + biz

#»u
(0)
3 = pix

#»u
(0)
1

+piy
#»u

(0)
2 + piz

#»u
(0)
3 + #»u

(0)
1 [si(cosϕ1i cosϕ2i cosψi− sinϕ2i sinψi)]

+ #»u
(0)
2 [si(cosϕ1i cosϕ2i sinψi + sinϕ2i cosψi)]

− #»u
(0)
3 [si cosϕ2i sinϕ1i] (4.113)

3D loop closure equation leads to three scalar equations as follows.

si(cosϕ1i cosϕ2i cosψi)− si (sinϕ2i sinψi) = X + bix−pix (4.114)

si(cosϕ1i cosϕ2i sinψi) + si (sinϕ2i cosψi) = Y + biy−piy (4.115)

si cosϕ2i sinϕ1i = piz−Z−biz (4.116)

Adding up square of equation 4-114 and square of equation 4-115:

s2
i cos2ϕ1icos2ϕ2i + s2

i sin2ϕ2i = (X + bix−pix)2 + (Y + biy−piy)2 (4.117)

Squaring the equation 4-116:

s2
i cos2ϕ2isin2ϕ2i = (−Z−biz + piz)2 (4.118)
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Solving equations 4-114 and 4-115 together si and ϕ1i and ϕ2i can be obtained
as follows.

si =±
√

(X + bix−pix)2 + (Y + biy−piy)2 + (−Z−biz + piz)2 (4.119)

Here negative values for strokes are not meaningful due to physical constraint,
therefore

si =
√

(X + bix−pix)2 + (Y + biy−piy)2 + (−Z−biz + piz)2 (4.120)

Multiplying equation 4-114 by cosψi and equation 4-115 by sinψi and add them
up equation 4-121 will obtain.

si(cosϕ1i cosϕ2i) = cosψi (X + bix−pix) + sinψi (Y + biy−piy) = ζi1 (4.121)

Reminding equation 4-16

si cosϕ2i sinϕ1i = piz−Z−biz = ηi1 (4.122)

ϕ1i = atan2(ηi1, ζi1) (4.123)

Two ways can be followed in order to obtain the angle ϕ2i.

 cosϕ2i = ζi1
si cosϕ1i

= ζi2

sinϕ2i = σ2i
√

1− ζi22 = ηi2 , σi2 =±1
(4.124)

Consequently

ϕ2i = atan2(ηi2, ζi2) (4.125)

99



or

 cosϕ2i = ηi1
si sinϕ1i

= ζ ′i2

sinϕ2i = σ2i
√

1− ζ ′i22 = η′i2 , σi2 =±1
(4.126)

Consequently

ϕ2i = atan2
(
η′i2, ζ

′
i2
)

(4.127)

The results of both approaches should be same. σi2 can be positive or negative
due to the lateral rotation of each motor. Taking first and second derivative of
the kinematic equations using chain rule give the velocity and acceleration of
the variables.

4.4.1 Dynamic analysis of a 6 DOF parallel hexapod

In Newton-Euler method 3 equations are written for force vector and 3 equations
are written for moment vector, totally 6 equations are written for each body in
3D. In proposed manipulator there are 13 bodies, so in this system 78 equations
are obtained. In Table 3 the interaction force and moments between bodies
together with actuating torques coming from joint motors are shown.

4.4.1.1 Dynamic equations for upper platform (body 1)

Upper platform is connected to the six bodies (motor shafts) with universal
joints. Force equations of the body using Newton-Euler approach can be written
as follows.

13∑
j=8

#»

F j1−mpg #»u 0
3 = mp

#»a p (4.128)

where
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Table 4.3: Number of unknowns in direct dynamic of hexapod

Joints Bodies
Unknowns

Parameters#»

F
# »

M acc.
1 Univ. Motor 1-Base 3 1 - #»

F 02 = F021
#»u 2

1 +F022
#»u 2

2 +F023
#»u 2

3
# »

M02 =M023
#»u 2

3

2 Univ. Motor 2-Base 3 1 - #»

F 03 = F031
#»u 2

1 +F032
#»u 2

2 +F033
#»u 2

3
# »

M03 =M033
#»u 2

3

3 Univ. Motor 3-Base 3 1 - #»

F 04 = F041
#»u 2

1 +F042
#»u 2

2 +F043
#»u 2

3
# »

M04 =M043
#»u 2

3

4 Univ. Motor 4-Base 3 1 - #»

F 05 = F051
#»u 2

1 +F052
#»u 2

2 +F053
#»u 2

3
# »

M05 =M053
#»u 2

3

5 Univ. Motor 5-Base 3 1 - #»

F 06 = F061
#»u 2

1 +F062
#»u 2

2 +F063
#»u 2

3
# »

M06 =M063
#»u 2

3

6 Univ. Motor 6-Base 3 1 - #»

F 07 = F071
#»u 2

1 +F072
#»u 2

2 +F073
#»u 2

3
# »

M07 =M073
#»u 2

3

7 Univ. Shaft 1-Platform 3 1 - #»

F 81 = F811
#»u p1 +F812

#»u p2 +F813
#»u p3

# »

M81 =M813
#»u p3

8 Univ. Shaft 2-Platform 3 1 - #»

F 91 = F911
#»u p1 +F912

#»u p2 +F913
#»u p3

# »

M91 =M913
#»u p3

9 Univ. Shaft 3-Platform 3 1 - #»

F 101 = F1011
#»u p1 +F1012

#»u p2 +F1013
#»u p3

# »

M101 =M1013
#»u p3

10 Univ. Shaft 4-Platform 3 1 - #»

F 111 = F1111
#»u p1 +F1112

#»u p2 +F1113
#»u p3

# »

M111 =M1113
#»u p3

11 Univ. Shaft 5-Platform 3 1 - #»

F 121 = F1211
#»u p1 +F1212

#»u p2 +F1213
#»u p3

# »

M121 =M1213
#»u p3

12 Univ. Shaft 6-Platform 3 1 - #»

F 131 = F1311
#»u p1 +F1312

#»u p2 +F1313
#»u p3

# »

M131 =M1313
#»u p3
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Table 4.4: Number of unknowns in direct dynamic of hexapod

Joints Bodies
Unknowns

Parameters#»

F
# »

M acc.
13 Cylin. Motor 1-Shaft 1 2 2 - #»

F 82 = F822
#»u 2

2 +F823
#»u 2

3
# »

M82 =M822
#»u 2

2 +M823
#»u 2

3

14 Cylin. Motor 2-Shaft 2 2 2 - #»

F 93 = F932
#»u 2

2 +F933
#»u 2

3
# »

M93 =M932
#»u 2

2 +M933
#»u 2

3

15 Cylin. Motor 3-Shaft 3 2 2 - #»

F 104 = F1042
#»u 2

2 +F1043
#»u 2

3
# »

M104 =M1042
#»u 2

2 +M1043
#»u 2

3

16 Cylin. Motor 4-Shaft 4 2 2 - #»

F 115 = F1152
#»u 2

2 +F1153
#»u 2

3
# »

M115 =M1152
#»u 2

2 +M1153
#»u 2

3

17 Cylin. Motor 5-Shaft 5 2 2 - #»

F 126 = F1262
#»u 2

2 +F1263
#»u 2

3
# »

M126 =M1262
#»u 2

2 +M1263
#»u 2

3

18 Cylin. Motor 6-Shaft 6 2 2 - #»

F 137 = F1372
#»u 2

2 +F1373
#»u 2

3
# »

M137 =M1372
#»u 2

2 +M1373
#»u 2

3

19 Motion Platform acc. - - 6 Ẍ, Ÿ , Z̈, α̈, β̈ , γ̈
Total 48 24 6 78 Unnowns

#»

F j1 = Fj11
#»u p

1 + Fj12
#»u p

2 + Fj13ũp
3 (4.129)

In above equation j is number of the bodies (shaft) that are connected to the
platform and varies from 8 to 13.

#»u 0
3 = [−cos(α)sin(β)cos(γ) + sin(α)sin(γ)] #»u p

1

+[cos(α)sin(β)sin(γ) + sin(α)cos(γ)] #»u p
2

+[cos(α)cos(β)] #»u p
3 (4.130)

#»a p has been obtained in kinematic analysis of the platform. Three scalar equa-
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tions can be extracted from above equation.
13∑
j=8

#»

F j11−mpg [−cos(α)sin(β)cos(γ) + sin(α)sin(γ)] = mp
#»a p1 (4.131)

13∑
j=8

#»

F j12−mpg [cos(α)sin(β)sin(γ) + sin(α)cos(γ)] = mp
#»a p2 (4.132)

13∑
j=8

#»

F j13−mpg [cos(α)cos(β)] = mp
#»a p3 (4.133)

Moment equations of the body using Newton-Euler approach can be written as
follows where −−→C1Bj is a vector that connects center of platform to the connection
point with jth shaft.

13∑
j=8

(−−→C1Bj ×
#»

F j1
)

+
13∑

j=8

# »

M j1 =
^

Jp.
#»αp/0 + #»ωp/0 ×

^

Jp.
#»ωp/0 (4.134)

where

−−→C1Bj = c1bj1
#»u p

1 + c1bj2
#»u p

2 + c1bj3
#»u p

3 (4.135)

# »

M j1 =−cj1α̇
#»u p

1− cj1β̇
#»u

p
2 + Mj13

#»u p
3 (j = 8−13 for platform) (4.136)

In above equation j is number of the bodies (shafts) that are connected to
the platform and varies from 8 to 13. Also cj1 are viscous friction coefficients
regarding to the universal joints.

^

Jp is platform moment of inertia dyadic. Same
as force equation, 3 scalar equations will be derived from moment equations.

4.4.1.2 Dynamic equations for motors 1-6 (bodies 2-7)

Motor bodies are connected to 2 bodies that one of them is base plate using a
universal joint and the other one is related shaft using a cylindrical joint. So
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the dynamic force equations for each motor can be written using Newton-Euler
approach as follows. The mass of all motors are same so we call them mm.

#»

F 0j + #»

F kj−mpg #»u 0
3 = mm

#»a j (4.137)

In the above equation, #»

F 0j is the force vector that coming from base of the
hexapod and acts on the motor body j. Also #»

F kj is the force vector coming
from related shaft and acts on the motor. The index j is body number and
varies from 2-7 and index k is related to the shaft body number and varies from
8-13 respectively. The dynamic moment equations for bodies 2 -7 can be written
using Newton-Euler approach as follows.

−−→
CjD ×

#»

F 0j+−−−→CjCk ×
#»

F kj+ # »

M0j+ # »

Mkj =
^

Jm.
#»αj/0

+ #»ωj/0
×

^

Jm.
#»ωj/0

(4.138)

where

−−→CjD = cjd11
#»u 2

1 + cjd3
#»u 2

3 (4.139)

−−−→CjCk = (si + cjck1) #»u 2
1 + cjckj

#»u 2
3 (4.140)

Using the same procedure as we done for platform (body 1) it is possible to
write 6 equations for each motor (3 force equations/3 moment equations).

4.4.1.3 Dynamic equations for shafts 1-6 (bodies 8-13)

Motor shafts are connected to 2 bodies that one of them is upper platform using
a universal joint and the other one is related motor using a cylindrical joint.
So the dynamic force equations can be written using Newton-Euler approach as
follows. The mass of all shafts are same so we call them mshaft.
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#»

F jk + #»

F 1k−mshaft g #»u 0
3 = mshaft

#»a k (4.141)

where

#»

F jk =− #»

F kj = Fi
#»u 2

1−Fkj2
#»u 2

2−Fkj3
#»u 2

3 (4.142)

#»

F 1k =− #»

F k1 =−Fk11
#»u p

1−Fk12
#»u p

2−Fk13
#»u p

3 (4.143)

In the above equations, #»

F jk is the force vector that coming from motor body
j acts on the related shaft (body k). Also #»

F 1k is the force vector coming from
upper platform and acts on the relate shaft (body k). Also Fi is actuating torque
of related motor. Equation should be expressed in shaft body fixed frame 2 in
matrix notation.

F̄(2)
1k =−Fk11ū(p/2)

1 −Fk12ū(p/2)
2 −Fk13ū(p/2)

3 (4.144)

F̄(2)
1k =−Fk11Ĉ(2,p) ū

(p/p
)

1 −Fk12Ĉ(2,p)ū

(p/p
)

2 −Fk13Ĉ(2,p)ū

(p/p
)

3 (4.145)

Ĉ(2,p) is rotation matrix that transfer shaft fixed frame 2 to platform fixed frame
p.

Ĉ(2,p) = Ĉ(2,1)Ĉ(1,0) Ĉ(0,α) Ĉ(α,β) Ĉ(β,γ) (4.146)

The dynamic moment equations for bodies 8 -13 can be written using Newton-
Euler approach as follows.
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−−→CkCj ×
#»

F jk +−−→CkBi ×
#»

F 1k + # »

M jk + # »

M1k =
^

J shaft.
#»α j/0

+ #»ω j/0
×

^

J shaft.
#»ω j/0

(4.147)

Using the same procedure as we done for platform (body 1) it is possible to
write 6 equations for each motor (3 force equations/3 moment equations).
So the equations can be written in matrix format as follows in order to calculate
direct kinematics of the manipulator.

[Coefficients]78×78 .



Ẍ

Ÿ

Z̈

α̈

β̈

γ̈

F (base,motori),1

F (base,motori),2

F (base,motori),3

M (base,motori),3

F (shafti,platform),1

F (shafti,platform),2

F (shafti,platform),3

M (shafti,platform),3

F (motori,shafti),2

F (motori,shafti),3

M (motori,shafti),2

M (motori,shafti),3


78×1

= [Known parameters]78×1

(4.148)

A model and simulation of the prallel hexapod robot is developed using MAT-
LAB R© Simscape toolbox (Figure 4.14).
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Figure 4.14: MATLAB R© Simscape model of parallel hexapod robot

4.4.2 Connecting serial and parallel manipulators

In order to match the parallel and serial parts of the hybrid manipulator, two
different strategies can be implemented. The first method is to solve the dy-
namic equations of the serial and parallel manipulators simultaneously. It means
that a 114×114 coefficients matrix should be generated in order to solve and ob-
tain all unknown parameters simultaneously. While writing the equations of
hexapod, the mass center position vector of each body should be expressed in
the inertial reference frame that is assigned on base of the serial manipulator.
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Then the first and second derivatives of the position vectors should be done
in the inertial reference frame in order to calculate the acceleration vector of
the mass center and use it in the dynamic equation. This approach gives exact
analytical solutions of the unknowns and it is the most important advantage of
the mentioned method. But twice derivation of the mass center position vec-
tor in inertial frame gives so long expressions, because it is function of all joint
variables and joint velocities and acceleration. That’s why it is hard to use this
approach especially for real time applications. Therefore second approach is
planned to be used for the dynamic analysis of hybrid manipulator in certain
conditions. At this proposed method the dynamic analysis of serial and paral-
lel parts will done separately, then the resultant reaction forces/torques coming
from hexapod strokes to its base, will be given to the 6th body of the serial
manipulator as external forces/torques. The challenging side of this approach
is how to add Coriolis effect of hexapod on the serial manipulator. For solving
this problem, the hexapod can be considered as a rigid body that is fixed to
the 6th body of the serial manipulator. So the 6th body of the ABB manipula-
tor should be modified as combination of 6’th link of it and the hexapod while
calculating the center of mass acceleration. In order to apply this assumption
with good accuracy the hexapod should not work with high acceleration. Here 6
DOF PI H-824 hexapod is used as parallel part of the hybrid manipulator where
its maximum velocity is 1 mm/s and its acceleration is very low. Also here
the critical joint is the fifth joint (wrist) of the serial manipulator and the cost
function while path optimization of the redundant manipulator is minimization
of reaction forces/torques on this critical joint. Consequently it is possible to
use the second approach for dynamic analysis. The advantage of this method
is simplicity of calculation and quick response of dynamic model that make it
suitable for real time applications. The disadvantage is decrease of accuracy if
the hexapod has sharp and fast motion.
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Figure 4.15: Posture optimization process

4.5 Posture optimization of 12 DOF hybrid redundant manipulator

The main aim here is to posture optimization of the 12 DOF hybrid redundant
manipulator. Different criteria can be defined as cost function of the optimiza-
tion problem. Here the fifth joint (wrist) of the ABB serial manipulator is the
weakest joint in the robot, so the computed torque of this joint is selected as the
cost function. The aim is to minimize this factor by finding the optimum con-
figuration of the hybrid manipulator. For such a purpose we need to calculate
the torque of the wrist joint for different possible configurations and select the
best one. The dynamic model of the 12 DOF manipulator.

The output of the grinding force model is given to the dynamic model as an
external reaction force. The dynamic model calculates all reaction parameters
and torques of the joints. The computed torque of the wrist joint is given to
the optimization module and new configuration is generated by the module with
respect to the kinematics of the 12 DOF redundant manipulator. Then it isv-
given to the dynamic model. This module searches among infinite kinematic
solutions of the redundant manipulator, and assigns translation and orientation
values for the hexapod. Based on these values and using inverse kinematics of
hexapod the location and orientation of connection point between hexapod and
ABB robot in the work space are calculated. At the same time, this connec-
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tion point is tip point of the ABB manipulator. Consequently with known tip
point location and tip point orientation matrix, the joint variables of the serial
robot are obtained using inverse kinematics that is explained in Section 4.3.2.
This process continues until converge to the minimum torque value. Then the
optimal configuration is chosen for the grinding operation (Figure 4.15 ). The
SIMULINK model of the posture optimization process is shown in Figure 4.16.

The optimization process can be implemented in two methods.
The first optimization method is useful when the operator wants to implement
the grinding operation with a desired orientation. The desired grinding orienta-
tion is identified with respect to the workpiece profile and grinding geometry. In
this method the desired orientation and location of the hybrid manipulator tip
point should be defined by the operator. The optimization algorithm finds the
optimum posture of the robot with respect to the given position and orientation.

If we consider the desired orientation of the tip point as Euler angles αg, βg and
γg with the 1-2-3 sequence, and the desired tip point location as Xg, Yg and
Zg in inertial coordinate system, there are infinite configurations to reach such
a location and orientation in the work space. The transformation homogenous
matrix of desired tip point location can be written as follows.

T̂desired =

 Ĉdesired rdesired
(G)

0 0 0 1

 (4.149)

where

Ĉdesired = eũ1αg eũ2βgeũ3γg (4.150)

so
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Ĉdesired =
1 0 0
0 cosαg −sinαg
0 sinαg cosαg




cosβg 0 sinβg
0 1 0

−sinβg 0 cosβg




cosγg −sinγg 0
sinγg cosγg 0

0 0 1

(4.151)

rdesired
(G) =


Xg

Yg

Zg

 (4.152)

T̂IRB2000 T̂hexapod = T̂desired (4.153)

Ĉhexapod = Ĉ(0,6)eũ1αeũ2βeũ3γ (4.154)

For finding new configuration that takes the robot to the same desired location
with same desired orientation the new position and orientation of serial IRB
2000 manipulator can be obtained as follows. The search algorithm identifies
new transformation homogenous matrix of the hexapod T̂newhexapod from infinite
possible selections. Consequently the new transformation homogenous matrix
of the ABB IRB 2000 robot is identified considering new hexapod configuration.

T̂newIRB2000 = T̂desired
(
T̂newhexapod

)−1
(4.155)

Using the new transformation homogenous matrix and the inverse kinematics
of the IRB 2000 robot that is explained in Section 4.3.2, the new joint variables
are obtained. Also with inverse kinematics of the hexapod (Section 4.4), new
values of struts lengths are obtained. An example of posture optimization of 12
DOF hybrid manipulator based on torque minimization in wrist joint is shown
in Figure 4.17 and Figure 4.18 respectively. Genetic algorithm (GA) toolbox of
MATLAB R2017a is used as signal optimization method in this example.

111



The second optimization method is useful for grinding with ball-shape tools
where the operator wants to implement the grinding operation with an opti-
mum orientation. Here the due to ball-shape tool, the tip point orientation is
not important. Just the desired location of the hybrid manipulator tip point
should be defined with respect to the workpiece geometry.
The optimization algorithm finds the optimum posture of the robot with respect
to the given position. If we consider the desired tip point location as Xo, Yo and
Zo in inertial coordinate system, same as the first method, there are infinite con-
figurations to reach such a location.The main difference between first and second
approach is that in the first method, optimization module is implemented in 6
dimensional space but in the second approach considering grinding orientation
angles in parallel with hexapod orientation and translation parameters, the op-
timization module is implemented in 9 dimensional space. In this method the
outputs of the optimization algorithm are optimal grinding orientations (αg, βg
and γg) and the optimal configuration of the robot that leads to the minimum
computed torque in wrist joint of the IRB2000 manipulator.
The transformation homogenous matrix of desired tip point location can be
written as follows.

T̂desired =

 Ĉdesired rdesired
(G)

0 0 0 1

 (4.156)

where

Ĉdesired = eũ1αo eũ2βoeũ3γo (4.157)

so
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Ĉdesired =
1 0 0
0 cosαo −sinαo
0 sinαo cosαo




cosβo 0 sinβo
0 1 0

−sinβo 0 cosβo




cosγo −sinγo 0
sinγo cosγo 0

0 0 1

 (4.158)

rdesired
(G) =


Xg

Yg

Zg

 (4.159)

T̂IRB2000 T̂hexapod = T̂desired (4.160)

Ĉhexapod = Ĉ(0,6)eũ1αeũ2βeũ3γ (4.161)

Same as the previous optimization method, the new position and orientation of
serial IRB 2000 manipulator can be obtained as follows.

T̂newIRB2000 = T̂desired
(
T̂newhexapod

)−1
(4.162)

The new joint variables are obtained using the new transformation homogenous
matrix and the inverse kinematics of the IRB 2000 robot. Also the new values of
struts lengths are obtained with inverse kinematics of the hexapod. An example
of posture optimization of hybrid manipulator using second optimization ap-
proach is shown in Figure 4.19 and Figure 4.20 respectively. Genetic algorithm
(GA) is used as optimization method in this example.

4.5.1 Posture optimization along the grinding path

Two approaches for posture optimization of hybrid redundant manipulator re
explained. Such an optimization should be implemented along the grinding path.
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Table 4.5: Motion range of the PI H-824 Hexapod

Motion Range

Travel range X ±22.5mm
Travel range Y ±22.5mm
Travel range Z ±12.5mm
Travel range α ±7.5◦

Travel range β ±7.5◦

Travel range γ ±12.5◦

An offline simulation is done for finding optimal posture of the manipulator in
all parts of the grinding path. The grinding path is divided to the small parts
and in each part the normal and tangential grinding forces are estimated by the
grinding force model as shown in Figure 4.21.

The challenge here is to prevent sharp motion by the manipulator during the
posture optimization. Also the joints motion limitations should be considered in
posture optimization procedure. Based on the workpiece dimensions and works
space of the robot, the motion range that are considered for each joint of the
ABB IRB2000 manipulator is ±60◦ degrees. The motion limitations of PI H-824
Hexapod are shown in Table 4.4.

The goal is to find the nearest configuration of the manipulator that leads local
minima of the wrist joint computed torque. The flowchart of the posture opti-
mization algorithm is shown in Figure 4.22. At the beginning of the operation
a user defined start point is given the optimization algorithm. The mentioned
starting point is a user selected configuration for the position that workpiece
begins (x= x0). After this step, the starting point of optimization algorithm is
considered as the present configuration of the robot. This method helps the opti-
mization algorithm to converge to the closest optimum posture in each iteration
without any sharp and unstable motion.
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An example of a posture optimization along a 2D path is shown in Figure 4.23.
The optimized posture of the robot in three points of the defined path are shown
in this Figure.

A simulation of posture optimization during grinding operation on a manifold is
shown in Figure 4.24. The optimized posture of the robot in two points of the
manifold surface are shown in this Figure.
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Figure 4.17: Posture optimization of 12 DOF hybrid redundant manipulator
with first method

Figure 4.18: Wrist joint computed torque minimization using first optimization
approach
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Figure 4.19: Posture optimization of 12 DOF hybrid redundant manipulator
with second method

Figure 4.20: Wrist joint computed torque minimization using second optimiza
tion approach
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Figure 4.21: Grinding path and calculated normal and tangential grinding forces
along path

Figure 4.22: Flowchart of the posture optimization algorithm
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Figure 4.23: Example of posture optimization along a path

Figure 4.24: Simulation of posture optimization during grinding operation on a
manifold
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CHAPTER 5

CONCLUSION

In the robotic grinding operation, the effects of tool and setup stiffness are more
important than grinding with universal machines that are highly stiff. The re-
sults show a significant effect of the tool and setup deflections on the normal
grinding force and, consequently, on the equivalent grinding force. Accurate
force prediction is important for automatic robotic grinding operation because
accurate prediction of grinding forces helps to perform the operation with con-
stant force and prevent geometrical errors. In this thesis, a physical grinding
force model that uses chip formation energy and sliding energy is used where
classic grinding parameters (spindle velocity, feed rate and the depth of cut) are
applied as predictors. In this study, the model is modified as follows in order to
increase its accuracy and to adapt it to robotic grinding.

• Hexapod, tool and workpiece mechanical properties are included in the
proposed surface grinding force model by adding a refining term to the
physical model. The refining term improves the accuracy of the grinding
force estimation and makes the model more applicable for robotic grinding.

• To extract workpiece and setup properties, penetration tests are imple-
mented, new features are extracted from test results and these features
are used in refining the model.

• The feedback from the spindle during the tests is analyzed. The outcomes
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of the analysis show a high correlation between the grinding forces and the
spindle percent load, where the percent load is a function of the spindle
current. The percent load is used in refining the model.

• The proposed force model is more accurate in comparison with the energy-
based force model. Comparison of RMSE of grinding force prediction by
energy-based model and proposed model showed improvement in predic-
tion accuracy especially in the prediction of the normal grinding force.

• The model is adaptable for different setups and conditions. There is no
need to calculate such parameters as the stiffness of the robot, spindle, tool,
workpiece, joints, and connections separately. Because all of the factors
and workpiece mechanical properties reflect their effects on the features
that are extracted from the penetration test graphs. The refining term of
the model includes the above factors in the force model indirectly. For a
new setup or new operating conditions, by implementing a penetration test
and extracting the necessary features, the model can easily be updated.

As a conclusion, robotic surface grinding operations can be classified in three
regimes based on force response.

• In the first regime, the grinding forces remain almost constant during
the operation. This regime is similar to the universal grinding machine
response, where the tool cuts the workpiece with a set feed rate with neg-
ligible tool deflection. It is possible to apply the existed grinding models
in certain conditions for this regime.

• In the second regime, the grinding forces increase almost linearly during
the operation. This phenomenon is due to tool deflection and is similar to
the ascending section of the penetration test graph, where a tool cannot
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cut the workpiece with a set feed rate.

• The third regime includes a transition response where a small tool deflec-
tion occurs followed by fast compensation. This response causes a fluc-
tuation in the force graphs when both deflection and compensation occurs.

• In the second and third regimes, even when the classic grinding variables
(spindle speed, feed rate and the depth of cut) are constant, the grinding
forces change. Therefore, the predictors alone are not sufficient to generate
an efficient force model. In this condition, the spindle percent load is an
extra predictor that varies with the grinding forces, even when the other
predictors are constant. Consequently, the proposed model has the ability
to track force changes in the second and third regimes.

• The model in this study can be used for efficient classification of the grind-
ing operation regimes and prediction of the grinding forces.

In this thesis, a novel approach is proposed for parallel hexapod-robotic light
abrasive grinding with constant resultant grinding force and real-time TDC. For
this purpose, a model supervised fuzzy admittance controller is proposed for the
robotic grinding operation with constant resultant force. The robotic grinding
behavior is different from grinding with common CNC-type stiff machines. For
reference force generation the proposed grinding force model is used that is de-
signed for robotic grinding operations. In grinding operation the tool deflection
is the main disadvantage which causes geometrical error (inclined profile) in the
cross-section of the workpiece. A method for calculation of tool deflection in
tangential and normal directions is utilized, combined with a kinematic solution
for real-time compensation of the tool deflection. Application of this approach
leads to obtain disinclined cross-section.

Investigating the results of experiments, the following inferences are concluded.
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• Resultant force control is an effective method for preventing geometrical
errors in robotic grinding operation.

• The resultant grinding force can be adjusted in real-time by controlling
the depth of cut and its rate of change.

• The tuned realistic reference input produced by the force model, combined
with the functionality of the fuzzy controller for nonlinear plants, provides
a proper method for increasing the accuracy of robotic grinding operations.

• The proposed model supervised fuzzy control structure decreases the insta-
bility probability of the fuzzy controller because of the realistic reference
input profile produced by the grinding model.

• Computation of the tool deflection value as a function of grinding forces
and compensation of it in real time during the robotic grinding operation is
an effective way of preventing geometrical errors in workpiece cross-section.

Hybrid manipulators are suitable choices in order to use advantages of serial and
parallel manipulator simultaneously. Combination of large workspace of serial
manipulators and high work load and accuracy of parallel manipulators makes
the hybrid manipulators as suitable choice in many operations like grinding and
deburring. In this thesis a 12 DOF hybrid manipulator is investigated that is
composed of a 6 DOF serial ABB IRB2000 robot and a 6 DOF PI H-824 Hexa-
pod. The Parallel hexapod is connected to the end of the serial ABB manipula-
tor. Kinematic and dynamic analysis of the hybrid manipulator is done and all
reaction/actuating forces and torques are calculated. A novel strategy for pos-
ture optimization of the redundant hybrid manipulator based on minimization
of the computed torque of wrist joint of serial part of the hybrid manipulator
is proposed in this study. There are infinite inverse kinematic solutions for a
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redundant manipulator. A configuration generator module is developed in or-
der to generate inverse kinematic solutions for a desired tip point location and
orientation. A GA search approach is used to find optimum solution that leads
minimum torque in the wrist joint. Also it is possible to find optimum grinding
orientation in the work space if there is not any desired grinding orientation. It
is concluded that posture optimization in a redundant manipulator is a useful
approach for obtaining optimum force or torque value in joints of a manipulator.
For the hybrid redundant manipulator that is focused in this thesis, the differ-
ent optimization criteria like minimization of all joints actuating torques can
be used as future works. The real-time posture optimization of the redundant
manipulator can be another research topic where a parallel processing solution
can be investigated for this topic.
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