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Abstract

Efficient engineering design and development of high precision and reliable surgical
simulators, like haptic devices for surgical training benefits from model-based and
simulation driven design. The complexity of the design space, multi-domains, multi-
criteria requirements and multi-physics character of the behavior of such a product ask for
a model based systematic approach for creating and validating compact and
computationally efficient simulation models to be used for the design process.

The research presented in this thesis describes a model-based design approach towards
the design of haptic devices for simulation of surgical procedures, in case of hard tissues
such as bone or teeth milling. The proposed approach is applied to a new haptic device
based on TAU configuration.

The main contributions of this thesis are:

e Development and verification of kinematic and dynamic models of the TAU
haptic device.

e Multi-objective optimization (MOQ) approach for optimum design of the TAU
haptic device by optimizing kinematic performance indices, like workspace
volume, kinematic isotropy and torque requirement of actuators.

e A methodology for creating an analytical and compact model of the quasi-static
stiffness of haptic devices, which considers the stiffness of; actuation system;
flexible links and passive joints.
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Chapter 1

Introduction

Haptics refers to sense and manipulation through touch, which is a rapidly
growing field that draws upon multidisciplinary fields like cognitive science,
electrical engineering and mechanical engineering. Design of high precision
and reliable surgical simulators, like haptic devices is not trivial, because of
the many conflicting constraints due to multi-domain considerations. Some
of the major domains are biomechanics, psychophysics, neuroscience, robot
design and control, mathematical modeling and simulation, and software en-
gineering. This thesis presents a model-based design approach to consider
different models based on multi-domain design specifications.

1.1 Background

A haptic device act as a communicating bridge to reflect forces and torques to
a user resulting from interactions with virtual environment or tele-operation
tasks, so that human users can indirectly feel several physical sensations in
real situations. The haptic device works based on haptic feedback and haptic
collision detection algorithm. The haptic feedback works when manipulating
the end-effector in the virtual environment; The position of the end-effector
is calculated based on the measurement by position sensors on the device and
conveyed to the computer. The haptic collision detection algorithm in the
computer calculates the torque to the actuators on the haptic device in real-
time, so that appropriate reaction forces are applied to the user, leading to
haptic perception of virtual objects [1].

Designing a haptic device is a non-trivial task, due to its sophisticated
performance requirements from users, and the integration of software and
hardware. The area of haptic research is an interdisciplinary field and is
generally subdivided into three main fields, such as computer haptics, machine
haptics and human haptics [1].

e Human haptics - the study of how people sense and manipulate the world
through touch
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e Machine haptics - the design, construction, and use of machines to replace
or augment human touch. Haptic interfaces are devices composed of
mechanical components in physical contact with the human body for the
purpose of exchanging information with the human nervous system

e Computer haptics - algorithms and software associated with generating
and rendering the touch and feel of virtual objects analogous to computer
graphics

1.2 Problem description

The training of a surgeon is a complex and multi-dimensional process [2] par-
ticulary in the case of hard tissues like bone and dental procedures. The sur-
gical students are trained by performing operations with open surgery using a
hand-held mill. These trainings are sometimes performed on real patients and
in some cases on cadavers, which is questionable from both ethical and training
effectiveness point of view [3]. Also training on real patients are not effective
due to an unpredictable flow of patients into surgery, fewer opportunities to
practice on more unique cases and cost of training [2].

The high risk of training on real patients and the high cost have motivated
to research and development haptic devices and virtual reality simulators for
training surgeons. Simulators will create new training opportunities for surgi-
cal procedures, which are impossible to train with traditional methods. Mov-
ing training for surgical procedures from the operating room to a simulator
would offer considerable economic advantages.

In most of the medical fields, the apprenticeship models; first see, then do
and then teach has been used as a traditional method for the training of sur-
geons. However, the usage of simulation-based systems, coupled with haptic
technology, has become widespread in the medical field. After force feedback
has been adapted in virtual simulations by the widely extended usage of haptic
devices, the surgery simulations have provided various features, which cannot
be achieved by the current classical training techniques.

Plastic models are used for surgical training of hard tissue, which can’t
provide the level of detail and material properties of a real system. Since
repetitive usage of these artificial models is not possible, it is not cost-effective
for the repetitive usage. However virtual simulation environments provide not
only the possibility to use different material properties and level of details but
also the ability of creating several challenging scenarios, which can be faced
through real life.

Besides, by the help of virtual simulation environments we can get a better
assessment on the trainee’s performance. It is possible to define performance
metrics for a specific surgery in simulations. For instance, during bone removal
operation, simulations are able to figure out the regions which are removed
when they are not visible by the user. Also it is promising to define maximum
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velocities and forces for some critical anatomic regions and observe whether
the user exceeded these thresholds. With these metrics, it is also possible to
obtain a visual feedback which can show the bone regions in different colors
according to the performance of the user for the tasks on that region.

Considering the application context of a haptic device in orthopaedic and
dental surgery, the surgeon needs to perform various tasks like cutting, milling
and drilling as shown in Fig.1.1.

Fig. 1.1 — Typical tasks involved in a surgery of hard tissues, [4],[5].

In order to create a haptically-enabled virtual reality simulator to train
surgeons for these skills, the main requirements are given in [6], which are as
follows.

e Haptic feedback in 6-DOF, to allow both force and torque feedback as
well translational and rotational capabilities of the virtual tool operating
in a (narrow) channel or cavity

e The whole device should fit in a space of 250 x 250 x 300 mm

e The minimum translational and rotational workspace should be 50 x 50
x 50 mm and £40° respectively in all directions at the nominal position,
with no singularities in the workspace

e The tool center point (TCP) should be able to render high force and
torque up to at least 50 N and 1 Nm, respectively

e Low back-drive inertia and friction, and no constraints on motion imposed
by the device kinematics, so that free motion feels free

e Ergonomics and comfort for the user

e Transparency and stability of the complete system
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Some of the common characteristics which are considered desirable for
force/torque feedback haptic devices include according to [7]:

e Isotropic behaviour
e Large workspace
e Low effective mass

e Symmetric inertia, friction, stiffness, and resonate frequency properties
thereby regularizing the device so users don’t have to compensate for
these forces

e Robustness

e Balanced range, resolution, and bandwidth of position sensing and force
reflection

e Proper ergonomics that eliminate pain and discomfort when manipulat-
ing the haptic interface

Ideally, these design specifications can be transformed into quantitative
performance measures like workspace, manipulability, payload, inertia and
stiffness, where it is desirable to obtain a parametric relationship to critical
design parameters of the device.

1.3 Research objective and questions

The main objective of this research has been to investigate, if model-based
design can be an efficient tool to develop haptic devices that can be used for
simulation of surgical procedures of hard tissues. We have chosen to focus on
investigating the following questions:

e What is the available number of degrees of freedom, and what is the
actual workspace of the concept being studied?

e How can we optimize haptic devices for optimal performance?

e How should we model the stiffness of haptic devices?

1.4 Research approach

Development of haptic devices is a challenging task because of the multi-
criteria design consideration. The approach used in this thesis is to apply a
model-based design approach on some relevant evaluations that are needed.
First, existing literature was reviewed to identify the main design require-
ments, which have considerable effects on the overall performance of haptic
devices. Thereafter, the focus was set to evaluate some of these requirements,
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e.g. workspace, isotropy and stiffness. Then the model-base approach was
used and models necessary for these evaluations were developed. The ap-
proach that has been used here is shown in the top part of Fig.1.2.

Models Models Performance Design Performance Prototype Prototype
Devlopment Verification Indices Optimizaton Evaluation | typ Evaluation

Model
MBS Adams/
Dynamic Model

Analytical
Stiffness Model Ansys
Experimental

Fig. 1.2 — Research approach.

Performance GA Sensitivity
Indices NSGA Analysis

First models for the specific evaluations are developed and verified (first
two bozes), then based on the situation these models can also be used for for-
mulation of performance indices and later in the multi-objective optimization.
The lower part of Fig.1.2 shows the models that have been developed in this
work to investigate the model-base design approach.

1.5 Delimitation

The research presented in this thesis mainly focuses on model-based design
of haptic devices. This has been applied on the current ongoing project at
the System and Component Design division and Mechatronics division, at
KTH[3],[8]. In this model-based design approach we have only considered
kinematic, dynamic and stiffness models for design evaluation. The friction
and joint clearance models are not treated.

1.6 Thesis outline

The thesis is organized in five chapters including the introductory chapter.
The thesis is outlined as follows, chapter 2 presents the state of the art of
haptic devices. Chapter 3 presents model-based design. Chapter 4 presents a
summary of the appended papers and finally Chapter 5 presents discussion,
conclusions and future work.






Chapter 2

State of the art

Several studies exist on design and devolvement of haptic devices in commer-
cial and academic literature. In this chapter, a brief review is given about
comparison of different haptic devices, design and modelling approaches. A
comparative study has been conducted by S.Khan [8], in which he compared
different haptic devices based on configuration, DOF, workspace, stiffness,
maximum force and cost. Currently, there are haptic devices available in form
of 2, 3, 4, 5, 6, 7-DOF reviewed by e.g. G. Gogu [7] and F.Lee [5]. F.Lee has
compared different haptic devices based on serial and parallel configurations
as shown in Fig.2.1 and Fig.2.2. An overview of this comparison is made in
the next section.

ame Serial Architecture Haptic Devices Design g
» "
v [2] [31 [41 © [5]

References: ) '
[1] PHAMTOM Premium 1.5 by Sensahle; ‘ Mirage by Quanser Inc,;

[10]

[6]
[2] PHANTOM OMMNO by Sensable; [7] Freedom by MPB Technologies;

[2] PHANTOM Desktop by Sensable; [B] HapticMaster by MOOG FCS Robotics;
[4] VIRTUOSE 3D15-25 by Haption; [9] VIRTUOSE 6040-40 by Haption; :
[5] VIRTUQSE 6035-45 by Haption; [10] PHANTOM Premium 3.0 by Sensable. H

Fig. 2.1 — Haptic devices based on serial configuration [5].
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Parallel Architecture Haptic Devices Design

References:

[1] High Definition Haptic Device by Quanser Inc; [5] 5-DOF Pantograph by Quanser Inc.;

[2] delta.3 by ForceDim ensian; [6] 3-DCF Planar Pantograph by Quanser Inc;
[2] delta.6 by ForceDim ension; [7] WIRTUOSE 6D-Desktop by Haption;

[4] Movint Falcon by Movint; [8] Cubic by MPBE Technalogies;

.............................................................................................................................

Fig. 2.2 — Haptic devices based on parallel configuration [5].

2.1 Serial, parallel and hybrid haptic devices

Serial devices adopt a design by connecting arms one by one in series by various
types of joints, especially revolute and prismatic. One end of the manipulator
is connected to the ground, and the other end is free to move in space. For
this reason, a serial manipulator is also referred as an open-loop manipulator.
Serial devices possess a some advantages like large working volume and high
dexterity; however numerous disadvantages such as low precision, poor force
exertion capability, low payload-to-weight ratio, and high inertias tend to limit
its use in many applications.

Parallel devices in contrast to serial one are closed-loop mechanism where
the end-effector is connected to the base by at least two independent kinematic
chains. Parallel devices possess high stiffness, low inertia, high rigidity and
accuracy, and high payload-to-weight ratios, which enable large bandwidth
transmission of forces but with some disadvantages like small workspace, pos-
sibilities of singularity due to link collision and low dexterity.

Recently, many six degrees of freedom (DOF) haptic devices have been
developed, some of which have been commercialized [9]. These include serial-
mechanism-based devices, such as the PHANTOM Desktop and PHANTOM
Omni by SensAble technologies [10] that provide a large workspace of 160 x
120 x 120 mm, with a stiffness of 2.35 N mm~! and a force of 7.9 N for stiff
contacts; similarly, the HAPTION [11] Virtuose 6D35-45 and Virtuose 3D15-
25 provide a workspace of 450 mm and a maximum force of 35 N. These devices
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provide insufficient stiffness and force/torque capacity for stiff contacts and
are not suitable in case of interaction with hard tissues. Many researchers have
proposed parallel-mechanism based haptic devices due to their high stiffness
and accuracy. Six-DOF Delta and Omega haptic devices from Force Dimen-
sion [12], a modified Delta device and Haptic master developed by Tsumaki et
al. [13], a 6-URS parallel haptic device developed by J.M. Sabatera et al. [14],
and a new 6-DOF haptic device developed at CEA-LIST [15], all for desktop
applications, are some examples of parallel mechanisms. However, all these
devices have the drawback of having either a small workspace or low stiffness.

Research is therefore focusing on hybrid mechanisms that combine the ad-
vantages of parallel and serial mechanisms to obtain sufficient stiffness, enough
workspace, and a compact design. Hybrid devices aim to combine the best
characteristics of a serial and parallel device, with large workspace, high dex-
terity, high stiffness and high payload-to-weight ratios and high precision.
Hongliang Cui et al. [16] have worked on the kinematic analysis and error
modeling of a new 3-DOF mechanism based on a serial-parallel mechanism,
called 3-DOF TAU parallel robot. Zhenqi Zhu et al. [17] have developed
kinematic and dynamic modeling for real-time control of TAU parallel robot.
However, no effort has been made to develop the kinematics of 6-DOF TAU
devices. Various models of 6-DOF TAU devices have been developed and
analyzed by Khan et al. [6] to identify their best characteristics.

2.2 Optimization

The performances of these devices are highly dependent on optimum struc-
tural and geometric parameters of the device. Furthermore, numerous design
aspects contribute to the performance, and an efficient design will be one
that takes into account all or most of these design aspects. This is an iter-
ative process, and an efficient design requires a lot of computational efforts
and capabilities for mapping the design parameters into design criteria, and
hence into a form of multi-objective design optimization problem [18]. In the
optimization, multiple criteria such as, for example, workspace; kinematic per-
formance indices like kinematic isotropy; static force transmission capability;
stiffness; and dynamic performance needed to be considered [8].

Finding an optimal solution for these devices entails handling a multi-
criteria optimal design problem; that is, a multi-objective constrained nonlin-
ear optimization problem with no explicit analytical expression. The gradient
and Hessian algorithms that generally converge to a local minimum are not
suitable for solving this problem. An interval-analysis based approach has
recently been used to solve a multi-criteria design problem for parallel manip-
ulators by Hao and Merlet [19]. This approach determines a design parameter
space that satisfies all design constraints. However, this approach requires
explicitly analytical expressions of all constraints. The performance-chart-
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based design methodology (PCbDM) proposed by Xin-Jun Liu et al. [20] is
an optimal kinematic design methodology for parallel mechanisms with fewer
than five linear parameters, which is unsuitable for our optimization problem
with its five design parameters. In this regard, the genetic algorithm (GA)
[21], approach seems a good option for multi-criteria problems due to its good
convergence property and robustness. Stan et al. [22], J.H. Lee et al. [23],
S.S. Lee and J.M. Lee [24], Hwang et al.[25], Raza.R et all. [26] and Khan et
al. [9] have used a GA approach for the multi-criteria optimization of parallel
kinematics machines and parallel haptic devices.

2.3 Stiffness modelling

Mechanical stiffness is one of the most important indicators in performance
evaluation of robotic systems [27, 28, 29]. In particular, for haptic devices,
where the primary target is the precise manipulation of a tool centre point,
precise stiffness identification and compensation play an important role during
the design process.

Stiffness analysis has been widely investigated in the literature. Several
methods exist for computation of the stiffness matrix: the virtual joint method
(VIM), that is often called the lumped modeling [30, 31, 32, 33, 34|, finite
element analysis (FEA) [34, 35, 36] and matrix structural analysis (MSA)
[37, 38, 39, 40]. Uchiyama [41] has derived an analytical model for the stiff-
ness of a compact 6-DOF haptic device based on static elastic deformation of
compliance elements.

Moreover, in order to obtain a more realistic stiffness model the existing
stiffness models should be complemented with more complex effects such as
joint stiffness, that also degrade the positioning accuracy. When it comes to
the compliance of joints, they are mostly modeled as a constant stiffness and
applied only for active joints. Bonnemains et al. [42] e.g. have considered the
stiffness of spherical joints in the stiffness computation and identification of
kinematic machine tools.

Common to all the described modeling methods is that they all need a
practical validation by means of experimental testing of a prototype. Charles
Pinto et al. [43] have evaluated static stiffness mapping of their Lower Mobility
Parallel Manipulator. They used pre-loading in the experimental testing to
eliminate backlash in the system. In experimental testing [44], the static
behavior evaluation of a robot was analyzed by norms, e.g. ANSI/RIA R15.05-
1-1990 [45], ISO 9283:1998 [46], which were established for serial manipulators.



Chapter 3

Model-based design

This chapter presents a model-based design approach for design of haptic
devices. The basic objective of this approach is to develop a haptic device,
which has high stiffness, large workspace, high manipulability, small inertia,
low friction and high transparency. The functional requirements are derived
from the user and device requirements, described in section 1.2, and are the
basis for generating the design concept as shown in Fig.3.1. The properties of
this concept are then evaluated using a model based design, as shown on the
right side of Fig.3.1. The overall objectives of the haptic device is to resemble
a real situation, when manipulating objects in a remote or virtual world.

Singularity
free

I 7 l workspace
Stiffness
Model Workspace

2\ *'

i .. |\ Jacobian

Kinematic 5
Dynamic Model Matrix Payload
Model '

ZZN
Friction

4
Joint P
clearance
Model Manipulabili
ty

Manipulability

Payload

e User
requirements

Functional
requirements

e Device
requirements

Design
concept

Model

Backlash

Fig. 3.1 — Dependencies between functional requirements, design concept and models needed
for evaluation of product properties.

Carbone Giuseppe et al. [47] have used model-based design approach
and multi-criteria requirements for multi-objectives optimization of CaPaMan
(Cassino Parallel Manipulator). He considered kinematic, static, dynamic,

11
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friction, stiffness and joint clearance models for formulating the optimization
problem, but due to computational complexity, he managed to include only
kinematic and stiffness models in the optimization.

Furthermore, numerous design aspects/attributes contribute to the perfor-
mance of haptic devices, like large workspace, high manipulability /isotropy,
torque requirements on an actuator for unit force/torque applied, high stiffness
for precise positioning, low inertia and low resonant frequency. This turns out
to be a multi-criteria problem, which is addressed by a model-based design
approach for evaluating concept properties. In Fig.3.1, a selection of these
required properties and models needed to evaluate them are illustrated.

The main requirements considered in this thesis are DOF, workspace, ma-
nipulability /isotropy, torque requirements on actuators, structural stiffness
and dynamics. The models which are needed to evaluate these requirements
are the kinematic, stiffness and dynamic models. The friction and joint clear-
ance models are not considered in this thesis. Some of these models are mutu-
ally dependent, thus leading to a computationally complex evaluation. In the
coming sections a case study is used to illustrate the evaluation of the above
discussed requirements.

3.1 Degrees of freedom

The first concern in the study of kinematics of a mechanism is the number of
degrees of freedom. The degrees of freedom of a mechanism are the number of
independent parameters or inputs needed to specify the configuration of the
mechanism completely. The Griibler criterion was used to find the number of
independent coordinates of the system by using equation (3.1).

F:A(n—j—mZﬂ (3.1)

Where
F : Degrees of freedom of the mechanism.
A @ Degrees of freedom of the space in which a mechanism is intended to
function.
n : Numbers of links in mechanism including fixed link.
j: No of joints in a mechanism, assuming that all the joints are binary.
fi + Degrees of relative motion permitted by joint i.

3.2 Workspace

The workspace is one of the most important kinematic properties of manip-
ulators, because of its impact on manipulator design and location within a
workspace. Different types of workspace are defined by G. Castelli et al.
[48], such as reachable workspace, dexterous workspace and constant orienta-
tion workspace. The kinematic model is the basis for the workspace analysis,
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because the workspace depends upon the constraints on active and passive
joints, collision avoidance between the links and platform (end effector) and
kinematic singularity.

In order to take into account the above-mentioned constraints and to deter-
mine the workspace, we need a kinematic model of the device. In the coming
section, the kinematic model of a new 6-DOF haptic device based on TAU
configuration is presented.

3.2.1 Kinematic model

Kinematics is the basis to the analysis of any robotic system. Once this model
is developed, the designer can evaluate the performance of the system. The
kinematic model is the core for other dependent models like dynamic and stiff-
ness models, etc. A schematic model of kinematics of 6-DOF TAU is shown
Fig.3.2. The schematic model consist of three chains ¢ = 1, 2, 3, where the two
chains ¢ = 1,2 are symmetrical, while the third chain ¢ = 3 is asymmetrical.
These three chains have two active revolute joints with angles [0;1,6;2] , Fur-
ther the two symmetrical chains have two passive universal joints with angles

(i1, Piny Pis, Pia] for i = 1,2 | while the third chain has a passive revolute
joint with angle ¢3;. The kinematic model consist of two sub-models i.e., the
inverse kinematic and forward kinematic model.

93 1

Fig. 3.2 — Schematic model of 6-DOF TAU



14 CHAPTER 3. MODEL-BASED DESIGN

Inverse kinematics

The inverse kinematic problem for the proposed 6-DOF TAU configuration
determines orientation of active joint angles [0;1,0;2] and passive joint angles

[$i1, iz, Piz, Pia] , while the pose (position and orientation) [p., py, ps, v, 5,7]
of the platform are given. A closed-form solution for the inverse kinematics
can be found based on the constrain equations.

There are two constrain equations for symmetrical chains according to the
path (a;, b;,¢;) and (a;, b;, d;, €;), as given in equation (3.2) and (3.3). A de-
tailed about formulation of these active and passive joint angles are given in
(Paper A).

(Cm — bw)2 + (Cz'y — biy)Q + (ciz - biz)Q = Lg (32)

(dm - eim)2 + (dzy - eiy)2 + (dzz - eiz)2 = L% (33)

Forward kinematics

The forward kinematics problem for the proposed 6-DOF TAU configuration
determines the pose [ps, Dy, P2, 5,7 , of the platform, while the orienta-
tions (i.e., joint angles) [0;1,0;2] with i = 1,2,3 of all actuators are given. No
closed-form analytical solution is available for the forward kinematics of the
6-DOF TAU configuration, due to the complex nonlinear equations. There-
fore, the Newton-Raphson numerical approximation method is used to solve
the forward kinematics problem. The Newton-Raphson approximation of the
solution is given by equation

X1 = X = [F'(X,)] T F(X,) (3.4)

Where X, is the initial guess value of the platform pose [p,py, ps, o, 5,7] ,
while X1 is the solution to be determined through function F(X,), and
its derivative F'(X,,)F(X,) is defined separately for each kinematic chain.
The functions are defined for each serial chain by differentiating the close
equations (3.2) and (3.3). For each serial chain, this function is defined from
joint position ¢;,d; of the platform, in case of 6;1 = f(ciz, Ciy, Ci») and Oy =
f(cixa Ciy, Ciz, Cix, Ciy, eiz)a S0

On = Jsin¢i,  Jsn €1 x3 (3.5)
Where
J' _ OF;1 OF;, OF;,
sil — 0cCiy Ociy oci
And
ALo— aciz 8Ciy aciz T
Ci = [ ot ot ot }
While

éi = p’ile inl €3 x6 (36)



3.2. WORKSPACE 15

The element of jacobian for 6;; can be find by putting equation (3.6) into (3.5)
as given in equation (3.7).
O = T Jpn X = Jn X (3.7)

Here X = [pg, py, =y, 3,7] and J;; € 1 x 6
The same procedure can be used for ;5 as the one used for #;;, while in
this case Jy; € 1 x 6 and J,; € 6 X 6, so

J o OF;o OF;o OF;o OF;o OF;o OF;o
st T 0cCiy 6ciy aci od; od; od;

And

é' — |: Ocix 8Ciy dciz dd;, 8diy ad;, :|T
v ot ot ot ot ot ot

This is in the case when ¢ =1, 2.

In case of i = 3 both active joint angles are function of 0;1, ;5 = f(Ciz, iy, Ciz),
so equation (3.7) is used to find the elements of the jacobian matrix for 6;
and #;5. The jacobian of the complete system is given as

0, =JX;, Jeb6x6 (3.9)

3.2.2 Workspace analysis

When we have developed the kinematic model of the selected concept that
we are evaluating, we can perform a workspace analysis. A general numer-
ical evaluation of the workspace can be deduced by formulating a suitable
binary representation of a cross-section. A cross-section can be obtained with
a suitable scan of the computed reachable positions and orientations, once the
inverse kinematic problem has been solved as function of position and orien-
tation of the TCP of the platform, A binary variable F;; can be defined on
the cross-section plane for a cross-section of the workspace as follows: if the
(1,j) grid pixel includes a reachable point, then F;; = 1 ; otherwise F;; = 0, as
shown in Fig.3.3.

Reachable workspace

The reachable workspace (constant orientation) describes the volume in space
within which the manipulator’s end effector centre point can reach. The reach-
able workspace is described in equation(3.10)

z 0 r
V:///Fijrdrcwdx (3.10)

zo 6o 7O
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Fig. 3.3 — Workspace

where dr = r; —r;_1 and df = 0; — 0,_,, and Fj; is a flag value depends the
conditions given in equation(3.11)

1 if Fy; € W(X,Y,Z2)

Fyj =
! 0 if Fj; ¢ W(X,Y,Z)

(3.11)

Here W is the grid points of workspace traversed by TCP with constant ori-
entation of platform.

Dexterous workspace

The dexterous workspace is a subset of reachable workspace, which also con-
sider orientational reachability of the workspace. It is defined as the workspace
that is reachable by all the required maximum orientations at that point.
To calculate dexterous workspace, the manipulator is traversed in workspace
shown in Fig.3.3, and at each grid point in the workspace the prescribed rota-
tions are applied. If any of the constraints on active or passive joints given in
equation (3.12) and (3.13) , or kinematic singularity given in equation (3.14)
is not satisfied at any of the rotations. The grid point is not within workspace.
The algorithm work by assigning binary numbers (0,1) to two flags flagl and
flag2. If at each grid point both the flags are 0, the point is within the
workspace, otherwise not. The dexterous workspace is calculated by the same



3.3. MULTI-OBJECTIVE DESIGN OPTIMIZATION 17

equation(3.10), but with the following conditions as given in equation(3.15)

det(J) #0 (3.14)

(3.15)

po_ )1 i F EWXY, Z,a,5,()
Yolo i By ¢ W(X,Y, Z,a,8,()

Here W is the grid points of workspace traversed by TCP with orientation
of platform in X, Y, Z—directions with total of 3" rotations at each grid point,
when n is the no of rotation in one direction. An algorithm that calculates
the dexterous workspace is given in Fig.3.4.

3.3 Multi-objective design optimization

As the performance of hybrid mechanisms is highly sensitive to their geom-
etry and dimensions, design optimization is an important step in the design
process. The main objective of the design optimization is to find the best com-
promise between kinematic performance indices like workspace, isotropy, force
requirement based on the device requirements in the beginning of this chap-
ter. Various performance requirements are mentioned, but the investigation
reported in this thesis is focuses mainly on three basic performance indices,
namely workspace volume; kinematic isotropy, and static torque requirements.
The volume index of the device is defined using the inverse kinematic model,
while the other two indices are defined on the basis of the Jacobian matrix
discussed in section 3.2.1.

The workspace of a robot is a crucial criterion in comparing manipulator
geometries. Reachable and dexterous workspace are used to characterize the
workspace of a robot manipulator. The goals of an optimal design is to achieve
the largest possible volume for both dexterous workspace and the reachable
workspace, high isotropy and small static torque on the actuators. There is
a close relationship between the kinematics performance and the manipulator
structure. This is an iterative process, and an efficient design requires a lot
of computational efforts and capabilities for mapping design parameters into
design criteria, and hence turning out with a multi-objective design optimiza-
tion problem. The solutions of such a problem are no dominated solutions,
also called Pareto-optimal solutions. Accordingly, a multi-objective design op-
timization approach is proposed based on performance measures/criteria from
kinematic.
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for = < z,n tO Tax

(for 6 < 6,,;, t0 0,0,
(for r < Tyin tO Tonas
(y = rcosf
2z = rsinf
flagl =0
flag2 =0
for R <+ R,in to Ryu., R = [ R, R, R, }
(if flagl =1
then {flagQ = flagl
break
else
(calculate, 6;
if 02 < emm N 92 > QmM
do ¢ flagl =1
then < flga2 = flagl
do do break
do calculateJacobian, J
if det(J =0)
then flagl =1
then < flga2 = flagl
break
else
if flagl #1
then then
L flag2 =0
if flag 0N flagZ =0
then { e
he point is within the Workspace
| return (r)
\return (0)

return (z)

Fig. 3.4 — Workspace algorithm
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3.3.1 Optimization objectives

The multi-objective optimization problem aims to determine the optimum ge-
ometric parameters of the TAU haptic device in order to maximize its dexter-
ous workspace volume index VI, global isotropy index GII, and global torque
requirement index GTRI. These indices are given in detail in (Paper B). Here,
the workspace of the mechanism is discretized and the considered performance
measures and constraints are evaluated and verified for each point.

For the studied TAU haptic device, we use the min-max fuzzy logic to de-
fine the objective function. The optimization problem can be formulated as
to find the optimum design parameters x of TAU haptic device in order to
maximize the volume VI, global isotropy index GII and minimize the torque
requirement index GTRI of the mechanism, subject to some design constraints
on the active, passive joints and singularity, i.e when the determinant of kine-
matic Jacobian matrix becomes zero. Finally, a multi-criteria design objective
function is defined in equation (3.16), as follows

GII GTRI, VI

GDI = min GIL,” GTRI VI,

(3.16)

where subscript m represents value of the design indices corresponding to
the mid values of the input design parameters. The main idea underlying this
approach is to make the indices dimensionless, to ensure that all design indices
are equally active in the optimization process.

Mathematically, the problem can be written as in the form of equation

(3.17):
maximize GDI(x)
over © = [Ly, Lo, R, d, 03]
subject to min(0;;) < 0; < max(;;)
min(dg) < ¢u < maz (i)
Ty S Ty < Ty
det(J) >0

(3.17)

where z;;, and z,, are the lower and upper bound of the design parameters
x; respectively.

Multi-objective Genetic Algorithm

Optimization of 6-DOF TAU haptic is complex, due to multi-objective, multi-
constraints and an increase in the number of design parameters. A reasonable
approach to such a problem is to investigate a set of solutions, each of which
satisfies the objectives at an acceptable level without being dominated by any
other solution. This is called a Pareto optimal solution. To find the Pareto
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optimal solution, we used a multi-objective genetic algorithm (MOGA-II) [49]
and non-dominated sorting based genetic algorithm (NSGA-II) [50].

Non-dominated Sorted Genetic Algorithm

The NSGA-II algorithm proposed by Deb et al. [50] is a new version of the
NSGA algorithm. NSGA-II incorporates elitism and crowding distance. The
population is initialized as usual. Once the population has been initialized,
the population is sorted into fronts on the basis of non-domination. The
first front is the completely non-dominant set in the current population. The
second front is dominated by the individuals in the first front only. Subse-
quent fronts are defined in the same fashion. Each individual in each front is
assigned rank (fitness) values based on the front to which they belong. Indi-
viduals in the first front are given a fitness value of 1, individuals in the second
are assigned a fitness value of 2, and so on. In addition to fitness values, a
new parameter called crowding distance is calculated for each individual. The
crowding distance is a measure of how close an individual is to its neighbors.
Large average crowding distances will result in better diversity in the popu-
lation and thus improve the performance of the algorithm when calculating
the Pareto optimum. The operation of NSGA-II in calculating the Pareto
optimum is described in detail in [50, 51].

3.4 Dynamic model

The Lagrange method describes the dynamics of a mechanical system from
the concepts of work and energy. The general equation for Lagrange dynamic

formulation is
d (0L oL
- _ — 1

Where L = K — P, is the Lagrange function, K and P are the total kinetic
and potential energy of the system, ¢; is generalized coordinates [p,, py, p., @, 5,7,
and ¢; is corresponding velocity of generalized coordinates.

3.4.1 Lagrange equation in joint space

In order to derive the joint torques, we will use the transpose of the inverse of
Jacobian matrix as given in equation.

m=J 110 (3.19)

The equation of motion that shows the torques on actuators in the joint
coordinate system is expressed as

M) +V(0,0) +G(6) =15 (3.20)
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where the first term M (6) in equation represents inertial forces, while the
second term V(6,6) accounts for the Coriolis and centrifugal forces and the
last term G(6) on the left side is the gravity force, while 7; is the generalized
Cartesian forces/torques at the end-effector. A detailed of formulation of
dynamics equations are given in (Paper A). Furthermore

(91' = Jql and
0; = Jé; + Jd;

3.5 Stiffness model

As it has been previously pointed out in chapter 1, the design of haptic devices
in not trivial due to its complex design, multi-domains consideration and in
finding the best compromise between several properties, such as workspace,
dexterity, manipulability, and stiffness. Stiffness is an essential performance
measure since it is directly related to the positioning accuracy and payload
capability of haptic devices. To make these devices compatible with their
applications, it is necessary to model, identify and compensate all the effects
that degrade their accuracy. Stiffness can be defined as the capacity of a
mechanical system to sustain loads without excessive changes of its geometry.
These produced changes on geometry, due to the applied forces, are known
as deformations or compliant displacements [52]. Compliant displacements
in a robotic system produce negative effects on static and fatigue strength,
wear resistance, efficiency (friction losses), accuracy, and dynamic stability
(vibration).

In this thesis, a systematic procedure is proposed to develop a generalized
stiffness model of the manipulator and its evaluation with virtual (FEM anal-
ysis) and physical experiments. To develop this, a work procedure defined by
the flowchart in Fig.3.5 is presented.

The procedure established by this flowchart is as follows:

The approach used in this methodology is to start with a simplified ana-
lytical model. This is compared (verified) by a simplified FEM model in an
iterative way until these two models come into close agreement with results.
Thereafter, a simplified physical experiment is made to validate the analytical
model. If the difference between the analytical and the experimental results
is not acceptable, i.e. it doesn’t validate the analytical model, a more detailed
analytical model has to be developed.

For the detailed analytical model also the passive joints and actuation sys-
tem are included. This is then verified with a detailed FEM model with
corresponding detailing level in the same way as for the simplified model.
Thereafter, this detailed analytical model is validated by means of a detailed
physical experiment. After validating the proposed model, a sensitivity anal-
ysis is performed to map the variation of static stiffness in the workspace. In
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Simplified Analytical

Model I Simplified

I/ Modelling

Model parameters
adjustment

No
FEA=Simplified
Anaytical

Detailed
Modelling

Physical experiments= Simplified FEA=Simplified
Anaytical Model

Model parameters
adjustment and
hypothesis revision

Detailed Physical
Experiments No

Physical experiments= Detailed FEA=Detailed Anaytical Model

Detailed FEA=Detailed
Anaytical Model

Sensititvity Analysis

|

Simplification based on contributions

|
| L

Stiffness compensation in control Design Optimization and Roubustness

Fig. 3.5 — Stiffness modeling methodology

these maps, the engineering stiffness is visualized as a function of the gener-
alized coordinates of the workspace. A detail description of this methodology
is given in (Paper C).

A general stiffness model for N number of compliant elements serially con-
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nected with each other is given in equation(3.21),

0Cy =0 JNZLSN=1 g 4 ...
9\7‘]N—17d15}7(0JJZ\Y:QQ.S]I\\[[:%JO)?VJN—I,force + ...
+0NJi,disp(0J;:1lsgilJ())%‘)J]\/’fmnce —+ ... (321)
+XT1.disp(* I ST o)1 disp

Where °Cly is the compliance of the complete system, °Jy_; represents
coordinate transformation Jacobian between local frame N —1 and 0, | Jy. Force
is the force transformation Jacobian matrix which transforms the coordinate
of application of the force vector from coordinate N to reference coordinate
U, and %Ji,disp is the displacement transformation Jacobian which transforms
the displacement from 0 to N. Where °S; represents the compliance matrix
in local frame.

3.6 Model verification

To verify the developed kinematic, dynamics and stiffness models, the first
two models were verified in MapleSim [53], while the third model was verified
by both FEM analysis (Ansys[54]) and physical experiments. The MapleSim
model is shown in Fig.3.6.

Fig. 3.6 — MapleSim model
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3.6.1 Kinematic model

In order to validate the inverse kinematic model developed in section 3.2.1,
an input trajectory of sin(wt) was applied in the rotational degree of freedom
along the x-axis. The results from both analytical model and MapleSim model
are shown in Fig.3.7. By comparing these results, we can validate the inverse
kinematics calculation approach that has been presented in section 3.2.1. The
results in Fig.3.7 shows that analytical model agrees with the MapleSim model,
which verify the validity of the model.

3.6.2 Dynamic model

The dynamic model was verified using the same trajectory sin(wt) on the
actuators, and the required torques on the actuators were calculated based
on the analytical dynamic model of section of 3.4 and MapleSim model. The
results from these analysis are shown in Fig.3.8, where we can conclude that
the results from the analytical model agree the MapleSim model.

3.6.3 Stiffness model

The stiffness model developed in section 3.5 is validated through simulation
using Ansys and physical experiments. A detailed description about validation
is given in (Paper C); some of the results are shown in Fig.3.9.
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Chapter 4

Summary of appended papers

This chapter gives a brief review of the appended papers.

4.1 Paper A: Kinematics and dynamics of a novel 6-DOF TAU
haptic device

This paper presents the kinematics and dynamics model of the TAU hap-
tic device. First, a kinematic model for inverse and forward kinematics was
developed and analyzed. Then an algorithm to solve the close form inverse
dynamics is presented using Lagrangian formulation. Numerical simulation
was carried out to examine the validity of the approach and accuracy of the
technique employed. A trigonometric helical trajectory of 5th order spline was
used in Cartesian space for each degree of freedom of the moving platform in
order to verify and simulate the inverse dynamics of the device.

4.2 Paper B: Design Optimization of the TAU haptic device

In this paper, a multi-objective optimization (MOQO) approach has been used
for optimum design of a haptic device by optimizing kinematic performance
indices like workspace volume, isotropy and force/torque under constrain of
active and passive joint angles, and singularity condition. For design optimiza-
tion, performance indices such as workspace volume, kinematic isotropy and
static torque requirements indices are defined. A new multi-criteria objective
optimization (MOO) function is introduced to define the optimization prob-
lem. Multi-objective algorithms are used to solve this optimization problem
using the defined objective function. Furthermore, sensitivity analysis of the
performance indices against each design parameter is presented as a basis for
selecting a final set of design parameters for the prototype. Finally, a CAD
model and prototype of the device is developed based upon the simulation
results.

29
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4.3 Paper C: Stiffness modeling methodology for
simulation-driven design of haptic devices

This work proposes, a new methodology for creating an analytical and com-
pact model for quasi-static stiffness analysis for haptic device, which considers
the stiffness of; actuation system; flexible links and passive joints. For the
modeling of passive joints, a Hertzian contact model is introduced for both
spherical and universal joints, and a simply supported beam model for uni-
versal joints. The validation process is presented as a systematic guideline to
evaluate the stiffness parameters both using parametric FEM modeling and
physical experiments. Pre-loading has been used to consider the clearances
and possible assembling errors during manufacturing. A modified JP-Merlet
kinematic structure is used to exemplify the modeling and validation method-
ology. The approach used in this methodology is to start with a simplified
analytical model. This is verified by a simplified FEM model in an iterative
way until these two models give the same results. Thereafter, a simplified
physical experiment is made to validate the analytical model. If the differ-
ence between the analytical and the experimental results is not acceptable,
i.e. it doesn’t validate the analytical model, a more detailed analytical model
has to be developed. For the detailed analytical model also the passive joints
and actuation system are included. This is then verified with a detailed FEM
model with corresponding detailing level in the same way as for the simplified
model. Thereafter, this detailed analytical model is validated by means of
a detailed physical experiment. After validating the proposed model, a sen-
sitivity analysis is performed to map the variation of static stiffness in the
workspace. In these maps, the engineering stiffness is visualized as a function
of the generalized coordinates of the workspace.



Chapter 5

Discussion, conclusions and future
work

The focus of the research presented in this thesis is to develop a model-based
design approach based on multi-criteria requirements for the design of haptic
devices, that can be used for simulation of surgical procedures of hard tissues.
This chapter gives a discussion about the findings and presents conclusions
about the investigated research questions.

5.1 Discussion

A kinematic model has been developed and verified using MapleSim. The
workspace of the selected device has been analyzed both for reachable and
dexterous workspace. An algorithm has been developed to analyze the dex-
terous workspace. This can then be used in the design optimization to examine
if this will effect the performance like manipulability, isotropy, stiffness and
force requirement index within the workspace.

The question is then; will we get better performance if we consider the
dexterous workspace instead of constant orientation workspace during opti-
mization?

To answer this question, we have investigated the use of dexterous workspace
instead of reachable workspace during design optimization, and compared the
results in terms of two kinematic performance indices, isotropy and force re-
quirement. The same design parameters were used, and the same workspace
were traversed. The results of kinematic isotropy and force requirement in-
dices in the case of reachable workspace are 0.4374 and 1.7302 respectively,
while in the case of dexterous workspace, these are 0.4619 and 1.6754 respec-
tively. We also investigated the effect of workspace grid size on the kinematic
performance indices, and observed that changing the step size of the orien-
tation from 5° to 1° can further improve the isotropy and force requirement
indices up to 0.4690 and 1.6430 respectively as shown in Table.5.1. From
Table.5.1, it is clear that the use of dexterous workspace in optimization will

31
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increase the performance in terms of isotropy and force requirement on the
cost of workspace.

Table 5.1 — Effect of workspace grid size on kinematic performance

5° 2.5° 1° Reachable
GII 0.4619 0.4630 0.4690 0.4374
GTRI 1.6754 1.6767 1.6430 1.7302

VI 6.42E405 6.42E+05 6.42E405 7.80E405

A methodology to create a generalized, highly compact and computation-
ally efficient analytical stiffness model has been proposed. The proposed model
is obtained in a step by step modeling manner starting with a simplified model
considering the stiffness of all the compliant element within the system. The
proposed model takes into account the stiffness of the actuation system, lin-
ear guideways, proximal links, and passive joints. The force acing at the TCP
of the platform is decomposed into individual link forces, thereafter individ-
ual link deflections are computed from the link stiffness properties. Finally,
all these displacements are transformed and added to obtain the final global
compliance matrix. The stiffness matrix is then calculated from the inverse
of the compliance matrix. Another systems modeling approach covered by
the proposed methodology is the introduction of the Hertzian contact model
for both spherical and universal passive joints and a simply supported beam
model for the universal joint.

A comparative analysis between the simplified modeling and detailed mod-
eling were made, which shows that by considering the stiffness of passive joints,
and actuation system reduces the relative error between analytical and exper-
imental results from 83% to 16% and the average error from 79% to 8%. A
comparison of contributions of compliant element was made, which shows the
stiffness of passive joints have a considerable effect on accuracy of the model.

5.2 Conclusions

(Paper A), addresses the first question in section 1.3. In this paper the inverse
and forward kinematic model are developed for the TAU haptic device. These
models are then used to calculate the reachable and dexterous workspace and
to verify that 6-DOF can be obtained. The second question is addressed
in (Paper B), where the kinematic model of (Paper A) has used as a ba-
sis for defining performance indices, that were used in multi-objective design
optimization. From this paper we can conclude that optimization based on
kinematic properties is an important part in the development of haptic de-
vices. The last question about how to model the stiffness of a haptic device
is addressed by (Paper C), where a methodology is outlined. This methodol-
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ogy gives a stepwise description of how to create and validate an analytical
stiffness model of haptic device.

5.3 Future work

e Stiffness evaluation of the TAU haptic device using the developed model
in (Paper C)

e Model based design optimization of the TAU haptic device by considering
the requirements of inertia, dynamic properties(eigenfrequency) in (Paper
A) and stiffness

e Development and verification of a friction model for haptic devices im-
plemented on the Stewart-platform as well as the TAU structure

e Development of a model for precise singularity detection and avoidance
of TAU device

e Development of a backlash model for haptic devices based on Stewart-
platform

e Accuracy evaluation of the complete system with compensation for in-
ertia, friction and position errors cause by deflection using the stiffness
model developed in (Paper C)

e Evaluation of velocity and acceleration capabilities of the device
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