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tissues such as bones or teeth milling. The realism of virtual surgery through a surgical 
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reflects the interaction with the virtual model. The quality of perceptiveness (sensation, 
force/torque) depends on the design of the haptic device, which presents a complex design 
space due to its multi-criteria and conflicting character of functional and performance 
requirements. These requirements include high stiffness, large workspace, high 
manipulability, small inertia, low friction, high transparency, and cost constraints. 

This thesis proposes a design methodology to improve the realism of force/torque 
feedback from the VR-based surgical simulator while fulfilling end-user requirements.  

The main contributions of this thesis are: 
1. The development of a model-based and simulation-driven design methodology, 

where one starts from an abstract, top-level model that is extended via stepwise 
refinements and design space exploration into a detailed and integrated systems 
model that can be physically realized.  

2. A methodology for creating an analytical and compact model of the quasi-static 
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Chapter 1

Introduction

Haptics-based virtual reality (VR) simulators for teaching and evaluating sur-
gical skills have gained considerable attention in recent years. The virtual
reality (VR) based simulators provide a 3D scene of a virtual model and a
haptic feedback at the tool handle of a haptic device. A haptic device acts as
a communicating bridge to reflect forces and torques to a user from interac-
tions with a virtual environment or teleoperation tasks so that human users
can indirectly feel several physical sensations in real situations. The haptic
device works on haptic feedback and a haptic collision detection algorithm.
The haptic feedback refers to sense and manipulation through touch.

The haptic feedback is active, when the tool center point (TCP) of the
end effector of the device is moved and mapped to a position/orientation in a
virtual environment. The haptic collision detection algorithm generates force/
torque through interaction with a virtual model. The force/torque is generated
by 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].

1.1 Background

This thesis is part of a research project on “Haptic milling surgery simulator”
for bone milling operations. In the earlier part of the research a master-
slave for tele-robotic surgery was developed by Flemmer [2], followed by a
development of a 6-degrees of freedom (DOF) haptics-based virtual reality
(VR) simulator based on Stewart-platform by Khan [3] and Eriksson [4]. The
work presented here is an extension of this work, in terms of improving the
realism of force/torque feedback of an existing haptic device (Ares haptic
device [5]) and development of a new 6-DOF haptic simulator based on TAU
configuration.

An evaluation of Ares haptic device using face validity tests were performed
by [3] and [4], where it was observed that during manipulation in free space,
the motion did not feel free. Many of the participants in the face validity test

1



2 CHAPTER 1. INTRODUCTION

had that opinion about the perception of force/torque feedback while moving
in free space and during interacting with the virtual environment. The quality
of perception of haptic devices is mostly measured by transparency, which
quantifies the correspondence between the desired Fg and actually observed
values of force/torque feedback FT as shown in Figure 1.1.

Force & 
torque 
model

Visual display

Haptic device

Visual model 

+collision

User Human 

operator

Haptic 

device

Haptic 

rendering
( )TF t ( )gF k

( )mx k
( )px t
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( )TF t

( )mx k

( )gF k

Figure 1.1: A closed loop between user and virtual rendering environment.

For transparent force/torque feedback, the motion in free space should feel
free; while the interaction with a virtual object should result in a feedback
of force/torque as close as possible to real physical contact. The quality of
perception of free space and force/torque feedback was affected by the friction
in the active and passive joints, and inertia of the device.

Apart from the developed simulators in the aforementioned research project,
several prototypes of haptic devices as surgical simulators have been developed
commercially and in academia for soft and hard tissues over the past couple
of decades, but very few have offered a convincing solution for hard tissues.
One reason is because of the use of parallel kinematic structures to obtain the
wanted high stiffness for interacting with hard tissues. This results in a com-
plex design solution and a need for multi-domain considerations to obtain a
realistic force/torque feedback from the device. This thesis proposes a model-
based and simulation-driven design approach to deal with this complexity.

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 divided into three main fields: computer haptics, machine haptics
and human haptics [1].

• Human haptics: the study of how people sense and manipulate the world
through touch.
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• 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.

• 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 [6] par-
ticularly in the case of hard tissues like bone and dental procedures. Surgical
students are trained to develop skills by performing surgery using a hand-held
mill on real patients, cadavers and plastic models, which are questionable from
and ethical, training and cost-effectiveness point of view [4], [7]. The plastic
models are expensive to produce and cannot provide a sufficient level of detail
and material properties. Also, the repetitive usage of these artificial models is
not possible, which is ultimately not cost-effective. The high risk of training
on real patients and the high cost have motivated research and development
of haptic devices and virtual reality simulators for training surgeons. In con-
trast to the classical training techniques, training with medical simulators has
proved to increase patient safety and reduce risk associated with human errors
in hospitals by allowing medical students to develop skills more efficiently and
in a shorter time period [7].

Simulators will create new training opportunities for surgical procedures,
which are impossible to train with traditional methods. Moving training for
surgical procedures from the operating room to a simulator will offer consid-
erable economic advantages. Besides, with the help of virtual simulation envi-
ronments, we can better assess on the trainee’s performance. It is possible to
define performance metrics for a specific surgery in simulations. For instance,
during a bone removal operation, simulations are able to figure out the regions
that are removed when they are not visible by the user. Furthermore , it is
promising to define maximum velocities and forces for some critical anatomic
regions and observe whether the user exceeds these thresholds or not. 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.

Although complex and realistic medical simulators are currently being de-
veloped by a large number of universities and medical companies, the field
of hard tissues interaction like orthopedics and dental surgery has not been
exploited yet [7].

Considering the application context of a haptic device in orthopedics and
dental surgery, the surgeon needs to perform various tasks like cutting, milling
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and drilling, for example, as shown in Figure 1.2.

Figure 1.2: Typical tasks involved in a surgery of hard tissues, [8],[9].

In order to create a haptically enabled virtual reality simulator to train
surgeons for these skills, the main user requirements are given in [10], which
are as follows:

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

• The whole device should fit in a space of 250 × 250 × 300 mm.

• The minimum translational and rotational workspace should be 50 × 50
× 50 mm and ±40o, respectively, in all directions at the nominal position,
with no singularities in the workspace.

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

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

• Ergonomics and comfort for the user.

• Transparency and stability of the complete system.

Some of the device requirements expressing common desirable character-
istics for force/torque feedback of haptic devices include, according to Gogu
[11]:

• Isotropic behavior.
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• Large workspace.

• Low effective mass.

• Symmetric inertia, friction, stiffness, and resonate frequency properties
thereby regularizing the device so users do not have to compensate for
these forces.

• Robustness.

• Transparency of the force/torque feedback from the virtual environment.

• Balanced range, resolution, and bandwidth of position sensing and force
reflection.

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

1.3 Research objective and questions

The main research objective of this thesis is to develop a 6 DOF haptic device
that can provide realistic force/torque feedback from the virtual environment.
The focus will be on the investigation of a model-based and simulation-driven
design approach as an effective tool for the design of haptic devices.

This main objective can be divided into the following research questions:

• Q1: How to accurately estimate stiffness of a 6-DOF haptic device
through an analytical model, which is compact and can be used in real-
time control?

• Q2: How to find a robust optimum design of haptic devices, whose per-
formances are less sensitive to variations in manufacturing tolerances?

• Q3: How to estimate friction in haptic devices that can mimic realistic
behavior and be used in real-time control?

• Q4: How to evaluate force/torque capability of a haptic device without
a force/torque sensor?

• Q5: How to develop a control strategy that can be used to compensate
for unwanted effects and maximize the transparency of a haptic device?

1.4 Research approach

The development of haptic devices is a challenging task because of the multi-
criteria design consideration. As stated earlier, the main objective is to provide
a realistic force/torque feedback from the virtual environment via a haptic
device. This directed the research towards the investigation of how the real
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sensation of using the system can be improved when using it in free space
(increase transparency) and when in contact (stiffness representation) during
surgery can be increased, as shown in Figure 1.3.

Constrained 
motionFree space

Realistic
feedback

Figure 1.3: Research focus.

The following research approach has been taken while conducting this thesis
work.

• Literature review to explore the area of haptics and haptic interfaces and
to identify the required performance specifications.

• Elicitation of requirements from the end user and transformation of these
requirements together with the performance requirements to design spec-
ifications.

• Development of an approach for robust optimization of haptic devices

– Kinematic models

– Dynamic model

– Stiffness model

• Development of a model-based control strategy for haptic devices

– Compensation for friction

– Compensation for deflections

– Compensation for dynamic effects

• Development of a methodology for design of haptic devices

• Experimental verification and validation
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1.5 Delimitations

This thesis aims to improve transparency and stability of haptic simulators
from the perspective of device performance. Performance of the virtual model
and haptic collision detection algorithm has not been considered in this thesis.

This thesis proposes model-based and simulation-driven design approach
to develop haptic devices with a model-based control strategy to further im-
prove transparency. In a model-based control strategy, dynamic, stiffness and
friction models have been considered for compensating inertial effects, elastic
deformations and friction in active joints. However, the friction model is not
considered in the multi-objective optimization, as it has only been considered
in the control strategy.

1.6 Thesis outline

The thesis is divided into six chapters and a brief overview of each chapter is
given below.

Chapter 1 provides an introduction to the thesis, research background,
and discusses the problems that have been identified. Furthermore, research
questions, research approach, and delimitations of the thesis are given.

Chapter 2 presents state of art in the design of haptic devices. The review
includes characteristics of different architectures used for haptic devices.

Chapter 3 presents the model-based and simulation-driven design approach
and its verification using both the Ares and TAU 6-DOF haptic devices.

Chapter 4 describes the two haptic devices (Ares and TAU) that have been
developed and used as test cases during this thesis work.

Chapter 5 gives a brief summary of the appended papers.
Chapter 6 summarizes the findings, contributions, and conclusions of the

thesis work and outlines future work.

1.7 Chapter summary

This chapter summarizes the motives of the thesis and the research frame of
the virtual reality-based surgical simulators. The research problem is formu-
lated in the form of research questions followed by the taken research approach,
delimitations and thesis outline.





Chapter 2

State of the art

Significant research efforts have been devised in the development of haptic
devices, and several studies exist on the design and devolvement in commercial
and academic literature. This chapter provides an overview of the current
state of the art in design of haptic devices. The review includes an overview
of different architectures used for haptic device and its design, optimization,
system models, and control design.

2.1 Haptic devices

A state of the art about different commercially available haptic devices and
their application areas have been reviewed in [12]. Furthermore, a comparative
study has been conducted by Khan [3] in which he compared different haptic
devices based on kinematic structure, DOF, workspace, stiffness, maximum
force and cost. Currently, there are haptic devices available in the forms of 2,
3, 4, 5, 6, and 7-DOF, reviewed by for example, Gogu [11] and Lee [9]. Lee
has compared different haptic devices based on serial and parallel kinematic
structures.

Serial haptic devices have a kinematic structure, which consists of a single
open-loop chain where the TCP is connected to the fixed based. The kinematic
chain is composed of a group of rigid links where each pair of adjacent links
is interconnected by an active kinematic pair (controlled joint).

Serial devices have some advantages like a 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 haptic devices have a kinematic structure, where the TCP is con-
nected to a fixed based through several kinematic chains. In contrast with
the open chain serial devices, the parallel devices are composed of closed kine-
matic chains, and every kinematic chain includes active and passive kinematic
pairs.

9
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Parallel devices possess high stiffness, low inertia, high rigidity and accu-
racy, and high payload-to-weight ratios, which enables the large bandwidth
transmission of forces but with some disadvantages like a small workspace,
the possibilities of singularity due to link collision, and low dexterity.

Recently, many 6-DOF haptic devices have been developed, some of which
have been commercialized, which include both serial and parallel haptic de-
vices. The most widely used haptic devices are PHANTOM R© by Massie and
Salisbury [13], Omega.3 by Force Dimension [14], Novint Falcon by Novint
Technologies [15], Haptic master [16], Virtuose by Haption [17], Freedom 7S
by MPB Technologies [18], HD2 by Quanser [19], Xitact HP by Mentice [20]
and Meglaev by CAE Healthcare [21]. A performance comparison of these
devices is given in Table 2.1.

Table 2.1: Commercially available force feedback haptic devices [12]

Phantom
Omni

Omega
3

Novint
Fal-
con

Haptic
Mas-
ter

Virtu-
ose

Freedom
7S

HD2 IHP Meglaev

Structure Serial Parallel Parallel Serial Serial Serial Parallel Hybrid Magnetic
Workspace
(10−3m3)

1.3 2.2 1.1 80.0 91 12 70 1.9 0.01

DOF 6//3 3 3 3 6.0 7 6//5 4 6
Position
Res (µm)

55.0 10.0 60.0 4.0 6.0 2.0 51.0 57.0 2.0

Continuous
Force (N)

0.9 12.0 9.0 100.0 10.0 0.6 10.8 20.0 n/a

Peak
force (N)

3.3 n/a n/a 250.0 35 2.5 19.7 30.0 40.0

Stiffness
(N/mm)

2.0 14.5 n/a 50.0 n/a 2.0 3.0 n/a 50.0

Stiction
(N)

0.26 n/a n/a n/a n/a 0.04 0.35 n/a 0.0

Force
Reso-
lution
(N)

n/a n/a n/a 0.01 n/a n/a n/a n/a 0.02

Force
Band-
width
(Hz)

n/a n/a n/a n/a n/a n/a n/a n/a 2000

2.2 Haptic device design

As stated in Chapter 1, the design of haptic devices is based on user and de-
vice requirements, for example: a large workspace for a human operator, low
apparent mass/inertia, low friction, high structural stiffness, backdriveability,
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low backlash, high force bandwidth, high force dynamic range, absence of me-
chanical singularities, compactness, and an even “feel” through the workspace
[22]. These requirements reflect considerations of different disciplines such as
mechanical, electrical and control design. These considerations benefit from
these systems being designed in parallel and are integrated to form the com-
plete system as a mechatronic product.

Fathy et al. [23] identified four different design approaches for the inte-
grated optimization of mechanical and control system design: sequential, iter-
ative, nested, and simultaneous. Khan et al. [24] presented a design method-
ology for haptic devices based on a combination of the “nested” approach and
the general design process by [25]. Another approach for the design of mecha-
tronic systems is to use the V-model [26] in combination with a stage-gate
sequential process model (e.g. [27], [28]).

2.2.1 Optimization

Many researchers have addressed the challenge of finding an optimal haptic
device design using different approaches depending on specific objectives, for
example minimizing or maximizing one or several performance indices such as
maximum kinematic dexterity and transmission ability [29], [30], maximum
stiffness [31], minimum position error of the movable platform [32], maximum
velocities in the platform [33], and maximum required workspace [34], [35],
[36].

Many methods and approaches have been proposed to achieve an opti-
mum design that satisfies multi-criteria requirements and constraints. Gen-
erally, these approaches can be classified into two types: deterministic de-
sign optimization (DDO) and robust design optimization (RDO). A DDO
always returns the same result for a specific set of design values, while a non-
deterministic optimization may return different results for the same set of
design inputs.

Finding an optimal solution using a DDO approach for these devices entails
handling a multi-criteria optimal design problem, that is a multi-objective con-
strained nonlinear optimization problem with no explicit analytical expression.
The gradient and Hessian algorithms that generally converge on a local mini-
mum are not suitable for solving this problem. An interval analysis-based ap-
proach has recently been used to solve a multi-criteria design problem for par-
allel manipulators by Hao and Merlet [37]. 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-based design methodology (PCbDM) proposed by Xin-Jun Liu et al.
[38] 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) [39] approach seems a good option for multi-criteria problems due to its
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good convergence property and robustness. Stan et al. [40], Lee et al. [22],
Hwang et al.[41], Raza. R et al. [42], and Khan et al. [43] have used a GA
approach for the multi-criteria optimization of parallel kinematics machines
and parallel haptic devices.

An optimum design using a DDO approach, however, may not always
achieve the desired performance due to significant uncertainties that exist
in the material and geometrical parameters and the component assembly [44].
Due to variations, uncertainties, and scatter, most real-world designs do not
behave in a deterministic manner; rather, they behave stochastically, influ-
enced by chance or probability. Variation is inherent in, for example, geo-
metric properties, manufacturing precision, and actual use of the product.
Applying DDO strategies without incorporating uncertainty and measuring
its effects leads to designs that cannot be called “optimal”.

A robust optimum design makes the performance minimally sensitive by
optimizing mean performance and minimizing its sensitivity to various sources
of variation. By accurately assessing the robustness of the design RDO ensures
that a product performs its intended function with minimal variation in the
performance indices by controlling design parameters without eliminating the
cause of the uncertainties [45],[46].

Several authors have contributed to the formulation of robust design prob-
lems with the aim of improving the quality of a product whose manufacturing
process involves variability [47]. A comprehensive review of the state of art
in RDO is presented by Hans et al. [48]. Xiaoping et al. [46] developed a
strategy for assessing robustness and synthesizing robust mechanisms when
random and interval variables are involved, using a Monte Carlo simulation
(MCS) to quantify the variability of the performance. A simulated annealing
algorithm was used to maximize robustness by Zhang et al. [49]. A new robust
multi-objective GA (RMOGA) that optimizes two objectives, a fitness value
and a robustness index, was used by Li et al. [50].

2.2.2 System models

To formulate the performance indices we need to develop a number of focused
system models, which include kinematic, dynamic and stiffness models.

For kinematic modeling of haptic devices, both closed loop and open archi-
tectures have been studied, for example, [51], [52], [22]. Cui H et al. [53] and
Zhu Z et al. [54] have worked on the kinematic analysis, error modeling, and
dynamic modeling for real-time control of parallel (TAU) robots.

Most of the different types of haptic devices have been dynamically in-
vestigated by researchers using different approaches such as the Newton Euler
formulation [55], the Lagrangian formulation [56], the principle of virtual work
[57], and the generalized momentum approach [58]. Nguyen et al. [59] used
generalized momentum methods to model a Stewart platform with the legs as
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point masses. Ahmadi et al. [60] studied dynamic modeling and simulation
of a parallel robot Hexa using Lagrangian equations of the first type.

Aiming for high dynamic performance with relatively small actuators and
low energy consumption motivates the design of lightweight structures [61].
A light-weight design is a compromise or trade-off between low weight and
high stiffness. There are several methods available for computing the stiffness
matrix, including the virtual joint method often called the lumped model-
ing method), finite-element analysis (FEA), and matrix structural analysis
(MSA).

Stiffness analysis has been widely investigated in the literature. Several
methods exist for computation of the stiffness matrix: the virtual joint method
(VJM), which is often called lumped modeling [62], [63], [64], [65], finite el-
ement analysis (FEA) [66], [67] , and matrix structural analysis (MSA) [68],
[69], [70], [71]. Uchiyama [72] has derived an analytical model for the stiff-
ness of a compact 6-DOF haptic device based on static elastic deformation of
compliance elements.

Various prototypes have been tested experimentally: Pinto et al. [73] eval-
uated static stiffness mapping of their Lower Mobility Parallel Manipulator
using pre-loading in the experimental testing to eliminate backlash in the sys-
tem. In experimental testing [74], the static behavior evaluation of a robot was
analyzed by norms, for example ANSI/RIA R15.05-1-1990 [75], ISO 9283:1998
[76], which were established for serial manipulators.

2.2.3 Control design

Various control strategies such as open-loop impedance control, impedance
control with and without force feedback [77], [78], and admittance control
for model-based compensators [79] are employed in haptic interfaces to mask
the inertia and friction, and improve transparency and fidelity of force/torque
feedback of the system. A force-based impedance control approach has been
presented in [80] and [81], and showed that this approach can improve trans-
parency and fidelity of force torque feedback. A closed-loop impedance control
(CLIC) with model-based compensator (MBC) and torque compensator based
on motor current (TCBMC) is used by [80] and [81] to improve transparency
of haptic devices and mask the parasitic force/torque. These compensators
require models, which can accurately predict inertia, stiffness and friction phe-
nomena.

For inertia compensation Carignan et.al [77] used model-based compen-
sation. The dynamic model for inertia compensation should be linear in its
parameters. Honegger et.al [82] used dynamic equations in linear form for
non-linear adaptive control of a Hexa-glide type parallel robot.

High quality haptic interaction requires compensation of frictional effects,
which relies on a friction model that enables accurate prediction of the friction
forces. A friction model for friction compensation in real time must also be
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computationally efficient. Different friction models exist in the literature, both
simple and advanced to predict friction phenomena from simple to complex
behavior. These models are investigated in terms of realistic friction phenom-
ena and computational efficiency in a comprehensive survey in [83], where the
Smooth Generalized Maxwell slip model (S-GMS) [84] was suggested. Jianjun
et.al [85] used a model-based compensation to compensate for robot deflection
caused by external forces.

As stated in the previously mentioned literature, there are two types of
control structures, as impedance and admittance control are widely used for
haptic devices [77], [86], [87]. To implement impedance control an open-loop
control structure is traditionally used [88]. It is then assumed that the dynam-
ics of the device, for example time dependent disturbances, friction, inertial
and gravitational forces are negligible. However, it is also reported in the
aforementioned literature that the quality of haptic feedback (forces/torques)
in open-loop is susceptible to environment model errors and time dependent
disturbances [81]. Therefore, for high transparency of a device, it is well moti-
vated to compensate for the dynamics and frictional forces of the device using
impedance control with force feedback. In these approaches the force is feed-
back through commercially available force/torque sensors, which are rather
bulky and expensive and can increase system inertia. Furthermore, they can
increase inertia at the TCP of the platform. An alternative solution for the
force feedback is an estimated force/torque using motor torque based on cur-
rent measurement transformation using the Jacobian matrix to TCP of the
end effector. Another solution is the use of dynamic force observers, which
estimate external forces using a system dynamic model. For such an approach
Van Damme et al. [89] proposed recursive least squares estimation with expo-
nential forgetting to estimate the end-effector force from noisy actuator torque
measurement.

2.3 Chapter summary

This chapter describes state of the art for the development of haptic devices.
An overview of the characteristics of existing haptic devices is given, followed
by an overview of haptic device design, including optimization, system models
for performance indices and control design.



Chapter 3

Model-based and simulation-driven
design

This chapter presents an overview of a model-based and simulation-driven de-
sign approach for 6-DOF haptic devices design in order to have a high trans-
parent force/torque feedback from the virtual environment. Transparency
quantifies the correspondence between the desired and actually observed val-
ues of force/torque feedback. In an ideal scenario, the force/torque feedback
observed at the TCP of the end effector of the haptic device must reflect the
actual force/torque generated by interacting with the virtual tool in the vir-
tual environment. Haptic device transparency is restrained by device natural
dynamics, gravitational and frictional forces, which can have a significant im-
pact on the kinematic, dynamic and kinetostatic performances. An adequate
control system must be implemented for compensation of unwanted effects
caused by the mechanical design.

Haptic device transparency depends on the device dynamics and control
algorithm, and in this thesis the focus has been to improve transparency by
minimizing effects from natural dynamics of the device and by using com-
pensation in the control design. The approach is formulated as a two-stage
approach, where a basic level of transparency is achieved during the concep-
tual design phase and further improved during the detailed design phase. In
the conceptual design phase, the suggested approach is to use a model-based
and simulation-driven design approach, while in the detailed design, a model-
based control strategy is suggested. The approach has been applied to two
different case studies to verify its effectiveness. It has been applied on the de-
velopment of a new haptic device based on the TAU configuration and parts
of it have been validated on the Ares device, which is based on a Stewart
platform.

Numerous design aspects based on the natural dynamics of haptic devices
contribute to the performances. These performances can be described in terms
of a large workspace, high manipulability/isotropy torque requirements on an
actuator for unit force/torque applied, and high stiffness for precise position-

15
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ing, low inertia and low resonant frequency. Furthermore, these performance
are evaluated numerically through performance indices like workspace volume
index (VI), kinematic isotropy index (II), quasistatic force/torque requirement
index (TRI), dynamic dexterity index (MI), stiffness index (KI), and natural
frequency index (NFI) (described in Papers A and C).

The performance requirements are extracted from the requirement speci-
fication of the device, and used to identify the main function of the device
and basic constraints on the solution space. The main function is described in
terms of functional requirements, which are derived from device and user re-
quirements described in section 1.2, and are the basis for generating potential
design concept, as shown in Figure 3.1
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Figure 3.1: Dependencies between functional requirements, design concept and models
needed for evaluation of product performance.

The multi-criteria nature of performance requirements of haptic devices
motivates the use of a model-based and simulation-driven design approach.
Furthermore, the design and development of haptic devices involves a great
deal of uncertainties and project risk. This dilemma can be solved by using a
process model like the V-model, which focuses on minimizing technical risks
by dividing the product development process into a sequence of decomposition
stages. This decomposition from abstract idea to realization of the physical
product is often referred to as the left leg of the V-model, which is followed
by integration stages, that is the right leg.

The decomposition of design tasks for a product with hybrid technological
constituents, like a mechatronics product, is not obvious, but one attempt
to adapt and formalize the generic V-model for mechatronics development is
the German standard VDI 2006 [26]. A coarse representation of VDI 2006
is shown in Figure 3.2. On top of V-model is also represented a stage-gate
sequential process model (e.g. [27], [28]), which has as its main purpose to
reduce the economical project risks by providing a mechanisms to a company
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management to make a go/no-go/wait decision at each main decision gate.
In many industrial organizations, the V- and extended stage-gate models are
synchronized.

Mechanical engineering 

 Electronics engineering 

 Control engineering 

Product requirements Product/unit 

Domain specific design 

 G0   G-1   G1  G4  G5  G6  G7   G2   G3 

Figure 3.2: The mechatronics development V-model combined with the stage-gate model.

The design process is evaluated through an iterative design using a design
pyramid as shown in Figure 3.3 (Paper A), which focuses on model-based
and simulation-driven (e.g., [90] , [91]) design exploration, where one starts
from an abstract top-level model, that is extended via stepwise refinement
and design space exploration, into a detailed and complete physically realized
system.
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Figure 3.3: Design pyramid with different abstraction levels [91].

The design pyramid is evaluated both at the system and individual model
level, where the models were developed using stepwise refinement by adding
more details to the models, which are quite coarse in the first instance towards
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such a detail that the models can predict the complete behavior of the system
and investigate whether it fulfills the required performances or not (Papers A
and C). In this thesis, the developed models are presented in the context of
the Ares and TAU 6-DOF haptic devices, and a brief overview of these models
is given in the coming subsections.

3.1 Model development in the conceptual design phase

The first step of the proposed design approach concerns activities during the
conceptual design phase. The activity that has a major impact on device
force/torque feedback transparency is the activity that determines the ba-
sic kinematic structure parameter and basic shape parameters. This task is
addressed by a new RDO approach, which is based on hybrid design opti-
mization, which combines a GA and MCS. This optimization must balance
multi-criteria requirements and constraints expressed in the form of design
indices. These performance indices are expressed based on a number of be-
havior models for the studied TAU 6-DOF haptic device. The formulation
and verification of these models are given in the coming sections.

3.1.1 Kinematic model

In the kinematic model development, the inverse and velocity kinematics have
been considered. Solving the inverse kinematic problem for the 6-DOF TAU
configuration as shown in Figure 3.4, determines all orientations (i.e., joint an-
gles) [θi1, θi2] of all active joints when the pose (i.e., position and orientation)
q = [px, py, pz, α, β, γ] of the platform are given.
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Figure 3.4: Kinematic structure of TAU haptic device.
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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 kinematic path (ai, bi, ci) and (ai, bi, di, ei) shown in
Figure 3.4, as given in equation (3.1) and (3.2).

(cix − bix)2 + (ciy − biy)2 + (ciz − biz)2 = L2
2 (3.1)

(dix − eix)2 + (diy − eiy)2 + (diz − eiz)2 = L2
2 (3.2)

3.1.2 Dynamic model

The dynamic model describes the inherent property like inertia of a system.
The Lagrange dynamic formulation is used to develop the equation of motion
of the form as in (3.3),

M(θ)θ̈ + V (θ, θ̇) +G(θ) = τJ (3.3)

where the first term M(θ) in equation represents inertial forces, while the

second term V (θ, θ̇) accounts for the Coriolis and centrifugal forces. The last
term G(θ) on the left side is the gravity force, while τJ is the generalized Carte-
sian forces/torques at the end-effector. A detailed formulation of dynamics
equations is given in (Paper C).

3.1.3 Stiffness model

As it has been previously pointed out in Chapter 1, the design of haptic de-
vices is 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 ap-
plications it is necessary to model, identify and compensate all of the effects
that degrade their accuracy. Stiffness can be defined as the capacity of a me-
chanical system to sustain loads without excessive changes of its geometry, or
these produced changes on geometry, due to the applied forces, are known as
deformations or compliant displacements [92]. Compliant displacements in a
robotic system produce negative effects on static and fatigue strength, wear
resistance, efficiency (friction losses), accuracy, and dynamic stability (vibra-
tion). In this thesis, a systematic procedure is proposed in order to develop
a generalized stiffness model within the workspace of the manipulator and its
evaluation with virtual (FEM analysis) and physical experiments. To develop
this, a work procedure defined by the flowchart in Figure 3.5 is presented. The
procedure established by this chart is outlined below.

This methodology starts with the development of a simplified analytical
model. This is verified by a simplified FEM model in an iterative way until
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Figure 3.5: Stiffness modeling methodology.

these two models give the same result. Thereafter, a simplified physical ex-
periment is made to validate the analytical model. If the difference between
the analytical and the experimental results is not acceptable, in other words it
does not validate the analytical model, a more detailed analytical model must
be developed.

For the detailed analytical model the passive joints and actuation system
are also included. This is further verified using 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
these maps, the engineering stiffness is visualized as a function of the general-
ized coordinates of the workspace. A detailed description of this methodology
is given in Paper B.
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For the case of N number of serially connected compliant elements with
local stiffness i−1Ki, a general stiffness 0KN of the TCP of the end-effector
can be obtained by force/displacement transformation Jacobian i−1Ji, which
can be expressed in the base frame 0, as given in equation (3.4):

0KN = 0JN−1
N−1SN

0JT
N−1 + ......

0
NJN−1,disp(

0JN−2
N−2SN−1

0JT
N−2)

0
NJN−1,force + .....

+0
NJi,disp(

0Ji−1
i−1Si

0JT
i−1)

i
0JN,force + .....

+0
NJ1,disp(

0J1
0S1

0JT
1 )01J1,disp

(3.4)

3.1.4 Model verification and validation

To verify the developed kinematic, dynamics and stiffness models, the first
two models were verified in MapleSim [93], while the third model was verified
by FEM analysis (ANSYS [94]) and validated by physical experiments. The
MapleSim model is shown in Figure 3.6.

X

Z

Y

Figure 3.6: MapleSim model.
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Kinematic model

In order to verify the inverse kinematic model, an input trajectory of was
applied in the rotational degree of freedom along the x-axis. The results from
both the analytical and MapleSim models are shown in Figure 3.7.
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Figure 3.7: Comparison of Inverse kinematics by analytical and MapleSim

By comparing these results, we can verify the inverse kinematics calcula-
tion approach. These results show that the analytical model agrees with the
MapleSim model, which verifies the model.

Dynamic model

The dynamic model was verified using the same trajectory sin(ωt) on the
actuators, and the required torques on the actuators were calculated based on
the analytical dynamic model of section of 3.1.2 and MapleSim model. The
results from these analyses are shown in Figure 3.8, where we can conclude
that the results from the analytical model agree with the MapleSim model,
which verifies the model.

Stiffness model

The stiffness model developed in section 3.1.4 was verified through simulation
using ANSYS and validated by physical experiments. In this verification and
validation the Ares 6-DOF haptic device was used. A detailed description of
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Figure 3.8: Comparison of torque on actuators given by analytical model and MapleSim,
respectively.

the validation is given in Paper C and some of the results are shown in Figure
3.9.
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Figure 3.9: Deflections of platform in (a) X-, (b) Y-, and (c) Z-directions, given by the
analytical model, ANSYS model, and experimental tests, respectively.

3.1.5 Robust optimum design

Transparency of a haptic device can be improved through design, which is op-
timum and whose performance are less sensitive to variations in manufacturing
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tolerances of optimum numerical value of design parameters. The haptic de-
vice that has been used as a basis for developing this approach is the TAU
6-DOF device and the optimization formulation in equation 3.6 is specific for
this device. However, the stepwise approach outlined below is general for any
haptic device. The steps proposed to achieve a robust optimum design, as
shown in Figure 3.10, are outlined as follows:
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Figure 3.10: Robust optimization approach.

• Normalize the performance indices by finding the maximum and min-
imum bounds of the performance indices under the given constraints,
and also find the bounds of the design parameters using Monte Carlo
simulations.

• Perform RDO using a GA to find optimum robust values for the design
parameters using robustness criteria on the performance indices. This is
to ensure that the optimum design parameters are robust to tolerance
variations.
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• Perform sensitivity analysis of the performance indices using Monte Carlo
simulations based on the variations in the optimum numerical values of
the design parameters obtained from the RDO in step 2. Perform design
optimization to find optimum tolerances that minimize manufacturing
cost and satisfy the allowed variations in the performance indices.

The proposed RDO approach seeks to find numerical values of optimum
design parameter by maximizing volume index (VI), global kinematic isotropy
index (GII), global stiffness index (GKI), and global natural frequency index
(GNFI), while minimizing the global quasistatic force/torque requirement in-
dex (GTRI) and dynamic dexterity index (MI). The design optimization is
evaluated in a dexterous workspace (Paper C) along with the robustness cri-
teria defined in equation 3.5, which tries to minimize the objective function
GDIR.

µGIn + 3σGIn ≤ 1 (3.5)

where µGIn and σGIn is the mean value and standard deviation of normalized
performance indices (Paper C ). The robust design approach can be formulated
in the form of an optimization as given in equation 3.6:

minimize
x

1

GDIR (x)

over x = [L1, R1, t1, L2, R2, bL3 , hL3 , Rp, θp, tp, θ32nom , ln]

subject to min(θii) ≤ θii ≤ max(θii)

min(φik) ≤ φik ≤ max(φik)

xlb ≤ xj ≤ xup

det(J) > 0

det(K) > 0

det(M) > 0

µGIn + 3σGIn ≤ 1

Nuvw =

{
1 if Puvw ∈ W (X, Y, Z, α, β, ζ)

0 if Puvw /∈ W (X, Y, Z, α, β, ζ)

(3.6)

where variable x is a vector of design parameters, xlb and xup are the
lower and upper bounds of the design parameters, respectively, while min(φik),
min(θij), max(φik) and max(θij) are the minimum and maximum bounds of
the active and passive joints, det(J) > 0; det(K) > 0 and det(M) > 0 are
singularity conditions in the workspace. The term J , K, and K defines the
Jacobian matrix, stiffness matrix and inertia matrix, while Puvw and Nuvw

defines the grid point in the workspace and binary flag, a grid point is a
reachable point when Nuvw = 1; otherwise not when Nuvw = 0. The variation
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in the design parameters is assumed to be normally distributed and ±3σxj
covers the tolerance interval.

3.2 Control design in the detailed design phase

The second step of the proposed design approach concerns activities during
the detail design phase. In this phase, we focused on improving the force/-
torque transparency by compensating for unwanted effects in the device, which
reduces transparency. We developed a model-based control strategy to com-
pensate for the natural dynamics of the device, friction between joints, gravity
of platform, and elastic deformation. For this strategy, we used the Ares 6-
DOF haptic device as a test case for the development, testing and verification
of the control strategy. The objective of this strategy is to minimize the prob-
lems with the existing approaches, and make it cost effective. The proposed
approach is based on closed-loop impedance control (CLIC) with model based
compensation and force/torque feedback, where the force/torque at TCP of
the platform is to be estimated using recursive least squares estimation with
exponential forgetting [89]. The disturbance torque to compensate for the
parasitic effects was estimated by their corresponding models, and added to
the torque applied by the feed forward of the reference force Fd and feedback
of estimated force Fest, where Kp is the gain of force feedback controller, and
J denotes the Jacobian matrix. The proposed control structure is shown in
Figure 3.11.
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Figure 3.11: Control design of 6-DOF haptic device.
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3.2.1 Friction estimation

In this thesis, different friction models were investigated to determine how
well these models are suited for performance simulation and control of a
6-DOF haptic device. The studied models include the Dahl model, LuGre
model, Generalized Maxwell slip model (GMS), smooth Generalized Maxwell
slip model (S-GMS), and Differential Algebraic Multi-state (DAM) friction
model. These models were evaluated both numerically and experimentally
with a 6-DOF Ares haptic device. To evaluate these models, we used criteria
based on fidelity to predict realistic friction phenomena, ease of implementa-
tion, computational efficiency, and ease of estimating the model parameters.
A detailed overview of evaluation is described in Paper D.

In this investigation, the S-GMS was identified as the best candidate for
the real-time friction compensation. A brief description of the selected model
is given below:

The analytical multi-state S-GMS model according to [95] is given as in
(3.7);

dFi

dt
= ki(l̇ − ηi(Fi, l̇)

∣∣∣l̇
∣∣∣ Fi

αig(l̇)
) (3.7)

where ηi(Fi, l̇) is a smoothed transition function between presiding (ηi ' 0)
and sliding regime (ηi ' 1), while ki is the stiffness of element i. The transition

function ηi(Fi, l̇) consists of two multiplicative terms given in equation (3.8),
the transition function (3.9) and the reset function (3.10)

ηi(Fi, l̇) = ηAi(Fi, l̇)ηBi(Fi, l̇) (3.8)

ηAi(Fi, l̇) = 1− l

2
tanh

[
λ

(
Fi

αig(l̇)
+ ς

)]

+
1

2
tanh

[
λ

(
Fi

αig(l̇)
− ς
)]

(3.9)

ηBi(Fi, l̇) =
1

2
+

1

2
tanh

[
γ

(
Fi

αig(l̇)

l̇

νs

)]
(3.10)

Where ς ∈ [0.9, 1]is a factor to avoid ringing in sliding regime and set the
frictional lag, the factor λ sets the transition sharpness of (3.9). The reset
function (3.10) vanishes as the velocity reverse its direction. The factor γ sets

the transition sharpness of (3.10). The function g(l̇) describes the Stribeck
effect, which is defined as

g(l̇) = (fC + (fS − fC)e−( l̇
νs

)2)
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Where fS and fC are static and Coulomb friction force, νs the Stribeck
velocity, while

αi =
Fi∑N
i=1 Fi

The resulting friction force is the summation of N number of stiffness forces
Fi plus a viscous σv l̇ term as given in equation (3.11).

τf (l̇) =
N∑

i=1

Fi + σv l̇ (3.11)

3.2.2 Force torque estimation

As an alternative to using a force/torque sensor, we developed an approach to
estimate the force/torque feedback at the TCP of the end effector. For this
purpose, the filtered dynamic equation proposed by Van Damme et al. [89] was
used. A solution of the dynamic equation for the haptic device, which shows
the torques on actuators in the joint space, when an external force/torque
acting on the TCP of the end effector is given in 3.12 as,

H(θ)θ̈ + C(θ, θ̇)θ̇ +G(θ) = τ + JT (q)fe − τf (θ̇) (3.12)

here θ is the vector of joint variable, H(θ) is the inertia matrix, C(θ, θ̇)
is the centrifugal matrix comprised of Centrifugal and Coriolis forces. G(θ)

is a vector that contains gravitational torque on the joints, τf (θ̇) is a vector
containing friction torques, and the τ is the vector representing the actuator
torques.

The dynamic equation defined in (3.12) was filtered with a low-pass filter

to remove the acceleration term θ̈, then a recursive least square estimation
was used to estimate the force/torque at TCP of the platform. A detailed
description of the proposed approach is given in Paper E.

3.2.3 Transparency measurement

Transparency GT of the haptic device can be defined according to [96], as the
ratio of actual transmitted force to the user Ft , to the desired virtual force
generated in the virtual environment Fg as in equation 3.13.

GT =
Ft

Fg

(3.13)

According to equation 3.13 for high transparency the ratio should be close
to unity. A comparison of transparency for uncompensated and compensated
interaction in x, y and z-directions are shown in Figure 3.12. The results from
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this comparison show a significant transparency improvement of the proposed
approach.

(a) (b) (c)

Figure 3.12: Transparency for uncompensated and compensated forces while interacting
with a virtual object in (a) X-, (b) Y-, and (c) Z-directions.

3.3 Chapter summary

This chapter presents an overview of a model-based and simulation-driven
design approach for design of 6-DOF haptic devices with a high transparency
in the force/torque feedback from the virtual environment. The first step of the
approach is applied during the conceptual design phase and focuses on RDO
to find basic kinematic structure parameters and basic shape parameters. The
second step is applied during detail design phase, where the goal is to further
improve the transparency in the control design by compensating for unwanted
effects.





Chapter 4

Prototypes

Research dealing with design and development of physical products has a great
need for prototypes to use as test cases in the virtual world and for experi-
mental testing. In this work two physical 6-DOF haptic devices were used for
development and testing of theories and methods. The first device, Ares, is
based on a Stewart platform and was initially developed and manufactured
during an earlier project. The second device is named TAU because of the
kinematic structure (TAU) that it is based on and has been developed and
manufactured during this project.

4.1 The Ares haptic device

A physical prototype and schematic of the 6-DOF Ares haptic device is shown
in Figure 4.2. The schematic structure consists of a fixed base, a moving
platform and six identical kinematic chains connecting the platform to the
base. Each kinematic chain consists of an active actuator fixed to the base to
actuate a linear guideway of length L1 using cable transmissions to provide
linear motion to each linear guideway, a spherical joint, a constant length
proximal link of length L2, and a universal joint. The joint attachment point
pairs are symmetrically separated by 120◦, and lie on a circle, both on the base
and platform. The platform attachment points are rotated 60◦ clockwise from
the base attachment points. The 6-PSU (active prismatic, passive spherical
and universal) joint’s configuration is used to get 6-DOF motion at TCP.

4.1.1 Model development and analysis based on the Ares haptic device

The Ares haptic device was developed during an earlier research project (see
for example Khan et al. [3]). In this work, this device was used for the
development of the stiffness modeling methodology, where the verification of
the approach was made with measurements on this device. It has also been
utilized for the evaluation of friction models as discussed in section 3.2.1,
as well as for the development and verification of the proposed model-based

31



32 CHAPTER 4. PROTOTYPES

(a)

y

{A}
x

z

{U} xA

yA

zA

xB

yB

zB

{B}

xC

yC

zC

{C}

2β

{P} xP

yP

zP

2α

Spherical  jo int

Base

1
L

Platform

Universal  joint

2
L

Linear guideway

Pr oximal link

(b)

Figure 4.1: (a) Physical prototype, and (b) schematic of 6-DOF haptic device.

strategy in Paper E. It has also been used in the formulation of the model-
based and simulation driven design approach for haptic devices.

4.2 The TAU haptic device

The TAU haptic device was designed and implemented within the timeframe
of this thesis work. Based on a deterministic optimization of the kinematic
structure in the early parts of the project, a mechanical prototype system
was designed and developed and physically realized during a capstone course
project in machine design at Kungliga Tekniska Högskolan (KTH) . This struc-
ture was slightly modified later in the project when the RDO approach [97]
was developed and applied to find optimum numerical values of design param-
eters of the kinematic structure of the 6-DOF TAU haptic device, as shown
in Figure 4.2. Based on these slightly adjusted optimum numerical values of
design parameters, the prototype was changed accordingly. A brief overview
of the prototype is given in this paper.

The TAU schematic consists of a fixed I column, made from steel, a moving
platform, and three kinematic chains i = 1, 2, 3, where the two chains i =
1, 2 are symmetrical, while the third chain i = 3 is asymmetrical. These
three chains have two active revolute joints with angles θij, where i = 1, 2.
Furthermore, the two symmetrical chains have two passive universal joints
with angles φik where k = 4, while the third chain has a passive revolute joint
with angle φ31. The three kinematic chains connect the base coordinate N to
the moving platform.

The size of the prototype is 250×250×300 mm. Six Maxon [98] DC motors
(model-339152, RE 25 mm, Graphite Brushes, 20 watt) coupled with a HEDL
5540 encoder with a resolution of 500 counts per revolution along with 4-Q-
DC Servo Amplifier were selected. Three of the motors with rotation angles
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Figure 4.2: (a) Physical prototype, and (b) schematic of 6-DOF TAU haptic device.

[θ11, θ21, θ31] are fixed to the I column, while the motors with [θ12, θ22, θ32]
are attached to [θ11, θ21, θ31] through a kinematic link close to the I column,
thus reducing the moving inertia of the device. The active and proximal
links with length L1 and L2, respectively, are made of carbon fiber reinforced
polymer, while the platform is made from ABS plastic. Therefore, the overall
moving weight and inertia of the device are small.

4.2.1 Transmission system

A cable transmission mechanism with a pulley was used for the gear ratio,
as shown in Figure 4.3, which has a small contact area as compared to the
transmission with a linear guideway in a 6-PSU joint-based configuration like
a Stewart platform [99]. A similar cable transmission mechanism is also used
in the Phantom haptic device [100] to make it back-drivable. This character-
istic improves the transparency of the overall haptic system and simplifies the
control of the device.

4.2.2 Spherical joint design

The proposed parallel mechanism has five spherical joints. However, a con-
ventional ball-and-socket type spherical joint has rotational limitations and
large friction. Therefore, it is necessary to design a spherical joint that allows
for the largest possible rotations with less friction. A combination of universal
and revolute joints was used to provide rotations in 3-DOF.
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Figure 4.3: Cable based capstan transmission mechanism

4.2.3 Model development and analysis based on the TAU haptic device

The TAU haptic device was developed during this project, wherein the knowl-
edge of kinematic modeling and optimization of the Ares device was further
developed and applied during the design of this device. In this thesis work,
the device was used for developing kinematic, dynamic and stiffness models
that were used during the development of the RDO approach described in
section 3.1. It has also been used in the formulation of the model-based and
simulation-driven design approach for haptic devices.

4.2.4 Performance evaluation of the TAU haptic device

An evaluation of the main characteristics of the TAU haptic device has been
made in order to investigate how well the stated requirements in Chapter 1
have been fulfilled.

Workspace of a 6-DOF TAU haptic device

The physical prototype of a 6-DOF TAU haptic device was developed based on
the optimum numerical values of the design parameters of [97]. The reachable
workspace based on these design parameters is shown in Figure 4.4 and is free
from singularities within that space.

Force/torque capability

In order to measure the force and torque capability of the developed prototype,
we used the force/torque estimation technique described in Chapter 3. The
estimated maximum forces/torques capabilities at TCP are shown in Table
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Figure 4.4: Reachable workspace of 6-DOF TAU.

4.1. The peak forces and torques capabilities of the device, measured at each
corner of the cube within the workspace shown in Figure 4.4, are fulfilling the
stated force and torque requirements in Chapter 1.

Table 4.1: Force/torque capability of a 6-DOF TAU haptic device.

Points Fx [N] Fy [N] Fz [N] Tx [Nm] Ty [Nm] Tz [Nm]
1 53.3 54.2 58.4 1.23 1.12 1.22
2 52.2 50.5 58.3 1.2 1.25 1.19
3 56.8 56.2 61.2 1.4 1.34 1.39
4 55.4 53.8 60.0 1.29 1.21 1.11
5 52.5 49.1 54.6 1.18 1.24 1.09
6 53.0 50.2 53.5 1.13 1.12 1.23
7 52.3 53.9 52.8 1.04 1.21 1.15
8 50.2 55.1 53.7 1.23 1.22 1.19
9 49.98 51.7 52.9 1.13 1.31 1.4

Stiffness capability

In order to verify the stiffness of the developed device, the TCP of 6-DOF
TAU haptic device was positioned at the center (point 0, nominal position)
and at eight corner points, 1-8, of a cube of 50 × 50 × 50 mm within the
reachable workspace of the haptic device, as shown in Figure 4.5. The inverse
kinematic model was used to calculate the active joint angles for the required
position of TCP. At each position the deflection was measured for some given
loads and an average stiffness was calculated.

4.2.5 Performance characteristics

The performance characteristics of the developed TAU 6-DOF haptic device
are summarized in Table 4.2.
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Figure 4.5: Stiffness measurement of a 6-DOF TAU haptic device.

Table 4.2: Performance characteristics of a 6-DOF TAU haptic device and mapping between
requirements.

Characteristics Required values Prototype
DOF 6 6

Device footprint [mm] 250× 25× 300 250× 25× 300

Workspace

Translation [mm] 50× 50× 50 70× 80× 100

Rotation
Roll ±40◦ ±45◦

Pitch ±40◦ ±45◦

Yaw ±40◦ ±45◦

Minimum stiffness [N/mm]
50 (x) 60 (x)
50 (y) 70 (y)
50 (z) 55 (z)

Maximum force [N]
- 62 (x)
- 57 (y)
- 48 (z)

Continuous force [N] - 35
Sampling time [ms] - 1

In summary, the stated requirements given in Chapter 1 on a haptic device
for surgical applications with interactions with hard tissue have been fulfilled
by the developed TAU device.
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4.3 Chapter summary

This chapter presents the physically realized haptic devices that have been
utilized in this thesis work. Firstly, the Ares 6-DOF haptic device is briefly
described along with the developed models and research activities. Thereafter,
the TAU 6-DOF haptic device, which is realized based on the research results
in this project, is described. The developed models and proposed methods
based on this device are given, and finally a performance evaluation of the
characteristics of the TAU haptic device is given.





Chapter 5

Summary of appended papers

This chapter gives a brief review of the appended papers.

5.1 Paper A: a model-based and simulation-driven methodology
for design of haptic devices

In this paper a systematic step-by-step model-based and simulation-driven
design methodology has been developed for high precision and reliable haptic
devices. Design of these devices is based on functional and performance re-
quirements, such devices as high stiffness, low Inertia, large workspace; high
manipulability, low friction, high transparency, as well as they must satisfy
cost constraints. These requirements are conflicting which ask for a systematic
usage of kinematic, dynamic, stiffness, friction and control models.

The methodology is based on V-model along with a stage-gate model, and
evaluated through a test case where a haptic device, based on a Stewart plat-
form, is designed and realized as a surgical simulator for training on hard
tissues including bone and teeth. The objective of the presented approach
is to minimize technical risks by dividing the product development process
from abstract ideas to realization of the physical product into a sequence of
decomposition stages with go/no-go/wait decision at each stage.

In the model-based and simulation-driven design approach, the design starts
from an abstract top-level model, which is extended via stepwise refinements
through a design space exploration phase into a complete realization of the
system. The transparency performance of the device was improved with a
friction compensation strategy. We can conclude both from simulations and
results from physical experiments that the performance of the designed haptic
device satisfies the stated requirements. Experiences from this case indicate
that the methodology is capable of supporting effective and efficient develop-
ment of high performing haptic devices.

39
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5.2 Paper B: a 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 of a haptic device, which considers
the stiffness of an 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 univer-
sal joints. The verification and validation process is presented as a systematic
guideline to evaluate the stiffness parameters using both parametric FEM
modeling and physical experiments. Pre-loading has been used to consider
the clearances and possible assembling errors during manufacturing. A haptic
device based on a Stewart platform is used as an example to illustrate the
modeling and validation methodology.

The approach used in this methodology is to start with a simplified an-
alytical model, which 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 experimental results is not acceptable, that
is it does not validate the analytical model, a more detailed analytical model
must be developed. For the detailed analytical model the passive joints and
actuation system are also included. This is then verified with a detailed FEM
model with a corresponding detailing level in the same way as for the simpli-
fied model. Thereafter, this detailed analytical model is validated by means
of a detailed physical experiment. After validating the proposed model, a
sensitivity analysis is performed to map the variation of static stiffness in
the workspace. In these maps, the stiffness is visualized as a function of the
generalized coordinates of the workspace.

5.3 Paper C: an optimization approach towards a robust design
of 6-DOF haptic devices

In this paper a robust design optimization approach is proposed for the design
of haptic devices. The objective is to find optimal numerical values for a set
of design parameters of haptic devices, which enable to its performance less
sensitive to parameters variations and allows active trade-off decisions between
device-performance variations and parameter tolerances.

The presented approach is verified through a test case to design a 6-DOF
haptic device based on TAU configuration to maximize its kinematic, dy-
namic, and kinetostatic performance indices of a 6-DOF haptic device while
minimizing its sensitivity to variations in manufacturing tolerances. These
indices were defined through kinematic, dynamic, and stiffness models. Dur-
ing design evaluation global indices were defined such as workspace volume,
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quasi-static torque requirements of the actuators, kinematic isotropy, dynamic
isotropy, stiffness isotropy, and natural frequency of the device.

A new approach used to normalize the performance indices to find the
minimum and maximum performance indices within the bounds of the design
parameters using Monte Carlo Simulations (MCS). For design optimization,
a new hybrid optimization approach was used, that combines GA and MCS
including a robustness criterion for the 6-sigma principle. The effectiveness
of the proposed approach is verified through a comparative analysis with a
deterministic design optimization, it has been shown that the proposed ap-
proach can find the numerical values of the design parameters that are both
optimal and robust (i.e., less sensitive to variation and thus to uncertainties in
the design parameters). Further on a set of optimum tolerances is determined
that minimizes manufacturing cost and also satisfies the allowed variations in
the performance indices. The presented approach can thus enable the designer
to evaluate trade-offs between allowed performance variations and tolerance
cost.

5.4 Paper D: evaluation of friction models for haptic devices

In this paper the classical old models like Dahl, LuGre and more recent ad-
vanced models like Generalized Maxwell slip model (GMS), the smooth Gen-
eralized Maxwell slip model (SGMS) and the Differential Algebraic Multistate
(DAM) friction models have been investigated to determine how these models
are suited for performance simulation and control of a 6-DOF haptic device.

To evaluate the friction models, we use criterion based on: fidelity to pre-
dict realistic friction phenomena, easiness to implementation and easiness to
estimate model parameters for online parameter estimation. These models
are evaluated both numerically and experimentally with an existing 6-DOF
haptic device that is based on a Stewart platform.

In order to evaluate how well these models can compensate for friction, a
model-based feedback friction compensation strategy along with a PID con-
troller was used for position tracking accuracy. The accuracies of the fric-
tion compensation models were examined separately for both low-velocity and
high-velocity motions of the system. To evaluate these models, we used criteria
based on fidelity to predict realistic friction phenomena, ease of implementa-
tion, computational efficiency and ease of estimating the model parameters.
Experimental results show that friction compensated with GMS, S-GMS and
DAM models give better accuracy in terms of standard deviation, Root Mean
Square Error, and maximum error between a reference and measured trajec-
tory. Based on the criteria of fidelity, ease of implementation and ease of
estimating model parameters, the S-GMS model, which represents a smooth
transition between sliding and pre-sliding regimes through an analytical set of
differential equations, is suggested.
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5.5 Paper E: model-based control strategy for 6-DOF haptic
devices

In this work, a new model-based control strategy is proposed for improving
transparency and fidelity of force/torque feedback from a 6-DOF haptic device
used for hard tissues interactions. The presented approach is evaluated ex-
perimentally with an existing 6-DOF haptic device that is based on a Stewart
platform. The model-based design is driven through dynamic, stiffness and
friction models in order to compensate inertia, gravitational forces, elastic de-
formations, and friction effects in the active joints. Parameters of the 6-DOF
haptic device were identified using a new approach. The effectiveness of the
approach is verified in free space and while interacting with the virtual object.
The comparison is made between force/torque generated and force/torque es-
timated using sensor-less force/torque estimation using recursive least squares
estimation with exponential forgetting. The experimental results show that
the proposed approach can increase transparency of the haptic devices, thereby
increasing the realism of the simulation.



Chapter 6

Discussion, conclusions and future
work

This chapter give a brief discussion, conclusions and contributions of this work
along with an outline of promising future research directions enabled by this
work.

6.1 Discussion

The training of a surgeon is a complex and multi-dimensional process partic-
ularly in the case of hard tissues like bone and dental procedures. Simulators
will create new training opportunities for surgical procedures, which are im-
possible to train with traditional methods. Moving training for surgical proce-
dures from the operating room to a simulator will offer considerable economic
advantages. In this context, a haptic device is one of the key components to
enable realistic force/torque feedback in a virtual environment. Development
of a haptic device for this type of application is a challenging task because of
the multi-criteria design consideration and a successful design requires that it
is able to provide a sufficient level of realistic feedback.

The focus of this thesis work has been to provide a realistic force/torque
feedback from the virtual environment via a haptic device. This has included
development of methods on a high level such as the model-based and simu-
lation driven design approach as well on a more specific level such as friction
estimation and compensation.

During this work, which is dealing with design and development of physical
products it has been a great advantage to have prototypes to use as test cases
for model development as well as for experimental testing. In this work two
physical 6-DOF haptic devices have been used for development and testing of
theories and methods. Having access to two prototypes, being developed from
the same set of requirements has also been used to show and claim that the
results developed in this work can be generalized.
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6.2 Conclusions

The overall research objective in this thesis is to find a methodology that can
support the development of haptic devices with realistic force/torque feedback
from the virtual environment. This objective is addressed through the devel-
opment of a model-based and simulation-driven methodology for the design of
haptic devices (Paper A). This overall objective was divided into more specific
research questions, which are answered below.

• Q1: How to accurately estimate stiffness of a 6-DOF haptic device through
an analytical model, which is compact and can be used in real-time con-
trol?

A stiffness modeling methodology has been developed to create an ana-
lytically compact and computationally efficient (Paper C) stiffness model
of a 6-DOF haptic device. This model is obtained in a step-by-step mod-
eling manner starting with a simplified model considering the stiffness of
the compliant element within the system. It also considers the stiffness
of the actuation system, linear guideways, proximal links, and passive
joints. The force acting at the TCP of the platform is decomposed into
individual link forces, thereafter individual link deflections are computed
from the link stiffness properties. Finally, all these displacements are
transformed and added to obtain the final global compliance matrix.

• Q2: How to find a robust optimum design of haptic devices, whose per-
formances are less sensitive to variations in manufacturing tolerances?

A hybrid design optimization approach has been developed, which com-
bines a genetic algorithm (GA) and Monte Carlo simulation (MCS), and
can find the numerical values of the design parameters that are both op-
timal and robust (i.e., less sensitive to variation and thus to uncertainties
in the design parameters) (Paper B).

• Q3: How to estimate friction in haptic devices that can mimic realistic
behavior and be used in real-time control?

Different friction models like classical old models such as Dahl, LuGre
and more recently advanced models like Generalized Maxwell slip model
(GMS), the smooth Generalized Maxwell slip model (S-GMS) and the
Differential Algebraic Multistate (DAM) friction models have been in-
vestigated to determine if these models are suited for performance simu-
lation and control of a 6-DOF haptic device (Paper D). These models are
evaluated both numerically and experimentally with an existing 6-DOF
haptic device that is based on a Stewart platform. Experimental results
show that friction compensated with GMS, S-GMS and DAM models
give better accuracy in terms of standard deviation, Root Mean Squared
Error, and maximum error between a reference and measured trajectory.
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Based on the criteria of fidelity, ease of implementation and ease of esti-
mating model parameters, the S-GMS model, which represents a smooth
transition between sliding and pre-sliding regimes through an analytical
set of differential equations, is suggested.

• Q4: How to evaluate force/torque capability of a haptic device without a
force/torque sensor?

The developed approach evaluates the force/torque capability of the de-
vice by estimating a vector of force/torque of six degrees in x-, y- and
z-directions using a linearized form of a dynamic equation along with
least squares estimation with exponential forgetting.

• Q5: How to develop a control strategy that can be used to compensate for
unwanted effects and maximize the transparency of a haptic device?

A model-based control strategy has been developed that compensates
for the natural dynamics of the device, friction between joints, gravity
of platform, and elastic deformation (Paper E). The developed approach
is based on a closed-loop impedance control (CLIC) with model-based
compensation and an estimated force/torque feedback.

6.3 Contributions

This thesis makes the following key contributions to the design of haptic de-
vices used for interaction with hard tissues.

• A model-based and simulation-driven design methodology is developed,
where one starts from an abstract, top-level model that is extended via
stepwise refinements and design space exploration into a detailed and
integrated systems model that can be physically realized.

• A methodology for the development of an analytical stiffness model of a
6-DOF haptic device, which is compact, can capture realistic stiffness and
is computationally efficient to be used in real-time stiffness compensation
of elastic deformation.

• An optimization approach is presented towards a robust design of 6-DOF
haptic devices that maximize the kinematic, dynamic, and kineto-static
performances of a 6-DOF haptic device, while minimizing its sensitivity
to variations in manufacturing tolerances.

• A cost-effective approach is presented for force/torque feedback control
using force/torque estimated through a recursive least squares estimation.

• A model-based control strategy has been proposed based on a CLIC with
model-based compensation in order to improve the transparency and fi-
delity of force/torque feedback of a 6-DOF haptic device.
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6.4 Future work

Future research can be directed into a number of interesting areas, which can
extend this thesis work, for example:

• Stability of control system.

• Evaluation of velocity and acceleration capability of the TAU haptic de-
vice.

• Face validation study of 6-DOF TAU haptic device.

• Backlash compensation in joints.

• Compensation for passive joints friction.

• Evaluation of the proposed control strategy in Sim-Mechanics.

• Verification and validation of the proposed control strategy through a
force/torque sensor.



References

[1] M. A. Srinivasan and C. Basdogan, “Haptics in virtual environments:
Taxonomy, research status, and challenges,” Computers & Graphics,
vol. 21, no. 4, pp. 393–404, 1997.

[2] H. Flemmer, “Control design and performance analysis of force reflective
teleoperators-a passivity based approach,” PhD Thesis, KTH, Stock-
holm, 2004.

[3] K. Suleman, “Design and optimization of parallel haptic devices Design
methodology and experimental evaluation,” PhD Thesis, KTH, Stock-
holm, 2012.

[4] M. G. Eriksson, “Haptic milling simulation in six degrees-of-freedom
with application to surgery in stiff tissue,” PhD Thesis, KTH, Stock-
holm, 2012.

[5] M. Samadimaleh, “Design and implementation of control system for 6-
dof haptic device,” Master of Science Thesis, KTH, Stockholm, Sweden,
2011.

[6] C. M. Salisbury, “Haptic hardware: Evaluation, design and placement,”
PhD Thesis, Stanford University, 2010.

[7] C. Luciano, P. Banerjee, and T. DeFanti, “Haptics-based virtual reality
periodontal training simulator,” Virtual reality, vol. 13, no. 2, pp. 69–85,
2009.

[8] Digital dentures: A complete game changer for local dental labs.
[Online]. Available: http://www.capedental.com/dental-blog/2011/11/
digital-dentures-a-complete-game-changer-for-local-dental-labs/

[9] L.-F. Lee, “Analysis and design optimization of in-parallel haptic de-
vices,” PhD Thesis, University at Buffalo, Buffalo, 2010.

[10] S. Khan, K. Andersson, and J. Wikander, “A design approach for a new
6-dof haptic device based on parallel kinematics,” in ICM 2009. IEEE
International Conference on Mechatronics, 2009, april 2009, pp. 1 –6.

47

http://www.capedental.com/dental-blog/2011/11/digital-dentures-a-complete-game-changer-for-local-dental-labs/
http://www.capedental.com/dental-blog/2011/11/digital-dentures-a-complete-game-changer-for-local-dental-labs/


48 REFERENCES

[11] G. Gogu, “Fully-isotropic parallel mechanisms-an innovative concept for
haptic devices,” in Product Engineering. Springer, 2008, pp. 169–194.

[12] E. Samur, Springer Series on Touch and Haptic Systems: Performance
Metrics for Haptic Interfaces. Springer, 2012.

[13] T. H. Massie and J. K. Salisbury, “The phantom haptic interface: A
device for probing virtual objects,” in Proceedings of the ASME winter
annual meeting, symposium on haptic interfaces for virtual environment
and teleoperator systems, vol. 55, no. 1. IOS Press, 1994, pp. 295–300.

[14] Force dimension. [Online]. Available: http://www.forcedimension.com

[15] S. Martin and N. Hillier, “Characterisation of the novint falcon haptic
device for application as a robot manipulator,” in Australasian Confer-
ence on Robotics and Automation (ACRA), 2009, pp. 291–292.

[16] R. Q. Van der Linde, P. Lammertse, E. Frederiksen, and B. Ruiter,
“The hapticmaster, a new high-performance haptic interface,” in Proc.
Eurohaptics, 2002, pp. 1–5.

[17] Haption. [Online]. Available: http://www.haption.com

[18] Mpb technologies. [Online]. Available: http://www.mpb-technologies.
ca/

[19] Quanser. [Online]. Available: http://www.quanser.com/

[20] Mentice sa. [Online]. Available: http://www.mentice.com/

[21] Cae healthcare: Endoscopyvr. [Online]. Available: http://www.cae.com

[22] J. H. Lee, K. S. Eom, and I. I. Suh, “Design of a new 6-dof parallel haptic
device,” in Robotics and Automation, 2001. Proceedings 2001 ICRA.
IEEE International Conference on, vol. 1. IEEE, 2001, pp. 886–891.

[23] H. K. Fathy, J. A. Reyer, P. Y. Papalambros, and A. Ulsov, “On the
coupling between the plant and controller optimization problems,” in
Proceedings of American Control Conference, 2001, vol. 3. IEEE, 2001,
pp. 1864–1869.

[24] S. Khan and K. Andersson, “A design methodology for haptic devices,”
in Proceedings of the 18th International Conference on Engineering De-
sign (ICED11), Vol. 4, 2011, pp. 288–298.

[25] S. Khan, K. Andersson, and J. Wikander, “Investigation of parallel kine-
matic mechanism structures for haptic devices,” in 2nd Nordic Confer-
ence on Product Lifecycle Management–NordPLM’09, Gothenburg Jan-
uary 2009., 2009.

http://www.forcedimension.com
http://www.haption.com
http://www.mpb-technologies.ca/
http://www.mpb-technologies.ca/
http://www.quanser.com/
http://www.mentice.com/
http://www.cae.com


REFERENCES 49

[26] VDI, “Design methodology for mechatronic systems (VDI 2206),” VDI,
Tech. Rep., 2004.

[27] R. G. Cooper, Winning at new products: accelerat-
ing the process from idea to launch. Basic Books, 2001,
vol. 2nd ed. [Online]. Available: http://www.amazon.com/
Winning-New-Products-Accelerating-Process/dp/0738204633

[28] R. G. Cooper and S. J. Edgett, “Best practices in the idea-
to-launch process and its governance,” ResearchTechnology Man-
agement, vol. 55, no. 2, pp. 43–54, 2012. [Online]. Avail-
able: http://openurl.ingenta.com/content/xref?genre=article&issn=
0895-6308&volume=55&issue=2&spage=43

[29] Y. Lou, G. Liu, and Z. Li, “Randomized optimal design of parallel ma-
nipulators,” Automation Science and Engineering, IEEE Transactions
on, vol. 5, no. 2, pp. 223–233, 2008.

[30] P. Zhang, Z. Yao, and Z. Du, “Global Performance Index System for
Kinematic Optimization of Robotic Mechanism,” Journal of Mechanical
Design, vol. 136, no. 3, p. 31001, Dec. 2013. [Online]. Available:
http://dx.doi.org/10.1115/1.4026031

[31] X.-J. Liu, Z.-L. Jin, and F. Gao, “Optimum design of 3-dof spherical
parallel manipulators with respect to the conditioning and stiffness in-
dices,” Mechanism and Machine Theory, vol. 35, no. 9, pp. 1257–1267,
2000.

[32] Y. Su, B. Duan, and C. Zheng, “Genetic design of kinematically op-
timal fine tuning stewart platform for large spherical radio telescope,”
Mechatronics, vol. 11, no. 7, pp. 821–835, 2001.

[33] Y. Zhang and Y. Yao, “Kinematic optimal design of 6-ups parallel ma-
nipulator,” in Mechatronics and Automation, Proceedings of the 2006
IEEE International Conference on. IEEE, 2006, pp. 2341–2345.

[34] E. Ottaviano and M. Ceccarelli, “Optimal design of capaman (cassino
parallel manipulator) with a specified orientation workspace,” Robotica,
vol. 20, no. 02, pp. 159–166, 2002.

[35] R. Boudreau and C. M. Gosselin, “La synthèse d’une plate-forme de
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