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Abstract

The current hydraulic robotic manipulator mechanisms for heavy-duty machines are a
mature technology, and their kinematics has been developed with a focus on the human
operator maneuvering a hydraulically controlled system without numerical control input.
As the trend in heavy-duty manipulators is increased automation, computer control
systems are increasingly being widely used, and the requirements for robotic manipulator
kinematics are different. Computer control enables a different kind of robotic manipulator
kinematics, which is not optimum for direct control by a human operator, because the
joint motions related to the different trajectories are not native for the human mind.
Numerically controlled robotic manipulators can accept kinematics that is more efficient
at doing the job expected by the customer.

To increase the autonomous level of robotic manipulator, the optimal structure is not
enough, but it is a part of the solution toward a fully autonomous manipulator. The
control system of the manipulator is the main part of computer-controlled manipulators.
A collision avoidance system plays an important role in the field of autonomous robotics.
Without collision avoidance functionality, it is quite obvious that only very simple
movements and tasks can be carried out automatically. With more complicated movement
and manipulators, some kind of collision avoidance system is required. An unknown or
changing environment increases the need for an intelligent collision avoidance system that
can find a collision-free path in a dynamic environment.

This thesis deals with these fundamental challenges by optimizing the serial manipulator
structure for the desired task and proposing a collision avoidance control system. The
basic requirement in the design of such a robotic manipulator is to make sure that all the
desired task points can be achieved without singularities. These properties are difficult to
achieve with the general shape and type of robotic manipulators. In this research work, a
task-based kinematic synthesis approach with the proper optimization method ensures
that the desired requirements can be fulfilled.

To enable autonomous task execution for robotic manipulators, the control systems
must have a collision avoidance system that can prevent different kinds of collisions.
These collisions include self-collisions, collisions with other manipulators, collisions with
obstacles, and collisions with the environment. Furthermore, there can be multiple
simultaneous possible collisions that need to prevented, and the collision system must be
able to handle all these collisions in real-time. In this research work, a real-time collision
avoidance control approach is proposed to handle these issues. Overall, both topics,
covered in this thesis, are believed to be key elements for increasing the automation of
serial robotic manipulators.
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1 Introduction

Robotics is a multidisciplinary field of study in which a robot means a complicated
mechanical device that is usually controlled automatically to perform a task. The
Robotics Institute of America has given the following definition for robots: "A robot is
a reprogrammable, multifunctional manipulator designed to move material, parts, tools,
or specialized devices through various programmed motions for the performance of a
variety of task." In general, robotic manipulators can be divided into two types: parallel
manipulators and serial manipulators. A parallel manipulator is a mechanical system
that uses several actuators to support a single end-effector. A Steward platform is one
of the best-known parallel manipulators which is formed from six linear actuators. A
serial manipulator, in contrast, is a mechanical system that is designed as a series of
links connected by joints that extend from a base to an end-effector. Typical industrial
manipulators are serial manipulators.

Robots vary in appearance from small-scale miniature robots to large-scale heavy-duty
robots. For example, arm-like robots are a common type of robot, and they are also
known as robotic manipulators. A robotic manipulator consists of links connected by
joints with one fixed end and one end to perform a given task [1]. The joints of the robotic
manipulator are components, which enables relative motion between adjoining links.

Hydraulic robotic manipulators are a special group of robotic manipulators where the
joints of the manipulator are moved with hydraulic actuators (Figure 1.1). The overall
complex hydraulic circuit consists of numerous components, including hydraulic valves,
hydraulic actuators, filters, and hydraulic pumps that power the fluid circuitry through
the prime mover.

The history of robots begins far from the past. Robots as we know them began to be
developed during the Industrial Revolution. The first modern robots were industrial robots
in factories. These robots were relatively simple machines capable of manufacturing and
assembly tasks. They were programmed to repeat the task without the need for human
assistance. The development of digital controllers enabled industrial robots to make use
of artificial intelligence. Today, modern robots, for example, service robots and humanoid
robots, are much more complicated than conventional six degrees-of-freedom (DOF)
industrial robots. Therefore, the design concepts and control algorithms developed for
conventional industrial robots no longer apply, and these methods must be updated and
extended to meet the requirements of modern robots. In high-tech fields, modern robots
have been already adapted with intelligent and complex control and decision algorithms.
However, there are many fields of technology where the industry relies on conventional
robotics, especially heavy-duty industry. These industrial fields have expressed interest
in modernizing their products and production by increasing automation. This requires
design concepts and control algorithms that can be implemented in the current products
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2 Chapter 1. Introduction

Figure 1.1: Heavy-duty hydraulic manipulators on a drilling rig (Photo: Sandvik) [2].

and production without a huge investment.

The commercial success of industries that use robotic manipulators is due partly to the high
automation level and high performance. Usually, these manipulators co-operate with other
manipulators for assembly or positioning purposes. These features require an appropriate
structure of the robotic manipulators, as well as an intelligent control algorithm, so that
multiple robotic manipulators can work efficiently in the same workspace.

1.1 Research Problem

A recent survey confirmed that there is high industrial interest in digital and automated
solutions [3]. Although this survey focused on the mining industry, the same trend can
be seen in other heavy industries as well. It is predicted that this trend will continue as
companies invest in new technology to improve their operations and competence. This
interest creates a great opportunity for academics to co-operate with industry to solve
problems in which they are investing. The main source of motivation for conducting
research in this area is that research on industrially relevant methods for designing and
intelligently controlling robotic manipulators are lacking in the literature. We examine
two underdeveloped features for robotic manipulators: task-based kinematic synthesis of
robotic manipulators and a collision avoidance control system for robotic manipulators.
Even though these two topics are not necessarily directly coupled to each other, there is
a strong coherence between them within autonomous robotics. For example, it is obvious
that a collision-free control requires such a manipulator structure that collisions can
be avoided while achieving the goal pose. Furthermore, if the manipulator structure
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is optimized for an autonomous task execution, it most likely also requires a collision
avoidance system to fulfill the task.

Therefore, the research problem (RP) addressed in this thesis involves the design of
kinematic synthesis solutions for serial robotic manipulators with the following features:

RP1: Optimal structure: The kinematic synthesis solution should be able to
optimize the kinematic structure of a device from the task description.
This is referred to as a topology synthesis, and it is used to optimize the
number, type, and arrangement of joints and the links connected by these
joints.

RP2: Optimal dimensions: The kinematic synthesis solution should be able
to optimize the dimensions of a device. This is referred to as a dimensional
synthesis.

RP3: Task-based design: The kinematic synthesis solution should be able to
fulfill the desired task space definitions for each task point.

RP4: General applicability: The kinematic synthesis solution should be appli-
cable to multi-DOF robotic manipulators (joint space) and 6-DOF Carte-
sian space.

Furthermore, the RP addressed in this thesis also proposes a collision avoidance control
approach for serial robotic manipulators with the following features:

RP5: Distance query: The collision avoidance system should detect possible
collisions between the manipulator and obstacles or the manipulator’s
self-collisions in order to prevent these collisions. Possible collisions should
be detected, and the shortest distance between these objects should be
calculated so that there is enough time to react to these warnings.

RP6: High performance: The collision avoidance system should provide high
performance while satisfying the accuracy of the manipulator. The perfor-
mance of the collision avoidance system should be experimentally validated
to meet the real-time requirement.

RP7: General applicability: The collision avoidance system should be appli-
cable to kinematically different robotic manipulators. The solution should
be suitable for use by multi-DOF manipulators that contain prismatic and
revolute joints.

1.2 Justification for the Kinematic Synthesis of Serial Robotic
Manipulators

The current robotic manipulator mechanisms for heavy-duty machines are a mature
technology, and their kinematics has been developed with a focus on the human operator
maneuvering a hydraulically controlled system without numerical control input. As the
trend in heavy-duty machines is increased automation, computer control systems are
increasingly being widely used, and the requirements for robotic manipulator kinematics
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are different. Numeric control enables a different kind of robotic manipulator kinematics,
which is not optimum for direct control by a human operator, because the joint motions
related to the different trajectories are not native for the human mind. Numerically
controlled robotic manipulators can accept kinematics that is more efficient in doing the
job expected by the user.

Comprehensive studies have been performed with lightweight, electrically driven manipu-
lators. These studies lack about information about the dynamic behavior of heavy-duty
long-reach hydraulic robotic manipulators. For example, drilling manipulators have to be
able to servo-control the drill bit position and orientation of heavy drilling machines at a
more than 10 meter reach and to be able to support highly dynamic drill bit forces during
percussive drilling. Due to high force requirements, these robotic manipulators are driven
by hydraulic linear and rotary actuators. For robotic manipulator design and optimization
purposes, transformations from joint space coordinates to actuator space coordinates are
needed [4, 5]. The first target is to develop a serial robotic manipulator design method
that is able to generate a set of robotic link structures defined by Denavit-Hartenberg (DH)
parameters that fulfill use case requirements. The first design requirement is to ensure
that the robotic manipulator has the minimum required reachability that includes some
degree of additional manipulability. This means the ease of arbitrarily changing the
position and orientation of the end-effector at the tool center point (TCP) at the desired
target position and orientation of the drill bit. In addition, many practical tasks, like
rock drilling, require position control not only of the robotic manipulator end-effector but
also of the force exerted by the end-effector on the environment [6, 7].

With reference to electrically driven, lightweight robots with a small power-to-size ratio,
much research has been done to quantify various performance criteria for robot design and
advanced motion control. Performance criteria to be optimized include load capacity, force
transmission from the joints to the end-effector, dynamic responsiveness, etc. Based on
these performance measures, optimizations, such as mass distribution, actuator size, or link
dimensions, can be improved. Zhou and Bai [8] developed a design method for lightweight
robotic manipulator. The proposed method combines the kinematics, dynamics, and
structural strength analysis. The main objective of this method is to minimize the weight
of the manipulator. Graettinger and Krogh [9] proposed the acceleration radius as a global
performance measure for robotic manipulators. The acceleration radius is a uniform lower
bound on the magnitude of the acceleration that can be achieved at the end-effector from
any state in the operating region. Yoshikawa [10] defined manipulability and dynamic
manipulability for the evaluation of kinematics and dynamic robot performance. Local
dynamic indices have also been investigated by [11] for sizing actuators. Klein [12]
illustrated the meaning of some of these indices, which he calls a dexterity measure, in the
context of redundant manipulability. Another important criterion in optimal manipulator
design is that it can achieve isotropic configurations [13]. At these configurations, the
best servo accuracy is achievable; the likelihood of error is equal in all directions, and
equal forces may be exerted in all directions. Thus, these points may be considered the
optimal working points of a given manipulator design.

1.3 Justification for Collision Avoidance of Serial Robotic
Manipulators

Drilling or bolting manipulators of mining rigs are typical mechatronic systems that
compromise a redundant mechanical structure (i.e., mechanical links in series or in parallel),
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drive-train components (hydraulic linear or rotary actuators) and control software for
motion planning and control. An additional challenge is that mining rigs are equipped
with several multi-DOF robotic manipulators that carry heavy rock drilling and bolting
machines at a more than 10 meter reach. In this multi-robotic manipulator environment,
path-planning and collision avoidance are important features. The objective of this multi-
robot system is to perform given task collaboratively and cooperatively. Ideally, subtasks
assigned to a failed or slowly performing manipulator should be automatically transferred
to other available manipulators without collisions. In this research, collision-free path
planning in a multi-robot environment is treated as an optimization problem [14].

Wear and tear on robotic manipulators due to collisions, for example, with the side walls
in underground mines, are very common during end-effector positioning, even at low
speeds. This results in increased maintenance costs, and thus, collisions are considered a
major disadvantage of end-effector positioning operation. Therefore, the aim of a real-time
collision avoidance control system is not only to find a collision-free path to the goal pose
in a dynamic environment but also to reduce the downtime and maintenance costs of the
devices. In addition, the collision avoidance system enables several features that increase
the performance of the robotic manipulator. The following features can be included into
a collision avoidance system:

1. Avoid collisions

2. Find a collision-free path in real-time

3. Decrease machine downtime

4. Decrease maintenance costs

5. Automatic sequence

6. Automated operations

1.4 Research Methods and Restrictions

Kinematic synthesis is a broad field with various applicable approaches. This research
work concentrates on task-based kinematic synthesis. A real-life, mining customer, drilling
pattern of holes is used as a task, that a robotic manipulator should be able to fulfill.
The dimensions of the existing manipulator are optimized to enhance the performance
and profitability of the manipulator. Furthermore, we use an approach in which several
different topologies are optimized in terms of link lengths. Thereafter, suitable performance
measures are used to rank the optimized structures and select the most attractive one.
The kinematic synthesis process is carried out by using a real mining customer case.

Task-based kinematic synthesis methods are generally chosen because they can guarantee
optimal task execution. The kinematic synthesis method based on a Levenberg-Marquardt
(LM) was chosen in publications P– I and P– II to optimize the serial manipulator
structure for the given task. In publication P– I, an existing manipulator structure was
used to describe the topology of the manipulator to be optimized because this topology
has been proven by construction customers to be suitable for the desired task. However,
this structure, composed of eight joints, was designed for a human operator controlling
the manipulator manually. In publication P– II, the same task space was used to find a
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simpler structure for the manipulator that is controlled by a computer. This research
work led to the design of a new manipulator structure for autonomous control.

Collision avoidance addresses collision-free path planning for general serial robotic ma-
nipulators. Generality means that the number and type of joints are not restricted,
and the work space can be n-dimensional. The collision avoidance method proposed in
publications P– III, P– IV, and P–V is a real-time collision-free path planning approach
that enforces the actuator’s position and velocity limits. Solving the collision-free path
from a starting pose to a goal pose with respect to moving and deformable obstacles is
excluded from this work to limit the scope. Collision-free path generation is utilized using
the null space motion concept [15]. Accurate collision point detection and distance query
are the key elements of successful collision avoidance systems. In publications P– III
through P–V, a novel approach to calculate the shortest distance between two objects
with a complex structure at the real-time rate is shortly presented. The proposed method
is based on point cloud data that is used to describe the objects. This method is used in
publications P– III, P– IV, and P–V to calculate the direction of the repulsive forces
that are used to prevent collisions. The proposed collision avoidance control approach is
validated through simulations and experimental work.

1.5 Thesis Contributions

As this thesis is a compendium thesis, the main contributions of the publications and the
unpublished manuscript can be summarized as follows:

P– I: A generic method for optimizing the structure of a redundant serial
manipulator was presented. The proposed optimization method takes
into account not only the desired task points but also practical design
constraints for given task points, including the most important constraints,
such as the available confined working envelope and joint ranges. The
topology of the tunnel construction manipulator used in this case study was
proven by construction customers to be suitable for tunnel construction.
Therefore, a change in the manipulator’s topology was not necessary
in this study. Instead, the dimensions of the existing manipulator were
optimized to enhance the performance and profitability of the manipulator
[16].

P– II: A generic method for selecting and optimizing a redundant serial manipu-
lator structure was presented. In P– I, an existing topology was optimized
to find the optimal dimensions for that topology. In this paper, a set of
pre-chosen topologies are optimized to find the optimal manipulator topol-
ogy and the optimal manipulator dimensions for the given problem. In the
generic approach proposed in this paper, due to practical reasons such as
the resulting robot design cost-effectiveness and to maintain the readabil-
ity, the set of robot topologies is limited to serial-type manipulators with
a maximum number of seven actuators. Real customer application, used
in this study, requires a long-reach manipulator (10-15 meters) due to the
desired workspace. Therefore, manipulator topologies that have at least
one prismatic joint are interesting; however, it is not clear if six joints are
better than seven joints. The proposed method optimizes the set of robot
topologies and ranks them according to the selected performance measure.
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Our results indicate that this kind of method is effective in finding the
optimal structure and dimensions for the serial-type manipulator from
the task specifications based on the selected performance measure.

P– III: A collision avoidance system for preventing a manipulator’s self-collisions
was introduced. The proposed collision avoidance control system enables
autonomous operation for a redundant serial manipulator. To verify this
functionality, an experimental test was carried out with a heavy-duty
hydraulic manipulator, which is used in underground tunneling. The
experiment validated that the proposed method can be used in real-time
control [17].

P– IV: A collision avoidance system for preventing a manipulator to collide
during the task execution was introduced. In P– III, only manipulator’s
self-collisions were considered. In this paper, a more complex system to
avoid collisions is studied. This system comprises two manipulators which
both can avoid self-collisions, collisions with obstacles, and collisions with
each other. A novel architecture for detecting the exact collision points
of two geometrically complex objects and how to use this information in
a collision avoidance system was also proposed. The proposed collision
avoidance method uses the calculated shortest distance between two point
clouds to move the manipulator away from the obstacles and toward the
desired goal. An experiment and simulation validated that the proposed
method can be used in real-time control [18].

P–V: In this paper, the proposed collision avoidance control architecture (P– III
and P– IV) was applied to completely different manipulator. Furthermore,
the use of a laser scanning system to provide realistic environment and
obstacles information to the collision avoidance system was studied. In
short, the coordinated motion control system of the heavy-duty hydraulic
manipulator resolves joint references so that the goal position can be
reached in real-time without any collisions. The proposed method is able
to detect and prevent different types of possible collisions, including self-
collisions and collisions with obstacles. The collision server is used to retain
static point clouds and to calculate the shortest distance between objects
that are too close to each other. The point clouds on the server are kept
up-to-date with the manipulators’ joint sensors and laser scanner-based
measurements. During coordinated motion control, the joint trajectories of
the redundant manipulator are modified so that collisions can be avoided,
while at the same time, the trajectory of the end-effector maintains its
initial trajectory if possible. Results are given for a 4-DOF redundant
heavy-duty hydraulic manipulator to demonstrate the capability of this
collision avoidance control system [19].

1.6 The Author’s Contribution to the Publications

This section clarifies the author’s contribution to the publications and the unpublished
manuscript.

P– I: The author wrote the paper and developed the approach for optimizing
the existing serial robotic manipulator structure using the LM algorithm.
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Jussi Puura helped with the system requirement definitions and reviewed
the paper. Professor Jouni Mattila, the academic supervisor, reviewed
the paper and suggested major improvements.

P– II: The author wrote the paper and developed the task-based kinematic
synthesis method. Jussi Puura helped with the system requirement
definitions and reviewed the paper and suggested improvements. Professor
Jouni Mattila and Sirpa Launis, the industrial supervisor, reviewed the
paper and suggested major improvements.

P– III: The author wrote the paper and developed and performed a wide range
of experiments to validate the proposed collision avoidance system. Jussi
Puura and Sirpa Launis helped with the system requirement definitions
and the experimental setup, reviewed the paper, and suggested improve-
ments. Professor Jouni Mattila reviewed the paper and suggested major
improvements.

P– IV: The author wrote the paper and expanded the proposed collision avoidance
system to prevent collisions with different types of collisions. Jussi Puura
and Sirpa Launis helped with the system requirement definitions, reviewed
the paper, and suggested improvements. Professor Jouni Mattila reviewed
the paper and suggested major improvements.

P–V: The author wrote the paper and expanded the proposed collision avoidance
system to prevent collisions with external obstacles that were detected
and identified by using a laser scanner. Pauli Mustalahti helped with the
experimental measurement system. Professor Jouni Mattila reviewed the
paper and suggested minor improvements.

1.7 Outline of the Thesis

The introductory part of this compendium thesis is divided into six chapters. The contents
of the remaining chapters are summarized below.

Chapter 2 is a review of the state-of-the-art in kinematic synthesis of serial robotic
manipulators. The optimization principles of task-based kinematic synthesis are covered,
and the typical serial robotic manipulator design scenario is briefly discussed.

Chapter 3 is a review of the state-of-the-art in collision avoidance and collision detection of
serial robotic manipulators. Furthermore, general methods for solving collision avoidance
control problems are introduced and discussed.

Chapter 4 summarizes the simulation and experimental results and discoveries shown in
the individual publications and manuscript, comprising this compendium research work.

Chapter 5 discusses how the RPs, described in Section 1.1, are addressed.

Chapter 6 provides the conclusions and suggestions for future work.



2 State-of-the-Art Kinematic
Synthesis of Serial Robotic
Manipulators

In the introduction, the justification for the kinematic synthesis for serial robotic manip-
ulators was described. The task of the kinematic synthesis is to develop a mechanism
that meets the requirements of the given desired motion. The kinematic synthesis, for
example, enables the design of such a serial robotic manipulator that is guaranteed
to reach the desired task points with the desired end-effector orientations. Kinematic
synthesis solutions for serial robotic manipulators have been developed in the literature.
These solutions use optimization methods to find an optimal kinematic structure for the
manipulator. Moreover, these solutions are increasingly task-based because the classical
approach to optimize a general-purpose manipulator does not guarantee optimal task
execution [20]. The constant rise in computation power in recent years has helped solve
more complex and larger task-based kinematic synthesis problems.
This section covers state-of-the-art solutions in the kinematic synthesis of serial robotic
manipulators, with a focus on task-based optimization. We first classify kinematic
synthesis terms in Section 2.1 and follow with an introduction to the principles and
approaches of the kinematic synthesis in Section 2.2. Finally, in Section 2.3, state-of-the-
art kinematic synthesis solutions applicable to serial robotic manipulators are reviewed,
to reveal the strengths and weaknesses of the solutions.

2.1 Kinematic Synthesis

The science of mechanism kinematics can be roughly divided into two separate parts:
analysis and synthesis. Analysis is used to resolve or predict a defined mechanism’s
reaction to specific motions of the driver. In other words, analysis tries to determine the
motion of the mechanism’s bodies if one or more of the actuators of the mechanism is
actuated. Kinematic synthesis, instead, is used to create a mechanism to attain a specific
motion. In this sense, synthesis can be thought of as the inverse problem of analysis [21].
This leads to a fundamental question to which researchers over the years have tried to find
an answer: What is the best mechanism configuration for the desired task? Obviously,
there is no simple or unique answer to this question. Instead, in most cases there can be
an infinite number of answers this question. In the literature, the kinematic synthesis
problem is usually divided into two or three steps to make handling of the problem easier.
These steps are as follows:

1. Type or topology synthesis

9
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2. Number synthesis

3. Dimensional synthesis

Type synthesis and topology synthesis are synonyms, and both are used in the literature.
In some references, the type or topology synthesis is combined with the number synthesis.
The topology synthesis involves determining the structure of a device, for example, serial
or parallel structure. This phase is also used to select the type of links and joints. The
second phase, the number synthesis, determines the number of links of the mechanism.
The last phase, the dimensional synthesis, is devoted to determining the dimensions of a
device.
The selection of the type of mechanism needed to accomplish a desired task depends not
only on the kinematic requirements but also on many other factors, such as, materials,
manufacturing costs, etc. Because of many different factors, it is impossible to automatize
the topology synthesis without losing generality [21, 22]. Therefore, an exhaustive search
approach is widely used among researchers to systematically find the best mechanism for
the application at hand. This approach also involves the number synthesis. This phase
is followed by the dimensional synthesis for sizing of each feasible alternative using an
optimization method.
We focus exclusively on serial robotic manipulators synthesis, which simplifies the topology
synthesis. This simplification allows us to systematically test all possible topologies in
the range of the minimum and maximum number of joints. In this thesis, the topology
is assumed to be known, or the systematic approach is used. Therefore, the topology
synthesis and the number synthesis do not deserve much attention. Instead, the third
phase, the dimensional synthesis, presents challenging problems. The remainder of this
chapter is addressed to the dimensional synthesis problems.

2.2 Kinematic Synthesis Methods

There are multiple ways to categorize kinematic synthesis methods, for example, by the
optimization method or based on a general-purpose design or a task-specific design. Patel
and Sobh [20] divided kinematic synthesis methods into three categories:

1. Geometric approach

2. Parametric optimization approach

3. Task-based design approach

2.2.1 Geometric Approach
In 1833, Grashof proposed a simple condition to understand the mobility of a four-link
mechanism. This finding is commonly known as Grashof’s criterion. This criterion is used
to estimate the rotatability of the links in a four-bar mechanism. The criterion has the
following well-known definition: "If the sum of the shortest and longest link of a planar
quadrilateral linkage is less than or equal to the sum of the remaining two links, then the
shortest link can rotate fully with respect to a neighboring link." A mathematical formula
for the previous definition is as follows:

s+ l ≤ p+ q, (2.1)
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where s and l are the shortest and longest links, respectively. The other two parts are
designated p and q (see Figure 2.1).
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(continuous motion)
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Figure 2.1: Types of four-bar linkage, where s and l stand for the shortest and longest links,
respectively. The other two parts are described with p and q [23].

Many researchers have further extended Grashof’s criterion and used it for determining
the optimal link lengths. Even though Grashof’s criterion can be applied to closed loop
kinematic chains, it can be used for serial robotic manipulator design by assuming the
distance between the base of the manipulator and the task point is one link in the closed
mechanical chain. With this approach, it is possible to design a manipulator with high
dexterity at the given task points. Here, dexterity refers to the ability of the manipulator
to achieve as large as possible orientation about a given task point. However, if the task
definition defines only one required orientation, then an alternative approach should be
considered. This method cannot be used to optimize a manipulator at multiple task
points. Therefore, task satisfaction cannot be guaranteed. In addition, this method
cannot be applied to a design problem where the robotic manipulator requires prismatic
joints.

2.2.2 Parametric Optimization Approach

Parametric optimization is a classic approach to solving an optimization problem. The
main idea is to create an objective function and constraint functions and then sum them
to form a cost function, which can be minimized or maximized to find the optimal solution.
Constraint functions can be weighted to address the solution in the specified direction.
Different performance criteria that quantify the performance of the robotic manipulator,
such as the structural length index, manipulability measure, condition number, and global
conditioning index, can be used to design the optimal structure, according to the criterion.
A comprehensive survey of manipulator performance parameters and their limitations
was carried out by Patel and Sobh [24].

Although the parametric optimization approach has dominated the kinematic synthesis
of design process for robotic manipulators, it has some drawbacks. One such drawback
is that this approach is not part of the design process of the manipulator’s structure;
this approach improves only an existing manipulator’s structure and does not generate
new structures. Another significant drawback of the parametric optimization approach
is the manipulator’s Jacobian matrix non-homogeneity. The Jacobian matrix is non-
homogeneous due to the different unit used to represent the link lengths and the joint
values [24]. Therefore, the majority of the proposed parametric optimization approaches
focus on robotic manipulators without prismatic joints or in cases where end-effector
orientation is not important. However, in spite of many scaling techniques that have been
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proposed to treat the non-homogeneity of the Jacobian matrix [25, 26], they have not
received very wide endorsement.

2.2.3 Task-based Design Approach

The task-based optimization or synthesis of a robotic manipulator consists of finding
a set of manipulator design parameters so that the required task points and kinematic
requirements are fulfilled. The kinematic requirements, such as a constrained workspace,
design parameter limits, and joint limits, are task specifications that affect the kinematic
structure of the robotic manipulator.

Usually, most common industrial 6-DOF robotic manipulators with a spherical wrist
are designed for the desired rated payload while maximizing the manipulator workspace
envelope. In more advanced design scenarios, the manipulator total orientation workspace
can be specified as a set of range of rotation angles of the end-effector in a position inside
the bounded workspace [27].

Clearly for a restricted workspace this is not an adequate design approach. Instead, in
more specific robotic manipulator design scenarios, the reachable workspace should be
divided into several bounded subspaces that each have different requirements for the
required range of wrist orientation angles. For example, in a tunnel drilling task, the
drilling pattern near the center of the tunnel is more dense and requires a wide range of
orientation angles to be reached. However, near the boundaries of the tunnel (walls, ceiling,
and ground), the drilling pattern execution requires a lower range of orientation angles to
be reached. Therefore, this design problem consists of well-defined robotic manipulator
design requirements with a large number of defined task positions to be reached in the
workspace. Due to the complexity of the given design optimization problem, it is not
obvious which robotic topology should be chosen for this given robotic manipulator design
problem.

In general, the task for the task-based design approach is given in terms of the task points
that the manipulator has to reach with a specified end-effector rotation. Let P be the set
of task points; then the task can be described as follows:

P = {p1,p2, . . .pm} ∈ TS, (2.2)

where m is the number of task points, and TS is the task space that defines the position
and the orientation of the manipulator’s end-effector. Typically, a manipulator’s joint is
a revolute or prismatic joint with one DOF. By using commonly known DH parameter
notation, each link of the manipulator can be described with four parameters, where three
parameters are design parameters and one is a joint variable, depending on the joint type.
In the case of a revolute joint, the design parameters are {a, α, d}, and in the case of a
prismatic joint, the design parameters are {a, α, θ}. Now, the serial robotic manipulator
configuration can be given as:

DH = {a1, α1, d1 or θ1, . . . , an, αn, dn or θn} ∈ CS, (2.3)

where n is the DOF of the manipulator, DH is the serial manipulator configuration set,
and CS is the configuration space. The joint vector for the n-DOF manipulator is defined
as follows:

q = [q1,q2, . . .qn] ∈ QS, (2.4)
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where QS is the joint space. Mapping between the manipulator’s configuration set (DH),
with a joint vector (q), and a specific task point can be described as follows:

f(DH,q) = p. (2.5)

Now, the optimization problem is stated as follows:

∃DH : ∀p ∈ TS ;∃q ∈ QS|f(DH,q) = p. (2.6)

2.3 State-of-the-Art in Kinematic Synthesis

Current heavy-duty robotic manipulator mechanisms are a mature technology, and their
kinematics has been developed with a focus on the human operator maneuvering a
manually controlled system without numerical control input. As the trend in heavy-duty
robotic manipulators is increased automation, computer control systems are increasingly
being widely used, and the requirements for robotic manipulator kinematics are different.
Numeric control enables a non-intuitive kind of robotic manipulator kinematics, which is
not optimum for direct control by a human operator, because the joint motions related
to the different trajectories are not native for the human mind. Numerically controlled
robotic manipulators can accept kinematics that is more efficient in executing the desired
task.
In the field of kinematic synthesis, different synthesis approaches (Section 2.2) have been
used to optimize robotic manipulator structures. Grashof’s idea, extended by Paul [28],
has been widely used to design 3-DOF manipulators. Vijaykumar et al. [29] subdivided
the structure of the manipulator into a regional structure and an orientation structure,
which enables use of the Grashof criterion with 6-DOF manipulators. The dexterity
criterion was applied to design a manipulator by maximizing the dexterity. Dexterity
refers to the ability of the manipulator to realize any orientation about the given point.
This kind of design methodology is applicable to designing a general-purpose manipulator,
where the objective is to maximize the reachable workspace, as well as maximize the
dexterous workspace.
Li and Dai [30] claimed that the orientation angle workspace indicates the flexible
degree of the robotic manipulator and developed a method for calculating the orientation
angle workspaces and output variation curves of the orientation angle workspace within
the position workspace by using Grashof’s criterion. Patel and Sobh [31] also used
Grashof’s criterion to design an optimal serial three-link manipulator. They proposed
an optimization algorithm which optimizes the manipulator in terms of the dexterity
index for the desired region of interest. This region can either be a set of task points or a
trajectory of the end-effector of the manipulator. The optimal design was achieved by
generating the optimal link lengths for a three-link planar manipulator.
Most of the studies that use Grashof’s criterion are devoted to optimizing mechanisms
that consist of three links or mechanisms that can be divided into groups of three links.
However, Grashof’s criterion can be extended to cover mechanisms that have more than
three links [32]. Moreover, the majority of the reported works are for crank-driven linkages.
Recently, Bai [33] introduced a motion analysis method for the coupler link of planar
four-bar linkages. This method can be applied to kinematic synthesis, for example, the
conditions of full rotations of the coupler or reaching to a specified range.
Manipulator performance parameters have been widely used to optimize the robotic
manipulator structure, and Patel and Sobh [24] made a comprehensive survey of these
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parameters and their limitations. This survey did not provide recommendations about
which performance measure should be used to design a robotic manipulator structure.
Instead, the survey provided a review of the definition, classification, scope, and limitations
of some of the widely used performance measures, whose significance and limitations have
not always been well discussed. According to the survey, performance indices can be
classified based on the following three groups:

1. Scope (local or global indices)

2. Characteristic (kinematic, dynamic, or neither)

3. Application (intrinsic or extrinsic)

Local performance indices are performance metrics that are dependent on the pose of
the manipulator, whereas global indices are pose-independent indices. The condition
number is one of the most widely used local performance indices to obtain the optimal
manipulator structure [34, 35]. The condition number is a local kinematic conditioning
index used to measure the degree of ill-conditioning of the manipulator or the kinematic
isotropy of the Jacobian. The condition number is defined as the ratio of the maximum
and minimum singular values of the Jacobian.

Another widely used performance index is the manipulability. This kinematic performance
index was proposed by Yoshikawa [10]. Later, Sobh and Toundykov [36] used this
performance index to optimize three-link robotic manipulators with a given set of task
points. This design process utilized a numerical optimization based on the steepest-descent
algorithm together with an objective function which was based on the manipulability
index. The manipulability index itself is based on the manipulator’s Jacobian matrix, and
calculation of the manipulability index depends on whether the manipulator is redundant
or not. If the manipulator is redundant, then the manipulability index is defined as the
square root of the determinant of the product of the Jacobian matrix and its transpose.
In the case of a non-redundant manipulator, the manipulability is simply the absolute
value of the determinant of the Jacobian.

With the parametric optimization approach, it possible to use more than just one
performance index. Kucuk and Bingul [37] constructed an objective function that had
two objectives: the maximum workspace volume and maximization of the product of the
manipulability measure and the condition number of the Jacobian matrix. Sixteen different
combinations of three-link manipulators were optimized using the proposed performance
indices. The results showed that a high local performance index does not always guarantee
a high global performance index. The idea of using multiple performance indices was
further developed by Kucuk and Bingul [38], who used conventional global and local
indices to optimize the robotic manipulator structure. These indices were the structural
length index, manipulability measure, condition number, and global conditioning index.
The workspaces of sixteen fundamental robotic manipulators were optimized and compared
to each other.

The variation in tasks that robotic manipulators should be able to accomplish is huge. A
dominant design approach for robotic manipulators is based on the parametric optimization
approach because it can be used to optimize a general-purpose manipulator structure
applicable for different tasks. However, this approach cannot guarantee task satisfaction
[20]. The task-based design approach is the opposite of the other design approaches and
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does not try to maximize the manipulator’s workspace. Instead, this method can guarantee
that the task can be completed. Paredis and Khosla [39] used a task-based approach
to find the optimal structure for a six-DOF spherical wrist manipulator. The proposed
method was able to optimize the DH parameters of the manipulator by minimizing
the objective function. However, they have to make several assumptions to make the
problem solvable, including only rotary manipulators are considered, spherical wrist, no
self-collision, etc.

Kim and Khosla [40] studied task-based robotic manipulator optimization with a re-
configurable modular manipulator system (RMMS). They stated that the optimal design
of a robotic manipulator even for a simple task is difficult and may lead to a combinatorial
explosion. Therefore, they proposed a high-level design framework that decomposes
the complexity of the design problem. They called this framework Progressive Design.
Progressive Design is composed of three steps: kinematic design, planning, and kinematic
control. The first step is to find the optimal values for the DOF, type, dimension, and
base position. The second step optimizes the positions between two adjacent task points
of the kinematic design. In the final step, task points are connected along the given
trajectory. The proposed method was applied to develop an optimal manipulator for
changing tiles on the space shuttle [40, 41]. This framework was developed considering
its extension and can be extended to more complex problems with small modifications.

Most optimization approaches for robotic manipulators in the literature handle non-
redundant manipulators. However, in some applications, especially if the workspace is
cluttered, redundant manipulators have better possibilities of completing the desired
task without collisions. Therefore, task-based design approaches for redundant robotic
manipulators are needed. Singla et al. [42] proposed an optimization method for redundant
rotary robotic manipulators in a cluttered environment. They formulated a constrained
optimization problem minimizing the positional error and simultaneously avoiding any
collision of the manipulator with either the obstacles or within its links. The augmented
Lagrangian method was used to solve the optimization problem. However, the problem
formulation was developed independently from the optimization algorithm. This enables
use of different optimization algorithms. This approach, similar to many other approaches,
avoids dealing with prismatic joints.

Patel and Sobh [20] proposed a method for developing the optimal manipulator structure of
a non-redundant 6-DOF serial robotic manipulator from task descriptions with a spherical
wrist. The proposed method focuses on the regional structure and finds all possible
manipulator configurations that can reach all the task points with the required orientations.
Then among these configurations, the configuration which can attain maximum end-
effector velocities in arbitrary directions with the joint constraints was considered the
optimal structure, and it provides the best kinematic performance. They also optimized
the manipulator’s structure based on the least power-consuming configuration. This
method is capable of handling prismatic joint in any of the three first joints.

Gradient-based methods for solving manipulator optimization problems have been popular
among researchers. However, these methods suffer a local minimum problem, and they are
not guaranteed to find a global minimum. This is due to the manipulator configuration
search space which is excessively large. Therefore, alternative methods have been proposed
for use as manipulator optimization algorithms. The two approaches most frequently used
for solving the optimization problems are random line search and genetic algorithm (GA).
Use of the GA was proposed by several researchers [43–45]. Shiakolas et al. [46] used a
evolutionary optimization approach to optimize the serial robotic manipulator structure.
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2.4 Practical Task-based Kinematic Synthesis of Serial Robotic
Manipulators

Usually, the most common industrial 6-DOF robotic manipulators with a spherical wrist
are designed for the desired rated payload while maximizing the manipulator’s workspace
envelope (Figure 2.2). For example, the IRB 8700 manipulator form ABB is designed to
handle 550 kg with maximum reach of 4,20 m. In more advanced design scenarios, the
manipulator’s total orientation workspace (TOW) can be specified as a range of rotation
angles the end-effector in a position inside the bounded workspace [27].

(a) The ABB IRB 8700 industrial ma-
nipulator (Photo: ABB) [47].

(b) A working range of the IRB 8700 manipula-
tor (Photo: ABB) [47].

Figure 2.2: The IRB 8700 is a general purpose manipulator designed to fulfill requirements of
different areas of industry. It is designed with focus on high production capacity, compact design
and, low maintenance cost [47].

Clearly, for example, for tunneling construction this is not an adequate design approach.
Instead, in more specific robotic manipulator design scenarios, the reachable workspace
should be divided into several bounded subspaces that each has different requirements for
the required range of wrist orientation angles. For example, in the tunnel drilling task
(see Figure 2.3), the drilling pattern near the center point of the tunnel is more dense and
requires a wide range of orientation angles to be reached. However, near the boundaries
of the tunnel (walls, ceiling, and ground), the drilling pattern execution requires a smaller
range of orientation angles to be reached. Therefore, this design problem consists of
well-defined robotic manipulator design requirements with a large number of defined
task positions to be reached in the workspace position that depends on a range of wrist
orientation angles. Due to the complexity of the given design optimization problem, it
is not obvious which robotic topology should be chosen for this given generic robotic
manipulator design problem.

For example, most of the current heavy-duty hydraulic manipulator mechanisms are an
aged technology, and their kinematics has been developed with a focus on the human
operator controlling a hydraulically controlled system without numerical control input. As
the trend in hydraulic manipulators is increased automation and usability, the requirements
for robotic manipulator kinematics are different. Computer control enables a different
kind of robotic manipulator kinematics, which is not optimum for direct control by a
human operator, because the joint motions related to the different trajectories are not
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Figure 2.3: Final manipulator configurations for each task point.

native for the human mind. Numerically controlled robotic manipulators can accept
kinematics that is more efficient in doing the job expected by the customer.

The task-based optimization method takes into account not only the desired task points
but also the practical design constraints for the given task and the most important
constraints, such as the available confined working envelope inside the workspace and
joint ranges. In the generic approach, due to practical reasons, such as the resulting robot
design cost-effectiveness, the set of robot topologies is limited to serial-type manipulators,
and the maximum number of actuators must be defined. The studied task can consist of
multiple task points where several real tasks are combined into a single set of task points.
If the application requires a long-reach manipulator (10–15 meters) due to the size of the
task space, manipulator topologies that have at least one prismatic joint are interesting;
however, it is not clear whether six joints are better than seven joints. The selected set of
robot topologies is optimized using an optimization method and ranked according to the
selected performance measure. Our results indicate that this kind of method is effective
in finding the optimal structure and dimensions for the serial-type manipulator from the
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task specifications in terms of the selected performance measure.



3 State-of-the-Art Collision
Avoidance of Serial Robotic
Manipulators

In the introduction, the motivation for collision avoidance systems on serial robotic
manipulators was described. These collision avoidance systems, for example, enable
autonomous operations for robotic manipulators in unknown or in dynamic environments.
Collision avoidance solutions for robotic manipulators, thus, have been developed in the
literature. These solutions are more and more on-line collision avoidance path planning
because the classical collision detection methods do not enable fully autonomous operations
[48]. The considerable gain in computational power from control processing units in
recent years enables the implementation of on-line collision avoidance control of robotic
manipulators. Advanced sensor technology available on robotic systems for sensing the
environment has recently improved to support this development.

This section covers state-of-the-art solutions in collision avoidance of serial robotic
manipulators, with a focus on shortest distance query and real-time collision avoidance
control. We first classify collision detection and shortest distance query terms and
approaches in Section 3.1 and follow with an introduction to the principles and approaches
of collision avoidance in Section 3.2. Next, the fundamental problem and the conventional
solution for collision avoidance of serial robotic manipulators are covered in Section 3.3.
Finally, in Section 3.4, state-of-the-art collision avoidance solutions applicable to serial
robotic manipulators are reviewed.

3.1 Collision Detection and Shortest Distance Query

To prevent the robotic manipulator from colliding with obstacles or to prevent self-collision,
a manipulator control system must detect obstacles before collisions. Another important
feature of the collision avoidance system is finding the minimum distance between different
parts of the manipulator and the obstacles, and between different parts of the manipulator
itself. Finding the exact shortest distances between the manipulator and obstacles, as well
as finding the exact possible collision location, are crucial parts of an accurate collision
avoidance system. Collision detection has been well studied over the last few decades, and
several methods for detecting collisions are reported in the literature, such as I-Collide
[49], RAPID [50], Cullide [51], DeformDC [52], BoxTree [53], and Drop-tree [54]. However,
these methods detect whether two objects interact or not. These methods do not provide
exact distance queries which is one of the most important subjects of an efficient collision
avoidance system. Therefore, these methods might not be applicable for real-time collision
avoidance.

19
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Several studies used bounding boxes to represent obstacles and the manipulator and
then found the shortest distance between these bounding boxes; for example, Puiu and
Moldoveanu [55] and Lee et al. [56] used oriented bounding boxes (OBBs). The shape
of the moving obstacle, and the shape of the robotic manipulator parts, can be very
complex, and the computation of the shortest distance between complex geometries
is time-consuming. To simplify the collision detection procedure, the obstacles and
the manipulator parts are represented using simple OBBs [50, 57]. This allows faster
collision detection between the manipulator parts and the obstacles. However, with this
approach, the exact shortest distance between these parts cannot be calculated, and also
the exact collision location is lost. For continuous motions, several approaches have been
developed to detect collisions, such as swept-volume methods [58, 59], the trajectory
parameterization method [60], and feature-tracking methods [49, 61]. However, these
methods are suitable only for simple geometries.

Sometimes bounding boxes (BBs) are used in the preliminary state to find an approximate
location of the shortest distance. After this, the underlying actual geometry (usually a
polygon model) is used to calculate the actual shortest distance. In the literature, several
different libraries are presented for calculating the shortest distance between two objects.
These libraries include methods such as V-Collide, PQP, and FreeSolid. What is common
in all these methods is that they all use some kind of BBs to simplify the calculation
process.

V-Collide, proposed by Hudson et al. [62], uses conservative approximation to find
potential collision pairs of objects among the entire data set. This is achieved by using
axis-aligned bounding boxes (AABBs) for every object in the scene. The pairs of objects
whose BBs overlap are considered potential collision pairs. In the second phase, OBBs
are used to check for collisions between a pair of objects. This methods can handle only
medium-sized trees, because OBBs need to be rebuilt after the objects have moved. This
method uses advantages of other libraries, such as I-Collide [49] and RAPID [50], which
are mainly used for collision detection, not for distance queries.

Another popular method for detecting collisions and calculating the shortest distance
between objects is a proximity query package (PQP) [50, 63], which is also based on the
RAPID library. Therefore, a PQP uses also OBBs to represent objects. For distance
queries, a PQP uses swept sphere volumes as bounding volumes. The PQP library
supports three types of queries on a pair of geometric models: collision detection, distance
computation, and tolerance verification.

FreeSolid is a collision detection library developed by den Bergen [64]. This method
uses AABB hierarchies for collision detection. This implementation uses the Gilbert-
Johnson-Keerthi (GJK) algorithm for computing the distance between convex objects.
The algorithm uses various types of simple geometry primitives for collision detection.
An advantage of this method is that it can also handle deformation of the geometry. This
method also provides a fast collision test between objects, by using an acceleration scheme
introduced in [65].

Another popular method for finding the shortest distance between obstacles is to use
vision-based techniques [66, 67]. Although vision-based methods are widely used and are
effective methods for calculating the shortest distance, they cannot be used in applications
with dirty and harsh environments, such as in underground mining applications. Vision-
based techniques are appearance-based or feature-based methods. Both techniques require
a good enough image that can be used for recognition. Another feature of vision-based
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techniques is that they most often require teaching or objects that should be recognized
must be defined beforehand. Therefore, unexpected objects cannot be recognized.

In applications with challenging environments (such as lightning conditions) or where the
shape of the obstacles can change during the operation, a technique that does not rely on
predefined obstacles must be used. A system that can produce point clouds is preferable,
such as a laser-based measurement system. A point cloud that represents an obstacle
can be updated if the shape of the obstacle changes during the operation. The system is
also able to create new point clouds if new unforeseen obstacles appear in the workspace.
The use of a point cloud-based distance calculation method ensures that there is no extra
volume around the obstacles that could lead to an incorrect shortest distance calculation.

Calculating the shortest distance between two point clouds is a challenge for a real-time
control system. A method for detecting collisions and calculating the shortest distance
between more complex geometries using point clouds is presented by Kaldestad et al.
[68], in which calculations based on the graphics processing unit (GPU) are required to
use the algorithm in real-time. Another solution to the computation resources problem
is where the calculation procedure is divided into different stages, which ensures that
the shortest distance can be found in real-time. The method for calculating the shortest
distance between two point clouds can be divided into two parts: the initialization phase
and the calculation phase. The initialization phase, as its name suggests, is performed in
order to find the shortest distance from preliminary actions. Initialization actions are
performed only once before the actual calculation phase. The calculation phase, in turn,
is used to calculate the actual shortest distance between the point clouds. The poses of
the point clouds are also updated based on a measurement or a surveillance system.

3.2 Collision Avoidance

Collision avoidance is an action or series of actions to prevent a collision after a possible
collision is detected. Detection possible collisions is a crucial part of the collision avoidance
system. The possible collision has to be detected early enough so that the collision
avoidance system is able to prevent the actual collision. When making an attempt to
avoid a collision, there are many decisions to make within a very short period of time.
The decision how to avoid the collision depends on the available options the manipulator
can make.

Collision avoidance is used in different areas of industry, such as automobile, robotics,
spacecraft, telecommunications, etc. Collision avoidance systems have different meanings
in different industries. What is common among these systems is that they are designed to
prevent different kinds of collisions. For example, in the automobile and telecommunication
industries, collisions are quite distinct from each other. Therefore, the rest of this thesis
focuses only on collision avoidance of serial robotic manipulators.
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Figure 3.1: Global path planning strategy.
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Collision avoidance methods can be categorized in a number of ways: Two main strategy
types are global strategies and local strategies [69, 70]. Global collision avoidance
methods find a collision-free path from the start pose to the goal pose if such a path
exists (Figure 3.1). However, global methods are computationally heavy and may not be
applicable for real-time control [59]. Furthermore, global methods usually do not rely on
sensor feedback, and therefore, they cannot be used with dynamic environments. The
environment has to be static and well-defined.
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Figure 3.2: Local path planning strategy.

Local strategies treat obstacle avoidance as a control problem. The idea is to use low-level
controllers to change the path of the manipulator if the obstacle appears in the current
path of the manipulator (Figure 3.2). They use sensor information to detect obstacles
in the workspace. Local methods are computationally lighter than global methods, and
therefore, local methods can be used in real-time during the task execution. Usually, local
methods cannot guarantee the optimal path for the manipulator, and they may even get
stuck on a local minimum (Figure 3.3). Therefore, a combination of global and local
methods, called hybrid systems, might be a good solution to avoid collisions [71, 72].
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Figure 3.3: A planar manipulator gets stuck on a local minimum when reaching from the
starting pose to the goal pose using simple collision avoidance method based on artificial potential
fields.

Local minimum issues are general in the use of local path control methods. These
are situations where the attractive and repulsive forces affecting on the manipulator
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compensate each other (Figure 3.3). This scenario causes a zero resultant force on the
manipulator. Consequently, the movement of the manipulator stops and thus results in a
failure of reaching the goal pose by ending into a local minimum.

3.3 Fundamental Problem and the Conventional Solution

At the velocity level, the fundamental problem of collision avoidance for robotic manipu-
lators we are trying to solve is the inversion of

ẋ =
[

ṗ
ω

]
= JG (q) q̇, (3.1)

where ṗ and ω represent the end-effector linear and angular velocities, respectively. The
geometric Jacobian matrix JG relates the joint velocity vector q̇ to end-effector velocity
vector ẋ through the mapping Eq. (3.1). To achieve the desired end-effector velocity, we
have to solve this equation while avoiding collisions.
The solution for Eq. (3.1) can be found through the inverse kinematics by inverting the
Jacobian matrix

q̇ = J−1
G (q) ẋ. (3.2)

Equation (3.2) is valid only for manipulators that have the same dimension in the
operational space and the joint space (m = n). When the manipulator is redundant
(m < n), the Jacobian matrix has more columns than rows, and an infinite number of
solutions exist for Eq. (3.1). Therefore, there cannot be a direct Jacobian matrix inverse.
If the Jacobian matrix is a non-square matrix, then a pseudo-inverse can be adopted [73]:

q̇ = J†G (q) ẋ, (3.3)

and the matrix,
J†G = JTG

(
JGJTG

)−1
, (3.4)

is the right pseudo-inverse of JG (q).
The pseudo-inverse has stability problems in a neighborhood of singularities. At a
singularity, the Jacobian matrix no longer has a full row rank. If the configuration is
close to a singularity, then the pseudo-inverse method will lead to large changes in the
joint angles, even for small movements in the target position. The damped least squares
method avoids many of the pseudo-inverse method’s problems with singularities and can
provide a numerically stable method for selecting q̇.

q̇ = JTG
(
JGJTG + λ2I

)−1 ẋ, (3.5)

where λ is a non-zero damping constant, and the right damped pseudo-inverse assumes
the form

J̃†G = JTG
(
JGJTG + λ2I

)−1
. (3.6)

The damping constant depends on the details of the multibody and target positions and
must be chosen carefully to make Eq. (3.5) numerically stable. If λ = 0, Eq. (3.3) becomes
identical to Eq. (3.5), which is ill-conditioned near a singularity.
In [15], the general form of the solution for Eq. (3.1) is shown to be

q̇ = J̃†Gẋ +
(

I− J̃†GJG
)

z, (3.7)
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where z is an arbitrary vector in the q̇-space. A projection operator
(

I− J̃†GJG
)
describes

the redundancy of the system and can be used to map an arbitrary q̇ into the null space
of the transformation.

3.3.1 Robotic Manipulator Path Control
The path control for the end-effector of the robotic manipulator is achieved using two
proportional controllers, one for the position and one for the orientation. Let pd designate
the goal position of the manipulator’s end-effector; then the position controller is described
as follows:

ṗ = kv (pd − p) , (3.8)
where p is the current position of the end-effector and kv is the position control coefficient.

In order to devise a trajectory generator for the end-effector orientation, a suitable
orientation error must be defined. The end-effector orientation error depends on the
choice of the orientation description. Direct computation of the orientation error requires
the extraction of the Euler angles from the end-effector rotation matrix, which suffers
from representation singularities [74]. Therefore, the orientation error is calculated based
on the unit quaternion representation. The drawbacks of the Euler parameters can be
overcome with the unit quaternion [73]. Let σd = {ηd, εd} and σ = {η, ε} represent the
quaternions associated with Rd and R, respectively. The orientation error is defined as

eO = ηεd − ηdε− S(εd)ε, (3.9)

where eO is the orientation error and S(εd) is the skew-symmetric matrix for the εd. The
end-effector’s orientation controller can be described as

ω = kweO, (3.10)

where kw is the angular velocity control coefficient. Using Eqs. (3.1), (3.8), and (3.10),
the manipulator path control takes the following form:

ẋ =
[

ṗ
ω

]
=
[
kv (pd − p)
kweO

]
. (3.11)

The linear and angular of velocities of the manipulator’s end-effector are bounded. This
allows the use of larger controller coefficients for the velocities, which ensures that the
demanded end-effector velocities are also suitable near the goal pose. The end-effector
velocities can be bounded

ṗ =
{

ṗ ṗmax

max(|ṗ|) , if max(|ṗ|) > ṗmax

ṗ, otherwise,
(3.12)

where ṗmax is the maximum linear velocity of the end-effector and

ω =
{
ω ωmax

max(|ω|) , if max(|ω|) > ωmax

ω, otherwise,
(3.13)

where ωmax is the maximum angular velocity of the end-effector.

The collision-free path control is based on Eq. (3.7) and the approach proposed by
[75]. The primary goal is to reach the goal pose with the manipulator’s end-effector;
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the secondary goal is to avoid collisions. In [75], the authors presented a method for
avoiding collisions with one obstacle avoidance point. This approach is extended to cover
multiple obstacle avoidance points. The primary and secondary goals are described by
the equations

JGq̇ = ẋ, (3.14)

JOi
q̇ = ẋOi

, (3.15)

where JOi
is the obstacle avoidance point Jacobian, and ẋOi

is the obstacle avoidance
point velocity.

The obstacle avoidance point velocity can be calculated by using the shortest distance
calculation method described in the Collision Detection section and by using the artificial
potential field proposed by [76]:

UOi
=

 1
2µ
(

1
ρi
− 1

ρO

)2
, if ρi ≤ ρO

0, if ρi > ρO,
(3.16)

where UOi
is the repulsive artificial potential field, ρO is the limit for the collision

avoidance, ρi is the distance between two obstacles, and µ is a scalar coefficient. Now the
ẋOi can be formulated to be equal with the negative gradient of the repulsive potential
field defined in Eq. (3.16),

ẋOi = −∇UOi =
{
µ
(

1
ρi
− 1

ρO

)
1
ρ2

i

δρi

δẋOi
, if ρi ≤ ρO

0, if ρi > ρO,
(3.17)

where δρi

δẋOi
is the direction of the collision line.

The secondary goal solution for q̇ is used as an arbitrary vector z to modify the solution
to Eq. (3.7). By combining Eq. (3.7) and Eq. (3.15) with multiple obstacle avoidance
points, the following solution can be derived:

q̇ = J̃†Gẋ +
no∑
i=1

[(
I− J̃†GJG

)
J̃†Oi

ẋOi

]
, (3.18)

where no is the number of obstacle avoidance points, and J̃†Oi
is the damped right-pseudo-

inverse solution for JOi . If the desired path cannot be maintained, Eq. (3.18) gives up
the desired velocity ẋ to ensure a collision-free path.

3.4 State-of-the-Art in Collision Avoidance

This section describes state-of-the-art collision avoidance by local strategies. Local control
strategy solutions are very popular collision avoidance methods [70]. These methods
threat obstacle avoidance as a control problem instead of a path planning problem. Thus,
we change the path if obstacles are detected on the path or if obstacles move on the
path. Therefore, these methods are suitable for unknown scenarios where there is no
information about where the obstacles are during the desired manipulator operations.

Over the last few decades, many papers have described local collision avoidance methods
for robotic manipulators. The general features of these methods are well-known, and
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different approaches to solving this problem have been reported in the literature. Most of
the proposed methods handle the local collision avoidance problem at the kinematic level.

Maciejewski and Klein [75] proposed a method that identifies for each period in time the
point on the manipulator that is closest to an obstacle. This point is called the obstacle
avoidance point. Then a desired velocity is assigned directly away from the obstacle
surface. The desired end-effector velocity is treated as the primary goal and the secondary
goal is obstacle avoidance. These two goals are combined with a null space motion concept
[15]. This solution covers only a single obstacle avoidance point, and it must be extended
to cover scenarios with multiple simultaneous obstacle avoidance points.

Another local collision avoidance method was proposed by Colbaugh et al. [77] and
later further developed by Glass et al. [78]. In this approach, collision avoidance was
treated as a configuration control problem. The main idea is to represent the collision
avoidance requirements as a set of kinematic constraints that are satisfied during the
desired end-effector trajectory. The simplicity and computational efficiency ensure that
this approach can be used with a dynamically varying environment in real-time.

Guo and Hsia [79] proposed a local method for a manipulator to avoid obstacles. This
method uses the optimization of an objective function that maximizes the distance
between the manipulator and the obstacles. This algorithm is based on an extension of
the joint trajectory command generator [80]. More recently, this same objective function
optimization technique for collision avoidance was further developed by Dede et al. [81],
where the authors used a redundant service robot arm to demonstrate the proposed
method.

One of the most well-known approaches for collision avoidance is based on artificial
potential fields (APFs). This approach was pioneered by Khatib [76]. Thereafter, the
principle of the APF method was extended to support different collision avoidance
algorithms. Within the APF method, the manipulator and obstacles can be thought
to have the same charge, and the goal position of the manipulator acts as a different
charge. Therefore, the manipulator and the obstacles repel each other by generating a
repulsive force between them, and the goal position attracts the manipulator due to the
opposite charge. Recently, Padula and Perdereau [69] further developed the APF method.
One major drawback of this method is the local minima problem, which can trap the
manipulator before it reaches its goal. The avoidance of local minima has been an active
research topic with APFs. Kim and Khosla [82] used harmonic potential functions to
avoid the local minima problem, and Volpe and Khosla [83] used superquadric potential
functions to avoid the local minima problem. Furthermore, McLean and Cameron [84]
used the virtual spring method to produce a trajectory for the entire manipulator, using
the original path as a reference. Recently, some other effective methods for avoiding the
local minima problem have been proposed by several authors [85–87].

Local methods that are based on potential fields in the manipulator’s operational space are
further divided into two categories based on how the methods use potential fields. When
the collision avoidance method uses potential fields to generate forces on the manipulator
[68, 76, 88–91], the solution requires position-based impedance control (PBIC) and a
dynamic model of the system.

Khansari-Zadeh and Billard [90] presented an approach to real-time obstacle avoidance
based on dynamical systems (DSs) that can prevent collisions with multiple convex-shaped
objects. This approach is based on modulating the original dynamics of the controller.
To guarantee collision-free task execution, the method requires an analytical equation
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of the obstacles. Therefore, in the presence of unforeseen objects, this method cannot
guarantee safe avoidance of the obstacles. Another limitation of the proposed collision
avoidance method is that it considered obstacle avoidance only for a point manipulator.
However, they suggested some algorithms that can be integrated in their method which
may then be capable of avoiding link collisions. This integration was outside their work,
and it is not yet proven to work.

Saveriano and Lee [91] proposed an algorithm that allows the manipulator to avoid
obstacles and to reach the assigned goal. They used an improved DS modulation approach
that ensures the avoidance of convex and concave obstacles. They called this method
discrete modulation (DM) separate from previous continuous modulation (CM). The
advantage of their method is that a modulation matrix is calculated directly from the point
cloud data, without the need for an analytical representation of the obstacles. They used
a Microsoft Kinect RGB-D sensor for monitoring the scene and detecting obstacles. Their
experimental results showed that the proposed method can be used to avoid collisions
between a manipulator’s end-effector and static obstacles. They considered only collisions
between a point manipulator and the obstacles. Collisions between a manipulator’s links
and obstacles and self-collisions were beyond the scope of their work.

Another approach for collision avoidance that uses potential fields, compared to DS
modulation, is to generate joint velocities directly [69, 82]. This approach does not require
a dynamic model of the manipulator and therefore is easier to implement. Kim and Khosla
[82] used the APF method together with a null space modification ([15]) to generate joint
trajectories and at the same time, avoid collision with obstacles. They used the panel
method ([92]) to represent arbitrary shaped obstacles and to derive the potential over the
whole workspace. With this method, they were able to use harmonic potential, which is
free from local minima. They demonstrated the proposed solution with a mobile robot
and a planar 3-DOF redundant manipulator. According to the authors, this method
can be expanded to cover a three-dimensional (3D) workspace. However, the proposed
method assumes that the obstacles are static and their panels are calculated off-line.

Padula and Perdereau [69] used potential fields in order to control the joint velocities to
make the manipulator avoid collisions with obstacles. They used the null space-projection
method with a weighted pseudo-inverse matrix which improves the manipulator’s capability
to find a feasible path. This method does not require calculation of the dynamics of
the manipulator, which makes the implementation of the proposed method simpler.
They demonstrated the proposed solution with 7-DOF planar and spatial redundant
manipulators with simulations. The detection of the obstacles and the calculation of the
shortest distance between the manipulator and obstacles, as well as the experimental
verification, were not discussed in their work.





4 Summary of Publications

This thesis as a compendium comprises four research publications and an unpublished
manuscript, each of which is briefly summarized below. Publications P– I and P– II deal
with the kinematic synthesis of serial robotic manipulators, publications P– III, P– IV,
and P–V deal with the collision avoidance of serial robotic manipulators, and discusses
a collision detection and distance query between two objects.

4.1 P-I: A Generic Method to Optimize a Redundant Serial
Manipulator Structure

In this paper, a generic method for optimizing a redundant serial manipulator structure
is presented. The method finds an optimal solution in terms of an LM method for a
constrained optimization problem. The case study shows that the proposed method can
be used to optimize a serial manipulator structure.

To verify that the developed algorithm can optimize a serial manipulator’s structure, the
algorithm was tested with an 8-DOF redundant serial manipulator, the Sandvik SB60
hydraulic manipulator. The SB60 manipulator has six revolute joints and two prismatic
joints. Furthermore, real-world underground tunneling drilling patterns for holes were
used to find the optimal structure for a manipulator to drill these holes. The objective was
to optimize the manipulator’s structure by modifying the manipulator link lengths and
the position of the coordinate system of the manipulator base in order to satisfy a number
of design constraints. Thus, several hundreds of parameters in total were optimized with
the proposed method.

By looking the results, we notice that some of the changes in the DH parameters are
very significant. There are several reasons for this, but one thing is that the working
area of the original manipulator is somewhat larger than the working area for which it is
optimized. Therefore, the optimized manipulator can be smaller than the original one
which can be seen as a change in a DH parameter. However, if the task points in the
example reflect what is to be achieved by the manipulator, then the original manipulator
is too large for the desired task; therefore, it is not the optimal manipulator for the task.
Due to the optimal design, the new manipulator could save time and energy.

4.2 P-II: A Method for Task-based Optimization of a Mining
Rig’s Serial Manipulators with Arbitrary Topology

In this paper, a generic method for selecting and optimizing a redundant serial manipulator
structure was presented. The method finds an optimal solution in terms of the LM method,
which was presented in P– I, for a constrained optimization problem. The case study

29
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Figure 4.1: Simplified synthesis process of a robotic manipulator

showed that the proposed method could be used as a design tool for finding the best
structure for a manipulator with specific constraints.

The paper presents an overview and implementation of the complete process flow from
the user requirements to an acceptable mechanical structure with a defined number of
links of known lengths and connected by joints of known types. In P– I, an existing
topology was optimized to find the optimal dimensions for that topology. In this paper,
a set of pre-chosen topologies are optimized to find the optimal manipulator topology
and the optimal manipulator dimensions for the given problem. The number of different
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topologies are limited to maintain the readability of the paper.
The flow of the proposed synthesis process is depicted in Fig. 4.1. The synthesis process is
started by defining the task that the manipulator should be able to fulfill. In general, the
task consists of several poses that need to be reached by the manipulator with an attached
tool. In addition to the locations and orientations given with the required degrees of
freedom, tasks may include other required attributes, such as the required force output
and structural stiffness.
The next step is to define all possible topologies. This is referred to as the topology
synthesis. Topology in this context means the number of links and the number, types, and
ordering of the joints that connect the links to each other. To limit the infinite number of
topologies imaginable, known restrictions should be taken into account before or during
the topology synthesis.
Once the list of possible topologies has been defined, it is time to perform a dimensional
synthesis for all topologies. A dimensional synthesis is used to calculate the required
link lengths, given the goal points with respect to the machine’s base coordinates and
the topology of the structure. At this point in the process, constraints that are common
to all topologies should be considered in the synthesis algorithm. For example, it may
be desirable to limit the motion range of all rotational joints to some value and assign
minimum lengths for all links. If environmental entities, such as obstacles or walls, are to
be included in the evaluation, they should be included in the synthesis algorithm at this
stage of the process.
After the dimensional synthesis has been performed for all topologies and feasible solutions
(those able to reach all task points) have been evaluated and ranked, the designer should
select a group of the best candidate solutions from the ranked list for a further synthesis.
An evaluation of the resulting structure should be automatically generated by the design
software used. The designer can then choose to change some of the specific synthesis
parameters and run the evaluation again.
This process assumes that the initially generated number of topologies is high, that
the task contains a large number of points, and that the kinematic synthesis algorithm
is resource-intensive. If these assumptions can be relaxed, the method gives the best
kinematic structure for building the manipulator. Thereafter, the link arms must be sized
with the proper material strengths, and the joints need to find suitable actuators. If this
is not possible for the structure produced by the optimization method, then one has to
add such constraints that the link lengths and joint actuators can be implemented and
do the optimization again with the proper constraints.
The result showed that the drilling pattern of the holes of the case study could be achieved
with many topologies. Which topology is the best depends on the application. In this
case, the global conditioning index and the kinematic conditioning index were used to
rank the optimized topologies to find the best manipulator structure. If the application
is different from this case study, different performance measures [24] can be used to rank
the manipulators and to find the best manipulator structure.
In this paper, six topologies were optimized to show how the proposed method could be
used to find the most attractive manipulator structure. However, in general, it is possible
to automate the kinematic synthesis process so that all possible topologies are generated
automatically and then optimized. Then the performance indices are calculated for every
topology, and the topologies are ranked according to the selected performance method.
This procedure ensures that the suitable manipulator structure is found.
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4.3 P-III: Redundant Robotic Manipulator Path Planning for
Real-Time Obstacle and Self-Collision Avoidance

Collision avoidance systems are one of the most challenging problems for autonomous
manipulators to accomplish the given task. An improved shortest distance-based collision
avoidance method was proposed to obtain a collision-free path from the starting pose to
the goal pose. Multiple simultaneous collision avoidance points can be used to avoid self-
collisions and any part of the manipulator from colliding with obstacles or the environment.
The proposed method can be used with a real-time control system, and the method
does not require any path planning time, because all decisions are made on the fly. An
advanced shortest distance calculation method ensures that the shortest distance between
point cloud-type objects can be calculated in real-time. The shortest distance calculation
method also minimizes the calculation power needed to find the shortest distance.

In order to validate the collision avoidance system, we conducted the following test.
The task was to move the manipulator from a starting pose to a goal pose by avoiding
self-collision. The starting pose was at the left side of the manipulator’s base with a
diagonally upward rotated end-effector. The goal pose was at the other side of the
manipulator with the same end-effector pose except the y-coordinate was the inverse.
With a conventional control system, the end-effector of the manipulator collided with the
lift part of the manipulator, if it tried to move from the starting pose to the goal pose.
The proposed collision avoidance control system of the manipulator executed the desired
task without self-collision by finding a collision-free path.

4.4 P-IV: On-line Path Planning with Collision Avoidance for
Coordinate Controlled Robotic Manipulators

For autonomous manipulators to accomplish the given task, one of the most challenging
problems is collision avoidance. An improved shortest distance-based collision avoidance
method was proposed to obtain a collision-free path from the starting pose to the goal pose.
Multiple simultaneous collision avoidance points can be used to prevent self-collisions and
collisions with other manipulators, and any part of the manipulator from colliding with
obstacles or the environment. The proposed method can be used with a real-time control
system, and the method does not require any path planning time because all decisions
are made spontaneously.

To verify the functionality of the collision avoidance control system, simulation and
experimental tests were carried out with a heavy-duty hydraulic manipulator, an 8-DOF
redundant serial manipulator, the Sandvik SB60 hydraulic manipulator. During the
simulation and the experiment, the collision server, which was used to calculate the
distances between collision pairs, ran on a laptop with an Intel Core i7 processor. The
server program to calculate the shortest distance between point clouds was programmed
with C++/CLI and compiled to a standalone program. The average time to calculate the
distance was 8 ms. This ensured that the proposed method could be used in a real-time
control system.

In the simulation case, two manipulators were used simultaneously to carry out the
drilling task. The task was to drill four holes in a vertical line, the yz-plane. The vertical
distance between the two holes was 1 m, and they were horizontally in the middle of the
bases of the manipulators. The holes had to be drilled in order starting from the lowest. If
the manipulator was in the drilling state, its pose was locked, and the manipulator could
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not change the configuration to avoid collisions. Instead, other manipulators had to avoid
this manipulator. When the drilling of the current hole was complete, the manipulator
moved on to the next available hole. During movement from one pose to another, each
manipulator avoided self-collisions and collisions with other manipulators.

4.5 P-V: Real-time Distance Query and Collision Avoidance for
Point Clouds with a Heavy-duty Redundant Manipulator

The collision avoidance control system was developed to enable autonomous operation of
a redundant serial manipulator. To verify this functionality, an experimental test was
carried out with a heavy-duty 4-DOF hydraulic serial manipulator, the Hiab XS 033. The
Hiab XS 033 manipulator is a hydraulic multi-purpose manipulator for almost a limitless
range of applications. This manipulator has three revolute joints and one prismatic joint.
In the case study, the manipulator was equipped with a grabber that included two free
non-actuated joints. During the experiment, the TCP of the manipulator was controlled,
and the grabber hung from the TCP parallel to the gravity.

For the experiment, the 3D part of the grabber that could collide with the obstacle was
converted into a point cloud from a computer-aided design (CAD) model, containing 1000
points. The environment and the obstacle were scanned with the laser scanning system,
containing 5500 points. Thereafter, we created rules for monitoring the shortest distance
between possible collision pairs. If the distance between the collision pair was larger than
the collision margin, then the distance had no influence on the control of the manipulator,
but if the distance was smaller than the collision margin, we modified the trajectory of
the manipulator based on the calculated shortest distance between point clouds.





5 Discussion

This chapter presents a summary of how the RP, divided into RP1-RP7 as described in
Section 1.1, is addressed.

5.1 Optimal Structure (RP1)

The kinematic synthesis solution should be able to optimize the kinematic structure of a
device from the task description. This is referred to as a topology synthesis, and it is used
to optimize the number, type, and arrangement of joints and the links connected by these
joints.

The topology synthesis, also called the structure optimization, involves determining
the structure of a device, excluding link lengths, from the task description. The word
structure, in this context, is used to describe the number, type, and arrangement of
joints and the links connected by these joints. Ideally, the topology synthesis results in
the optimal topology for the specific task, and this topology is then subjected to the
dimensional synthesis to determine the link lengths.

There is no general approach, in the literature, for the topology synthesis of open-chain
serial manipulators. The reason is that it is extremely difficult to apply general rules
to optimize the number and type of joints for the manipulator. Therefore, instead of
trying to automatically optimize the most suitable topology, we optimized several different
topologies in terms of link lengths in P– II. Thereafter, suitable performance measures
can be used to rank the optimized structures and select the most attractive one.

In P– II, six topologies were optimized to show how the proposed method can be used
to find the most attractive manipulator structure. However, in general, it is possible to
automate the kinematic synthesis process so that all possible topologies are generated
automatically and then optimized. Then the performance indices are calculated for every
topology, and the topologies are ranked according to the selected performance method.
This procedure ensures that the suitable manipulator structure is found.

5.2 Optimal Dimensions (RP2)

The kinematic synthesis solution should be able to optimize the dimensions of a device.
This is referred to as a dimensional synthesis.

All the kinematic synthesis solutions proposed in research publications P– I and P– II
are dimensionally optimal. In these research papers, a generic method for selecting and
optimizing a redundant serial manipulator structure was presented. The presented method
for the dimensional synthesis uses a nonlinear LM method to solve the synthesis problem.

35



36 Chapter 5. Discussion

The LM algorithm is an iterative technique that finds the minimum of a multivariate
function. The LM interpolates between the Gauss-Newton method and the steepest
descent gradient method.

The proposed method gives only the skeletal structure of the manipulator. After the
optimization, the link arms must be sized with the proper material strengths, and the
joints need to have suitable actuators. In some cases, this may not be possible to achieve
for the structure produced by the optimization process. Based on engineering knowledge,
it is possible to add constraints, so that the link lengths and joint actuators can be
implemented.

5.3 Task-based Design (RP3)

The kinematic synthesis solution should be able to fulfill the desired task space definitions
for each task point.

Most commonly, industrial robotic manipulators with six degrees of freedom and spherical
wrists are designed to achieve the desired payload while maximizing the robot’s workspace
envelope. In more advanced design scenarios, the robot’s total orientation workspace can
be specified as the range of the end-effector’s rotation angles inside a bounded workspace
[27]. This type of design can be classified as general-purpose design. Although using a
general-purpose design is generally acceptable, it does not guarantee the optimal design for
task execution. Therefore, task-based optimization is preferred when a task is predefined.

The task-based optimization or synthesis of a robotic manipulator consists of finding
a set of manipulator design parameters so that the required task points and kinematic
requirements are fulfilled. The kinematic requirements, such as a constrained workspace,
design parameter limits, and joint limits, are task specifications that affect the kinematic
structure of the robotic manipulator.

In research papers P– I and P– II, we proposed an optimization method that takes into
account not only the desired task points but also practical design constraints for given
task points, including the most important constraints, such as the available confined
working envelope and the joint ranges.

5.4 General Applicability (RP4)

The kinematic synthesis solution should be applicable to multi-DOF robotic manipulators
(joint space) and 6-DOF Cartesian space.

In spite of the number of previous studies, the use of the task-based kinematic synthesis
for an arbitrary manipulator structure with practical relevance has remained restricted.
Thus, additional studies of the task-based optimization for an arbitrary manipulator to
find the optimal values for the design parameters, the base frame, and the joint values
are needed. This means that there are several hundreds of parameters in total that need
to be optimized. Therefore, the aim of research papers P– I and P– II was to extend
the previous works to cover a more general serial manipulator optimization problem
with practical relevance. The proposed optimization method can handle non-redundant
and redundant manipulators. Furthermore, it can handle revolute and prismatic joints
and n-dimensional task space, including the end-effector position and orientation. The
proposed method can also handle a large number of task points.
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In research papers P– I and P– II, we proposed an optimization method that takes into
account not only the desired task points but also the practical design constraints for the
given task and the most important constraints, such as the available confined working
envelope and the allowed joint ranges. In the generic approach proposed in these papers,
due to practical reasons, such as the resulting robot design cost-effectiveness, the set of
robot topologies was limited to serial-type manipulators with a maximum number of
seven actuators. The studied task space consisted of multiple task points where several
real-life tasks were combined into a single set of task points.

5.5 Distance Query (RP5)

The collision avoidance system should detect possible collisions between the manipulator
and obstacles or the manipulator’s self-collisions in order to prevent these collisions.
Possible collisions should be detected, and the shortest distance between these objects
should be calculated so that there is enough time to react to these warnings.

Accurate collision point detection and distance query are the key elements of advanced
collision avoidance systems. The research papers P– III through P–V presented a
novel approach for calculating the shortest distance between two objects with a complex
structure at the real-time rate. The proposed method is based on point cloud data that is
used to describe the objects. Rigid point clouds can be converted from 3D CAD models
whereas dynamic point clouds, such as surrounding obstacles, can be received from point
cloud sensors. Calculation of the shortest distance is performed by using bounding boxes
and the octree data structure for efficient computing. The proposed shortest distance
query algorithm is applied to a real-time experiment and a simulation case in research
papers P– III through P–V to validate the algorithm. Results demonstrated that the
proposed method can be used in real-time control applications.

5.6 High Performance (RP6)

The collision avoidance system should provide high performance while satisfying the
accuracy of the manipulator. The performance of the collision avoidance system should be
experimentally validated to meet the real-time requirement.

A high-performance collision avoidance control system was one of the main objectives
in this thesis. This requirement for high performance included that the control system
of the manipulator determines the joint references so that the goal pose can be reached
without any collisions, in real-time. The control system checks whether any part of the
manipulator is at risk of colliding with itself or with any obstacles. If there is a risk of
collision, the joint trajectories of the manipulator are modified so that collisions will be
avoided while at the same time, the trajectory of the end-effector maintains its initial
trajectory if possible.

High performance of the proposed collision avoidance method was observed in the
simulations presented for an 8-DOF underground drilling manipulator in P– IV and the
experiments presented for an 8-DOF underground drilling manipulator in P– III and
P– IV and for a 4-DOF forestry hydraulic manipulator in P–V. All simulations and
experiments were able to find a collision-free path from the starting pose to the goal pose,
compared to the conventional control system without collision avoidance capabilities,
which would have failed to reach the goal pose. The experiments validated, with different
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collision scenes and with different manipulators, that the proposed method can be used
in a variety of applications.

5.7 General Applicability (RP7)

The collision avoidance system should be applicable to kinematically different robotic
manipulators. The solution should be suitable for use by multi-DOF manipulators that
contain prismatic and revolute joints.

To achieve as broad as possible applicability for the proposed collision avoidance system,
the system was designed for an 8-DOF robotic manipulator that has prismatic and
revolute joints in P– III and P– IV. In these research papers, 6-DOF Cartesian space
was used as the task space. The proposed collision avoidance system uses generic kinematic
definitions so that the kinematics does not need to be hard coded. This ensures general
applicability for different kinds of serial manipulator structures, only by changing the
kinematic parameter definitions, namely, the DH parameters. General applicability was
tested with another completely different manipulator, a 4-DOF kinematically redundant
robotic manipulator with 3-DOF Cartesian space, in P–V.

Two kinematically different manipulators, the RRPRRRRP type for 6-DOF Cartesian
space and the RRRP type for 3-DOF Cartesian space (xyz-space), were used for experi-
mental verification of the general applicability. The proposed collision avoidance control
system takes the manipulator’s kinematic parameters as an input and makes all the
required kinematic calculations based on these parameters.



6 Conclusions and Future Work

This compendium thesis introduces existing approaches and proposes suitable approaches
for kinematic synthesis methods and collision avoidance control methods for serial robotic
manipulators. These advanced design and control solutions increase the performance and
the automation level of robotic manipulators. These two solutions are tightly connected,
and they will play an important role in future intelligent autonomous serial robotic
manipulators.

6.1 Kinematic Synthesis of Serial Robotic Manipulators

Current serial robotic manipulator mechanisms are out-of-date technology, when talking
about heavy-duty industry with hydraulically driven manipulators, and their kinematics
has been developed with a focus on a human operator maneuvering a hydraulically
controlled system. As the trend is increasing automation, the requirements for manipulator
kinematics are different. Computer control enables a different kind of manipulator
kinematics, which is not optimum for direct control by a human operator, because the
joint motions related to the different trajectories are not native to the human mind.
Therefore, it is beneficial to design a new manipulator structure for autonomous control.

Kinematic synthesis is a large research field, in which a number of different approaches have
been proposed. Task-based methods are increasingly gaining more attention compared to
other methods. This trend can be seen as original equipment manufacturers’ (OEMs’)
interest in serving their customers with better products that can be guaranteed to carry
out the desired task. However, not all of these task-based methods are suitable for
optimizing other than conventional industrial 6-DOF manipulators, which are not suitable
for all tasks. Consequently, a novel solution was developed for the kinematic synthesis of
a serial robotic manipulator that is not a standard industrial manipulator, in this thesis.
The thesis results demonstrate that a serial robotic manipulator structure and dimensions
can be optimized from task specifications to fulfill customer requirements. However,
this method gives a kinematic structure for building the manipulator. Thereafter, the
link arms must be sized with the proper material strengths, and the joints need to find
suitable actuators. If this is not possible for the structure produced by the optimization
method, one has to add such constraints that the link lengths and joint actuators can be
implemented and perform the optimization again with the proper constraints. Although
the proposed method uses optimization techniques, it might require the iteration rounds
to find the solution that satisfies other requirements outside kinematic requirements.
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6.2 Collision Avoidance of Serial Robotic Manipulators

Recent surveys confirmed that there is high industrial interest in digital and automated
solutions among robotic manipulators. Although these surveys focused on a small area of
industry, the same trend can be seen in other industries as well. It is predicted that this
trend will continue as companies invest in new technology to improve their operations
and competence. Automated control strategies would obviously be an important step
toward unmanned autonomous machines.

Collision avoidance plays an important role in the development of fully autonomous control
system for a robotic manipulator. Increasing the intelligence of the control system of the
manipulator enables manipulators to reach the desired goal even if the optimal path is
blocked by an obstacle. An advanced collision avoidance system is able to detect possible
collisions early enough, so that the collisions can be prevented and a new collision-free
path to the goal pose can be calculated.

In harmony with these trends, a collision avoidance control system for robotic manipulators
is considered. The coordinated motion control system of the robotic manipulator resolves
joint references so that a goal pose can be reached in real-time without any collisions.
The proposed method is able to detect and prevent different types of possible collisions,
including self-collisions and collisions with obstacles. During coordinated motion control,
the joint trajectories of the redundant manipulator are modified so that the collisions
can be avoided, while at the same time, the trajectory of the end-effector maintains its
initial trajectory if possible. Experimental results for two kinematically different serial
robotic manipulators demonstrated the capability of the proposed collision avoidance
control system.

6.3 Future Work

Because of the limited scope of this thesis, some parts of kinematic synthesis and collision
avoidance were excluded. These properties of both topics can be developed in future
work.

6.3.1 Kinematic Synthesis of Serial Robotic Manipulators

Concerning the task-based kinematic synthesis of serial robotic manipulators, some
properties were left for future work. Selecting task points for the kinematic synthesis
were omitted. Selection of the proper and descriptive task points is an important part
of kinematic synthesis. If the task space is not defined with great detail or it contains
too many task points, it is not clear how the task point should be selected for the
synthesis. Task points can be distributed homogeneously over the whole workspace, or
more intelligent interval analysis methods can be used. However, these solutions were left
for future work.

The proposed kinematic synthesis method, in this research work, gives only the skeletal
structure of the manipulator, and the placement or the implementation of joints was
not considered. For example, in heavy-duty robotic manipulators, the joints have to be
hydraulic due to the high torque requirements. The most desirable hydraulic joint is
driven by a hydraulic cylinder, which is more cost-effective and lighter in weight than
hydraulic motors. Therefore, it is profitable to use hydraulic cylinders whenever possible.
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The optimal placement of these actuators can be taken into account during the kinematic
synthesis.

6.3.2 Collision Avoidance of Serial Robotic Manipulators
Concerning collision avoidance of a serial robotic manipulator, some properties were
also left for future work. Allowing environmental obstacles to deform or move during
the execution of the task was omitted. Allowing obstacles to deform their shapes and
move during the task’s execution is an important feature of some applications. However,
the proposed collision avoidance system was designed to include this feature also. For
future work, the implementation of collision avoidance for a dynamic environment is
straightforward.

Determining the collision avoidance path, if multiple paths exist, is important for an
efficient collision avoidance system, which was omitted in this thesis. It might be useful
to check if the selected path does not lead into a local minimum or a death end.
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A B S T R A C T

In this paper, an optimization method for a redundant serial robotic manipulator's structure is proposed in order
to improve their performance. Optimization was considered in terms of kinematics using the proposed objective
function and the non-linear Levenberg-Marquardt algorithm for multi-variate optimization. Range limits of the
joints, bounds of the design parameters, and a constrained workspace are enforced in the proposed method. A
desired manipulator can be optimized to cover the required task points using dimensional synthesis. This ap-
proach effectively optimizes the link lengths of the manipulator and minimizes the position and orientation
errors of the tool center point. A commercial heavy-duty hydraulic, underground tunneling manipulator was
used to demonstrate the capability of the proposed optimization method. The obtained results encourage the use
of the proposed optimization method in automated construction applications, such as underground tunneling,
where the confined environment and the required task add challenges in the design of task-based robotic ma-
nipulators.

1. Introduction

Construction project must always battle against time and cost. One
has to get the project right and get it right from the start. This requires
very deep knowledge in construction but also a range of equipment that
can handle the required tasks. Particularly, tunneling construction in-
volves very demanding projects with confined workspaces. Therefore,
the appropriate structural design of manipulators plays an important
role in designing the optimal manipulator.

Most commonly, industrial robotic manipulators with six degree of
freedom and spherical wrists are designed to achieve the desired pay-
load while maximizing the robot's workspace envelope. In more ad-
vanced design scenarios, the robot's total orientation workspace can be
specified as the range of the end-effector's rotation angles inside a
bounded workspace [1]. This type of design can be classified as general
purpose design. Although using a general purpose design is generally
acceptable, it does not guarantee the optimal design for task execution.
Therefore, task-based optimization is preferred when a task is pre-
defined.

The task-based optimization or synthesis of a robotic manipulator
consists of finding a set of manipulator design parameters so that the
required task points and kinematic requirements are fulfilled. The ki-
nematic requirements, such as a constrained workspace, design

parameter limits and joint limits, are task specifications that affect the
kinematic structure of the robotic manipulator.

The most important requirement of the manipulator is the ability to
reach to the desired task points. For example, in tunnel construction,
the purpose of a drill plan is to describe the set descriptive poses that
must be reached. This may not be used by the customer in a single
drilling phase. Instead, it may contain selected drill plans combined
into a single set of task points. Other priorities include obstacle
avoidance, singularity avoidance, manipulator dexterity and several
other objectives that affect the kinematic design of manipulators di-
rectly or indirectly.

Comprehensive studies have been conducted on the kinematic
synthesis of serial robotic manipulators [2–11]. A classic approach to
task-based dimensional synthesis is to create objective and constraint
functions and then sum them to form a cost function, which can be
minimized to find an optimal solution [2–4]. Constraint functions can
be weighted to address the solution in the specified direction. Although
previous studies have shown how different optimization approaches
can be used to solve task-based dimensional synthesis problems, they
are limited and solve only a part of our optimization problem. For ex-
ample, [5–7] focus on non-redundant manipulators, and some works
concentrate the optimization of serial manipulators with only three
joints [4,6,8]. Furthermore, some works are restricted and optimize the

http://dx.doi.org/10.1016/j.autcon.2017.06.006
Received 22 September 2016; Received in revised form 15 May 2017; Accepted 10 June 2017

* Corresponding author.
E-mail addresses: tuomo.kivela@tut.fi (T. Kivelä), jouni.mattila@tut.fi (J. Mattila), jussi.puura@sandvik.com (J. Puura).

Automation in Construction 81 (2017) 172–179

Available online 20 June 2017
0926-5805/ © 2017 Elsevier B.V. All rights reserved.

MARK



manipulator's structure based on end-effector's position rather than on
both position and orientation [4,9]. Usually, there is no explanation of
where the task points came from. Further, the number of task points is
often limited to only a few points [2,5,9]. As a result, no comprehensive
real-world scale study appears to exist.

In spite of previous studies, the task-based optimization of an ar-
bitrary manipulator's structures with practical relevance has yet to be
achieved. Hence, additional studies of the task-based optimization of
arbitrary manipulators to find the appropriate values for the design
parameters, the base frame, and the joint values are needed. Typically,
this type of optimization problem required several hundreds of para-
meters to be optimized. Therefore, the aim of this paper is to extend the
aforementioned works to cover more general serial manipulators opti-
mization with practical relevance for construction manipulators. The
proposed optimization method can handle non-redundant and re-
dundant manipulators. Furthermore, it can handle both revolute and
prismatic joints and n-dimensional task spaces as well as end effector
position and orientation. In addition, the proposed method can be used
to optimize hundreds of parameters efficiently, and the number of
parameters to be optimized is not restricted by the proposed method.

In this paper, we propose an optimization method that takes into
account not only the desired task points but also practical design con-
straints for given task points, including most important constraints,
such as the available confined working envelope and joint ranges. The
topology of the tunnel construction manipulator used in this case study
is proven by construction customers to be suitable for tunnel con-
struction. Therefore, a change in the manipulator's topology was not
necessary in this study. Instead, the dimensions of the existing manip-
ulator were optimized to enhance the performance and profitability of
the manipulator.

Studied tunnel drilling patterns consist of multiple task points where
several real drill plans are combined into a single set of task points. This
real customer application requires a long-reach manipulator (10–15 m)
due to the desired tunnel size. Therefore, a manipulator with at least
one prismatic joint is of interest. Our results indicate that this method is
effective in optimizing the manipulator's dimensions compared to the
original manipulator's design according to the selected performance
measures.

We have organized the rest of this paper as follows. In Section 2, the
kinematic synthesis process is described according to the task specifi-
cation. In Section 3, the dimensional synthesis method based on se-
lectively damped least squares is described with optimization con-
straints and initial design parameters. The proposed kinematic
synthesis method was applied to a case study; the results are given in
Section 4, and the conclusions are given in Section 5.

2. Kinematic synthesis

In general, kinematic synthesis can be divided into two separate
types: topology synthesis and dimensional synthesis. Topology synth-
esis involves determining the structure of a device, whereas dimen-
sional synthesis is devoted to determining the dimensions of a device.
The synthesis process begins with defining the task that the manip-
ulator's structure should be able to fulfill. This step is preferably per-
formed with the customer to maximize the benefit the machine will
bring him or her. For example, if the machine must be carefully re-
positioned before starting a new work cycle, it may be desirable to
reach a certain number of goal points before repositioning is needed. In
general, the task consists of several poses that need to be reached by the
manipulator together with a tool attached to it. Each of these task
points can be expressed with a homogeneous transformation matrix,
which is described as follows:

= ⎡
⎣⎢

⎤
⎦⎥

T
n s a p
0 0 0 1

,tcp
w tcp

w
tcp
w

tcp
w

tcp
w

(1)

where ntcp, stcp, and atcp are the unit vectors of a frame attached to the
end effector and ptcp is the position vector of the origin of the frame
with respect to the origin of the world frame. In addition to locations
and orientations given with the required degrees of freedom, tasks may
also include other required attributes, such as a required force output or
structural stiffness.

Usually, the number and type of joints are given as input parameters
for kinematic synthesis. In some methods, the angles between two
consecutive links can be design parameters, and the optimization
method decides these angles. For example, Singla et al. [2] optimized
redundant serial manipulators for cluttered environments, and
Ouezdou et al. [11] optimized manipulators with task specifications.
They defined the number of joints, type and order of the joints, and then
used the optimization process to find the optimal link length and joint
locations. This type of optimization is preferred for cluttered environ-
ments where it is mandatory to use complicated snake-like manip-
ulators. For example, in [2], 8–10 joints were needed to achieve sa-
tisfactory results. In applications where the environment is not
cluttered, it is preferable to keep the design as simple as possible and
the number of joints as small as possible. With twist angles fixed be-
tween two consecutive links, it is possible to optimize simple structures,
which makes it easier to produce than complex structures. If the joints
of the manipulator have to be hydraulic due to high torque require-
ments, the most desirable hydraulic joint is driven by a hydraulic cy-
linder, which is more cost-effective and lighter in weight than hydraulic
motors. Therefore, it is profitable to use hydraulic cylinders whenever
possible. Hydraulic cylinders are much easier to implement if the twist
angle between the joints is multiple with 90 °.

2.1. Topology synthesis

Topology synthesis involves determining the structure of a device,
excluding link lengths, from the task description. The word structure is
used to describe the number, type, and arrangement of joints and the
links connected by these joints. Ideally, topology synthesis results in an
optimal topology for the task, and this topology is the subjected to di-
mensional synthesis to determine link lengths (see Section 2.2).

There is no general approach for the topology synthesis of open-
chain serial manipulators. Graph theory [12] is widely used in research
involving topology synthesis, but most of these studies are related to
closed-chain kinematic structures [13,14]. For open-chain kinematic
structures, a logical approach using existing knowledge is appropriate
for topology synthesis.

2.2. Dimensional synthesis

A classic approach for dimensional synthesis begins with assigning
weight factors for several criteria and then totalling them to form a cost
function, which can be then minimized to find an optimal solu-
tion [3,4]. The multi-variable, multi-constraint and multi-objective as-
pects of the problem are further discussed in [10]. Other methods in-
clude stochastic algorithms, distributed optimization techniques [11]
and parameter space approaches, which are used for the parallel Gough
platform in [15].

The augmented Lagrangian method is a constrained optimization
method [2]. A pure penalty function method penalizes an objective
function in order to discourage constraint violation, typically using a
large penalty parameter. This causes a poor rate of convergence, since
the Hessian of the Lagrangian becomes ill-conditioned. In the aug-
mented Lagrangian method, the Lagrangian is combined with a modest
penalty term. In [2], the augmented Lagrangian method was used, and
it proved to be efficient and robust for the synthesis of serial redundant
manipulators with obstacle avoidance. In that research, the authors
achieved synthesis with 6-, 8-, and 10-joint manipulators.

The genetic algorithm method can be used to optimize a multi-ob-
jective cost function that contains many local minimum points. Barissi
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et al. presented a multi-objective cost function that elaborates different
constraints as well as an optimality criterion for the design of serial
robotic manipulators [4]. They showed that the inclusiveness and
flexibility of the proposed method make it suitable for the geometric
design optimization of robotic manipulators.

Collisions between the manipulator and environmental obstacles, as
well as manipulator self-collision, can be prevented by taking these
collisions into account in the dimensional synthesis algorithm. One way
to avoid obstacles is to create obstacle avoidance points on the ma-
nipulator and simulate forces that repel these points away from ob-
stacles if any are found in the vicinity [16]. Another method to check
for collisions is to use geometric-based computer-aided design models
and then prevent them.

Dimensional synthesis is a nonlinear parameter estimation problem,
and it can therefore be realized as a kinematic calibration problem [17].
Kinematic calibration techniques are devoted to finding accurate esti-
mates of the Denavit-Hartenberg (DH) parameters for the robotic ma-
nipulator. There are several different methods to carry out kinematic
calibration (dimensional synthesis); selectively damped least squares
(SDLS) is one such method [18]. This method is based on calculating
the inverse matrix of the Jacobian of the transformation between the
parameter space and the operational space. If the manipulator is re-
dundant, the direct inverse of the Jacobian is not possible, and a
pseudo-inverse solution must be used instead of a direct inverse solu-
tion, which is described in the following section. The parameter esti-
mates can be calculated by multiplying the inverse matrix with the pose
error. Since this method is an iterative method, the procedure is iterated
until the change in parameter values converges within a given
threshold. At each iteration, the inverse matrix is updated with the
parameter estimates and pose errors through direct kinematics. An
unweighted inverse solution gives the best possible solution to the pose
error in the sense of least squares. A different way to realize desired
performance characteristics is using a weighted inverse. An appro-
priately chosen weighting matrix can be used to optimize the solution
towards the desired properties. The dimensional synthesis method
proposed in this paper is based on SDLS.

3. Dimensional synthesis method

A robot manipulator consists of links connected by joints. Joints are
essentially of two types: revolute or prismatic. The whole manipulator's
structure forms a kinematic chain. The kinematic chain can be an open
chain, a closed chain or a combination of both. One end of the kine-
matic chain is constrained to a base, and the other end is connected to
an end effector, which allows for the manipulation of objects in space.

The mechanical structure of a manipulator can be described by its
degrees of mobility (DOM), which uniquely determine its configuration.
Each DOM has a joint variable. Direct kinematics are used to compute
the position and orientation of the end effector of the manipulator as a
function of the joint variables.

The DH convention is a well-known way to describe the kinematic
and geometric structures of a robotic manipulator. This method defines
the relative positions and orientations of two consecutive links. There
are two different ways to represent DH parameters: classic DH para-
meters [17] and modified DH parameters [19]. The difference between
these two representations is the location of the coordinate system at-
tachment to the links and the order of the performed transformations.
With modified DH convention, transformations between two frames can
be described by four parameters (Fig. 1):
αi−1 angle between zi−1 and zi, about xi−1

ai−1 distance on the common normal of axis i−1 and axis i along
xi−1

θi angle between xi−1 and xi, about zi
di distance from the common normal to point Oi along zi

Using this notation, the coordinate transformation between two
frames can be described by a transformation matrix as follows:

= ⋅ ⋅ ⋅−
− −− −Rot α Trans a Rot θ Trans dT ( ) ( ) ( ) ( ),i

i
x i x i z i z i

1
1 1i i i i1 1 (2)

and the transformation matrix is transformed into the following equa-
tion:

=
⎡

⎣

⎢
⎢
⎢

−
− −

⎤

⎦

⎥
⎥
⎥

−

−

− − − −

− − − −

cθ sθ a
sθ cα cθ cα sα d sα
sθ sα cθ sα cα d cα

T

0

0 0 0 1

,i
i

i i i

i i i i i i i

i i i i i i i

1

1

1 1 1 1

1 1 1 1
(3)

where s and c denote sin and cos functions, respectively. Then, the
coordinate transformation describing the position and orientation of
frame n with respect to frame 0 is given as follows:

= … −q q qT q T T T( ) ( ) ( ) ( ).n n
n

n
0

1
0

1 2
1

2
1 (4)

Combining the position and orientation of an end effector describes a
manipulator pose as follows:

= ⎡
⎣

⎤
⎦ϕx

p
,

(5)

where p describes the end effector position and ϕ describes its or-
ientation. Now, the relationship between the joint value vector q ∈ℝn

and the end effector pose vector x ∈ℝm is given as follows:

= fx q( ), (6)

where f(⋅) is the non-linear direct kinematic function of the manip-
ulator. The geometric Jacobian matrix JG relates the joint velocity
vector q̇ to the end effector velocity vector ẋ through mapping the
following:

= ⎛
⎝

⎞
⎠

=
ω

x
p

J q q̇
̇

( ) ̇ ,G (7)

where ṗ and ω represent the end effector's linear and angular velocities,
respectively. This allows us to solve the inverse kinematic function by
inverting the Jacobian matrix as follows:

= −q J q ẋ ( ) ̇ .G
1 (8)

Eq. (8) is valid only for manipulators that have the same number of
DOM (n) and operational variables necessary to specify a given task (r),
that is, manipulators in which n= r. When the manipulator is re-
dundant (r< n) the Jacobian matrix has more columns than rows, and
an infinite number of solutions exist for Eq. (7). Therefore, a direct
inverse of the Jacobian matrix cannot be achieved. If the Jacobian
matrix is a non-square matrix, then a suitable pseudo-inverse can be
adopted as follows [17]

=q J q ẋ ( ) ̇ ,G
† (9)

and the following matrix

α

Fig. 1. Coordinate frame locations of the modified Denavit-Hartenberg parameter no-
tation.
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= −J J J J( )G G
T

G G
T† 1 (10)

is the right pseudo-inverse of JG (q).
The pseudo-inverse method sets the value of q̇ to be equal to JG

† (Eq.
(9)). This pseudo-inverse method gives the best possible solution to Eq.
(7) in terms of least squares. Unfortunately, the pseudo-inverse tends to
have stability problems in the neighborhood of singularities. At a sin-
gularity, the Jacobian matrix no longer has a full row rank. If the
configuration is close to a singularity, then the pseudo-inverse method
causes very large changes in the joint angles, even for small movements
in the target position.

The damped least-squares method prevents many of the pseudo-
inverse method's problems with singularities and has a numerically
stable method of selecting q̇. Rather than just finding the minimum
vector q̇ that gives the best solution, the damped least-squares method
finds the value of q̇ that minimizes the quan tity of the following
equation:

− + λJ q x q‖ ̇ ̇‖ ‖ ̇‖ ,G
2 2 (11)

where λ is a non-zero damping constant. Now, the damped least-
squares inverse kinematics solution is equal to the following:

= + −λq J J J I ẋ ( ) ̇ .G
T

G G
T 2 1 (12)

The damping constant depends on the details of the multi-body and
the target positions and must be chosen carefully to make Eq. (12)
numerically stable. The damping constant should be large enough so
that the solutions for q̇ are well-behaved near singularities, but, if it is
too large, then the convergence rate is slow. A number of methods have
been proposed to select the damping constant dynamically; these
methods are called SDLS methods [18]. The damping constant of SDLS
methods depends on the configuration of the manipulator, the relative
pose of the end effector and the task pose.

The singular value decomposition (SVD) [20] is an useful method
for analyzing the damped least-squares method. This method can be
also used to select a damping coefficient for the SDLS method. Ac-
cording to SVD theory, in some J (m×n) orthogonal matrices U and V
of dimensions m×n and n×n respectively exist, so that:

=J UDV ,T (13)

where D is the n×n diagonal matrix formed by singular values of J,
which are arranged in descending order, that is, σ1 ≥ σ2 ≥⋯σm ≥ 0.

Damping the pseudo-inverse method near a singular region is ne-
cessary. Therefore, the damping factor can be defined so that damping
is applied only when entering a singular region. The singular region can
be defined on the basis of the estimate of the smallest singular value of a
Jacobian matrix using SVD. The damping factor can be defined based
on smallest singular value, as in [21]:
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where σm is the smallest singular value of the Jacobian matrix, ϵ defines
the width of the singular region in which the damping factor gets a non-
zero value, and λmax is the maximum damping factor value.

3.1. Optimization process

The direct kinematic equation in Eq. (6) can be rewritten so that all
fixed DH parameters are emphasized as follows:

= α θfx a d( , , , ), (15)

where a=[a1…an] T,d=[d1…dn] T,α=[α1…αn] T and θ=[θ1…θn] T.
These are the DH parameters for the whole structure.

Let xt be the pose of the end effector defined by a task, and let xc be
the current pose that can be computed with the DH parameters. The
deviation Δx=xt −xc gives a measure of accuracy at the given pose. On

the assumption of small deviations in the first approximation, it is
possible to derive the following:
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Eq. (16) can be expressed in a more compact form as follows:

= ζx ΦΔ Δ , (17)
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Φ ∈ℝm×4n and m is number of operational space variables. The DH
parameters can be grouped into the following vector:

=ζ α θa d[ ],T T T T (19)

where ζ ∈ℝ4n×1. Then, the parameter variations, with respect to the
current parameter values, can be expressed as follows:

= −ζ ζ ζΔ ,t c (20)

where ζc denotes the current parameters and ζt denotes the parameters
required by the task.

When the number of task locations is k, it yields the following:
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(21)

The solution for Δζ can be found using Eq. (12)

= + −ζ λΦ ΦΦ I xΔ ( ) Δ .T T 2 1 (22)

Since this method is an iterative method, the procedure is iterated until
the change in parameter values converges within a given threshold. At
each iteration, the pseudo-inverse matrix is to be updated with the
parameter estimates (ζc=ζc+Δζ), as well as pose errors using direct
kinematics.

3.2. Optimization constraints

In kinematic optimization problems, there are usually some kine-
matic constraints that need to be taken into account during the opti-
mization process. Kinematic constraints can include limits, parameter
limits, or obstacle avoidance. These constraints have an impact on the
optimization results.

The pseudo-inverse has a self-motion property that can be used to
consider optimization constraints. The matrix −I J J( )G G

† projects onto
the null-space of JG. The pseudo-inverse solution in Eq. (9) can be re-
written as follows [22]:

= + −q J x I J J q̇ ̇ ( ) ̇ ,G G G
† †

0 (23)

where q̇0 is the arbitrary joint-space velocity. The null-space projection
ensures that, for all vectors, q̇0:

− =J I J J q 0( ) ̇ .G G G
†

0 (24)

By selecting a suitable joint-space velocity, one can manipulate internal
motions of the manipulator and therefore prevent constraint violations.

3.3. Initial joint and design parameter values

Finding a solution to a Newton-based optimization method depends,
in part, on the initial values given. It is therefore very important to
choose the initial values as accurately as possible. Poorly selected initial
values may cause the problem to not converge and place it in a local
minimum in which the problem cannot be resolved. In this paper, we
used a method based on random numbers to select the initial values.
First, we specified the number of design parameter sets based on beta
distribution. Thereafter, joint values for each set of parameters were
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solved using inverse kinematics for each task point. The parameter set
closest to each task point was selected as an initial value.

4. Case study of manipulator optimization

The proposed optimization algorithm was used to optimize the se-
rial redundant manipulators. To verify that the developed algorithm
can optimize a manipulator's structure, the algorithm was tested with
an eight DOM redundant serial manipulator, the Sandvik SB60 hy-
draulic manipulator. The SB60 manipulator is a hydraulic universal
roll-over manipulator for mechanized tunneling, drifting, cross-cutting
and bolt hole drilling. It can also be used for production drilling using
cut-and-fill and room-and-pillar mining methods. The SB60 manip-
ulator has six revolute joints and two prismatic joints (Fig. 2).

Real-world underground tunneling drilling patterns for holes was
used to find the optimal structure for a manipulator to drill these holes.
The purpose of a single drill plan (task point space) is to describe the
poses that must be reached. The objective was to optimize the manip-
ulator's structure by modifying the manipulator link lengths as well as
the position of the coordinate system of the manipulator base in order
to satisfy a number of design constraints. The drilling pattern consisted
of 87 task points (ntp); 10 real drill plans were chosen from actual
customer cases and combined into a single set of task points. The aim
was to reach all the positions with the desired orientation of the tool.
Six (nr=6) operational space variables were considered: three vari-
ables for the positions of the drilling holes and three variables for the
orientations of the drilling holes. The manipulator included seven de-
sign parameters (ndp) (see Fig. 3 and Table 1) to be optimized that were
changed during optimization. In addition, the manipulator's base frame
(nbf) is freely movable. Furthermore, the manipulator has eight joints,
seven (nfj) of which can be moved during the optimization process. The
joint number seven (end effector tilt) was fixed to a constant joint value.
The optimization task was to find the appropriate values for the design
parameters, the base frame and the joint values. Thus, several hundreds
of (nnp=ndp+nbf+nfj * ntp) parameters ( ∈ζo

nnp ) in total were opti-
mized with the proposed method.

The process flow to optimize the serial manipulator's structure is
shown in Table 2. Step 4 was repeated until the change in parameter
values converged within a given threshold.

4.1. Joint and design parameter constraints

Several design constraints limit the manipulator's structure, and
these constraints must be taken considered in the optimization process.

Fig. 2. Sandvik SB60 hydraulic rock-drilling boom used in
underground mining jumbos. Boom movements: (1) boom
lift, (2) boom swing, (3) boom extension, (4) feed tilt,
(5) feed swing, (6) feed extension, (7) feed rotation, and (8)
feed tilt for bolting.
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Fig. 3. Coordinate frame locations based on a modified Denavit-Hartenberg convention.

Table 1
Denavit-Hartenberg parameters for the manipulator used in the example. The joint
variables are bolded. Parameter d3 consists of an offset value d3p and a joint value d3j.

Frame ai−1 di αi−1 θi

1 0 0 0 θ1

2 a1 0 π/2 θ2+π/2
3 a2 d3p+d3j π/2 0
4 0 d4 π/2 θ4+π/2
5 a4 0 π/2 θ5+π/2
6 0 d6 π/2 θ6

71 0 d7 −π/2 θ7
8 0 d8 π/2 0

1 This joint is kept fixed during the optimization.

Table 2
Dimensional synthesis algorithm.

Dimensional synthesis

1. Input: task poses, manipulator's structure
2. Parameters to be optimized ← the DH parameters that can be optimized are given

in Table 1
3. Initial parameter values ← setting initial parameter values is described in

Section 3.3
4. ζ ← manipulator's structure optimization
4.1 The objective function is given in Eq. (32) with the constraints in Eqs. (25) and

(31)
5. LCI← the local conditioning index described in Eq. (35).
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The first constraints considered were joint constraints. In practice, all
joints are bound within their limits. The reason for joint limits include
mechanical design limitations and cost constraints. The second con-
straints considered were parameter limits. This constraint type is very
similar to joint limit constraints and is handled similarly. Several stu-
dies have investigated joint limit constraints [23,24]. These researchers
used performance criteria to prevent joint limits. In their work, they
proposed the performance criterion (H (θ)) to limit joint movement
outside the center position. This performance criterion provides heavier
weight to the joints near their limits and exceeds infinity at the joint
bounds. This performance criterion is not appropriate for our example
because the ranges of each parameter and joint must be freely usable.
Therefore, a slightly different performance criterion was used in this
example. The proposed performance criterion remains zero within the
ranges of the parameters and rises rapidly outside the bounds. This
ensures that the parameter's whole range is always usable. The per-
formance criterion is taken into account using the gradient projection
method, which is shown in Eq. (23):

= + − ∇ζ kJ x I J J Ḣ ̇ ( ) ,G G Go
†

1
† (25)

where k1 is a real scalar coefficient. Using the gradient projection
method to prevent parameters limits and resulting problems is dis-
cussed in [24]. The performance criterion used in this example is as
follows:

=
⎧

⎨
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,
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, , ,
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(26)

where ζo
max and ζmin are upper and lower bound vectors, respectively.

i=1…np and Hi (θ)is ith component of H (θ).

4.2. Workspace constraints

The third constraints considered were workspace constraints. For
example, in this case study, the manipulator was located in an under-
ground tunnel, which means that there were walls, a floor and a ceiling
around the manipulator which is unable to go through or collide with
these workspace constraints. The null-space motion concept
(Section 3.2) is used to avoid manipulator collisions within a work-
space. The workspace can be handled as an external object, and colli-
sions of the manipulator's internal structure with external objects are
represented. An artificial potential field is used to create a repulsive
force between the manipulator and obstacles that pushes the manip-
ulator away from the obstacles. The method of using an artificial po-
tential field to prevent collisions ha been used in several stu-
dies [25,26].

Let xd be the minimum distance between the manipulator and the
obstacle. Thus, the desired velocity vector [25] in a pure velocity servo-
control scheme is as follows:

= kx ẋ ,d d2 (27)

where k2 is a real scalar velocity coefficient. xd can be considered as a
direct kinematics equation up until the collision point as follows:

= − ζfx x ( ),d o d (28)

where fd(⋅) is continuous nonlinear function from the manipulator base
coordinate system up to the collision point and xo is the point on the
obstacle. This equation can be solved like Eq. (7), which leads to the
following:

= ζ ζx J̇ ( ) ,̇d d (29)

where Jd (ζ) is workspace constraint Jacobian matrix. The joint velocity
vector can be solved by a pseudo-inversion as follows:

=ζ ζJ ẋ ( ) ̇ ,d d0
† (30)

where ζ0̇ is the joint-space velocity vector for the internal motion of the
manipulator. Eq. (23) can be rewritten to prevent manipulator colli-
sions with workspace collisions as follows:

= + −ζ J x I J J J ẋ ̇ ( ) ̇ .G G G d do
† † † (31)

4.3. Parameter update function

In the previous sections, the optimality criterion and constraints
were formulated separately. In order to optimize a given manipulator's
structure, a final parameter update function must be created. This can
be done by adding the optimality criterion and the different constraints
together. Therefore, combining Eqs. (22), (26) and (31), the final
parameter update function is as follows:

= + − ∇ + −ζ kJ x I J J H I J J J ẋ ̇ ( ) ( ) ̇ .G G G G G d do
†

1
† † † (32)

4.4. Results

As stated in previous sections, the accessibility of task points is
considered to be an objective function for optimization. This is mea-
sured as the total cumulative error, which includes position and or-
ientation errors. Therefore, the optimization's objective is to minimize
the objective function. When the objective function value is zero, all
task points were reached perfectly. The objective function is given as
follows:

∑= −
=

e x x‖ ‖,obj
i

n

t c
1

tp

(33)

where ntp is the number of task points.
Fig. 4 shows the case study's manipulator configurations during the

optimization process. As shown in the figure, all joint values were set to
zero, and the initial design parameter values were set to be equivalent
to a real manipulator. Fig. 4 shows the manipulator configurations after
a few iteration steps and how the manipulator reach towards corre-
sponding task locations. The final manipulator configurations for every
second task point are shown in Fig. 5. Green indicates that the task pose
was achieved. Table 3 shows the initial design parameters and opti-
mized design parameter values from one run. These values were nor-
malized according to each parameter's upper and lower bound limits.
Table 3 shows also how much each design parameter changed during
optimization.

No optimization method is guaranteed to always find the global
minimum. It is therefore important to test optimization methods mul-
tiple times with different initial values to verify the results. Table 4

Fig. 4. Manipulator configurations with different joint values after a few iteration steps.
The manipulator's state is described with different colors: outside tolerances with red ( ),
position tolerance satisfied with blue ( ), rotation tolerance satisfied with yellow ( ) and
pose tolerance satisfied with green ( ). To make the figure clearer, only every second task
point and manipulator are shown. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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shows the mean and standard deviations of 10 different optimization
runs. The initial values for these runs were generated as described in
Section 3.3. In each case, the optimization method finds the minimum,
and the solutions are similar.

4.5. Performance measures

Performance measures are required to describe the behavior of a
manipulator. There are number of performance measures that have
been studied since the early days of robotics [27]. All performance
indices can be categorized based on their scope, performance char-
acteristic or application. The performance measure that should be used
to compare manipulators depends on the application. For example, for
the optimized manipulator in this paper, it was not useful to use per-
formance index that measures a workspace of the manipulator, since
the manipulator was optimized to fulfill a specific task.

The condition number is a local kinematic conditioning index used

to measure the degree of ill-conditioning of the manipulator or the ki-
nematic isotropy of the Jacobian [28]. The condition number is defined
as the ratio of maximum and minimum singular values of the Jaco-
bian [29]. The condition number is calculated as follows:

=κ σ
σ

.max

min (34)

The condition number does not have an upper bound, κ ∈ [1,∞].
Therefore, its inverse, known as the local conditioning index (LCI) is
more commonly used. The LCI is bounded, LCI=[0,1]. The LCI is
calculated as follows:

=LCI
κ
1 . (35)

When the Jacobian is non-homogeneous due to the different units used
to represent the link lengths and joint angles, the condition number
does not accurately represent the ill-conditioning of the manipulator's
Jacobian [27]. Many scaling techniques have been used to treat the
non-homogeneity of the Jacobian [30]. In this paper, the method pro-
posed by [31] was used to scale the Jacobian matrix. The scaling
method is based on the nominal link (łNL), whose length is defined as
the distance from the base frame to tool center point. The scaled form of
the Jacobian used to calculate the LCI is as follows:

=J SJ~ ,G G (36)

where

= ⎡
⎣

⎤
⎦

S I 0
0 l .

NL (37)

Fig. 6 shows the distribution of the LCI for the SB60 manipulator.
The manipulator pose for the each LCI calculation can be obtained
using Eq. (12). In this paper, the LCI is used to compare the optimized
manipulator's structure with the original manipulator's structure and to
analyse the ill-conditioning of the manipulator.

As shown in this figure, the LCI for both manipulators have similar

Fig. 5. Final manipulator configurations for each task point. The green color ( ) in-
dicates that the desired task point pose was fully reached. To make the figure clearer, only
every second task point and manipulator are shown. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
Initial and optimized design parameters. The values of the initial and optimized design
parameters were normalized between the parameters' bounds.

Parameter Initial value [0…1] Optimized value [0…1] Value changed [%]

a1 0.3400 0.8207 48.07
a2 0.7100 0.6376 −7.24
d3 0.6600 0.7456 8.56
d4 0.6250 0.9929 36.80
a4 0.4000 0.3454 −5.46
d6 0.7400 0.4287 −31.13
d7 0.6400 0.6581 1.81
basex 0.7500 0.3857 −36.43
basey 0.5000 0.3167 −18.33
basez 0.6667 0.7004 3.38

Table 4
Optimization results. The average values and standard deviations of the design para-
meters.

Parameter Average [0…1] stdDev

a1 0.7539 0.0909
a2 0.6900 0.2135
d3 0.6581 0.2464
d4 0.7637 0.2652
a4 0.6289 0.2848
d6 0.2029 0.2100
d7 0.6234 0.0898
basex 0.3216 0.1909
basey 0.0922 0.1156
basez 0.5903 0.1730

Fig. 6. Distribution of the LCI for (a) original SB60 and (b) the optimized SB60.
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values. However, it is higher for the optimized manipulator than the
original manipulator. This indicates that the new manipulator has the
better ability to generate output force and torque. This is very im-
portant because, in rock-drilling processes, the manipulator needs to
support significant force to keep the drill against the tunnel's face.
Furthermore, the LCI for the optimized manipulator is almost constant,
which means that the performance of the manipulator is also constant
over the whole workspace and that there are no ill-conditioned spots.

5. Conclusions

In this paper, a generic method to optimize a redundant serial
manipulator's structure was presented. The method finds an optimal
solution in sense of a least squares to a constrained optimization pro-
blem. The case study showed that the proposed method can be used as
an optimization tool.

It is important to note that this method gives only the skeletal
structure of the manipulator. The link arms must be sized with proper
material strengths, and the joints need to have suitable actuators. This
may not be possible to achieve for the structure produced by the opti-
mization process. Based on engineering knowledge, it is possible to add
constraints, so that the link lengths and joint actuators can be im-
plemented.

In reviewing the obtained results, we noticed that some of the
changes in the DH-parameters are very significant. The reason for this is
beyond the scope of this paper, but it should be noted that the working
area of the original SB60 manipulator was somewhat larger than the
working area for which it was optimized. Therefore, the optimized
manipulator can be smaller than the original one. However, if the
drilling task in the example reflects what is to be drilled, then the ori-
ginal manipulator is oversized for the desired task; therefore, its use
may not be very profitable. Still, due to its optimized design, the new
manipulator could save time and energy.

The interval analysis effect to the optimization results will be ana-
lyzed in future studies. The proposed optimization method will also be
extended in order to determine the best possible structure for serial
manipulators.
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Redundant Robotic Manipulator Path Planning
for Real-Time Obstacle and Self-Collision

Avoidance
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Abstract. This paper presents a method to generate joint trajectories
for a redundant manipulator. The control system of the manipulator
determines the joint references so that the goal pose can be reached
without any collisions, in real-time. The control system checks weather
any part of the manipulator is at risk of colliding with itself or with any
obstacles. If there is a risk of collision, then the collision server computes
the exact points where the collision is about to happen and calculates
the shortest distance between the colliding objects. The joint trajectories
of the manipulator are modified so that collisions will be avoided while
at the same time, the trajectory of the end-effector maintains its initial
trajectory if possible. Experimental results are given for a 7 DOF redun-
dant manipulator to demonstrate the capability of the collision avoidance
control system.

Keywords: Collision avoidance · Robotic manipulator · Redundant ·
Real-time control

1 Introduction

In the last few decades, many papers have described collision avoidance meth-
ods for autonomous robots. This is because a reliable collision avoidance system
is believed to play an important role in the field of autonomous robotics. A
long-standing problem has been obtaining reliable information from the robot
environment and how to react to the collision information. The general fea-
tures of collision avoidance methods are well-known, and different approaches
to solving the collision avoidance problem have been reported in the literature.
One of the most common approaches for finding the minimum distance between
two objects is based on bounding boxes [1–4]. These sample-based methods are
fast and require low computation power, but they are applicable only to simple
geometries. For continuous motions, several approaches have been developed to
detect collisions, such as swept-volume methods [5,6], the trajectory parameter-
ization method [7], and feature-tracking methods [8,9]. However, these methods

c© Springer International Publishing AG 2018
C. Ferraresi and G. Quaglia (eds.), Advances in Service and Industrial Robotics,
Mechanisms and Machine Science 49, DOI 10.1007/978-3-319-61276-8 24
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suitable only for simple geometries. A method for detecting collisions between
more complex geometry is presented by [10], in which graphics processing unit
(GPU)-based calculations are required use the algorithm in real-time.

Despite the importance of exact collision detection, only a very few papers
have studied how to accurately detect the collision points of two geometrically
complex objects and use that information in a real-time control system to avoid
collisions. Thus, additional studies of exact collision detection and shortest dis-
tance calculation are needed.

The aim of this paper is to present a developed collision avoidance system.
In this paper, we propose a novel architecture for detecting the exact collision
points of two geometrically complex objects and how to use this information
for the collision avoidance system. The process to find the shortest distance
between two point clouds is divided into two phases. In the first phase, we
find the approximate collision location of both point clouds and then use this
information to find the exact collision points. Extended oriented bounding boxes
(EOBBs) are used in the first phase to detect possible collisions and to find
the approximate collision location. Therefore, the proposed method calculates
the shortest distance between two complex point clouds in real-time by using
the central processing unit (CPU). The proposed method uses the calculated
shortest distance between two point clouds to move the manipulator away from
the obstacles and toward the desired goal.

An experiment validated that the proposed method can be used in real-time
control. The three point clouds used in the experiment were converted from
three-dimensional (3D) computer-aided design (CAD) models, where the number
of points in each point cloud was restricted to 1000. With these point clouds,
we created two collision pairs and monitored the shortest distance between the
pairs.

We organized the rest of this paper as follows. Section 2 presents the pro-
posed collision detection method and how to calculate the shortest distance
between two objects. The proposed collision avoidance algorithm is presented in
Sect. 3. Section 4 illustrates the overall collision avoidance control system and its
implementation. Then the following section shows experimental results for the
proposed method. Finally, Sect. 6 draws some conclusions and future works.

2 Collision Detection

To avoid the manipulator’s collisions with obstacles or self-collision, a manip-
ulator control system has to detect the obstacles, find the minimum distances
between different parts of the manipulator and the obstacles, and between differ-
ent parts of the manipulator itself. Finding the exact shortest distance between
the manipulator and obstacles is crucial for an accurate collision avoidance sys-
tem. For example, if the workspace of the manipulator is very small, it is not pos-
sible to simplify the manipulator and obstacles with bounding boxes, because the
volumes of the bounding boxes are always bigger than the actual volume of the
manipulator parts and the environment obstacles. Several studies used bounding
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boxes to represent obstacles and the manipulator and then found the shortest
distance between these bounding boxes; for example, [3] and [4] used oriented
bounding boxes (OBBs). Another very popular method for finding the short-
est distance between obstacles is to use vision-based techniques [11] and [12].
Although, the vision-based methods are widely used and are effective methods
for calculating the shortest distance, they cannot be used in applications with a
dirty and harsh environment, such as underground mining applications. In appli-
cations with a challenging environment, a laser-based measurement system that
can produce point clouds is more preferable. The use of the point cloud-based
distance calculation method ensures that there is no extra volume around the
obstacles that could lead to an incorrect shortest distance calculation. Calculat-
ing the shortest distance between two point clouds is a challenge for a real-time
control system. Therefore, the calculation procedure is divided into different
stages, which ensures that the shortest distance can be found in real-time. The
overall shortest distance calculation process is described only at the high level
(Table 1) because the details of the shortest distance calculation are beyond the
scope of this paper.

Table 1. Finding the shortest distance between two point clouds.

Initialization phase

1 Input: Point clouds

2 Create Octrees for the point clouds

3 Create axis-aligned bounding boxes (AABBs) with δx larger than the tight-fit
BBs

Calculation phase

4 Input: Objects poses

5 Create extended oriented bounding boxes (EOBBs) form AABBs with the
input poses

6 OBBs’ intersection by the separating axis theorem (SAT)
- No intersection → No risk of collision

7 Calculate the overlapping volume of the EOBBs
- Create new OBBs of the volumes within each other

8 Transform the new OBBs to the news AABBs with the inverse of the input
poses

9 Find the Octree points that are inside the new AABBs
- No points found → No risk of collision

10 Transform found points with the input poses

11 Find the shortest distance within the transformed points

Figure 1a shows a manipulator used in underground tunneling rigs. Figure 1b
shows the point cloud representation of Fig. 1a and the OBBs around the stud-
ied parts of the manipulator. EOBBs are used to detect possible collisions.
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(a) Sandvik drilling rig with two manipula-
tors (Photo: Sandvik)

(b) Point clouds inside corresponding OBBs
and EOBBs for the single manipulator

Fig. 1. Real drilling rig and corresponding point clouds and BBs of the drilling manip-
ulator

The EOBBs were first used by [13], where they simulated crowd motion in the
2D case. In this work, we extend the original idea of the EOBB to cover the
3D case. The use of EOBBs enables us to detect collisions enough early so that
the control system is able to react to collision warnings. If the EOBBs do not
intersect, then there is no risk of collision.

3 Collision Avoidance

The relation between a manipulator joint value vector q ∈ Rn and the end-
effector pose vector x ∈ Rm is given by

x = f (q) , (1)

where f (·) is a nonlinear direct kinematics function of the manipulator. The
end-effector linear velocity and angular velocity can be realized by mean of the
following relation:

ẋ = J (q) q̇, (2)

where J is the geometric Jacobian matrix of the manipulator [14]. The main
advantage of Eq. (2) over Eq. (1) is its linearity in the configuration veloci-
ties. This allows us to solve the differential kinematics with an inversion of the
Jacobian matrix

q̇ = J−1 (q) ẋ, (3)

which then can be integrated to give q.
Equation (3) is valid only for manipulators that have the same dimension

of the operational space and the joint space (m = n). When the manipulator
is redundant, (m < n), the Jacobian matrix has more columns than rows, and
an infinite number of solutions exist for Eq. (2). Therefore, a direct Jacobian
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matrix inverse cannot be done. If the Jacobian matrix is a non-square matrix,
then a pseudo-inverse can be adopted [14]:

q̇ = J† (q) ẋ, (4)

and the matrix,

J† = JT
(
JJT

)−1
, (5)

is the right pseudo-inverse of J (q).
The pseudo-inverse have stability problems in the neighborhood of singular-

ities. At a singularity, the Jacobian matrix no longer has a full row rank. If the
configuration is close to a singularity, then the pseudo-inverse method will lead
to very large changes in the joint angles, even for small movements in the target
position. The damped least squares method avoids many of the pseudo-inverse
method’s problems with singularities and can give a numerically stable method
for selecting q̇.

q̇ = JT
(
JJT + λ2I

)−1
ẋ, (6)

where λ is a non-zero damping constant, and the right damped pseudo-inverse
gets the form

J̃† = JT
(
JJT + λ2I

)−1
. (7)

The damping constant depends on the details of the multibody and the target
positions and must be chosen carefully to make Eq. (6) numerically stable. If
λ = 0, Eq. (4) becomes identical to Eq. (6), which is ill-conditioned near to a
singularity.

The solution for Eq. (2) is shown [15] to be in the general form

q̇ = J̃†ẋ +
(
I − J̃†J

)
z, (8)

where z is an arbitrary vector in the q̇-space. A projection operator
(
I − J̃†J

)

describes the redundancy of the system and can be used to map an arbitrary q̇
into the null space of the transformation.

3.1 Path Planner

The collision-free path planner is based on Eq. (8) and the approach proposed
by [16]. The primary goal is to reach the goal pose with the manipulator’s end-
effector, and the secondary goal is to avoid collisions. In [16], the authors pre-
sented a method for avoiding collisions with one obstacle avoidance point. In this
paper, this approach is extended to cover multiple obstacle avoidance points. The
primary and secondary goals are described by the equations

Jq̇ = ẋ, (9)

JOi
q̇ = ẋOi

, (10)
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where JOi
is the obstacle avoidance point Jacobian, and ẋOi

is the obstacle
avoidance point velocity, which includes the direction and the velocity of the
obstacle avoidance point.

The secondary goal solution for q̇ is used as an arbitrary vector z to modify
the solution of Eq. (8). By combining Eqs. (8) and (10) with multiple obstacle
avoidance points, the following solution can be derived:

q̇ = J̃†ẋ +

no∑

i=1

[(
I − J̃†J

)
J̃†

Oi
ẋOi

]
, (11)

where no is the number of obstacle avoidance points, and J̃†
Oi

is the damped
right-pseudo inverse solution for JOi

. If the desired path cannot be maintained
the Eq. 11 give up the desired velocity ẋ to ensure the collision free path.

4 Collision Avoidance Control System

Collision avoidance is based on the principle of the artificial potential field (APF)
method. The APF method is widely used in collision avoidance applications and
one of the first study to use this method was [17]. Thereafter, the principle
of the APF method has been extended to support different collision avoidance
algorithms. The very basic idea of the APF is to represent the manipulator and
obstacles as a positive charge, and the goal acts as a negative charge. Therefore,
the manipulator and the obstacles repel each other by generating a repulsive
force, and the goal attracts the manipulator due to the opposite charge. It is
shown in [17] that the desired velocity vector gets the following form

ẋ = −k (xg − x) , (12)

where k is the velocity gain and xg is the goal pose.

4.1 Collision Avoidance Architecture

The collision avoidance architecture proposed in this paper consists of three
main subsystems: a collision server, a control system, and a manipulator. The
collision server contains information about all point clouds. The point clouds
are static point clouds which means that their shape does not change during the
task. The position and the orientation of the static point clouds are updated
based on the measurement system. The collision server calculates the shortest
distance between different parts of the system and sends this information to
the control system. The control system resolves new joint references based on
the current configuration of the manipulator, the goal pose, and the distance
information from the collision server. The new joint references are calculated so
that the manipulator moves toward the goal pose, and at the same time, the
manipulator avoids self-collisions and collisions with the environment and other
obstacles. The manipulator moves according with the control signals from the
control system. Figure 2 illustrates the overall collision avoidance architecture.
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Fig. 2. Collision avoidance architecture

5 Experiment

The collision avoidance control system was developed to enable autonomous
operation for a redundant serial manipulator. To verify this functionality, an
experimental test was carried out with a heavy-duty hydraulic manipulator,
which is used in underground tunneling. The manipulator itself is a redundant
manipulator with seven active joints.

In order to validate the collision avoidance system, we conducted the follow-
ing test. The task was to move the manipulator from a starting pose (qs) to
a goal pose (qg) by avoiding self-collision. The starting pose is at the left side
of the manipulator’s base with a diagonally upward rotated end-effector. The
goal pose is at the other side of the manipulator with the same end-effector pose
except the y-coordinate is the inverse. With a conventional control system, the
end-effector of the manipulator collides with the lift part of the manipulator,
if it tries to move from the start pose to the goal pose. The proposed collision
avoidance control system of the manipulator executes the desired task without
self-collision by finding a collision-free path.

For the experiment, the 3D parts of the manipulator that could collide with
other parts of the manipulator were converted to point clouds, each containing
1000 points (Fig. 1b). Thereafter, we created rules to monitor the shortest dis-
tance between possible collision pairs. If the distance between the collision pair
was larger than the collision margin, then it has no influence on the control of the
manipulator, but if the distance was smaller than the collision margin, then we
used Eq. 11 to modify the trajectory of the manipulator based on the calculated
shortest distance between two point clouds.

During the experiment, the collision server ran on a laptop with an Intel Core
i7 processor. The server program to calculate the shortest distance between point
clouds was programmed with C++/CLI and compiled to a standalone program.
The average time to calculate the distance was 8 ms. This ensures that the
proposed method can be used in a real-time control system.
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(a) Joint values with collision avoidance (b) Joint values without collision avoidance

Fig. 3. The manipulator’s joint values with and without the collision avoidance

Figure 3b shows the simulated joint values for the conventional control sys-
tem to move the manipulator from qs to qg. With this control approach, the
manipulator will self-collide at the time 2.16s from the beginning. The gray area
represents the manipulator’s configurations that cannot be achieved without
collisions. Figure 3a shows the equivalent experiment with the proposed collision
avoidance control system. The joint trajectories are modified so that the desired
task is achieved without collisions.

6 Conclusion

Collision avoidance systems are one of the most challenging problems for
autonomous manipulators to accomplish the given task. An improved shortest
distance-based collision avoidance method was proposed to obtain a collision-
free path from the starting pose to the goal pose. Multiple simultaneous collision
avoidance points can be used to avoid self-collisions and any part of the manipu-
lator from colliding with obstacles or environment. The proposed method can be
used with a real-time control system, and the method does not require any path
planning time, because all decisions are made on the fly. This advanced shortest
distance calculation method ensures that the shortest distance between point
cloud type objects can be calculated in real-time. The shortest distance calcu-
lation method also minimizes the calculation power needed to find the shortest
distance.

In future work, we intend to improve the collision avoidance system to cover
more complex systems with multiple robotic manipulators and a dynamic envi-
ronment.
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Abstract—This paper presents a real-time method for generat-
ing joint trajectories for redundant manipulators with collision
avoidance capability. The coordinated motion control system of
the heavy-duty hydraulic manipulator resolves joint references
so that a goal position can be reached in real-time without any
collisions. The proposed method is able to detect and prevent
different types of possible collisions, including self-collisions and
collisions with obstacles. When the control system detects the
risk of collision, the collision server searches the points where
the collision is about to occur and calculates the shortest distance
between the colliding objects. The collision server is used to retain
static point clouds and to calculate the shortest distance between
objects that are too close to each other. The point clouds on the
server are kept up to date with the manipulators’ joint sensors
and laser scanner-based measurements. During coordinated mo-
tion control, the joint trajectories of the redundant manipulator
are modified so that the collisions can be avoided, while at the
same time, the trajectory of the end-effector maintains its initial
trajectory if possible. Results are given for a 4-DOF redundant
heavy-duty hydraulic manipulator to demonstrate the capability
of this collision avoidance control system.

I. INTRODUCTION

During the last several decades, many researchers have
described collision avoidance methods for manipulators in the
field of autonomous robotics. The main reason for this is the
increased need for automated operations where the ability to
avoid collisions plays an important role. Long-standing prob-
lems include obtaining accurate information from the manipu-
lator environment and how to actually prevent the collision if a
potential collision is detected. The general features of collision
avoidance methods are well-known, and different approaches
to solving the collision avoidance problem have been reported
in the literature. Two main strategy types have been proposed
for solving collision avoidance problems: global strategies and
local strategies.

Global collision avoidance methods [1], [2] find a collision-
free path from the starting position to the goal position if such
a path exists. These methods are typical for mobile robots,
where the task is to find a collision-free path to the desired
location. Existing knowledge of the robot environment is used
to plan the route. Therefore, these methods are sometimes

called planning algorithms. However, global methods are com-
putationally heavy and may not be applicable for real-time
control applications.

Local strategy solutions are very popular real-time colli-
sion avoidance methods [3]. These methods treat obstacle
avoidance as a control problem instead of a path planning
problem. This enables modification of the manipulator’s path
if obstacles are detected or if the obstacles move too close
to the manipulator. Therefore, these methods can be used in
an unknown environment where there is no information about
the location of the obstacles during the desired manipulator
operations.

Local methods [4], [5], [6], [7] are based on potential fields
in the manipulator’s operational space. These methods are
further divided into two categories based on how the methods
use potential fields. When the collision avoidance method uses
potential fields to generate forces on the manipulator [4], [5],
the solution requires position-based impedance control (PBIC).
Another approach is to use potential fields to generate joint
velocities directly [6], [7]. This approach does not require a
dynamic model of the manipulator and therefore is easier to
implement.

Successful collision avoidance requires accurate information
where a potential collision is about to happen. Despite the
importance of detecting exact locations of potential collisions,
only a few papers have examined how to detect these collision
points of two geometrically complex objects. Often, the com-
plex geometry of the objects is ignored by simplifying the
geometry or by representing the objects as bounding boxes
(BB). One of the most common approaches for finding the
minimum distance between two objects is based on BBs
[8], [9], [10], [11]. These sample-based methods are fast
and require low computational power, but they are applicable
only to simple geometries. A method for detecting collisions
between more complex geometry is presented by [12], in
which graphics processing unit (GPU)-based calculations for
real-time implementation are required. Solutions with real-
time capability, accurate enough collision detection, and a
shortest distance query method seem to be lacking in the



literature. Therefore, additional studies on detecting collisions
exactly and calculating the shortest distance are needed.

The aim of this paper is to present a collision avoidance
system. We propose a method for detecting the collision points
between two objects, presented as point clouds, and describe
how to use this information in a collision avoidance system.
The process for finding the shortest distance between two point
clouds is divided into two phases. In the first phase, we find
the approximate collision location of both point clouds and
then use this information to find the exact collision points.
Oriented bounding boxes (OBBs) are used in the first phase to
detect possible collisions and to find the approximate collision
location. After this, the actual shortest distance is calculated
by using Euclidean distance. If there is a risk that the objects
are about to collide, the calculated shortest distance is used
with the proposed collision avoidance method to move the
manipulator away from the obstacles and toward the desired
goal.

Experiments validated that the proposed method can be
used in real-time control. Multiple point clouds, representing
the manipulator, were converted from three-dimensional (3D)
computer-aided design models, where the number of points
in each point cloud was restricted to 1000. Point clouds
representing the environment and obstacles were created with
a 3D laser scanner. With these point clouds, we created several
collision pairs and monitored the shortest distance between the
pairs. The results show that the proposed method is suitable
for real-time applications to avoid collisions in which there
can be one or more simultaneous collision risks.

The remainder of this paper is organized as follows: The
next section presents the proposed collision detection method
and how to calculate the shortest distance between two point
cloud-type objects. The proposed collision avoidance algo-
rithm is presented in the following section. Next, we describe
the obstacle and environment detection system based on a 3D
laser scanner. Finally, we show the experimental results for the
proposed method, draw some conclusions, and describe future
work.

II. DISTANCE QUERY

To prevent the manipulator from colliding with obstacles or
with itself, a manipulator control system must detect obstacles,
as well as find the minimum distance between different parts
of the manipulator and the obstacles. In the case of possible
self-collisions, the distance between different parts of the
manipulator has to be calculated. Finding the exact shortest
distances between the manipulator and obstacles is crucial for
an accurate collision avoidance system. For example, if the
manipulator’s workspace is small, it might not be possible to
simplify the manipulator and the obstacles with BBs, because
the volumes of the BBs are always larger than the actual
volumes of the manipulator parts and the obstacles. This might
lead to a situation where there is no more free space for the
manipulator to move. Commonly, two types of BBs are used
to simplify the distance query: an axis-aligned bounding box
(AABB) and an oriented bounding box (OBB). AABBs are

TABLE I
FINDING THE SHORTEST DISTANCE BETWEEN TWO POINT CLOUDS.

Initialization phase
1. Input: Point clouds
2. Create octrees for the point clouds
3. Create axis-aligned bounding boxes (AABBs) with δx larger than the

tight-fit AABBs

Calculation phase
4. Input: Object poses
5. Create extended oriented bounding boxes (EOBBs) from AABBs with

the input poses
6. Intersection of the EOBBs using the separating axis theorem (SAT)

• No intersection → No risk of collision
7. Calculate the overlapping volume of the EOBBs

• Create new OBBs of the volumes within each other
8. Transform the new OBBs into the new AABBs with the inverse of the

input poses
9. Find the octree points that are inside the new AABBs

• No points found → No risk of collision
10. Transform the found points with the input poses
11. Find the shortest distance within the transformed points

aligned with global coordinate axes, and the size of the AABB
might change if the object inside is rotated. OBBs, instead, are
aligned with the local coordinate axes of the object; therefore,
the size of the OBB is not changed when the object inside is
rotated. Choosing between the different BBs depends on the
application.

Several studies have used BBs to represent obstacles and
the manipulator and then found the shortest distance between
BBs; for example, [10] and [11] used OBBs. Another popular
method for finding the shortest distance between obstacles is to
use vision-based techniques [13], [14]. Vision-based methods
are widely used and are effective for calculating the shortest
distance if the conditions are correct. For example, lighting
should be appropriate so that the camera is able to see the
objects. If the conditions are not good enough, vision-based
methods cannot be used, for example, in applications with
dirty and harsh environments, such as in underground mining
applications. In applications with challenging environments, a
laser-based measurement system that can produce point clouds
is preferable.

Implementation of the point cloud-based distance query
method is straightforward. However, calculating the shortest
distance between two point clouds is a challenge for a real-
time control system, because the calculation time depends on
the size of the point clouds. Therefore, it is necessary to reduce
the number of point cloud points among which the shortest
distance can be found. This can be achieved by using a two-
state calculation process. In the first state, an approximate
location of the shortest distance is discovered. The second state
is then used to calculate the actual shortest distance based on
the approximate location. The overall process for calculating
the shortest distance is described in Table I. In short, different
types of BBs are used to minimize the number of point cloud
points among which the shortest distance can be found. BBs
are used to find an overlapping volume of two BBs. Then, an



Fig. 1. Hiab crane with an obstacle in its workspace.

octree data structure [15] is used to extract subsets of points
from the original point clouds according to the overlapping
volume. Finally, the shortest distance between these subsets
can be calculated, for example, using the Euclidean distance
calculation.

Fig. 1 shows a typical hydraulic 4 degrees of freedom (4-
DOF) manipulator used, for example, to lift logs. This figure
also shows an obstacle inside the manipulator’s workspace
that needs to be avoided while operating the manipulator. To
detect collisions and calculate the shortest distances between
the manipulator and the obstacle, both are modeled with point
clouds. The critical part of the manipulator, as a point cloud,
is then used to detect potential collisions with obstacles. Fig. 2
shows these critical point clouds of the manipulator and the
obstacle and the OBBs around these point clouds. EOBBs are
used to detect potential collisions. The use of EOBBs enables
us to detect collisions early enough so that the control system
is able to react to the collision warnings. If the EOBBs do not
intersect, then there is no risk of collision.

III. COLLISION AVOIDANCE

The collision avoidance method used in this paper is based
on the principle of the artificial potential field (APF) method.
The APF method was pioneered by Khatib [5]. Thereafter, the
principle of the APF method was extended to support different
collision avoidance algorithms. Within the APF method, the
manipulator and obstacles can be thought to have the same
charge, and the goal position of the manipulator acts as a
different charge. Therefore, the manipulator and the obstacles
repel each other by generating a repulsive force between each

{B}

Grabber point cloud

Obstacle point cloud
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Fig. 2. The grabber of the manipulator and an artificial obstacle. The point
clouds inside bounding boxes represent the grabber and the obstacle.

other, and the goal position attracts the manipulator due to the
opposite charge.

The final force of the manipulator is achieved by combining
the attractive force and the repulsive forces caused by obsta-
cles:

F(p) = −∇U(p), (1)

U(p) = Uatt(p) +Urep(p), (2)

where F is the final force, U is the sum of the potentials, and p
is the position of the manipulator. The potential functions Uatt

and Urep must be selected properly to achieve suitable results.
In this paper, we rely on the potential functions proposed by
[5].

A. Collision Avoidance for an End-Effector

A path for the end-effector of the manipulator to follow
is created using a proportional position controller. Let pd
represent the goal position of the manipulator’s end-effector.
Then the position controller can be described as follows:

ṗG = kv (pd − p) , (3)

where pd is the goal position of the end-effector, and kv is
the position control coefficient.

The shortest distance between the manipulator parts and
the obstacles is calculated by using the method proposed in
section II. When the manipulator is too close to the obstacles,
it is necessary to produce a repulsive force that prevents the
manipulator from colliding with the obstacles. This can be



achieved by producing an obstacle avoidance point velocity.
The obstacle avoidance point velocity is calculated by using
the shortest distance calculation method described in section II
and by using the artificial potential field proposed by [5]:

UOi
=

{
1
2µ
(

1
ρi
− 1

ρO

)
, if ρi ≤ ρO

0, if ρi > ρO,
(4)

where ρO is the limit for collision avoidance, ρi is the distance
between two obstacles, and µ is a scalar coefficient. Now ṗOi

can be formulated with (4),

ṗOi
=

{
µ
(

1
ρi
− 1

ρO

)
1
ρ2i

δρi
δṗOi

, if ρi ≤ ρO
0, if ρi > ρO,

(5)

where δρi
δṗOi

is the direction of the collision line. The path
for the manipulator’s end-effector can be calculated to be the
sum of the attractive velocity and the repulsive velocities as
follows:

ṗ = ṗG +

ne∑

i=1

ṗOi
, (6)

where ne is the number of end-effector obstacle avoidance
points.

The linear velocity of the manipulator’s end-effector must be
bounded. This allows the use of a larger controller coefficient
for the velocity, which ensures that the demanded end-effector
velocity is also suitable near the goal position. The end-
effector velocity is bounded as follows:

ṗ =

{
ṗṗmax

max(|ṗ|) , if max(|ṗ|) > ṗmax

ṗ, otherwise,
(7)

where ṗmax is the maximum linear velocity of the end-
effector.

B. Collision Avoidance for a Manipulator’s Body

If the manipulator’s body parts are about to collide, these
collisions have to handled differently from end-effector col-
lisions. Repulsive velocities can be calculated as described
in (5), but these velocities cannot be added directly to (6).
Instead, a collision-free path planner based on null-space
projection and the approach proposed by [16] have to be
used. In [17], the general form of the solution for a null-space
projection is shown to be

q̇ = J̃†
Gṗ+

(
I− J̃†

GJG

)
z, (8)

where J̃†
G is a right damped pseudo-inverse of the manipu-

lator’s Jacobian matrix (JG), and z is an arbitrary vector in
the q̇ space. A projection operator

(
I− J̃†

GJG

)
describes the

redundancy of the system and can be used to map an arbitrary
q̇ into the null space of the transformation.

The primary goal is to reach the goal position with the
manipulator’s end-effector; the secondary goal is to avoid
collisions with the manipulator’s body. In [16], the authors
presented a method for avoiding collisions with one obstacle
avoidance point. In the present paper, this approach is extended
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Fig. 3. The point cloud produced by the laser scanning system. Due to the
position of the laser scanner, there is an area in the point cloud where the
number of points is too low.

to cover multiple obstacle avoidance points. The primary and
secondary goals are described by the equations

JGq̇ = ṗ, (9)

JOi
q̇ = ṗOi

, (10)

where JOi
is the obstacle avoidance point Jacobian, and ṗOi

is the obstacle avoidance point velocity.
The secondary goal solution for q̇ is used as an arbitrary

vector z to modify the solution of (8). By combining (8) and
(10) with multiple obstacle avoidance points, the following
solution can be derived:

q̇ = J̃†
Gṗ+

no∑

i=1

[(
I− J̃†

GJG

)
J̃†
Oi
ṗOi

]
, (11)

where no is the number of obstacle avoidance points, and J̃†
Oi

is the damped right pseudo-inverse solution for JOi . If the
desired path cannot be maintained, (11) gives up the desired
velocity ṗ to ensure a collision-free path.

IV. OBSTACLE DETECTION SYSTEM

In order to avoid manipulator collisions with obstacles, they
need to be detected and identified. Identification of obstacle
dimensions is difficult and especially, in the case of unforeseen
obstacles, might be impossible. Therefore, in this paper we
used point cloud-based approach where it is not required
to identify the obstacles. Instead, in the point cloud-based
methods, it is possible to use the point cloud directly. The point
cloud of the obstacles was produced with a laser scanning
system.

The laser scanning system consisted of a SICK LMS511
laser scanner and a mechanism that rotated the scanner along
one horizontal axis. The Scanner itself provided scans in only
two dimensions, and a three-dimensional point cloud was
acquired by rotating the scanner. A Maxon DC motor equipped
with a planetary gear rotated the scanner. There was also an
absolute encoder at the end of the shaft, providing accurate
measurements of the scanner position.



The angular resolution of the laser scanner (the difference
between two consecutive points in one scan) was chosen to
be 0.25 degrees. As the scanner was mounted in an upright
position, this defined the horizontal resolution of the point
cloud. The scanner was configured to send measurements
constantly at a frequency of 25 Hz, and at the same time,
the scanner was rotated at a speed of roughly 5 degrees/s,
which resulted in a vertical resolution of 0.2 degrees. Knowing
the exact rotation speed was not necessary, because the angle
measurements were assumed to be accurate at all times.

The laser scanner output was the distance value for each
point in a scan. Combining these values with the angle
information from the laser scanner and the encoder yielded
the Cartesian coordinates of each point. The collected scanner
data and relevant kinematic calculations were implemented
using a dSpace Microautobox. Measurements from multiple
scans were then combined into a point cloud using point
cloud-handling methods provided by matlab (Computer Vision
System Toolbox). Next, points located outside the working
area were removed from the data set, and the point cloud
was downsampled so that there were only points within 3 cm
of each other. The number of points in the final cloud was
approximately 5500, which proved to be sufficient for this
application.

Fig. 3 shows the scanned and processed point cloud. Due
to the position of the laser scanner, the point cloud points are
not distributed evenly across the obstacle and the floor. The
areas which are closer to the laser scanner have more points
than the areas which are farther. There is also a small area at
the back of the obstacle where there are no points (Fig. 3).

V. EXPERIMENTAL CASE STUDY

The collision avoidance control system was developed to en-
able autonomous operation of a redundant serial manipulator.
To verify this functionality, an experimental test was carried
out with a heavy-duty 4-DOF hydraulic serial manipulator, the
Hiab XS 033. The Hiab XS 033 manipulator is a hydraulic
multi-purpose manipulator for almost a limitless range of ap-
plications. It has three revolute joints and one prismatic joint.
In the following case study, the manipulator was equipped with
a grabber that included two free non-actuated joints. During
the experiment, the tool center point (TCP) of the manipulator
was controlled, and the grabber hung from the TCP parallel
to the gravity.

During the experiment, the collision server for distance
queries ran on a laptop with an Intel Core i7 processor. The
server program to calculate the shortest distance between point
clouds was programmed with C++/CLI and compiled to a
standalone program. The average time needed to calculate
the shortest distance between all collision pairs was 1.0 ms
with a standard deviation of 1.7 ms. This proved that the
proposed method could be used in a real-time control system
where the sample time was 10 ms. However, the time required
to calculate all potential collisions depends on the current
configuration of the manipulator. If a different starting position
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Fig. 4. The collision-free trajectory for the manipulator from the starting
position to the goal position and back.

and goal position are used, then the calculation time might also
be different.

In order to validate the collision avoidance system, we
conducted an experimental test. The task for the experiment
was to move the grabber of the manipulator from a starting
position (qs) to a goal position (qg) by avoiding collisions
with obstacles. The starting position was at the left of the
obstacle, and the goal position was at the other side of the
obstacle (Fig. 4). With a conventional control system without
collision avoidance, the grabber of the manipulator would
collide with the obstacle if the grabber tried to move from the
starting position to the goal position. The proposed collision
avoidance control system of the manipulator together with
the proposed distance query method execute the desired task
without collisions by finding a collision-free path.

For the experiment, the 3D part of the grabber that could
collide with the obstacle was converted into a point cloud,
containing 1000 points (Fig. 2). The environment and the ob-
stacle were scanned with the laser scanning system, containing
5500 points (Fig. 3). Thereafter, we created rules to monitor
the shortest distance between possible collision pairs. If the
distance between the collision pair was larger than the collision
margin, then the distance had no influence on the control
of the manipulator, but if the distance was smaller than the
collision margin, we used (11) to modify the trajectory of the
manipulator based on the calculated shortest distance between
two point clouds.

Fig. 4 shows the overall experimental case study setup and
how the manipulator, laser scanning system, and obstacle were
located compared to each other. The trajectory of the TCP of
the manipulator is also shown is this figure. This trajectory
was automatically modified so that the grabber does not collide
with the obstacle.
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Fig. 5. The collision-free trajectory for the TCP of the manipulator from the
starting position to the goal position and back with the scanned point cloud.

Fig. 5 shows the TCP trajectories of the manipulator from
the starting position to the goal position and back. This figure
reveals that the trajectory from the goal position to the starting
position is not ideal and contains unwanted movements. These
movements are caused by the lack of points at the back of
the obstacle’s point cloud. This area is shown in Fig. 5. If
the points of the obstacle’s point cloud are distributed evenly,
it can be assumed that the trajectories on both sides of the
obstacles would be similar.

VI. CONCLUSION

For autonomous manipulators to accomplish the given task
without human supervision, one of the most challenging prob-
lems is avoiding collisions. A shortest distance-based collision
avoidance method was used to obtain a collision-free path from
the starting position to the goal position and back with a novel
shortest distance query algorithm. Multiple simultaneous colli-
sion avoidance points can be used to prevent self-collisions, as
well as collisions with other manipulators, and any part of the
manipulator from colliding with obstacles or the environment.
The proposed method can be used with a real-time control
system, and the method does not require any path planning
time because all decisions are made spontaneously.

The proposed method for calculating the shortest distance
ensures that the shortest distance between two point cloud-type
objects can be calculated in real-time. This method minimizes
the calculation power needed to find the shortest distance by
using a method that reduces the number of points among which
the shortest distance can be found. The use of point cloud data
extracted from CAD design models and from an external laser
scanning system ensures that the possible collision locations
are found with high accuracy. This enables the use of only
small margins around obstacles to avoid collisions.

In future work, we intend to improve the collision avoidance
system to cover more complex systems with a fully automa-
tized sequence and position control with moving obstacles in
the workspace of the manipulator.
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Abstract: Increased automation, advanced robotics, and computer control
systems allow for completely new structural designs for mining rig’s manipulators
that are driven by the required task specifications. Compared to conventional
human-operated systems, the new-generation robotic manipulators do not need
an intuitive user-friendly structure. Instead, the structure for the serial robotic
manipulator can be designed to be kinematically optimal. This paper introduces
the kinematic synthesis method for designing an new type of robotic manipulator
for future autonomous mining operations. The synthesis is treated at the
kinematic level using nonlinear Levenberg-Marquardt algorithm for multivariate
optimization. As a case study, a real-world underground drilling task is used as a
requirement to find the optimal structure for a robotic manipulator used in tunnel
construction. The obtained results encourage kinematic synthesis in applications,
such as underground tunnel drilling, where the confined environment and the
required task add challenges to design the most optimal robotic manipulator
structure.

Keywords: Serial manipulator; Robotics; Optimization; Synthesis; Computer-
aided design; Task-based; Mining; Design; Mining Rig; Underground mining

1 Introduction

A construction project is always a battle against time and costs. One has to get the
project right and get it right from the start. This requires not only very deep knowledge of
construction but also a range of equipment that can handle the required tasks, whenever
needed. For example, tunneling construction project is very demanding task with a confined
environment. Therefore, it is very important that a robotic manipulator for tunnel drilling
is designed so that it is able to do all work assigned to it.

Copyright © 2017 Tuomo Kivelä
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Usually most common industrial 6 degree of freedom (DOF) robotic manipulators with
spherical wrist are designed for desired rated payload while maximizing robot workspace
envelope. In addition, robot folded position for transportation and storage is an important
design parameter to keep the design cost-effective. In more advanced design scenarios,
robot total orientation workspace (TOW) can be specified as a set of range of rotation angles
of the end-effector in a position inside of the bounded workspace Merlet et al. (1998).

Clearly, e.g. for tunneling construction this is not an adequate design approach. Instead,
in more specific robotic manipulator design scenarios, the reachable workspace should
be divided into several bounded subspaces that each have different requirements for the
required range of wrist orientation angles. For example in tunnel drilling task, the drilling
pattern near the center of the tunnel is more dense and requires wide range of orientation
angles to be reached. On the other hand, near the boundaries of the tunnel (walls, ceiling,
and ground) the drilling pattern execution requires lower range of orientation angles to be
reached. Therefore, this design problem consists of well-defined robotic manipulator design
requirements with a large amount of defined task positions to be reached in workspace
position depended range of wrist orientation angles. Due to the complexity of the given
design optimization problem, it is not obvious which robotic topology should be chosen for
this given robotic manipulator design problem.

Current hydraulic manipulator mechanisms for mining machines are a mature
technology, and their kinematics have been developed with a focus on the human operator
maneuvering a hydraulically controlled system without any numerical control input. As
the trend in mining is increased automation, computer control systems are being more and
more widely used, and the requirements for robotic manipulator kinematics are different.
Numeric control enables a different kind of robotic manipulator kinematics, which are not
optimum for direct control by a human operator, because the joint motions related to the
different trajectories are not native for the human mind. Numerically controlled robotic
manipulators can accept kinematics that are more efficient in doing the job expected by the
drilling customer.

New computation methods and computational power enable the use of optimization
methods in manipulator kinematic synthesis. Comprehensive studies have been conducted
on the kinematic synthesis for serial type robotic manipulators, in Singla et al. (2010), Tarek
& Daniel (2003), Barissi & Taghirad (2008), Patel & Sobh (2015b), Sobh & Toundykov
(2004), Vijaykumar et al. (1986), Kucuk & Bingul (2006), Shiakolas et al. (2002), Sun et
al. (2007), Ouezdou et al. (2007). A classic approach to task-based dimensional synthesis
is to create objective function and constraint functions and then sum them to form a cost
function, which can be minimized to find the optimal solution, Singla et al. (2010), Tarek &
Daniel (2003), Barissi & Taghirad (2008). Constraint functions can be weighted to address
the solution in the specified direction. Although previous studies have shown how different
optimization approaches can be used for task-based dimensional synthesis problems, they
are limited to solve only part of the given dimensional synthesis problem. For example,
Patel & Sobh (2015b), Sobh & Toundykov (2004), Vijaykumar et al. (1986) focus on non-
redundant manipulators and some of the works concentrate to optimize serial manipulators
with only three joints Barissi & Taghirad (2008), Sobh & Toundykov (2004), Kucuk &
Bingul (2006). Furthermore, some of the works are restricted to optimize the manipulator
structure based on end-effector position, not with position and orientation Barissi & Taghirad
(2008), Shiakolas et al. (2002). Usually there is no explanation where the task points come
from and the task point are selected for the optimization. In addition, the number of task
points is very often limited to only few points Singla et al. (2010), Patel & Sobh (2015b),
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Figure 1: Simplified synthesis process of a robotic manipulator

Shiakolas et al. (2002). As a result, no comprehensive real-world scale study appears to
exist.

In spite of these previous studies, the use of task-based optimization for an arbitrary
manipulator structure with practical relevance has remained unclear. Hence, additional
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studies of the task-based optimization for an arbitrary manipulator to find the optimal
values for the design parameters, the base frame, and the joint values are needed. This
means that there are several hundreds of parameters in total that need to be optimized.
Therefore, the aim of this paper is to extend the above mentioned works to cover a more
general serial manipulator optimization problem with practical relevance. The proposed
optimization method can handle non-redundant and redundant manipulators. Furthermore,
it can handle both revolute and prismatic joints and n-dimensional task space including
end-effector position and orientation. The proposed method can also handle large number
of task points.

In this paper, we propose an optimization method that takes into account not only the
desired task points but also the practical design constrains for the given task and most
important constraints such as available confined working envelope inside tunnel and joint
ranges. In the generic approach proposed in this paper, due to practical reasons such as
resulting robot design cost-effectiveness, set of robot topologies is limited to serial-type
manipulators with a maximum number of seven actuators. Studied tunnel drilling pattern
consist of multiple task points where several real drill plans are combined into a single set of
task points. This real customer application requires long reach manipulator (10-15 meters)
due to the desired tunnel size. Therefore, manipulator topologies that have at least one
prismatic joint are interesting, however, it is not clear if six joints are better than seven joints.
The proposed method optimizes the set of robot topologies and ranks them according to the
selected performance measure. Our results indicate that this kind of method is effective in
finding the optimal structure and dimensions for the serial type manipulator from the task
specifications based on the selected performance measure.

We have organized the rest of this paper in the following way. In Section 2, the kinematic
synthesis process is described from the task specification perspective. In Section 3, the
manipulator kinematics are derived. In Section 4, the dimensional synthesis method based
on selectively damped least squares is described with optimization constraints and initial
design parameter values. The proposed kinematic synthesis method is applied to the case
study with a discussion of the results in Section 5, and conclusions are presented in Section
6.

2 Kinematic Synthesis

In general, kinematic synthesis can be divided into two separate parts: topology synthesis and
dimensional synthesis. Topology synthesis involves determining the structure of a device,
whereas dimensional synthesis is devoted to determining the dimensions of a device. This
section presents an overview of the complete process flow from the user requirements to
an acceptable mechanical structure with a defined number of links of known lengths and
connected by joints of known types.

The flow of the proposed synthesis process is depicted in Fig. 1. The synthesis process is
started by defining the task that the manipulator structure should be able to fulfill. This step
is preferably performed with the customer to maximize the business benefit the machine
will bring him or her. For example, if the machine must be carefully repositioned before
starting a new work cycle, it may be desirable to reach a certain number of goal points before
repositioning is needed. In general, the task consists of several postures that need to be
reached by the manipulator with an attached tool. In addition to locations and orientations
given with the required degrees of freedom, tasks may include other required attributes, such
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as required force output and structural stiffness. Although the complete task may contain a
large number of points, a subset of the most important or descriptive task points should also
be defined. This subset of goal points will be used during the initial evaluations to speed up
the process.

Once a suitable subset of the task has been defined, the next step is to define all possible
topologies. This is referred to as topology synthesis. Topology in this context means the
number of links and the number, types, and ordering of the joints that connect the links
to each other. To limit the infinite number of topologies imaginable, known restrictions
should be taken into account before or during topology synthesis. For example, it may be
desirable to consider only open chain kinematic structures, as this simplifies the evaluation
considerably. It may also be desirable to limit the number of types of joints that should be
used to reach the desired outcome, the type and axis direction of the first joint, or any other
parameter that would otherwise be free to vary.

Once the list of possible topologies has been defined, it is time to perform a dimensional
synthesis for all topologies using a subset of the task (most important task points that define
the limits of the required reach, as well as some typical operating points). Dimensional
synthesis is used to calculate the required link lengths, given the goal points with respect
to the machine’s base coordinates and the topology of the structure. At this point in the
process, constraints that are common to all topologies should be considered in the synthesis
algorithm. For example, it may be desirable to limit the motion range of all rotational joints
to some value and assign minimum lengths for all links. If environmental entities, such
as obstacles or walls, are to be included in the evaluation, they should be included in the
synthesis algorithm at this stage of the process.

After the first round of dimensional synthesis has been performed, all solutions
(topologies) that were able to reach all of the desired goal points should be organized into
an ordered list for further processing. To this end, the solutions (topology and link lengths)
should be evaluated against predefined criteria in each of the goal points. The list could be
ordered, for example according to a weighted combination of measures of manipulability
and stiffness.

After dimensional synthesis has been performed for all topologies and feasible solutions
(those able to reach all task points) have been evaluated and ranked, the designer should
select a group of the best candidate solutions from the ranked list for further synthesis. The
next steps in the process are to assign dimensional synthesis parameters specific to the given
topologies (e.g., length limits for specific links) and to execute the dimensional synthesis
routine for those topologies by using either the complete task or only the most important
points. An evaluation of the resulting structure should be automatically generated by the
design software used. The designer can then choose to change some of the specific synthesis
parameters and run the evaluation again.

If the current solution cannot adequately fulfill the design criteria, the designer should
move on to evaluate the next best solution. If all of the solutions found in the automatically
ranked list fail to provide feasible structures, the designer can either return to modify the
restrictions for generating the original list of topologies or evaluate the need to revisit
customer requirements based on the results of the synthesis process. Once a structure that
fulfills the design criteria has been found, kinematic synthesis can be considered complete,
and the solution(s) may be subjected to further modeling and design.

This process assumes that the initially generated number of topologies is high, that
the task contains a large number of points, and that the kinematic synthesis algorithm is
resource-intensive. If these assumptions can be relaxed, the complete task may be used at
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all times, and a preliminary round of kinematic synthesis will not be required (re-runs with
different optimization parameters may still be desirable). This somewhat simplified process
is shown in Fig. 1.

3 Manipulator Kinematics

The Denavit-Hartenberg (DH) convention is a well known way to describe the kinematic
and geometric structure of a robotic manipulator. This method defines the relative position
and orientation of two consecutive links. There are two different ways to represent
DH parameters: classic DH parameters Sciavicco & Siciliano (2000) and modified DH
parameters Craig (1989). The difference between these two representations is the location of
the coordinate system attachment to the links and the order of the performed transformations.
In this paper we use the modified DH notation.

Combining the position and the orientation of an end-effector describes a manipulator
posture

x =

[
p
φ

]
, (1)

where p describes the end-effector position andφ its orientation. Now, the relation between
a joint value vector q ∈ Rn and the end-effector posture vector x ∈ Rm is given by

x = f (q) , (2)

where f (·) is a nonlinear direct kinematics function of the manipulator. The geometric
Jacobian matrix J relates the joint velocity vector q̇ to end-effector velocity vector ẋ through
the mapping

ẋ =

[
ṗ

ω

]
= J (q) q̇ (3)

where ṗ andω represent end-effector linear and angular velocities, respectively. This allows
us to solve the inverse kinematics by an inversion of the Jacobian matrix

q̇ = J−1 (q) ẋ. (4)

Equation (4) is valid only for manipulators that have the same number of dom (n) and
number of operational variables necessary to specify a given task (r), i.e., manipulators with
n = r. When the manipulator is redundant, r < n, the Jacobian matrix has more columns
than rows, and an infinite number of solutions exist for Eq. (3). Therefore, a direct Jacobian
matrix inverse cannot be done. If the Jacobian matrix is a non-square matrix, then a suitable
pseudo-inverse can be adopted Sciavicco & Siciliano (2000):

q̇ = J† (q) ẋ, (5)

and the matrix,

J† = JT
(
JJT

)−1
, (6)
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is the right pseudo-inverse of J (q).
The pseudo-inverse method sets the value of q̇ equal to J† (Eq. (5)). This pseudo-inverse

method gives the best possible solution to Eq. (3) in the sense of least squares. Unfortunately,
the pseudo-inverse tends to have stability problems in the neighborhood of singularities. At
a singularity, the Jacobian matrix no longer has a full row rank. If the configuration is close
to a singularity, then the pseudo-inverse method will lead to very large changes in the joint
angles, even for small movements in the target position.

The damped least squares method avoids many of the pseudo-inverse method’s problems
with singularities and can give a numerically stable method of selecting q̇. Rather than just
finding the minimum vector q̇ that gives the best solution, the damped least squares method
finds the value of q̇ that minimizes the quantity

‖Jq̇− ẋ‖+ λ2‖q̇‖2, (7)

where λ is a non-zero damping constant. Now, the damped least squares solution is equal
to

q̇ = JT
(
JJT + λ2I

)−1
ẋ. (8)

The damping constant depends on the details of the multibody and the target positions
and must be chosen carefully to make Eq. (8) numerically stable. If λ = 0, Eq. (8) becomes
identical to Eq. (5), which is ill-conditioned near a singularity. The damping constant should
be large enough so that the solutions for q̇ are well-behaved near singularities, but if it is
too large, then the convergence rate is slow. A number of methods have been proposed for
selecting damping constant dynamically, and these methods are called selectively damped
least squares (SDLS) methods Buss & Kim (2004). The damping constant of SDLS depends
on the current configuration of the manipulator and the relative posture of the end-effector
and the task posture.

Singular value decomposition (SVD) Golub & Kahan (1965) is a useful method for
analyzing the damped least squares method. This method can also be used to select a
damping coefficient for the SDLS method. According to SVD theory, with some matrix
J (m× n) there exist orthogonal matrices U and V of dimensions m× n and n× n,
respectively, so that

J = UDVT , (9)

where D is then× n diagonal matrix formed by the singular values of J, which are arranged
in descending order, i.e., σ1 ≥ σ2 ≥ · · ·σm ≥ 0.

Dampening the pseudo-inverse method is necessary only near a singular region.
Therefore, the damping factor can be defined so that damping is applied only when entering
a singular region. The singular region can be defined based on of the estimate of the smallest
singular value of a Jacobian matrix via SVD. The damping factor can be defined based on
the smallest singular value, as in Chiaverini et al. (1994):

λ2 =

{
0, if σm ≥ ε(

1−
(
σm

ε

)2)
λ2max, if σm < ε,

(10)
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where σm is the smallest singular value of the Jacobian matrix, ε defines the width of the
singular region in which the damping factor gets a non-zero value, andλmax is the maximum
damping factor value.

The pseudo-inverse has a self-motion property that can be used to modify the inverse
kinematics solution. The matrix

(
I− J†J

)
performs a projection onto the null-space of J.

The pseudo-inverse solution in Eq. (5) can be rewritten as Baillieul (1985)

q̇ = J†ẋ +
(
I− J†J

)
q̇0, (11)

where q̇0 is an arbitrary joint-space velocity. The null-space projection ensures that for all
vectors q̇0

J
(
I− J†J

)
q̇0 = 0. (12)

By selecting suitable joint-space velocity, one can force internal motions of the manipulator
and therefore avoid constraints violations.

4 Dimensional Synthesis

Dimensional synthesis use nonlinear Levenberg-Marquardt (LM) method to solve the
sythesis problem. The LM algorithm is an iterative technique that finds a minimum of a
multivariate function. The LM interpolates between the Gauss-Newton method and the
steepest descent gradient method. When considering the direct kinematics equation in
Eq. (2), it can be rewritten in the form where all DH parameters are emphasized. Then,
Eq. (2) becomes

x = f (a,d,α,θ) , (13)

where a = [a1 . . . an]
T
,d = [d1 . . . dn]

T
,α = [α1 . . . αn]

T
, and θ = [θ1 . . . θn]

T are DH
parameters for the whole structure.

Let xd be the posture of the end-effector defined by a task, and let x be the current
posture that can be computed with the DH parameters. The deviation ∆x = xd − x gives
a measure of accuracy at the given posture. On the assumption of small deviations, at the
first approximation, it is possible to derive the relationship

∆x =
∂f

∂a
∆a +

∂f

∂d
∆d +

∂f

∂α
∆α+

∂f

∂θ
∆θ. (14)

The deviation ∆x for the end-effector of the manipulator is created using two
proportional controllers, one for the position and the second for the orientation. The position
controller is described as follows:

ṗ = kv (pd − p) , (15)

where pd is the goal position of the end-effector and kv is the position control coefficient.
In order to devise the deviation for the end-effector orientation, a suitable orientation

error must be defined. The end-effector orientation error depends on the choice of the
orientation description. Direct computation of the orientation error requires the extraction
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of the Euler angles from the end-effector rotation matrix, which suffers from representation
singularities. Therefore, the orientation error is calculated based on unit quaternion
representation. The drawbacks of the Euler parameters can be overcome by the unit
quaternion Sciavicco & Siciliano (2000). Let σd = {ηd, εd} and σ = {η, ε} represent the
quaternions associated with Rd and R, respectively. The orientation error is defined as

eO = ηεd − ηdε− S(εd)ε, (16)

where eO is the orientation error and S(εd) is the skew-symmetric matrix for the εd. The
end-effector’s orientation controller can be described as

ω = kweO, (17)

where kw is the angular velocity control coefficient. Using Eqs. (3), (15), and (17), the
manipulator’s end-effector deviation takes the following form:

∆x =

[
ṗ

ω

]
=

[
kv (pd − p)

kweO

]
. (18)

Equation (14) can be expressed in a more compact form as

∆x = Φ∆ζ, (19)

where

Φ =

[
∂f

∂a

∂f

∂d

∂f

∂α

∂f

∂θ

]
, (20)

and Φ ∈ Rm×4n, and m is the number of operational space variables. The DH parameters
can be grouped into the vector

ζ =
[
aT dT αT θT

]
, (21)

where ζ ∈ R4n×1. Now the parameter variations with respect to the current parameter
values can be expressed as

∆ζ = ζd − ζ, (22)

where ζ denotes the current parameters, and ζd denotes the parameters required by the task.
When the number of task locations is k, it yields the following

∆x̄ =




∆x1

...
∆xk


 =




Φ1

...
Φk


∆ζ = Φ̄∆ζ. (23)

The solution for ∆ζ can be found by using Eq. (8):

∆ζ = Φ̄T
(
Φ̄Φ̄T + λ2I

)−1
∆x̄. (24)

Since this method is an iterative method, the procedure is iterated until the change in
parameter values converges at a given threshold. At each iteration, the pseudo-inverse matrix
is updated with the parameter estimates (ζ = ζ + ∆ζ), as well as the posture errors via
direct kinematics.
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4.1 Design Parameter Constraints

Several design constraints limit the manipulator structure, and these constraints must be
taken into account in the optimization process. One of the most important constraints
is design parameter or DH parameter constraints. In practice, all DH parameters are
bounded within their limits. The reason for the limits can be anything from mechanical
design limitations to cost-reduction issues. Several studies have investigated DH parameter
constraints, for example Klein & Huang (1983), Chan & Dubey (1995). These researchers
used performance criteria to avoid the joint limit. In their work, they proposed a performance
criterion to limit parameter movement outside the parameter’s center position. The
performance criterion gives higher weight to the parameters near their limits and goes to
infinity at the parameter bounds. This performance criterion is not appropriate for our case
because the whole range of each parameter and joint must be freely usable. Therefore, a
dynamic weighting matrices method Schinstock et al. (1994) is used to limit the joint and
parameter values. The weighting matrix remains one within the range of the parameters and
rises rapidly just before the limits. This ensures that almost the whole range of the parameter
range is always usable.

Considering the following reformulation of Eq. (23),

Wx∆x̄ = WxΦ̄WqW
−1
q ∆ζ, (25)

where the weighting matrices are defined by

Wx ≡ diag [wx1
. . . wxm

] , wxi
> 0

Wq ≡ diag [wq1 . . . wqn ] , wqi > 0.
(26)

Solving Eq. (25) using damped least squares results in a solution, given by

∆ζ = WqΦ̄
†
w∆x̄w, (27)

where

∆x̄w ≡Wx∆x̄,

Φ̄†w ≡ Φ̄T
w

(
Φ̄wΦ̄T

w + λ2I
)−1

,

Φ̄w ≡WxΦ̄Wq.

(28)

By choosing the weighting matrices correctly, it is possible to modify the solution of the
damped least squares method. This feature is used to implement the joint and parameter
bounds.

4.2 Workspace Constraints

Other constraints that affect manipulator optimization are workspace constraints. For
example, in the case study, the manipulator is located in an underground tunnel, which means
that there are walls, a floor, and a ceiling around the manipulator. Therefore, it is necessary
to take a workspace limitations into account. The null-space motion concept (Section 3)
is used to avoid manipulator collisions with a workspace. The workspace can be handled
as an external object, and collisions of the manipulator’s internal structure with external
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objects are represented. An artificial potential field (APF) is used to create a repulsive force
between the manipulator and obstacles that pushes the manipulator away from the obstacles.
The APF method as a collision avoidance method is widely used in several studies Khatib
(1985), Warren (1989).

The collision-free path planner is based on Eq. (11) and the approach proposed
by Maciejewski & Klein (1985). The primary goal is to reach the task pose with the
manipulator’s end-effector; the secondary goal is to avoid collisions. In Maciejewski &
Klein (1985), the authors presented a method for avoiding collisions with one obstacle
avoidance point. In the present paper, this approach is extended to cover multiple obstacle
avoidance points. The primary goal is described by Eq. (3) and secondary goals is described
by the equation

JOq̇ = ẋO, (29)

where JO is the obstacle avoidance point Jacobian, and ẋO is the obstacle avoidance point
velocity.

The obstacle avoidance point velocity can be calculated by using the shortest distance
between the manipulator and the workspace limits and by using the artificial potential field
proposed by Khatib (1985):

UO =

{
1
2µ
(

1
ρ − 1

ρO

)
, if ρ ≤ ρO

0, if ρ > ρO,
(30)

where ρO is the limit for the collision avoidance, ρ is the distance between two obstacles,
and µ is a scalar coefficient. Now the ẋO can be formulated with Eq. (30),

ẋO =

{
µ
(

1
ρ − 1

ρO

)
1
ρ2

δρ
δẋO

, if ρ ≤ ρO
0, if ρ > ρO,

(31)

where δρ
δẋO

is the direction of the collision line.
The secondary goal solution for q̇ is used as an arbitrary vector q̇0 to modify the solution

of Eq. (11). By combining Eq. (11) and Eq. (29) with multiple workspace limits avoidance
points, the following solution can be derived:

q̇ = J†ẋ +
(
I− J†J

)
J†OẋO, (32)

where no is the number of workspace limits avoidance points, and J†O is the damped right-
pseudo inverse solution for JO.

4.3 Parameter Update Function

In the previous sections, the optimality criterion and constraints were formulated separately.
In order to optimize a given manipulator structure, the final parameter update function must
be created. This can be done by adding the optimality criterion and different constraints
together. Therefore, combining equations (27) and (32), which is extended to cover whole
problem, the final parameter update function is

∆ζ = WqΦ̄
†
w∆x̄w +

(
I−WqΦ̄

†
wΦ̄w

)
J̃†O

˜̇xO. (33)
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4.4 Initial Joints and Design Parameters Values

Finding a solution to the LM-based optimization method depends in part on the initial values
given. Therefore, it is very important to choose as accurate initial values of the problem
as possible. Poorly selected initial values may mean the problem does not converge and is
therefore placed in the locale minimum where the problem cannot be resolved. This work
uses a method based on random number selection of the initial values. First, we specify a
certain number of design parameter sets, based on beta distribution. Thereafter, the joint
values for each set of parameters are solved with inverse kinematics for each task point.
The parameter set that gets closest to each task point is selected as the initial value.

4.5 Performance Measure

Performance measures are required to describe a behavior of a manipulator. A large number
of different performance measures have been studied since the early days of robotics
Patel & Sobh (2015a). All performance indexes can be categorized based on their scope,
performance characteristic, or application. Which performance measure should be used
to compare manipulators depends on the application. For example, for the optimized
manipulator in this paper, it is not worth using a performance index that measures the
workspace of the manipulator, because the manipulator has been optimized to fulfill a
specific task.

The condition number is a local kinematic conditioning index, which is a measure of
the degree of ill-conditioning of the manipulator or a measure of kinematic isotropy of the
Jacobian Angeles & López-Cajún (1992). The condition number is defined as the ratio of
the maximum and minimum singular values of the Jacobian Salisbury & Craig (1982).

κ =
σmax
σmin

. (34)

The condition number does not have an upper bound, κ ∈ [1,∞]. Therefore, the condition
number’s inverse, known as the local conditioning index (LCI), is more commonly used.
The LCI is bounded, LCI = [0, 1].

LCI =
1

κ
. (35)

When the Jacobian is non-homogeneity due to different units used to represent the link
lengths and joint angles, the condition number does not accurately represent ill-conditioning
of the manipulator’s Jacobian Patel & Sobh (2015a). There are many scaling techniques
that have been used to treat the non-homogeneity of the Jacobian Stocco et al. (1999). In this
paper, the method proposed by Lee et al. (2001) is used to scale the Jacobian matrix. The
scaling method is based on the nominal link (NL) whose length is defined as the distance
from the base frame to tool center point. The scaled form of the Jacobian that is used to
calculate the LCI gets form

J̃A = SJA, (36)

where

S =

[
I 0
0 lNL

]
. (37)
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Local performance indices are performance metrics that depend on the posture of the
manipulator. Therefore, local indices are not usually used to compare the structures of the
manipulators. Instead, global performance indices are posture-independent indices, and
therefore, they can be used to compare the structure and behavior of the manipulators that
perform the same task.

4.5.1 Global Conditioning Index

The global conditioning index (GCI) is based on the condition number, and the LCI can
be extended to the GCI. The GCI proposed by Gosselin & Angeles (1991) calculates the
distribution of the condition number over the entire workspace. Later, Puglisi et al. (2012)
proposed a simpler discrete formulation of the GCI that is used in this paper:

GCI =
1

ntp

ntp∑

i=1

LCI(i), (38)

where ntp are the manipulator workspace nodes or task points. If the GCI approaches one,
the manipulator is said to have, for example, better possibilities of generating output forces
from input torques and Cartesian velocity from joint velocity.

4.5.2 Kinematic Conditioning Index

The kinematic conditioning index (KCI) is another performance measure based on the
condition number proposed by Angeles & López-Cajún (1992). The KCI is defined as:

KCI =
1

κmin
, (39)

where κmin is the minimum condition number. Therefore, the KCI is a global index that
shows the worst performance of the manipulator in the task space. TheKCI ∈ [0, 1], where
1 means that the manipulator is an isotropic manipulator since all the singular values of the
Jacobian are identical. The KCI with zero means that there is at least one singular posture
in the task space.

5 Case Study of Manipulator Design

Current boom mechanisms are out-of-date technology, when talking about mining machine
booms, and their kinematics have been developed with a focus on a human operator
maneuvering a hydraulically controlled system. As the trend is increasing automation, the
requirements for manipulator kinematics are different. Numeric control enables a different
kind of boom kinematics, which were not optimum for direct control by a human operator,
because the joint motions related to the different trajectories are not native to the human
mind. Therefore, it is necessary to design a completely new manipulator for autonomous
control.

It is extremely difficult to optimize the number and type of joints for the manipulator.
Instead of trying to automatically optimize the most suitable topology, we will optimize
several different topologies in terms of link lengths. Thereafter, suitable performance
measures can be used to rank the optimized structures and select the most attractive one.
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Figure 2: A typical mining rig with a drilling manipulator attached (Photo: Sandvik).

Table 1 Different serial manipulator topologies to be optimized. The fixed column states whether
the twist angles are locked or free to change.

Configuration Manipulator Topology Fixed

1 Man1 RRPRRRP Yes

2 Man2 RRPRRRP Yes

3 Man3 RRPRRR Yes

4 Man4 RRPRRR Yes

5 Man5 PRRRRR Yes

6 Man6 RRRRRRR Yes

As a case study, the real-world underground tunneling drilling pattern of holes is used to
find the optimal structure for a manipulator to drill these holes. The objective is to optimize
the manipulator structure by modifying the manipulator link lengths, as well as the position
of the coordinate system of the manipulator base in order to satisfy a number of design
constraints. The drilling pattern consists of 87 task points (ntp) (Fig. 3). The aim should be
to reach all these positions with the correct orientation of the tool. There are six (nr = 6)
operational space variables, three variables for the positions of the drilling holes and three
variables for the orientations of the drilling holes. In general, the drilling operation requires
five nr parameters to accomplish the operation. Drilling tool has a spindle that is axially
symmetric, thus the orientation of the end-effector around this axis is irrelevant for the task
at hand. However, the drilling tool itself is not symmetric around the drilling axis. Therefore,
is some end-effector poses it is necessary to be able to rotate the tool also around the drilling
axis. For example, near tunnel walls it might be necessary for the end-effector to get as
close as possible to the wall to be able to achieve the required drilling pose. Therefore, sin
nr parameters are considered in this case study.
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Figure 3: Final manipulator configurations for each task point

Figure 2 shows one mining rig with a drilling manipulator attached. This manipulator
has seven actuators for tunnel face drilling purposes. The topology of this manipulator is one
of the studied topologies (configuration 2). In this case study, we optimize the manipulator
shown in Fig. 2 together with several other randomly selected topologies and find the most
attractive manipulator structure and dimensions for the case task.

There are six different topologies with tool to be optimized for the drilling task, Table 1
and Fig. 4. In general, it is possible to automate the kinematic synthesis process so that all
possible topologies are generated automatically and then optimized. For this case study,
six topologies were selected randomly to show how the proposed optimization method
works. Each topology has several design parameters (ndp) to be optimized and that can
be changed during optimization. In addition, the manipulator base frame (nbf ) is freely
movable. The optimization task is to find the appropriate values for the design parameters,
the base frame, and the joint values (nfj). This means that there are several hundreds of
(nnp = ndp + nbf + nfj ∗ ntp) parameters (ζo ∈ Rnnp×1) in total to be optimized.

Optimization can be performed in such a way that only the link lengths between the
joints are optimized or so that the twist angle between two joints can change. If the twist
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(a) Manipulator configuration 1 (b) Manipulator configuration 2

(c) Manipulator configuration 3 (d) Manipulator configuration 4

(e) Manipulator configuration 5

Figure 4: Different manipulator configurations with optimized parameters

angles are free to change, it may result in a very complex structure, which is mathematically
optimal but can be difficult to put into practice. In the case of a heavy machine, the joints
are often implemented in hydraulics, which limits the placement of the joints. Therefore,
it is very important to keep in mind whether to allow a change in the twist angle between
two joints or just to allow a change in the link lengths between joints. In the case study,
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Table 2 Manipulator performance indices for optimized structures. - means that there is no
solution for the problem.

Configuration GCI [0..1] KCI [0..1] Mean [0..1]

1 0.1043 0.0744 0.0894

2 0.1158 0.0858 0.1008

3 0.1059 0.0652 0.0856

4 0.1006 0.0840 0.0923

5 0.0741 0.0058 0.0400

6 - - -

Table 3 The optimized DH parameters for the manipulator 1. Joint variables are bolded

frame ai−1 di αi−1 θi

1 a0 0 0 θ1

2 a1 0 π/2 θ2 − π/2
3 0 d3p + d3j −π/2 0

4 0 d4 0 θ4 − π/2
5 0 d5 π/2 θ5 + π/2

6 0 0 −π/2 θ6 − π/2
7 0 d7p + d7j −π/2 0

Table 4 The optimized DH parameters for the manipulator 2. Joint variables are bolded

frame ai−1 di αi−1 θi

1 0 0 0 θ1

2 a1 d2 π/2 θ2 + π/2

3 a2 d3p + d3j π/2 0

4 a3 d4 π/2 θ4 + π/2

5 a4 d5 π/2 θ5 + π/2

6 0 d6 π/2 θ6 + π/2

7 a6 d7 0 0

this paper is focused on optimizing the manipulator in such a way that the twist angles are
locked.

5.1 Results

Figure 4 shows studied manipulators configurations after the optimization process. Joint
value for each joint for all configurations are set to zero. Tables 3 - 7 show the optimized
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Table 5 The optimized DH parameters for the manipulator 3. Joint variables are bolded

frame ai−1 di αi−1 θi

1 0 0 0 θ1

2 a1 0 π/2 θ2 − π/2
3 0 d3p + d3j −π/2 0

4 0 d4 0 θ4 − π/2
5 0 d5 π/2 θ5 + π/2

6 a5 d6 −π/2 θ6 − π/2

Table 6 The optimized DH parameters for the manipulator 4. Joint variables are bolded

frame ai−1 di αi−1 θi

1 0 0 0 θ1

2 a1 0 π/2 θ2 + π/2

3 a2 d3p + d3j π/2 0

4 a3 d4 π/2 θ4 + π/2

5 a4 d5 π/2 θ5 + π/2

6 a5 d6 π/2 θ6 + π/2

Table 7 The optimized DH parameters for the manipulator 5. Joint variables are bolded

frame ai−1 di αi−1 θi

1 0 0 0 θ1 − π/2
2 0 d2 −π/2 0

3 0 d3 0 −π/2
4 a3 d4 0 θ4

5 a4 d5 0 θ5

6 a5 d6 −π/2 θ6 − π/2
7 a6 d7 −π/2 θ7

DH parameters for each configuration. Results are given for five topologies, because
one topology was not able to solve the given task (configuration 6). An example of one
configuration to reach all task points is shown in Fig. 3. Green color indicates that the task
pose is reached. This figure shows also the workspace constraint, which was same for all
configurations. Joint limits for a prismatic joint were di ∈ [0, 3] and for a revolute joint
θi ∈ [−π, π]. Link length limits for a and d parameters were a1 ∈ [−2, 2] and di ∈ [−2, 2].

Table 2 shows the GCI and KCI for all the manipulator configurations that were
optimized. These indices indicate that the best serial manipulator structure for the case
study is alternative 2, in the sense of the GCI and KCI. These performance metrics are
needed to rank the optimized topologies. Five of the six topologies were able to fulfill the
task requirements and thereafter these optimized structures need to be sorted according
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to some metrics. The GCI is an attractive choice for this case study because it describes
manipulator’s possibilities of generating output forces from input torques and Cartesian
velocity from joint velocity. And the KCI describes manipulator’s isotropy.

6 Conclusion

In this paper, a generic method for selecting and optimizing a redundant serial manipulator
structure is presented. The method finds an optimal solution in the sense of the LM for a
constrained optimization problem. The case study shows that the proposed method can be
used as a design tool to find the most attractive structure for a manipulator with specific
constraints.

This method gives a kinematic structure for building the manipulator. Thereafter, the
link arms must be sized with the proper material strengths, and the joints need to find suitable
actuators. If this is not possible for the structure produced by the optimization method, one
have to add such constraints that the link lengths and joint actuators can be implemented
and do the optimization again with proper constraints.

The result shows that the drilling pattern of holes of the case study can be achieved with
many topologies. Which topology is the best depends on the application. In this case, the
global conditioning index and kinematic conditioning index were used to rank the optimized
topologies to find the best manipulator structure. If the application is different from this
case study, different performance measures can be used to rank the manipulators and to find
the best manipulator structure.

In this paper, six topologies were optimized to show how the proposed method can be
used to find the most attractive manipulator structure. However, in general, it is possible
to automate the kinematic synthesis process so that all possible topologies are generated
automatically and then optimized. Then the performance indices are calculated for every
topology, and the topologies are ranked according to the selected performance method. This
procedure ensures that the suitable manipulator structure is found.

The effect of uncertainty in task points for the optimization results will be studied in
the future studies. The proposed optimization method will also be extended to find the best
possible structure for the serial type manipulator from all possible topologies.
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