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Preface

"When will man learn that all races are equally inferior to robots?"
(Bender, Futurama)

"Now this was a superior machine. Ten grand worth of gimmicks
and high-priced special e�ects. The rear windows lit up with a touch
like frogs in a dynamite pond. The dashboard was full of esoteric lights
and dials and meters that I would never understand." (Raoul Duke -
Hunter S. Thompson, Fear and Loathing in Las Vegas)

All you need is good people (and some good health). Of course, a lot of good
people contributed in various ways to this thesis.

Thank you very much to Tomi, Seppo, Antti, and all the others of the de-
partment for your help and advice. Lots of thanks to Stephan, Jason, Eric, Ross,
Misbah, Poornima, Jamshed and all the other Spacemaster students for the good
time and your relentless e�orts to make us get on with it. Stephan has been the
most incredible and helpful source of ideas and motivation. Huge thanks to my
parents, my sister, Eva and all my friends. It has been a pleasure to live, work
and party with you.

This has been the �rst generation for the Spacemaster programme. And it is
great. Thank you to papa Sven Molin, Aarne Halme, Kalevi Hyyppä, Johanna,
Stina, Heidi, Anja, and all the people who made the programme a success.

"Well I wish you'd just tell me rather than try to engage my en-
thusiasm." (Marvin, the Paranoid Android, The Hitchhiker's Guide to
the Galaxy)

Espoo, August 22, 2007

Hannes Filippi
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Robots are designed to help humans. Space robots are of particular importance
as they aid or replace astronauts in di�cult, possibly dangerous extravehicular
activities. However, robot intelligence and autonomy are still limited. There-
fore, robots need to be supervised or directly teleoperated in order to accomplish
complex tasks in diverse environments.

The focus of this thesis is on wireless teleoperation of robotic manipulators.
The literature review introduces the reader to space robotics and other rele-
vant achievements and prospects. State-of-the-art techniques of teleoperation on
Earth as well as in space are examined.

A damped least squares algorithm was developed to solve the inverse kinematics
problem and avoid joint limits, thus enabling continuous teleoperation of simu-
lated robot arms. The motion sensing capabilities of the Wii remote controller
by Nintendo are analyzed with regard to the possible use as teleoperation inter-
face device. Three di�erent robot arms were simulated for this thesis and can be
teleoperated using the Wii remote as input device. The robot arms comprise the
Workpartner arms (TKK), a timber loader crane (Kesla) and the Lynx 6 robot
arm (Lynxmotion). Three modes of teleoperation are implemented to give the
operator a higher degree of control over the arm. The algorithm and the teleop-
eration modes have been demonstrated with the Lynx 6 robot arm and the Wii
remote as input device.
Keywords: Robot Manipulator, Space Robots, Inverse Kinematics,
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Chapter 1

Introduction

Robots are constantly growing in complexity and their use in industry and even
homes is becoming more widespread. Advances in mechatronics have led to highly
sophisticated designs of sensors and actuators making robots more versatile and
humanoid. At the same time, processing power is becoming cheaper. In general,
single task robots like vacuum cleaners do not need human intervention during
operation. Still, one of the major goals of robotics is to realize multipurpose
service robots that can solve several complex tasks while acting within changing
environments like home infrastructure or outdoors. However, despite the e�orts
and achievements of arti�cial intelligence research, robots are still far from being
autonomous enough as to accomplish complicated missions in changing environ-
ments on their own. Robots still have neither creativity nor the ability to think.
Therefore, robots will need to be supervised or directly teleoperated at some point.

The focus of this thesis is on wireless teleoperation of robotic manipulators. Ex-
amples of such manipulators are industrial robots, anthropomorphic robot arms,
cranes, excavators or the space manipulators like the Canadarm on the space shut-
tle. Traditionally, cranes and excavators are operated joint-by-joint and it takes
some degree of experience to accomplish complex tasks with the manipulator. One
of the main ideas that have led to this thesis is that wireless teleoperation of the
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end-e�ector (for example the excavator shovel) could greatly enhance the usability
of these manipulators. Teleoperation of robotic systems in space is of particular
importance in that it aids or replaces astronauts in di�cult, possibly dangerous
extravehicular activities. In space, the control methods for robot arms have to be
extremely stable and reliable. Usually, robotic arms are controlled from within the
space craft or from the ground. Astronauts outside the spacecraft are hampered
by their pressurized space suits. This makes it complicated for them to operate
remote controls. Wireless teleoperation similar to the one presented in this thesis
could be included in a space suit's glove or a remote control that can easily be
handled also when wearing space suit gloves. This could also be a contribution for
planetary surface missions that still require space suits, for example on the moon.

One way to control a jointed manipulator is to command the position and orien-
tation of the end of the arm and then solve the inverse kinematics. The inverse
kinematics model yields the joint angles or angular velocities that are used as di-
rect control signal for the manipulator joint motors. Of course, several ways of
approaching the inverse kinematics problem exist. This thesis presents a weighted
damped least squares method that successfully limits the joint angular velocities
with stable performance even in the vicinity of singularities. In addition, redun-
dancy is used to avoid joint limits by inhibiting self motion of the arm that would
cause the arm to reach its limits. The method is not limited to a special robot
arm; in fact, it can be adapted easily to control other arms with varying numbers
of degrees of freedom as well. Redundant robot arms can also be included. Matlab
is used to control simulated robot arms.

The Wii remote is the controller for the Wii console by Nintendo. It comprises mo-
tion sensing technology with accelerometers and a Bluetooth interface for wireless
game playing. The Wii remote is analyzed with regard to the use as teleoperation
interface device. Eventually, a robot arm could be continuously teleoperated us-
ing the Wii remote as interface device. The algorithm and di�erent teleoperation
modes have been demonstrated with a real robot arm.
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The thesis is organized as follows:

The literature review introduces the reader to space robotics achievements and
prospects. Common approaches to teleoperation on Earth as well as in space are
examined. The various techniques and state-of-the-art technologies are discussed
taking into consideration the various challenges of space missions and applications.

Chapter 1 is an introduction to space robotics including its challenges, achieve-
ments and prospects. In chapter 2 common teleoperation techniques are discussed
and a state-of-the-art review of tracking technologies is given.

Chapter 3 covers considerations about modeling and controlling of robot arms.
The models of three robotic arms are developed according to the modi�ed Denavit-
Hartenberg convention. The manipulator platforms presented in this thesis are the
Workpartner arms (TKK, Helsinki), a loader crane (Kesla), and the Lynx 6 robot
arm (Lynxmotion) for demonstration purposes. These manipulators are modeled
in Matlab and simulations of forward and inverse kinematics have been conducted.
After covering some basic mathematical tools for robot arms control, the weighted
damped least squares method to solve the inverse kinematics problem is presented.

The Wii remote controller by Nintendo and how it was interfaced with Matlab is
discussed in chapter 4. Chapter 5 explains how the teleoperation of simulated as
well as of real robot arms has been realized using the Wii remote as input device.

Finally, the results of the the current work and considerations for future investi-
gation are summarized in chapter 6.

1.1 Introducing Space Robotics

Robotic systems have been used since the beginning of space exploration (Lu-
nakhod, Surveyor, Sojourner). They were in space and on the Moon before hu-
mans could go there, and now robots are preparing for human missions on Mars.
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However, human decision making abilities and cognition are and will remain key
elements to successful missions. E�cient heterogenous teams of human and robot
pioneers are regarded to be of utmost importance for future space missions both
in orbit and on planetary surface (Pedersen et al., 2003).

To have humans travel to space is rather costly. Big e�ort is put into creating life
support systems needed to provide for astronauts within the vehicles or within a
space suit (Bessone and Vennemann, 2004). Robots do not require as complex an
infrastructure to be supported in space. Indeed, a robot could be cheaper to �y to
and in space than a human. Once a robotic system is successfully built and tested,
it can be duplicated easily at reduced costs. The human life on the other hand is
priceless. Robots can be used to take over the most dangerous jobs of astronauts.

Time is money. This applies especially to space �ight. Astronauts need time to be
trained and to recover. Robots are never tired and can be deployed 24 hours a day,
provided there is enough energy. Long term missions to Mars pose a signi�cant
physical and psychological threat to human astronauts while robots can just wait
an inde�nite amount of time for their deployment.

Energy is perhaps the greatest issue of all missions both in space and on Earth.
Life support systems for astronauts have high energy demands, and energy must
be disposable 24 hours a day throughout the entire mission. When a planetary
rover or a satellite run out of energy, they automatically switch to standby mode
and wait until the batteries can be recharged using for example solar panels. The
next time that enough sunlight is available they will recharge the batteries.

Extravehicular activities (EVA) in space or on planetary surface could greatly
bene�t from robotic assistance. Robots can be used in environments that are
dangerous or hazardous to humans. Heavy or repetitive work can be handled by
robots. State-of-the-art robotic hands are already more dexterous than an astro-
naut hampered by pressurized gloves. Furthermore, depending on the pressure
di�erence between the vehicle and the space suit, astronauts must �rst adjust to
the low pressure in a space suit. Usually, some pre-breathe time is required to
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account for decompression (Bessone and Vennemann, 2004). Robotic missions do
not su�er from this inherent delay. A robot can work outside immediately and for
as long as there is energy available.

One of the greatest hazards to humans in space is radiation in the form of either
solar wind, solar particle events or galactic cosmic rays. All space missions have
to cope with the radiation exposure. The magnetic �eld of the Earth protects
the surface against space radiation. The magnetic �eld maintains torus shaped
regions of trapped radiation around Earth, the Van Allen Belts. While being a
vital shield for Earth, the high intensity radiation of the Van Allen Belts also
poses a signi�cant threat to space missions that have to pass through them. The
surfaces of gravitating bodies combined with the lack of a protecting magnetic �eld,
such as Mars and the Moon, also constitute high intensity radiation environments.
Radiation from solar wind, solar particle events or galactic cosmic rays is di�cult
to shield against, and accumulates in human tissue. In order to ensure crew safety
standards, space missions must abide by both a short term limit and long term
limits of radiation acceptable on blood forming organs (Cougnet et al., 2004). The
short term limit is a 30-day limit of radiation an astronaut can be exposed to. The
two long term limits are a 1-year limit and a total career limit. All EVAs contribute
in a cumulative manner toward the career limit. Therefore it is important to
make sensible use of the astronaut's time outside the shielded vehicle. Although
electronic circuits are also a�ected by radiation, it can be better to use a robot
instead of an astronaut for basic EVAs. Remote controlling robots from inside a
vehicle or habitat - while not decreasing the actual workload for the astronauts -
can help to reduce the time of exposure to extravehicular radiation.
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1.2 An Overview of Space Robotics Advancements
and Contributions: Past and Present

This section gives a short overview about past and present space robots and im-
portant contributions from not speci�cally space-oriented �elds.

Rotex, developed by the Deutsches Zentrum für Luft und Raumfahrt (DLR), was
the �rst robotic manipulator in space (Hirzinger et al., 1994). The Rotex exper-
iment was conducted on the Space Shuttle Columbia, and successfully worked in
autonomous modes, teleoperated by astronauts as well as by ground control.

The Shuttle Remote Manipulator System (SRMS) or Canadarm (Canadarm 1) on
the Space Shuttle is a sophisticated robotic arm system that maneuvers payload
from the payload bay of the shuttle to its deployment position and vice versa (Fig-
ure 1.1). Recent developments focus on an additional boom for the Canadarm 1
with instruments to inspect the exterior of the shuttle for damage to the thermal
protection system. This Orbiter Boom Sensor System is a crucial component in
all current missions. The Mobile Servicing System (MSS) (Canadarm 2) deployed
at the International Space Station (ISS) plays an important role in station as-
sembly and maintenance, for example moving equipment and supplies around the
station, supporting astronauts working in space, and servicing instruments and
other payloads attached to the space station (Figure 1.2).

ESA and Dutch Space have developed the European Robotic Arm (ERA) that
will be installed on the Russian segment of the ISS (ESA, 2007). The ERA has
7 degrees of freedom (dof) and will work with the Russian airlock transferring
small payloads directly from inside to outside the ISS and vice versa (Figure 1.3).
Furthermore, the ERA will transport astronauts/cosmonauts working outside the
ISS and help in the automated inspection of the station.

The AERCam Sprint was the �rst free-�ying remote controlled camera in space
(Figure 1.4). It successfully �ew around the Space Shuttle taking pictures. The
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Canadarm 1 on Space Shuttle Inspection with Canadarm 1

Figure 1.1: The Canadarm 1 on the Space Shuttle (Copyright NASA).

Canadarm 2 Canadarm 2 on ISS EVA with Canadarm 2

Figure 1.2: The Mobile Servicing System (MSS) with the Canadarm 2 on the ISS
(Copyright NASA).
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European Robotic Arm EVA with ERA ERA with payload

Figure 1.3: The European Robotic Arm (ERA) to be installed on the ISS (Copy-
right ESA).

challenge was to avoid collisions with the shuttle. The AERCam experiment has
great potential for routine inspections with a mobile camera system.

AERCam Sprint over Space Shuttle AERCam Sprint and Astronaut

Figure 1.4: The AERCam Sprint free �ying camera for teleoperated inspection of
the Space Shuttle (Copyright NASA).

The Engineering Test Satellite nr.7 or ETS-VII satellite is a robotic satellite system
developed by the Japan Aerospace Exploration Agency (JAXA, formerly NASDA).
The ETS-VII chaser satellite includes a robotic arm that was used for in-orbit cap-
ture of a target satellite (Abiko and Yoshida, 2001). Several successful experiments
were made in the nineties involving autonomous rendevouz/docking and remote
control from the ground station (Figure 1.5). The ETS-VII is important in that it
demonstrated for the �rst time the feasibility of in-orbit manipulation for rescue
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and service missions by an un-manned robotic system. The maintenance missions
of the Hubble Space Telescope and the retrieval of the Space Flyer Unit are im-
portant examples of service missions carried out with the Space Shuttle RMS.
However, in these missions the manipulator was manually operated by astronauts
on-board the shuttle. The ETS-VII shows that space robots can be used without
the need for astronauts to operate them.

ETS-VII satellite ETS-VII docking manouvre

Figure 1.5: The Engineering Test Satellite number 7: "ETS-VII" (Copyright
JAXA). The chaser satellite (Hikoboshi) includes a robotic arm that was used
for in-orbit capture of a target satellite (Orihime).

Mars is and will be one of the most important goals of international space missions.
Human missions to Mars are a designated long term goal both of NASA and ESA.
Dozens of spacecraft, including orbiters, landers and rovers, have been sent to Mars
to study the planet's atmosphere, surface, climate and geology. NASA's Mars
Exploration Rovers (MER) Opportunity and Spirit are still ongoing exploration
missions on the surface of Mars (Figure 1.6). As such, they are the �agships of
the colonization of Mars. Communication from Earth with any system on Mars
is rather di�cult, especially because of the inherent communication delay and
windows. The round trip communication delay, due to the speed of light, ranges
from about 6.5 minutes, when Mars is closest to Earth, to 44 minutes when Mars
is furthest away from Earth . Additionally, the communication window between
Mars and Earth varies due to orbital constellations. At superior conjunction, when
Mars is furthest away from Earth with the Sun in the middle, the communication
can be blocked for about two weeks. The two MER rovers incorporate a high
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level of autonomy in order to compensate for the di�culties in communication
and navigate on the Martian surface. Spirit and Opportunity can cover some 100
meter in one day (Maimone et al., 2007). ESA is preparing to launch ExoMars, the
�rst European Mars rover mission (Figure 1.6). ExoMars will further investigate
the Martian geophysical and biological environment and its geochemistry in order
to search for evidence of life, past or present. Robotic systems like MER and
ExoMars have and will continue to have an important part in preparing for a
human mission. Eventually, robots will assist human explorers in space and surface
missions through direct interaction.

MER by NASA Exomars by ESA

Figure 1.6: Robotic Rover Systems for planetary surface exploration of Mars
(Copyright NASA and ESA)

Various humanoid or anthropomorphic robots are being developed with the goal
of eventually aiding astronauts. The basic assumption here is that an anthropo-
morphic robot is more e�cient and �exible in an environment built by and for
humans. In the pursuit of building a versatile service robot capable of sensibly
interacting and helping humans in complex tasks and environments, four major
�elds of interest can be distinguished:

• Robot Autonomy and Intelligence

• Manipulator Systems

• Mobility Systems
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• Man-Machine Interfaces

Despite the advances in arti�cial intelligence, robot autonomy is still quite limited.
Only in combination with human supervision and temporary teleoperation is it
possible to tap the full potential of robotics. The �eld of man-machine interfaces
is a driving factor in the development of robotic systems for helping humans on
Earth or in space. Teleoperation principles and technologies are covered in the
following chapter 2.

A lot of e�ort is put into the research and development of systems for dexterous
manipulation of objects or tools in a way similar to human arms and hands. The
human arm has 7 degrees of freedom while the human hand is a virtually unlimited
system and continues to amaze by what it is capable of.

Robonaut is NASA's approach to dexterous humanoid space robots which was de-
veloped together with the Defense Advanced Research Projects Agency (DARPA)
(Diftler et al., 2005). The Robonaut is the �rst humanoid robot speci�cally de-
signed for space missions (Figure 1.7). The system basically comprises a human-
sized torso with a head, two 5 dof arms, and �ve-�ngered hands with 14 dof each.
Since astronauts generally keep their legs �xed in a foot restraint during in-orbit
EVAs, the Robonaut system incorporates only one leg with a "stinger", providing
for deployment of the system on mobile platforms or space station outside inter-
faces. For mobility, the Robonaut would be placed on a wheeled platform. This
centauroid system is being investigated with regard to its usefulness for martian
surface missions.

The Institut für Robotik und Mechatronik at Deutsches Zentrum für Luft und
Raumfahrt (DLR) presented Justin at the AUTOMATICA 2006 in Munich, Ger-
many (Ott et al., 2006). Justin is a humanoid upper body system based on
the DLR-Lightweight-Robot-III and the DLR-Hand-II (Butterfass et al., 2001;
Hirzinger et al., 2002) (Figure 1.8). The DLR-Lightweight-Robot-III is a 7 dof
manipulator arm with torque sensors providing for torque and impedance control.
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Robonaut by NASA Robonaut joints

Centauroid concept Helping astronauts

Figure 1.7: The Robonaut by NASA (Copyright NASA).

Each arm weighs 14 kg and can carry a payload of up to 15 kg. The DLR-Hand-II
has a total of 13 dof distributed over 4 �ngers with 3 dof per �nger and 4 four
for the thumb. The manipulators are �xed on a 3 dof movable torso with an ar-
ticulated visual system in the head. Although not speci�cally designed for space
applications, the Justin system incorporates the state-of-the-art in manipulator
and control systems.

The EUROBOT, developed by ESA, is a service robot for the International Space
Station (Figure 1.9). It comprises 3 arms with 7 dof each. It is designed to carry
out various tasks on the outside of the station while being controlled or teleoperated
by an astronaut from within the station. Thus, many dangerous EVAs could be
avoided. The EUROBOT can attach itself to the handrails or handle tools in a way
similar to an astronaut. The mechanical design of the EUROBOT is optimized
for an environment built for humans. However, the EUROBOT could prove to be
more dexterous than an astronaut in a pressurized space suit.
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JUSTIN by DLR JUSTIN simulation

DLR-LWR-III DLR-Hand-II

Figure 1.8: JUSTIN by DLR featuring the DLR-Lightweight-Robot-III arm (Copy-
right DLR).

EUROBOT by ESA EUROBOT Animation

Figure 1.9: The EUROBOT developed by ESA (Copyright ESA).
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As mentioned above, another focus of current development is on mobility systems.
Wheels are well understood and easy to control. However, wheeled systems suf-
fer from limited mobility in complex environments such as impassable terrain or
stairs. Therefore, di�erent locomotion systems are investigated in order to yield
more robust mobility. The human gait is especially di�cult to implement. How-
ever, robotic systems are more and more inspired by what can be found in nature
and biology. Natural selection is a powerful method for distinguishing e�cient me-
chanical systems and approaches to how hazardous environments can be tackled.

ASIMO created by Honda Motor Company is a humanoid robot that mimics
the human gait (Figure 1.10). With a height of 130 cm and a weight of 54 kg,
ASIMO is capable of climbing stairs autonomously and running at up to 6km/h.
The achievements of the ASIMO research are important insofar as complex biped
locomotion has been realized with a robot. This is the �rst step towards human-
like robot mobility in di�cult and diverse environments.

ASIMO by Honda ASIMO running

Figure 1.10: ASIMO by Honda (Copyright Honda).

Workpartner is a centauroid service robot developed at the Department of Au-
tomation and Systems Technology of Helsinki University of Technology (Suomela
and Halme, 2004). The Workpartner's locomotion system comprises 4 wheeled legs
with 3 dof each (Figure 1.11). The combination of wheels and legs provides for
rolking, a combination of rolling and walking. This enables Workpartner to climb
stairs or move in deep snow. Hence, the Workpartner is an example of a wheeled
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robotic system with a high degree of mobility in various di�cult environments
which is not possible using only wheeled traction. The humanoid torso is movable
in 2 dof and includes two 5 dof arms for manipulation.

Workpartner by TKK Workpartner climbing stairs

Figure 1.11: The Workpartner developed at the Department of Automation and
Systems Technology of Helsinki University of Technology - TKK (Copyright TKK).

1.3 An Outlook of Space Robotics

Robots have successfully demonstrated their functionality and e�ectiveness in
space. Robotic missions are and will go on preparing for an eventual human
mission to Mars. Robotic arms are key elements of the ISS and the Space Shuttle.
In future, robots will do even more to aid the space business and research (Peder-
sen et al., 2003). The following is a short list of concepts of how robotic help in
space can be envisaged in the near future.

In-Space Assembly: The mechanical dexterity of robots is approaching or ex-
ceeding that of humans hampered by a space suit. Robotic systems similar
to the Mobile Servicing System of the ISS could provide help for in-space
assembly of complicated structures like space station segments.

In-Space Inspection: The AERCam Sprint experiment showed that it is pos-
sible to have robots inspect exterior surfaces and structures of the ISS, the
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Space Shuttle, or even satellites. This would provide invaluable help for
standard and safety checks.

In-Space Maintenance: Changing out components and �x surface defects could
be achieved by dexterous robots inspired by the Rotex and ETS-VII experi-
ments

Astronaut Assistance: Astronauts performing Extravehicular Activities could
bene�t from robotic help both in space and on planetary surface. The tasks
can comprise carrying and handing over tools or samples, deploying solar
panels and instruments, assisting in building or repair of structural and tech-
nical components.

Surface Mobility: Safe and e�ective navigation is essential to astronauts on a
planetary surface. Robotic rovers can help to achieve longer durations and
distances, greater science return and reduced operation e�ort.

Surface Exploration and Investigation: Due to the hazardous environment
on Mars or the moon, robotic systems should be extensively used to accom-
plish exploration tasks on their own. This would enable astronauts to focus
on the scienti�cally important missions and sites.

One promising approach to arti�cial intelligence is SWARM intelligence. The basic
idea is to follow the example of ant colonies or �ocks of birds, and use the charac-
teristics of collective systems for tackling problems that would be di�cult or even
impossible to solve with single isolated entities. Collective and self-organized sys-
tems composed of simple robots can achieve complex goals through collaboration.
The interaction and therefore the communication between the system members is
the crucial characteristic of such multi-robot colonies. Whereas the development
cost for any complex robotic system is rather high, simple and therefore more
convenient robots can easily be produced on a large scale. Moreover, such an ap-
proach has a high degree of redundancy since single robots can be lost without
jeopardizing the whole mission.
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Hopping Microbot Microbot Mission Concept

Figure 1.12: Hopping Microbots for planetary surface exploration (Copyright
NASA).

One example of a collective system approach to space robotics is investigating small
spherical mobile "microbots" for planetary surface exploration (Dubowsky et al.,
2005). Those microbots would be deployed on the surface at large numbers and
move hopping, rolling, or bouncing (Figure 1.12). The communication between
the robots is handled by high frequency radio. By relaying information back to
a central unit, microbots could even build communication networks into caves or
natural tunnels by creating a "trail of breadcrumbs". Thus, the microbots could
explore vast areas at the same time and in terrain which is inaccessible to today's
rovers. Possible sensors for the microbots could include cameras, microscopes,
mass spectrometers, pressure-, temperature- and UV- sensors as well as inertial
mobility units (IMU) for position estimation.

Intelligent and autonomous robots will relieve astronauts and ground controllers of
a substantial part of the work load. Safety considerations will be needed to de�ne
the level of physical interaction with humans. However, humans are still expected
to be in the control loop. The dexterous and mobile capabilities of robots are
likely to be realized only if controlled by a human operator. Supervision, guidance
and direct teleoperation for more complex tasks will be required to fully exploit
the potential of robotic help in space as well as on Earth.



Chapter 2

Teleoperation and Human-Robot
Interfaces

This chapter introduces the reader to the di�erent issues in and approaches to the
teleoperation of robots. Section 2.1 covers some terminology and discusses consid-
erations about usability. Section 2.2 describes the di�erent Interface devices used
for teleoperation. Section 2.3 reviews the state-of-the-art in tracking technologies.

2.1 Teleoperation and Human Machine Interfaces

The term teleoperation refers to operation of a vehicle or a system over a distance
(Fong and Thorpe, 2001). The operator is the (human) controlling entity, whereas
the teleoperator refers to the system or robot being controlled. Traditional liter-
ature (Sheridan, 1992) divides teleoperation into two �elds: direct teleoperation,
with the operator closing all control loops, and supervisory control, if the teleop-
erator (a robot) exhibits some degree of control itself.

"Telepresence means that the operator receives su�cient information about the
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teleoperator and the task environment, displayed in a su�ciently natural way, that
the operator feels physically present at the remote site" - (Sheridan, 1992). The
feeling of presence plays a crucial role in teleoperation. The more the operator feels
physically present and aware of the environment, the better he can accomplish a
task. For example, when grasping a remote object with a robot arm the operator
has to actually see the object and its orientation with respect to the environment
and the robot arm. Displaying this visual information for the operator yields a
feeling of presence at the remote site. Generally, there are three variables that can
create the feeling of presence:

Extent of sensory information: Sensory information is the information we get
through our sensory receptors like eyes, and ears. The more sensory infor-
mation, the better the feeling of presence.

Control of sensors and their relation to the environment: For example, con-
trolling the camera can improve the feeling of presence.

Ability to modify the environment: If the operator is able to open doors or
grasp objects, he will feel more presence.

The feeling of presence is very subjective and task dependent. However, experi-
ments (Suomela, 2004) suggest that the "amount" of presence does not necessarily
improve the performance of a task in all cases. In addition, the stronger the feeling
of presence the more data has to be transferred and processed.

The main bottlenecks in robotics research nowadays are robot "intelligence" and
the human-robot interface (Suomela, 2004). The focus of this work is on the latter.

TheHuman-Robot Interface or more general theMan-Machine Interface is, metaphor-
ically speaking, the steering wheel with which the user can control or teleoperate a
system. Examples of these systems might be robot arms, booms, space humanoids,
or industrial mining machines.



2.1 Teleoperation and Human Machine Interfaces 20

In general, 3 types of interfaces can be distinguished according to (Suomela, 2004),
(Fong and Thorpe, 2001):

Command and dialogue interfaces are always needed for a robot. The sim-
plest commanding interface is an on/o� button. Other examples are: Graph-
ical user interfaces (GUI) and natural interfaces like speech, gestures or emo-
tional expressions.

Direct control interfaces are used in the closed loop teleoperation of a robot or
manipulator. Traditional examples are joysticks, driving wheels, mechanical
trackers (Datagloves).

Spatial information interfaces for environment perception and awareness of
the operator (e.g. cameras). Additionally, these interfaces reconcile human
notions of positions in 3D and the digital representation of maps whithin the
robot (map interfaces).

This thesis will be mainly concerned with direct teleoperation issues in which the
user is a constant part of the real-time control loop. Hence we will deal with direct
control interfaces.

Robots are designed to help or entertain humans, not vice versa. Whenever human
e�ort is needed it has to be in a sensible relation to the task given, taking usability
factors into consideration. Otherwise, there is simply no point in using any robot
except for dedicated a�cionados.

The term usability is o�cially de�ned in ISO 9241-11 as the extent to which a
product can be used by speci�ed users to achieve speci�ed goals with e�ectiveness,
e�ciency and satisfaction in a speci�ed context of use. A more perspicuous de-
scription of usability as usefulness is the following:

• Learnability (e.g. intuitive navigation)
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• E�ciency of use

• Memorability

• Few and non-catastrophic errors

• Subjective satisfaction

(Jakob Nielsen, 1993)

By sensible interaction between the robot and its user the usability of the robot
can be greatly enhanced. However, the considerations of usability also apply to
the design of teleoperation interfaces.

2.2 Interface Devices for Robotic Manipulators and
Virtual Reality

This section aims to give an overview of Interface Devices that have been used to
control robotic manipulators especially in space applications. There are generally
three methods by which teleoperation can be achieved:

Incremental Pointing Methods: The robot arm can be controlled incremen-
tally in 3D similar to moving the cursor on a computer screen with a mouse in
2D. The absolute position of the control device is disregarded. For example,
cranes are usually controlled join-by-joint using joysticks.

Mapping Methods The position and orientation in 3D space of the interface
device is mapped to the robot arm or a virtual model. Haptic interfaces for
anthropomorphic robot arms use this method since the motions of the user
intuitively match with the movements of the robot.
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Pattern Recognition Methods Motion patterns are sensed and a set of similar
motions by the operator will trigger the same preprogrammed movements in
the robot or the simulation. For example, this method is used to control
computer game characters with the Wii remote control by Nintendo

Additionally, teleoperation devices can control either:

1. all the joints of a robot separately, or

2. the position and the orientation of the end of the robot arm.

This distinction applies to all three methods listed before. For example, an ex-
oskeleton measures the angles of all the joints of the user and applies this infor-
mation directly to the robot joint actuators. On the other hand, a haptic force
feedback glove, measures only the motion of the hand of the operator while the an-
gles of the respective robot arm joints have to be calculated with inverse kinematics
using a mathematical model of the robot.

The basic method to control cranes, booms, or industrial manipulators is via direct
joint-by-joint control where every joint is controlled separately with a joystick. No
control architecture or software are required. However, this method of control is
not intuitive and it is rather complicated for robot arms with many degrees of
freedom (dof). When programming the task for an industrial manipulator, the
initial and end position, as well as possible intermediate states, of the manipulator
are the input for trajectory calculation. Once the movements are "learnt", the
manipulator is capable of working without control architecture. However, this
method only permits repetitive tasks in a prede�ned factory environment.

The position and orientation of the end e�ector, or the end of the robot arm can
be used to continuously guide the manipulator arm. This requires a kinematic
model of the manipulator. Especially in virtual reality applications 3 dof and 6
dof input devices are used to incrementally control the position and orientation of
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an object in 3D cartesian space. Here, 6dof refers to motion in three dimensional
space, namely translation and rotation. Translation in three mutually orthogonal
axes or simply moving forward/backward, up/down, and left/right takes 3 dof.
The other 3 dof belong to the orientation of an object in 3D space. Orientation
can be described as the outcome of rotations about three mutually orthogonal axes
called yaw, pitch, roll; see �gure 2.1. In aeronautics, the orientation of an aircraft
is referred to as attitude. Figure 2.2 shows how yaw, pitch and roll are de�ned for
an aircraft.

Left/Right Forward/Backward Up/Down

Pitch Yaw Roll

Figure 2.1: 6 dof Mouse: Six degrees of freedom as translation in 3D (for-
ward/backward, up/down, left/right) combined with rotation about three mu-
tually orthogonal axes (yaw, pitch,roll).

In the 1990s, the Control Ball developed by DLR was a key element of the �rst
remotely controlled robot arm in space, ROTEX (Hirzinger et al., 1994). The
Control Ball was used for teleoperation of the robot arm by the astronauts on
the space shuttle Columbia as well as from ground (on-line and o�-line) using
"predictive" stereographics for the compensation of overall signal delays of several
seconds. Basically, the measuring system of the Control Ball consists of a ring
with LEDs, slits, and linear position sensitive detectors (PSD). This slit / LED
combination is mobile with respect to the remaining system. The ring with PSD's
is �xed inside an outer part and connected via springs with the LED-slit-basis. The
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Figure 2.2: Attitudes are speci�ed using values for Pitch, Yaw, and Roll. These
represent a rotation of the shuttle about the Y, Z, and X axes, respectively, to the
desired orientation.

springs bring the inner part back to a neutral position when no forces / torque are
exerted. The Control Ball's opto-electronic 6-component measuring system has
been further improved resulting in the European Space Mouse, called Magellan in
the US. Today, such 6 dof input devices like the Space Navigator by 3Dconnexion
are commercially available for personal use with 3D programs like Google Earth
or CAD applications (3dConnexcion, 2007) (Figure 2.3). As another example, the
Kuka control panel for motion control and programming of industrial manipulators
employs a 6dof mouse (Kuka, 2007).

Space Navigator Kuka Robot Control Panel

Figure 2.3: The Space Navigator by 3Dconnexion is the successor of the Control
Ball 6D mouse developed by DLR for space robotics experiments. Controllers for
industrial robots like the Kuka Control Panel feature similar 6D input devices
(Copyright 3DConnection and Kuka).
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With incremental pointing devices, e.g. a mouse, it is not possible to specify ab-
solute 3D information in space. Position or motion tracking devices continuously
measure the position and orientation of the user's arm, head or the whole body.
Motion Tracking devices combined with Force Feedback techniques are referred
to as haptic interface devices. Haptics is the science of applying touch or tactile
sensation and control to interaction with computer applications. As such, haptics
has an inherently bidirectional nature. The user can give commands and receive
information at the same time. Haptic interfaces enable immediate human-machine
communication and the user can feel the virtual or remote environment. Appli-
cations of such motion tracking and haptic devices include computer animation,
medical imaging and simulation, virtual reality simulation like �ight training, and
gaming (Figure 2.4).

Robots and robotic manipulators can be teleoperated using Motion Tracking or
Haptic Interfaces. For anthropomorphic robots the teleoperation is quite intuitive
and easy to learn. NASA's Robonaut is teleoperated with a haptic interface that
employs magnetic tracking sensors (Diftler et al., 2005; Bluethmann et al., 2003);
see �gure 2.5. The Workpartner developed at TKK is teleoperated using a "Torso
Controller" with mechanical tracking (Suomela and Halme, 2004); see �gure 2.6.

ESA has developed an exoskeleton for in-space force-feedback teleoperation of
redundant anthropomorphic robotic arms (Schiele, 2001), see �gure 2.7. With
the exoskeleton all joint angles of the operator's hand are directly measured and
mapped to an anthropomorphic robot arm. This is an intuitive way for teleoper-
ating a robot and also provides for the implementation of force-feedback by the
mechanical structure. The exoskeleton is used for example to teleoperate the EU-
ROBOT, a space robot with 3 arms for in-orbit services, also developed at ESA.
Teleoperating the EUROBOT from inside a space station can help reduce the risk
of EVAs for astronauts, and save time. Moreover, the astronaut can achieve more
dexterous manipulation by teleoperating a robot like the EUROBOT from inside
than by actually doing the work himself while hampered by the pressurized space
suit.



2.2 Interface Devices for Robotic Manipulators and Virtual Reality 26

Figure 2.4: Haptic Interface for hands by Immersion (Copyright Immersion).

Figure 2.5: Robonaut by NASA/DARPA: the teleoperation equipment includes
Helmet Mounted Displays (HMD), force and tactile feedback gloves and magnetic
based position and orientation trackers (Copyright NASA).
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Workpartner Torso Controller

Figure 2.6: Workpartner developed by the Automation Technology Laboratory at
Helsinki University of Technology. The Torso Controller for teleoperation employs
mechanical position tracking and inclination sensors (Copyright TKK).

Figure 2.7: The ESA Exoskeleton (Copyright ESA).
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Non-anthropomorphic manipulators are teleoperated with a less intuitive Man-
Machine Interface. The European Robotic Arm (ERA) to be attached to the Rus-
sian segment of the International Space Station (ISS) can be controlled from both
inside as well as outside the space station. Control from the inside uses a notebook
showing a model of the ERA and its surroundings. Control from outside the space
station uses a specially designed interface, the Extra Vehicular Activity-Man Ma-
chine Interface (EVA-MMI), that can be used by astronauts while in a spacesuit
(ESA, 2007); see �gure 2.8.

The Mobile Servicing System (MSS) is Canada's contribution to the ISS. It in-
cludes the Space Station Remote Manipulator System, i.e. a robot arm, which is
teleoperated originally by an astronaut at the robotics workstation inside the ISS.
However, in order to reduce crew work load the manipulator should be teleoper-
ated also from the ground station. The Modular Architecture for Robot Control
(MARCO) developed by DLR has already been used as to teleoperate the robot
manipulator on the Japanese ETS-VII satellite (Hirzinger et al., 2004). Current
studies investigate the communication structures needed for using the MARCO
system onboard the ISS.

Pattern recognition methods are used, amongst others, for game playing. The
Wii remote by Nintendo is the primary controller for the Wii gaming console.
It includes motion sensing devices and a Bluetooth interface for wireless commu-
nication. Game characters are controlled by sensing the motions of the player's
hand. Various patterns of motions can be distinguished and trigger a set of pre-
programmed reactions in the game characters. Only a limited number of pre-
programmed movements can be triggered thus lowering the degree of control the
operator has over the virtual world. However, this method forces the algorithm to
wait until the movement is executed and only after that the measured data can be
matched with a pattern that eventually triggers certain movements in the virtual
character.
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Training Teleoperation at ESA EVA-MMI for ERA

Figure 2.8: The European Robotic Arm is to be deployed in the assembly and
servicing of the Russian segment of the International Space Station. It can be
teleoperated from within the space station with a computer or from the outside
by an astronaut using the Extra Vehicular Activity-Man Machine Interface (EVA-
MMI) (Copyright ESA).

2.2.1 Some Comments on Teleoperation in Space

Teleoperation in space has to address some speci�c challenges. The most important
ones being communication delays and windows, and low bandwidth. Tracking
Telemetry and Command (TTC) engineers have to address these problems in the
mission design phase.

The communication between ground control and systems in space su�ers from an
inherent delay. For instance, Mars missions have to cope with communication
round trip delays of 7 minutes and up to 40 minutes, according to the relative
distance between Earth and Mars. As a consequence, the systems deployed on
Mars need to have a high level of autonomy in order to be used e�ciently. For
example, the Mars Exploration Rovers Spirit and Opportunity are able to cover
some 100 meter in one day using only high level commands like "go to way-point"
and others sent to them from Earth (Maimone et al., 2007). Teleoperation can
be hampered by a delay of several seconds even in Earth orbit. The concept of
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haptics requires instant force feedback. Predictive models can implement force
feedback by simulation. This can help the ground operator control the orbiting
system, like in some experiments involving the ETS-VII satellite (Yoon et al.,
2001). Such predictive models exist or are investigated for teleoperation of remote
systems in-orbit or even on the moon.

Furthermore, communication windows limit the possibilities to establish a commu-
nication link in the �rst place. Mission design has to account for these di�culties
from the very beginning of any project. The communication links generally have
a low bandwidth. It is crucial to �nd a sensible balance between the amount
of data that has to be sent and the remote system complexity (Weight, energy
consumption, computation time).

2.3 State-Of-The-Art of Tracking Technologies

This section describes di�erent sensor techniques and gives some examples of the
state-of-the-art motion tracking systems. Many man-machine interface devices
employ some sort of Motion or Position Tracking technology to locate and con-
tinuously track the operator. This information is then mapped to the robot or
a virtual reality model. For example, data gloves measure the hand movements
of the user and can be used to control virtual hands in virtual reality situations
or humanoid robots like the Robonaut. In computer graphics motion tracking
techniques are used to animate movie characters like "Gollum" in The Lord Of
The Rings. Moreover, tracking devices are employed in �elds like surveillance or
search-and-rescue missions. The Global Positioning System (GPS) is probably the
most widely investigated location-sensing system.

Tracking systems can be divided into 3 classes:

Inside-in: Sensors and sources are both on the body (e.g. Data Gloves with �ex
sensors).
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Inside-out: Sensors on the body sense arti�cial external sources (e.g. coil moving
in an externally generated electromagnetic �eld) or natural sources (mechan-
ical head tracker using a wall as a reference).

Outside-in: An external sensor senses arti�cial sources or markers on the body
(e.g. video camera based system that tracks the pupil and cornea).

Today, a wide range of motion tracking systems is commercially available. In the
following, the systems are organized with respect to the used sensor techniques.

2.3.1 Mechanical Devices

mechanical motion tracking techniques are frequently used as �ex sensors in Data
Gloves for virtual reality applications. These �ex sensors are basically poten-
tiometers that change their resistance when they are bent. Another possible use
of potentiometers is the measurement of distances rather than angles.

Mechanical systems are easy to use, robust and accurate. The position measure-
ment can be absolute, not only incremental. However, mechanical systems su�er
from physical limitations. For instance, wires attached to a �xed base and the
body that is to be measured can limit the mobility.

The torso controller for the Workpartner in �gure 2.6 is a mechanical upper
body motion tracking system for the anthropomorphic Workpartner robot at TKK
(Suomela and Halme, 2004, 2003). The controller features gimballed wire poten-
tiometers for arm position measurement (Kivi, 2004). However, the torso controller
also employs other techniques such as inertial sensors for body angle measurement.
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2.3.2 Acoustic Devices

Basically, a source emits sound waves that are sensed by a set of microphones.
The distance between the source and the microphone can be calculated by mea-
suring the time-of-�ight if the constant sound velocity of the medium ,usually air,
is known. Acoustic trackers use high-frequency sound (ultrasonic frequencies) to
determine the position of a source within the work area by triangulation. These
systems rely on line-of-sight between the source and the microphones; they suf-
fer from occlusion. Ultrasonic devices can also su�er from acoustic re�ections
if surrounded by hard walls or other acoustically re�ective surfaces. The great
range of motions that human beings are capable of makes it di�cult to place
source/microphone pairs such that there is always a clear line of sight between the
two. Due to the lack of a transporting medium like air, acoustic devices can not
be used in the vacuum of free interplanetary space.

Submarines use SONAR, SOound and NAvigation Ranging, to determine position
as well as for communication. The IS-900 by Intersense (Intersense, 2007) is a
commercial tracking system that uses acoustic time of �ight measurement along
with inertia tracking techniques. For example, the Minitrax Wireless Wand is a
6D input device and a part of the IS900.

There exist approaches to minimize the occlusion problem such as those imple-
mented in Whisper (Vallidis, 2002). This acoustic tracking system uses a wide
bandwidth sound signal to take advantage of low frequency sound's ability to
di�ract around objects. Kalman �lter and Spread Spectrum techniques, such as
Code Division Multiple Access, are used to track multiple targets and improve the
system performance.
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2.3.3 Magnetic Devices

The sensing principle of magnetic devices involves distributed sensor coils and at
least one source element radiating a (pulsed) magnetic �eld. The sensor coils mea-
sure the signal strength with respect to 3 perpendicular axes. Thus the position
of the target can be calculated relative to the source. This technology does not
su�er from occlusion since magnetic �elds can to some degree penetrate matter.
However, the signal strength degrades with the signal passing through objects. Ad-
ditionally, the measurement can be inhibited by the presence of metallic objects or
other magnetic �elds as from cell phones, computers and other electronic devices.
Magnetic tracking systems can be very accurate and have a high update rates.
Multiple targets can be sensed and if the sensor coils are passive, the sensors are
simple and cheap. Passive sensors need a wire to be connected to the processing
unit, whereas active sensors can also be wireless.

Several magnetic tracking systems are commercially available, for exampleMotion-
Star or Flock of Birds by Ascension (Ascension, 2007b) and Liberty by Polhemus
(Polhemus, 2007). Typical applications of those tracking systems include character
animation for movies or computer games, biomechanical analysis, and rehabilita-
tion medicine. The 6D Mouse by Ascension is a magnetic 6 dof input device for
virtual reality applications, and it allows to control both the position and the
orientation of an object simultaneously (Ascension, 2007a).

2.3.4 Vision-Based: Optical, Infrared (IR), and Laser

Optical systems use several CCD video cameras and active or passive markers
which are attached to an object whose motion is being recorded. The pattern
of the markers is recorded initially for calibration. The system can also be built
vice versa with the cameras being located on the object and tracking external
light sources that are �xed for instance to the ceiling of a room. With lasers, the
distance between the camera and the object can be calculated by measuring the
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time-of-�ight. Triangulation techniques are then used to calculate the position of
the object to track. Alternatively, stereo vision with two cameras can be used to
determine the position. Those systems require a constant line-of-sight between the
sensors and the sources. Additional light sources with infrared parts like strong
day light might inhibit the performance of an optical system working with visible
of infrared light.

HiBall-3100 Tracker is an example of infrared tracking systems. It is composed
of a hand-held sensor and a set of beacon arrays to be mounted on the ceiling
(3rdTech, 2007). The infrared LEDs in the beacon arrays are individually ad-
dressable. The optical sensor is composed of 6 lenses and photodiodes arranged so
that each photodiode can see the LEDs through several of the 6 lenses allowing to
measure both position and orientation. The Precision Position Tracker by World-
Viz (WorldViz, 2007) is another IR based tracking system but in this case, simple
IR LEDs are �xed on the object to track. Two to four CCD cameras are deployed
in the surroundings to record the IR signal. Triangulation yields the position of
the object as long as at least two cameras are in the line-of-sight of the IR marker.
Ascension o�ers a laser based tracking system (LaserBird). Rasmussen et al. intro-
duced a camera-based tracking system employing passive retrore�ective markers
for tracking of a user's head and hand in a virtual environment (Rasmussen et al.,
2006).

2.3.5 Radio Frequency (RF)

The NAVSTAR GPS (NAVigation Satellite Timing And Ranging Global Posi-
tioning System) is arguably the most famous tracking system. It is based on radio
frequency signals and a �eet of at least 24 satellites equally distributed among
six di�erent circular orbits around the Earth for global coverage. The orbits are
arranged so that at least six satellites are always within line-of-sight from almost
anywhere on Earth. A GPS receiver calculates the position of, and the distance to,
at least four satellites at a time using time-of-�ight measurements. The receiver
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then determines its own absolute position with trilateration. The GPS system is
well studied and a lot of information is publicly available. It is only noted as an
example of tracking technologies in the context of this work.

An indoors radio frequency position tracking system for a virtual environment
was proposed similar to the GPS system (Bible et al., 1995). By utilizing spread-
spectrum communication technology methods like code division multiple access
(CDMA) multiple objects can be tracked. Basically, the system would involve four
transmitters and multiple receivers placed on the object or people to be tracked.
The proposed idea could yield a high precision while not su�ering from occlusion
by the user himself.

2.3.6 Inertial Devices

Inertia is the property of an object to remain constant in velocity unless a force
is applied from outside (Newton's �rst law of motion). This fundamental prop-
erty is used in gyroscopes and accelerometers to determine angular rate and linear
force, respectively. There is a wide range of di�erent sensor techniques and ap-
plications (N. Barbour, 2001). A sensor, consisting of a three axial accelerometer
and a three axial gyroscope, all approximately mounted in one point is called an
Inertial Measurement Unit (IMU). An IMU measures 3D angular velocity and 3D
acceleration (including gravity) with respect to the sensor housing. IMUs are used
for Dead Reckoning systems. Dead reckoning is the process of estimating one's
current position only based upon the previously determined position(s). However,
errors in the measurements introduce inherent integration drifts of the calculated
orientation or position. This makes it impossible to accurately determine the ab-
solute position and orientation over a su�ciently long period of time (even for a
few minutes). IMUs therefore have to be accompanied by external systems to reset
the 3D orientation and position information and thus cyclically eliminate the drift
errors.
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GypsyGyro by Animazoo is an endorsable motion capture system based on gyro
measurements (Animazoo, 2007). The IS-900 by Intersense is based on a com-
bination of ultrasonic and inertial measurements (Intersense, 2007). H. Luinge
investigated measuring the orientation of human body segments using miniature
gyroscopes and accelerometers (Luinge, 2002).

The Wii remote for the Wii console by Nintendo comprises motion sensing tech-
nology with 3 axial accelerometers. For a more detailed description please see
chapter 4.

2.3.7 Sensor Fusion

Sensor fusion means combining sensory data from di�erent measurements such
that the resulting information is better (more accurate, more reliable, faster to
obtain, etc.) than would be possible when these sources were used individually.
Kalman �lter methods are used to merge data and calculate statistical best es-
timates from incomplete and noisy measurements. An example of technologies
employing sensor fusion is the IS-900 by Intersense which uses both inertial and
ultrasonic sensors.



Chapter 3

Robot Arm Modeling and Control

The goal of this thesis is to realize wireless teleoperation of a robot arm using
the Wii remote as interface device. After the review of current activities and
contributions in the �elds of (space) robotics and teleoperation, some mathematic
tools to tackle the task at hand have to be discussed.

This chapter covers considerations about kinematics for robot arm control. Section
3.1 introduces the common approaches to model robot arms and, in particular,
forward and inverse kinematics. Section 3.2 describes how three di�erent robot
arms have been modeled for simulations in Matlab: the Workpartner arms (TKK),
a loader crane (Kesla), and the Lynx 6 robot arm (Lynxmotion). Section 3.3
presents a way to solve the inverse kinematics problem in the praxis. And �nally,
joint limits together with a method to avoid them are discussed in section 3.4.

3.1 Modeling Robot Arms

This section introduces the reader to some basic concepts in robot arm control.

A robot arm is represented by a set of bodies connected in a chain by joints. These
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bodies are referred to as links and can be arbitrary mechanical structures. An ide-
alized robot arm is characterized by rigid links and �exible mechanical structures
are not considered. A joint connects two neighboring links. The most common
types are revolute joints and prismatic joints. Revolute joints are rotational joints
and change the angle between two neighboring links whereas prismatic joints are
translational joints, this means they a�ect the distance between the correspondent
links. The last link of the arm is generally referred to as end-e�ector. The end
e�ector can be a simple one dimensional gripper, or a complex humanoid hand.
The pose of an end-e�ector denotes its position and orientation usually with re-
spect to the base of the robot arm. That means, the pose is a set of 6 variables, 3
for the position and 3 angles for the orientation. A robot arm must have at least
6 degrees of freedom in order to realize an arbitrary pose within the reach of the
arm. A robot arm with more than 6 degrees of freedom is called redundant. For
instance, a human arm is redundant, it has 7 degrees of freedom.

When controlling a robot arm, the pose of the end-e�ector can be represented in
two di�erent coordinate frames. One is the joint angle space, which is composed of
the joint positions and the joint angles of the robot arm. The other is the euclidian
space, also referred to as world coordinate frame, which is determined by the 6-
dimensional coordinates of the pose, the position and orientation. Optionally,
the euclidian space can also be only the position of the end-e�ector without the
orientation information. Robot arms are controlled by motors in joint angle space.
However, the euclidian space is more intuitive and better suited for geometric
task de�nitions. Teleoperation can be realized by controlling arm joint by joint
in joint angle space or by giving a desired pose in euclidian space. Naturally,
transformations between the two coordinate frames have to be performed.

The complete con�guration of a robot arm with m joints is de�ned by the scalar
joint variables θ1, θ2, ..., θm. For the most common case of revolute joints, the joint
variables are angles. However, the theory described in the following also holds for
the case of prismatic joints where the joint variable is not an angle but a distance.
Therefore, an arbitrary θi for a joint i will be referred to as a joint angle even if it
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is not actually an angle. Let ~Θ be

~Θ =




θ1

θ2

...

θm




(3.1)

the vector of joint angles for the m joints of the robot arm. And let ~X ε R6 be a
pose of the end-e�ector in Euclidean space with

~X =




x

y

z

α

β

γ




. (3.2)

Here, x, y, and z determine the position and α, β, and γ are the Euler angles
describing the orientation of the end e�ector. At least 3 dof are necessary to reach
any point in a three dimensional workspace. 6 or more dof are needed to realize an
arbitrary pose, that is the position and the orientation of the end-e�ector. A robot
arm with more than 6 dof is called redundant because poses within the workspace
can be realized in multiple ways. For non-redundant robot arms with only 3 to
5 degrees of freedom the orientation is omitted and the kinematics analysis only
calculates the position of the end e�ector rather than the full pose. In that case
~X is the end-e�ector position and composed only of x, y, and z values.

The transformation from joint angle space to Euclidean space is called forward
kinematics. For a given set of joint angles, forward kinematics calculates the pose
that the end e�ector has reached. The forward kinematics problem is de�ned by
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a function F with
~X = F

(
~Θ

)
. (3.3)

Inverse kinematics is the mapping from euclidian space coordinates to joint angle
space coordinates. Here, the target pose is given and the joint angles are calcu-
lated, that have to be set in order for the arm to reach the desired pose. Inverse
kinematics tries to calculate the joint angles ~Θ for a given pose ~X by inverting the
mapping function F:

~Θ = F−1
(

~X
)

. (3.4)

However, it is not guaranteed that an inverse kinematics solution exists for ar-
bitrary target poses ~X. Furthermore, for redundant robot arms there can be an
in�nite number of solutions.

Similar to forward and inverse kinematics, forward and inverse dynamics are de-
�ned as mappings between joint torques in joint angle space on one side and the
force acting on the end e�ector in Euclidean space on the other side. The topics
of kinematics and dynamics are extensively covered in many books and will not
be reproduced in this work. The interested reader is suggested to refer to robotics
control literature, for example (Craig, 2005).

Di�erent methods exist to create a model of robot arms and assign frames to
the links of a robot arm so that the end e�ector position and orientation can
be expressed with respect to the arm base. There is no single proper way to do
this, since every method that - given a set of joint angles - successfully yields the
end-e�ector position will do the trick. The Denavit-Hartenberg and the modi�ed
Denavit-Hartenberg conventions are two popular approaches. However, in the
relevant literature it is often not speci�ed wether the original or the modi�ed
version is being used. The method used throughout this work is the modi�ed
Denavit-Hartenberg notation. In appendix A, a short description of how to assign
link frames according to the modi�ed Denavit-Hartenberg notation is given. For
a more detailed description the reader can refer to the relevant literature (Craig,
2005).
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3.2 Matlab Models of Three Di�erent Robot Arms

In this section, di�erent robotic arms are presented and modeled. The modi�ed
Denavit-Hartenberg convention as discussed in appendix A is used for developing
a forward kinematics model of the robot arms. In section 3.2.1 a model of the
Workpartner arms is developed. Section 3.2.2 presents a loader crane by Kesla,
and section 3.2.3 deals with the Lynx 6 robot arm that is used for real world
experiments and demonstration later in this thesis.

Matlab 7 was chosen for simulation. The Robotics Toolbox for Matlab by Peter
I. Corke provides useful functions for simulating robot manipulators and demon-
strating forward and inverse kinematics (Corke, 1996).

3.2.1 Model of the Workpartner Robot Manipulators

The Workpartner of the Department of Automation and Systems at TKK (Figure
3.1) was modeled for simulation in Matlab 7 in order to try several approaches to
kinematics and teleoperation issues. In the following, a short description of the
modeling and the Denavit-Hartenberg parameters are given.

The Workpartner manipulator system has 7 degrees of freedom (Figure 3.1). The
arm has 5 dof and 2 additional dof are provided by the "hip" joints moving the
whole upper body. The head with the camera system has 2 dof. All joints are
revolute. For the simulation, only the 5 dof of the arms were regarded. The
modi�ed Denavit-Hartenberg notation as described in appendix A was used to
build the model of the arms.

Table 3.1 contains the Denavit-Hartenberg parameters according to the modi�ed
convention for the kinematic model of the Workpartner arms. An illustration of
how the frames can be assigned is shown in �gure 3.2.

Figure 3.3 shows the model of the Workpartner arms in Matlab and an example
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Workpartner Manipulator Joints

Figure 3.1: The Workpartner and its manipulator joints with joint axes (Copyright
TKK).

Table 3.1: The Denavit-Hartenberg parameters for the Workpartner arm according
to the modi�ed notation. All joints are revolute and the joint variables are θi.

joint αi−1[deg] ai−1[m] di[m] θi[deg]

1 0 0.2 0 θ1

2 +90 0 0 θ2

3 0 0.3 0 θ3

4 0 0.3 0 θ4

5 +90 0 0 θ5

rot. about
~Xi−1

displ.
along ~Xi−1

displ.
along ~Zi

rot. about
~Zi
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base frame

joint 1 
shoulderjoint 2

shoulder

joint 3
elbow

joint 4
wristjoint 5

wrist

Workpartner model frames:
Red=Z
Green=X
Blue=Y

Figure 3.2: Model of the Workpartner arm in Matlab with the frames assigned ac-
cording to the modi�ed Denavit-Hartenberg convention. The frames are composed
of ~X (Green), ~Y (Blue), and ~Z (Red).
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of forward kinematics is depicted with the Workpartner arm following a given
trajectory.
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Figure 3.3: Matlab model of the workpartner arms and an example of a simulation
with the arm following a trajectory (Forward kinematics).

3.2.2 Model of the Kelsa 2024 Timber Loader Crane

The 2024 timber loader by Kesla as shown in �gure 3.4 is a 4 dof arm with 3
revolute joints and one prismatic joint. Traditionally, such cranes are operated
joint-by-joint and it takes some degree of experience in order to handle payloads.
In the course of this work, teleoperation of the crane simulated in Matlab shows
an alternative way of operation. The Denavit-Hartenberg parameters according
to the modi�ed convention are shown in table 3.2. For a description of the robot
joints using the Matlab model please refer to �gure 3.5

3.2.3 Model of the Lynx 6 Robot Arm

The Lynx 6 robot arm by Lynxmotion (Figure 3.6) was chosen for demonstration
purposes since it is a ready to use robotic arm comprising simple servo motors as
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Figure 3.4: The 2024 timber loader crane by Kesla (Copyright Kesla).

 KESLA−2024

Base

q0 (revolute)

q3 (revolute)

q4 (prismatic)

End−Effector

q1 (revolute)

Matlab Model of the KESLA 2024 crane

x

y z

Figure 3.5: Matlab model of the Kelsa 2024 timber loader crane.
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Table 3.2: The Denavit-Hartenberg parameters for the KESLA 2024 timber loader
crane according to the modi�ed notation. For the revolute joints the variables
are θi. The prismatic joint 4 has the joint variable d4 that can vary between
0 ≤ d4 ≤ 1.7[m]. An additional joint 5 was added for drawing purposes in Matlab
simulations.

joint αi−1[deg] ai−1[m] di[m] θi[deg]

1 0 0 2.29 θ1

2 +90 0 0 θ2

3 0 3.8 0 θ3

4 +90 0 d4 -180
(5) 0 0 2.7 0

rot. about
~Xi−1

displ.
along ~Xi−1

displ.
along ~Zi

rot. about
~Zi

joint actuators. It features 5 dof (all joints are revolute) and a gripper. 4 of the
joints contribute to the position of the end-e�ector (gripper), whereas one joint
a�ects only the orientation of the gripper.

The Denavit-Hartenberg parameters of the Lynx 6 have been derived according
to the modi�ed convention and are reproduced in table 3.3. The Matlab model
and an explanation of how the joints are named is shown in �gure 3.7. Table 3.4
contains the mechanical joint limits of the Lynx 6 both in raw values for servo
control and in degrees for modeling in Matlab.

Although all the three robot arms presented in this section can e�ectively be teleop-
erated in Matlab simulations, the main focus of this work is on the demonstration
of the methods developed using the Lynx 6. In the following sections, some math-
ematical tools needed for teleoperation of robotic manipulators are presented.
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Figure 3.6: The Lynx 6 robot comprises servo motors for joint angle control (Copy-
right Lynxmotion). The arm has 5 dof and 1 gripper. All joints are revolute.

 Lynx6

Elbow (q2)

Waist (q0)

Wrist (q3)

Base

End−Effector

Shoulder (q1)

Wrist Rotate (q4)

Matlab Model of the Lynx 6

x

y

z

Figure 3.7: Matlab model of the Lynx 6 robot arm.
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Table 3.3: The Denavit-Hartenberg parameters for the Lynx 6 robot arm according
to the modi�ed convention. All joints are revolute and the joint variables are θi.
The additional 6th joint shows the length between the wrist and the gripper tip
and is used for representation purposes only.

joint αi−1[deg] ai−1[m] di[m] θi[deg]

0 0 0 0.05 θ0

1 +90 0 0 θ1

2 0 0.121 0 θ2

3 0 0.121 0 θ3

4 -90 0 0 θ4

(5) 0 0 0.146 0
rot. about
~Xi−1

displ.
along ~Xi−1

displ.
along ~Zi

rot. about
~Zi

Table 3.4: Joint Limits of the Lynx 6 Robot arm in raw values (the servo control
input values are integers [0, ..., 254]) and the correspondent values in degrees. The
value 255 is used as sync byte for the communication with a serial port using the
control board of the Lynx 6.

joint joint limits [raw] joint limits [deg]

0 0 ≤ θ0 ≤ 254 −90◦ ≤ θ0 ≤ +90◦

1 20 ≤ θ1 ≤ 230 +10◦ ≤ θ1 ≤ +230◦

2 0 ≤ θ2 ≤ 200 −145◦ ≤ θ2 ≤ +15◦

3 0 ≤ θ3 ≤ 240 −180◦ ≤ θ3 ≤ 0◦ in-
verted direction!

4 0 ≤ θ4 ≤ 254 −20◦ ≤ θ3 ≤ 180◦

(gr) 60 ≤ θgripper ≤ 120
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3.3 Inverse Kinematics Methods

This section presents some ways to solve the inverse kinematics problem. The
method of choice throughout this thesis will be a damped least squares method
that is gradually developed and motivated in the following sections.

3.3.1 Direct Analytical Solution

For simple robot arms with few degrees of freedom, a direct analytical solution
can be calculated in a mathematically closed form. With such a solution, the
joint angles ~Θ can be directly calculated for a given target position ~X. This is
the fastest and most reliable solution to inverse kinematics. For arbitrary target
positions within the range of the arm, several solutions might exist out of which
one has to be picked. However, such an analytical solution is very di�cult or even
impossible to �nd for robot arms with a many degrees of freedom.

For example, a complete analytical solution to the inverse kinematics of a robot
arm with 5 dof has been presented (Gan et al., 2005). The robot arm that was
covered is the Pioneer 2 Robotic Arm (or P2Arm), and it has 5 revolute joints.
However, the solution could be applied also to other similar robot arms with 5 dof.

For the Workpartner (TKK), there exists such an analytical solution if the wrist
and hip joints are �xed. Then, only the two shoulder joints and the elbow joint
contribute to the position of the end-e�ector. This 3 dof system was solved ana-
lytically for teleoperation of the Workpartner using the torso controller introduced
in section 2.2 (Kivi, 2004).
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3.3.2 Jacobians

In equation 3.3, forward kinematics was de�ned as the process of calculating the
position or pose ~X of the end-e�ector for a given set of joint angles ~Θ.

Kinematics can be tackled using the formalism of jacobians (Craig, 2005). The
jacobian matrix J is a function of the joint angles ~θi and is de�ned by

J
(
~Θ

)
=

(
∂Xi

∂θj

)

i,j

. (3.5)

Here, Xi are the elements of the position or pose ~X. If ~X = {x, y, z} is a position,
then

J
(
~Θ

)
=




∂x
∂θ1

... ∂x
∂θm

∂y
∂θ1

... ∂y
∂θm

∂z
∂θ1

... ∂z
∂θm


 (3.6)

the jacobian is a 3×m matrix for a robot arm with m joints. If ~X = {x, y, z, α, β, γ}
is a pose containing both, the position {x, y, z} and the orientation {α, β, γ} ex-
pressed in Euler angles, then the jacobian is a 6×m matrix:

J
(
~Θ

)
=




∂x
∂θ1

... ∂x
∂θm

... ...
∂γ
∂θ1

... ∂γ
∂θm


 . (3.7)

The idea of the approach is that the position (or pose) ~X can be linearly approx-
imated using the jacobian. The basic equation for forward kinematics relates end
e�ector velocities d ~X

dt
to joint angle velocities d~Θ

dt
by
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d ~X

dt
= J

(
~Θ

) d~Θ

dt
. (3.8)

For su�ciently small steps, the jacobian relates changes in end-e�ector positions
∆ ~X to changes in joint angles ∆~Θ by

∆ ~X = J
(
~Θ

)
∆~Θ. (3.9)

3.3.3 Pseudoinverse Method

Inverting the jacobian matrix should yield the solution to inverse kinematics,
namely the changes in joint angles as a function of the (given) end-e�ector po-
sition changes, according to

∆~Θ = J−1
(
~Θ

)
∆ ~X. (3.10)

However, the jacobian matrix is generally not square. In those cases the inverse
can be replaced by a pseudoinverse J+ with

J+ = JT
(
JJT

)−1
. (3.11)

The pseudoinverse gives the best possible solution in the sense of least squares.
That is, the pseudoinverse is used to calculate a solution ∆~Θ for ∆ ~X = J∆~Θ in
such a way that the error ‖J∆~Θ −∆ ~X‖2 is minimal. Here, ‖.‖ is the Euclidean
norm.

More precisely, equation 3.9 is an overdetermined system of linear equations. The
general solution to the inhomogeneous system J∆~Θ = ∆ ~X is the sum of a par-
ticular solution of the inhomogeneous system, and the general solution of the
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corresponding homogeneous system J∆~Θ = 0. The general solution of equation
3.9 is therefore

∆~Θ = J+∆ ~X +
(
1− J+J

)
~o. (3.12)

The �rst summand J+∆ ~X is the pseudoinverse solution. The pseudoinverse solu-
tion is the best linear approximation to the actual solution and the error ‖J∆~Θ−
∆ ~X‖2 is minimal. The second summand (1− J+J)~o represents a solution of the
homogeneous system J∆~Θ = 0. ~o is an arbitrary vector.

The pseudoinverse solution of the inverse kinematic problem is

∆~Θ = J+
(
~Θ

)
∆ ~X. (3.13)

However, the pseudoinverse method performs poorly at singularities. Singulari-
ties occur if, for example, two or more links of the robot arm are aligned in the
same direction. At singularities, the jacobian matrix J has not full rank anymore.
Therefore, the determinant of the jacobian is 0 and the (pseudo)inverse is not de-
�ned. Close to singularities, the (pseudo)inverse of the nearly singular jacobian
matrix will result in excessively large values of ∆~Θ because the determinant of
the jacobian is close to 0. These high values are unrealistic since the joint motors
of a robot arm can accomplish only limited joint rates, and thus limited ∆~Θ. In
simulations, the pseudoinverse method generally results in jerky motions (Buss,
2005).

3.3.4 Damped Least Squares Method

A solution to the above problem is to allow only limited joint angle velocities
by introducing a damping constant λ (Wampler, 1986; Nakamura and Hanafusa,
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1986). The basic equation of this damped least squares approach to solve the
inverse kinematics problem is

∆~Θ = JT
(
JJT + λ2I

)−1
∆ ~X. (3.14)

Here, I is the m × m identity matrix with m being the number of degrees of
freedom of the robot arm. And λ is a damping constant εR with λ > 0. Damped
least squares (DLS) methods are proven to perform much better then pseudoinverse
methods (Buss, 2005). The damped least square approach can give numerically
stable solutions even in the vicinity of singularities. The damping constant should
be large enough to yield well behaved solutions even near singularities. But if the
damping is too large the convergence rate is too slow, and the arm is not able to
follow a given trajectory. Furthermore, the changes in end-e�ector position ∆ ~X

have to be su�ciently small. If ∆ ~X is set too large, the solution tends to oscillate.

The DLS approach can be applied to robot arms with more than 3 dof. Even
redundant arms with 7 or more dof can be handled. This is why the DLS method
was chosen as the primary approach to the inverse kinematic problem. In the
course of this thesis, di�erent robot arms with 4 and 5 dof have been modeled and
stable, well-behaved solutions could be found in literally all cases. However, the
DLS method above does not account for joint limits.

3.4 Joint Limits

Solving the inverse kinematics problem with a damped least squares method as
described in 3.3.4 does not account for physical joint limits of the robot. The
DLS method has already proven to yield stable solutions even in the vicinity of
singularities (Buss, 2005). In this section, a method is presented to provide for
joint limits in the inverse kinematic approach. In addition to implementing joint



3.4 Joint Limits 54

limits, the method presented here is able to achieve some degree of joint limit
avoidance.

Implementing joint limits in forward kinematics is indeed straight forward. How-
ever, it is more complicated to implement joint limits for the inverse kinematics
problem. When teleoperating a robot arm using inverse kinematics, the operator
controls the position of the end-e�ector. The method has to �nd a set of joint
angles corresponding to the given target position. The problem is that the DLS
method does not di�erentiate between permitted and forbidden joint angle values.
It simply calculates the best solution in terms of changes in joint angles. There
is still no possibility to make sure that a given target position can actually be
reached. Checking the new set of joint angles and excluding the solution if one
or more values happen to be out of bounds is not a good way of addressing the
problem. If a new target position can not be reached, it might not be obvious to
the operator and therefore di�cult to handle in practice. Iterations, trying to �nd
a reachable solution as close as possible to the target position, are computationally
expensive and can slow down the teleoperation, introducing unforeseeable delays
in the control feedback loop.

There exist several ways to actively avoid joint limits in the �rst place. This is
possible for redundant robot arms by preferring motions that keep the arm from
reaching its joint limits whenever possible. The basic idea is that you need only
6 dof in order to reach any pose (position and orientation) in 3D space within
the workspace. That is, if the physical joint limits and the robot's range are not
exceeded. For a 6 dof robot arm, every pose corresponds to exactly one set of joint
angles. Human arms, for instance, have 7 dof. They can generally realize a pose
in more than one way. This redundancy can be used to achieve not only the goal
of reaching a given pose, but also actively avoiding joint limits. Likewise, 4 or 5
dof robot arms can display redundancy when only a position in 3D space has to
be reached and the orientation of the end-e�ector is disregarded. This is exploited
in the following in order to implement joint limit avoidance for the robot arms
presented earlier.
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Two examples of joint limit avoidance methods are the Gradient Projection method
and the Weighted Least-Norm Solution method. The gradient projection method
can produce the optimal direction for the joint velocity vector in order to avoid
joint limits using redundant joint motion (Zghal et al., 1990). However, �nding
the correct parameters for this method is tricky because the optimal parameters
are not constants. Instead, they vary with respect to the target position within
the workspace (Chan and Dubey, 1995).

3.4.1 A Weighted Least-Norm Solution Method to Avoid
Joint Limits

The principle of the Weighted Least-Norm Solution method is to penalize the mo-
tion of some joints over the others by de�ning a weighting matrix W. The weighting
matrix automatically gives higher weight to joints that are closer to their limits.
That is, if a joint approaches the limit, its weighting factor will increase, thereby
reducing its motion. This approach was chosen because no parameters have to be
tuned and joint limit avoidance is guaranteed.

In the following, a short description of the weighted least-norm Solution method
is given as it is used throughout this thesis (Chan and Dubey, 1995). After that,
the method is adapted to reconcile the formalism with the damped least squares
method for inverse kinematics as described previously.

Recall the set of joint angles ~Θ = (θ1, θ2, ..., θn) describing a robot arm with n

joints. The kinematic equation 3.8 from section 3.3.4 relates joint angular velocities
~̇Θ to end-e�ector velocity ~̇X by

~̇X = J(~Θ)~̇Θ. (3.15)

Here, ~̇X is a 3 × 1 velocity vector. ~̇Θ is a n × 1 vector of angular velocities for a
robot arm with n joints. J is a 3×n Jacobian matrix. For redundant manipulators
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n > 3. Therefore, multiple solutions exist. That is, multiple joint velocity vectors
~̇Θ exist for a given ~̇X.

The pseudoinverse solution to the kinematic equation has already been discussed
in section 3.3.3. Using the pseudoinverse J+ = JT

(
JJT

)−1, the general solution
of inverse kinematics was written as

~̇Θ = J+ ~̇X +
(
I − J+J

)
~o.

I is the unity matrix. ~o is an arbitrary n×1 vector. (I − J+J) is referred to as the
null space of J . The null space is the homogeneous solution of equation 3.15 and
comprises the self motion of the manipulator that does not cause any end-e�ector
motion. Or in other words, the null space is composed of all the possible solutions
for a single end-e�ector position. Note that the matrix J has to be full ranked,
that is, the robot arm con�guration must not be singular.

The presented method of joint limit avoidance tries to �nd a way how to pick
a solution that maximizes the distance of the joint angle values to their limits.
The trick is to �nd a good performance criterion in order to build a weighting
matrix that successfully penalizes motion of joints that are reaching their limits
(θi,min, θi,max). Such a performance criterion was proposed (Zghal et al., 1990) as

H(~Θ) =
n∑

i=1

1

4

(θi,max − θi,max)
2

(θi,max − θi)(θi − θi,min)
. (3.16)

H(~Θ) gives higher weight to the joints closer to their limits and eventually goes
to in�nity at the joint bounds. The diagonal n× n weighting matrix is de�ned by
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W =




w1 0 . . . 0

0 w2 . . . 0

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

0 0 . . . wn




. (3.17)

The ith element of the weighting matrix is de�ned by

wi = 1 +

∣∣∣∣∣
∂H(~Θ)

∂θi

∣∣∣∣∣ . (3.18)

From equation 3.16 it follows that

∂H(~Θ)

∂θi

=
(θi,max − θi,max)

2(2θi − θi,max − θi,min)

4(θi,max − θi)2(θi − θi,min)2
. (3.19)

Note that ∂H(~Θ)
∂θi

is equal to zero if the ith joint is at the middle of its range whereas
it goes to in�nity at the bounds. When a joint gets close to its limits the weighting
factor will increase and thereby reduce its motion. It should be noted that, in this
form, the method does not di�erentiate between joint movements towards or away
from the limits. In order to suppress only movements towards the limits, and not
the ones away from them, the matrix elements can be rede�ned as follows:

wi =





1 +
∣∣∣∂H(~Θ)

∂θi

∣∣∣ if ∆
∣∣∣∂H(~Θ)

∂θi

∣∣∣ ≥ 0

1 if ∆
∣∣∣∂H(~Θ)

∂θi

∣∣∣ < 0
(3.20)

It can be shown (Chan and Dubey, 1995) that with the matrix W as de�ned above
the weighted least-norm solution of equation 3.15 is

~̇Θ = W−1JT
[
JW−1JT

]−1 ~̇X. (3.21)
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The weighted least-norm solution method uses redundancy to e�ectively dampen
any joint motion towards the joint limits, but does not actively try to push the
joint angles to the middle of their range. Therefore, unnecessary self-motion and
oscillations can be avoided.

However, this method (Chan and Dubey, 1995) uses the pseudoinverse to calculate
a solution to the inverse kinematics problem. As described in section 3.3.4, a
damped least squares method would be much better.

3.4.2 A Weighted Damped Least Squares Method to Solve
Inverse Kinematics and Avoid Joint Limits

This section shows how the above method for joint limit avoidance can be adapted
to yield a Weighted Damped Least Squares solution to inverse kinematics. The
advantage of this is that the damping makes sure the calculated solutions are well-
behaved, even in the vicinity of singularities. The method was implemented in
Matlab to successfully simulate the teleoperation of a robotic arm.

The damped least-squares solution of the kinematics equation 3.15

~̇Θ = JT
[
JJT + λ2I

]−1 ~̇X

has been discussed in section 3.3.4.

Similar to (Chan and Dubey, 1995), the following transformations are introduced:

JW = JW− 1
2 and ~̇ΘW = W+ 1

2 ~̇Θ. (3.22)

With the help of equation 3.22, the kinematic equation can be rewritten:
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~̇X = J ~̇Θ ⇒ ~̇X = JW
~̇ΘW . (3.23)

Now instead of solving this equation with the help of the pseudoinverse, the
damped least-squares method gives

~̇ΘW = JT
W

[
JW JT

w + λ2I
]−1 ~̇X

Using the de�nitions from equation 3.22 it is straight forward to show that

~̇Θ = W−1JT
[
JW−1JT + λ2I

]−1 ~̇X (3.24)

This is the Weighted Damped Least-Squares solution to inverse kinematics. This
method yields well-behaved solutions even at the vicinity of singularities, and uses
redundancy to avoid joint limits. In the following, this method is used to calculate
the inverse kinematics with Matlab. The joint limits are accounted for by the n×n

weighting matrix W (see equation 3.17).

Now, having developed the mathematics for controlling a robot arm, the reader is
about to be introduced to the main man-machine interface device used throughout
the thesis: the Wii remote.



Chapter 4

The Wii remote Controller as
Teleoperation Interface Device

One goal of the thesis is to use the Wii remote controller for teleoperation purposes.
Section 4.1 introduces the Wii remote by Nintendo. Section 4.2 describes how the
Wii remote was interfaced with Matlab in order to use it as teleoperation device
with a PC running Windows XP.

4.1 The Wii remote Controller

The Wii remote, or also wiimote, by Nintendo is the primary controller for the
Wii gaming console. It includes motion sensing devices that allow the player to
interact with the game characters via movements and pointing. Wireless commu-
nication with the console is accomplished through a Bluetooth interface. Up to
four controllers can be used simultaneously, and at a distance of up to 10 m from
the Bluetooth receiver. Moreover, a Pixart infrared sensor is located at the tip
of the wiimote. The sensor on the wiimote measures light emitted from IR LEDs
on the sensor bar of the Wii console. The sensor bar should be placed above or
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below the television (centered). The name is misleading, since the sensor bar is
composed of 5 IR LEDs at each end of the 20 cm long bar. The LEDs are pointing
in slightly varying directions with respect to the center. The IR sensor allows the
wiimote to be used as an accurate pointing device within about 5 m away from
the sensor bar. The wiimote can be extended with the Nunchuck controller that
is simply plugged into the wiimote. The Nunchuck also includes motions sensing
devices, but neither a bluetooth interface nor an IR sensor.

Wiimote

Sensor Bar

Figure 4.1: The Wii remote controller and the IR sensor bar for the Wii console
by Nintendo.

The wiimote and the Nunchuck both include 3 ADXL330 Small Low Power 3-Axis
±3g iMEMS accelerometers by Analog Devices. The accelerometers are built using
Microelectromechanical Systems (MEMS) and are based on di�erential capacitance
measurement of a small spring-held mass. With these 3 accelerometers, the Wii
measures rotational orientation and translational acceleration.

Game characters are controlled by sensing the motions of the player's hand. Vari-
ous patterns of motions can be distinguished, and trigger a set of preprogrammed
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reactions in the game characters. This is called pattern recognition. Only a limited
number of preprogrammed movements can be triggered thus lowering the degree
of control the operator has over the virtual world. However, this method forces the
algorithm to wait until the movement is executed. Only after that the measured
data can be matched with a pattern that eventually triggers certain movements in
the virtual character.

Currently, many people and communities try to reuse Wii game console hardware,
accessories and software for purposes outside of those intended by the manufac-
turer. These e�orts are generally referred to as Wii homebrew. Some contributions
are listed in the following.

GlovePIE Glove Programmable Input Emulator (GlovePIE) by Carl Kenner pro-
vides support for a variety of input devices in Microsoft Windows and has
been extended to support the Wii remote. GlovePIE provides scripts that
allow the Wii remote to be used with a range of Microsoft Windows games
and applications.

WiiLi.org WiiLi provides an aggregation of current developments and informa-
tion about the wiimote. The actual intent of the site was to use the wiimote
to control Linux.

WiinRemote A Windows application to use the wiimote as a mouse.

4.2 Interfacing the Wii remote with Matlab

This section explains how the Wii remote has been successfully interfaced with
Matlab version 7. Eventually it was possible to read data from the wiimote as well
as to set buttons and LEDs on the wiimote.

In the course of this work, platforms running Microsoft Windows XP have been
used. First, a connection to the Bluetooth interface of the wiimote has to be
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established. This was accomplished with a regular Bluetooth USB stick and the
free version of BlueSoleil software by IVT Corporation. Pressing both the "1"
and "2" buttons of the wiimote for some time sets the wiimote to broadcast a
communication signal. In BlueSoleil, after a successful device discovery, the Wii
remote appears as "Nintendo RVL-CNT-01". Connecting to the Bluetooth human
interface device (HID) sets up the communication link. At this point, software like
GlovePIE can be run to test the wiimote.

A set of C++ classes was used to interface the Bluetooth HID with Matlab. The
open source project Wiim is a trial C++ project created in Microsoft Visual
Studio and includes functions to interface to the Wii remote. The functionality
of the code was adapted to create a dynamic link library that is used to interface
the Wii remote with Matlab. The Wiim code did not provide for the IR sensor
and therefore, no communication with the IR sensor of the wiimote has been
implemented in this thesis. Instead, the accelerometers were used for inclination
sensing.

Matlab can compile and run code written in C, C++, or Fortran. This is achieved
using the External Interface functionality and MEX commands provided in Matlab.
MEX stands for MATLAB Executable.

Microsoft Visual Studio 8 was used to write C++ classes incorporating functions
to interface with the Wii remote and read or set commands. The C++ code was
compiled into a dynamic link library called WIILib. The functions of the WIILib
library can be used in Matlab by compiling a C++ �le WIIMexInterface.cpp in
Matlab with the MEX command. Matlab needs to use the MS Visual Studio 8
compiler, since all C++ code was created in Visual Studio 8. The idea of how the
interface with the Wii was accomplished is reproduced in table 4.1.

Eventually, it was possible to read the motion data and buttons pressed from the
wiimote as well as to set buttons, LEDs, or rumbling on the wiimote. The 8bit
data from the 3 accelerometers is read into Matlab as integers from -127 to +128.
Matlab can read the data much faster than the wiimote sends the data. Various
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Table 4.1: The Wiinterface: a solution written in C++ to interface the Wii with
Matlab.

MS Visual Studio 8 Matlab7
Wiimote.cpp WIILib.cpp WIIMexInterface.cpp
modi�ed C++ func-
tions to interface
with the Bluetooth
HID and get/set
commands of the Wii
remote

de�ne functions to be
listed in dll for use in
Matlab

prepare to use WIILib
functions in Matlab (use
Visual Studio 8 Compiler
in Matlab!)

compile in MS Visual Studio 8
⇒ WIILib.lib

(in Matlab) mex WIIMexInterface.cpp WIILib.lib;

functions have been written in Matlab to start/stop communication with the Wi-
imote, to read the motion data, the buttons, and to set the LEDs or rumbling.
However, the IR sensor of the wiimote has not been implemented in the Wiinter-
face software, and so it is not possible to read out the IR sensor data using the
WIILib functions.

Establishing the communication with the wiimote is the �rst step towards using it
as interface device to control a robot arm. But it still needs to be explained, how
the teleoperation is realized and how the commands are assigned. This is done in
the following chapter.



Chapter 5

Teleoperation of Robot Arms with
the Wii remote Controller

The communication with the Wii remote has been established in chapter 4. Having
introduced the principles of inverse kinematics as used throughout this thesis in
chapter 3, it remains to discuss how the task of robot arm control could be tackled.

In the following it will be discussed how a robot arm simulated with Matlab can
be teleoperated using the wiimote as input device. Concerning teleoperation, two
di�erent control approaches can be distinguished: inverse kinematics control and
forward kinematics control.

Inverse kinematics control: the operator controls the position of the end-e�ector
in 3D space. This is very intuitive and does not depend on the mechanical
structure of the robot arm. But it requires the inverse kinematics solution to
be calculated. That is, given the commanded end-e�ector (target) position,
a corresponding set of joint angles has to be found.

Forward kinematics control: the operator controls the joint angles (joint-by-
joint). This is straight forward and does not require further calculations.
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However, joint angle commands result in movements of the end-e�ector that
might not be intuitive depending on the mechanical structure of the robot
arm. The operator has to learn how to control the end-e�ector in the in-
tended way.

These two ways to teleoperate a robot arm have been combined to give the operator
a higher degree of control over the arm. Three di�erent robot arms have been
simulated and can be teleoperated with the wiimote using inclination sensing and
buttons. The Lynx 6 robot arm has been chosen for demonstration purposes.

Section 5.1 presents the principle of the inverse kinematics control algorithm used
for continuous teleoperation. In section 5.2, three di�erent modes to teleoperate a
robot arm using the wiimote as interface device are explained. The algorithm and
the teleoperation modes have been demonstrated with a real robot arm. Section
5.3 is about how the demonstration has been realized with the Lynx 6 robot.

5.1 Inverse Kinematics Control Algorithm

This section presents the control algorithm that forms the basis of the teleoperation
programs.

Figure 5.1: Block diagram of the inverse kinematics control algorithm.
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The principle of the control algorithm is shown as a block diagram in �gure 5.1.
X is the target position that the end-e�ector of the robot arm should reach. In
practice, this target position can be given by any 3D input device (Mouse, Joystick,
and others). X ′ is the end-e�ector position that is reached after running through
one step of the algorithm. Note that even for the ideal case without friction or
forces acting on the robot arm, the end-e�ector position X ′ is generally not the
same as the target position X.

The inverse kinematics block incorporates the (weighted) damped least squares
method as given in sections 3.3.4 and 3.4.2. The block takes as an input dX, that
is the di�erence between the target position and the actual end-e�ector position,
and yields a set of joint angles dQ associated with the small change in end-e�ector
position dX. It is crucial that dX be small enough so that no oscillations occur,
which can not be handled by the damping constant λ. Basically, the inverse
kinematics block is described by equation 3.14 reproduced here:

∆~Θ = JT
(
JJT + λ2I

)−1
∆ ~X.

If joint limits are to be taken into account, the inverse kinematics block is described
by equation 3.24.

The integrator block simply integrates over the sets of joint angles dQ, accumu-
lating as time goes on. This results in the solution Q, a set of joint angles that
corresponds to the actual end-e�ector position. This is, Q = Q0 +dQ1 +dQ2 + . . ..
Eventually, the solution Q has to be translated into the end-e�ector position X ′

that the robot arm has actually reached after applying the algorithm. This is done
by the forward kinematics block simply by using equation 3.8.

The algorithm is based on rigid bodies. Note that this approach takes no forces,
especially no friction, into account. For simulation purposes, it is assumed that
any set of joint angles Q will be realized by the robot arm whatever the load
might be. The damped least squares method successfully limits the joint angular
velocities, so that joint angles do not change abruptly or too fast. However, this
is not a form of force or torque control.
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5.1.1 Notes on the Inverse Kinematics Control Algorithm

As mentioned in section 5.1, the position that the robot end-e�ector has reached
after each step might be di�erent from the target position given by the operator.
As the target position is continuously updated, the damped least squares algorithm
tries to follow the target position and limit the changes in joint angular velocities.
It may happen at some point that the target position lies outside of the reach of the
robot arm, or that the algorithm tries to catch up with the target position. This
can be seen in the simulation since the target position can be displayed together
with the robot arm. See �gure 5.2 for an illustration. However, when teleoperating
a real robot arm the operator does not see the target position and, indeed, he has
no notion whatsoever about the di�erence between target position and actual end-
e�ector position. Any solution for teleoperation of a real robot arm has to take
this fact into consideration.

Limiting the target position space to the workspace of the robot arm has the
adverse e�ect that whenever the robot reaches its physical limit, the operator
loses some degree of control of the robot arm. To enable a smoother operation, it
makes sense for the target position to move on, even to a position that can not
be reached by the arm. That is to say, if the robot arm has reached its workspace
limit on the left side and the operator wants the end-e�ector to move up and left,
it makes sense to let the robot move up to complete at least a part of the task.

So it was decided that the target position may move out of the workspace of the
robot arm. Still, it is crucial to limit the distance between the actual end-e�ector
position and the target position in order to avoid oscillations caused by the damped
least squares method. Moreover, the operator might easily get confused if the
target position and the real end-e�ector position are too far away from each other.
An optimal distance was assigned by trial and error. When the target position is
moved out of the reach of the arm, the algorithm still follows the target position
as much as possible.
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 Lynx6

Target Position

End−Effector Position

Inverse Kinematics Control
of the end−effector target position

x
y

z

Figure 5.2: Illustration of how the teleoperation is achieved through moving a
target position (red ball) in 3D space. The end-e�ector tries to follow the target
as much as possible. It was chosen to move the target also when out of the reach of
the robot arm. However, there must be a limit for the distance between the target
position and the end-e�ector. Otherwise the damped least squares algorithm will
cause oscillations.
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5.2 Teleoperation Using the Wiimote

The communication link between Matlab and the Wii remote controller has been
established with the Wiinterface in section 4.2. This section is about how to use
the wiimote as input device for teleoperation purposes. The robot arm chosen for
demonstration purposes is the Lynx 6 arm as introduced in section 3.2.3. The IR
sensor of the wiimote has not been implemented in the Wiinterface software and it
is not possible to read the IR sensor data into Matlab. Instead, the accelerometers
in the wiimote have been used to control both simulated and real robot arms.

However, it was not feasible to calculate the absolute position of the wiimote in
3D using the data from the 3 accelerometers. This is because of the inherent
gravitation force on Earth. It is impossible to track the Earth gravity vector, so
that it can be subtracted from the measurement in order to �nd the acceleration
components that make up the trajectory in the hand of the user. To achieve proper
position measurement, a gyroscope measurement of the heading angle would be
needed in addition to the acceleration measurement. Then, the gravity vector
could be tracked. Knowing the gravity vector at all times makes it possible to
subtract gravitation from the measurements. This leaves only the accelerations
resulting in actual displacements of the sensor. Unfortunately, the wiimote does
not feature any gyros. Therefore, it was not possible to reconstruct the trajectory
of the wiimote in the hand of the operator.

The way the wiimote is used for game play involves pattern recognition methods.
However, such an approach limits the degree of control over the robot arm if only
a set of preprogrammed movements can be triggered by gestures that are assigned
beforehand.

The above considerations in mind, it was eventually decided to use the wiimote
as a pointing device in 3D, quite similar to a mouse, or a joystick. Inclination
sensing was realized using the accelerometer data. There exist various programs
to control the mouse arrow with the wiimote based on inclination sensing. This is
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when tilting the wiimote (up/down, left/right), the mouse arrow can be moved in
two dimensions. This is a simple way to use the wiimote as an input device with
no restrictions due to sensing accuracy. However, inclination sensing provides only
2D information. In order to account for the third dimension, the arrow buttons of
the wiimote can be used. The bluetooth capabilities of the wiimote give the user a
freedom of movement of up to 10 meters. The remaining buttons on the wiimote
can be utilized to control additional features like a gripper or the orientation of
the end-e�ector. The speakers, the LEDs and the rumbling motors can serve to
improve the telepresence aspects. For instance, rumbling tells the operator that
a joint limit is reached, whereas the LEDs display the operation mode. In the
simplest case, this is an on/o� information, but it is possible to make sensible use
of the LEDs if the operator can switch between di�erent modes of control.

In the following, three possibilities how to control the robot arm are presented,
and it is explained how the commands are assigned on the wiimote.

5.2.1 Inverse Kinematics Control in Cartesian Coordinates

Moving the end-e�ector position in a cartesian coordinate frame is perhaps the
most intuitive way to control a robot arm. The target position of the end-e�ector
is changed incrementally using the wiimote as input device. Inclination sensing
combined with arrow buttons provides the 3D information needed to control the
end-e�ector in 3D space. The idea is that the operator controls the target position
of the end-e�ector using the wiimote and commands like "move up", "move left",
and similar. The inverse kinematics algorithm presented in section 5.1 yields the
corresponding set of joint angles for the robot arm. Figure 5.3 shows how the
controls are assigned on the wiimote. Figure 5.4 explains how the additional joints
(wrist rotate and the gripper) of the Lynx 6 robot arm are controlled by the
wiimote. Note that the wrist rotate joint of the Lynx 6 only a�ects the orientation
of the end-e�ector, not its position.
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tilt 1 tilt 2 arrow buttons

up/down left/right forward/back

Figure 5.3: Control assignment for teleoperation of a robot arm end-e�ector using
the wiimote. The controls comprise a combination of inclination sensing and but-
tons. The target position of the end-e�ector is controlled in a cartesian coordinate
frame x, y, and z (→ forward/back, left/right, and up/down). The �rst row shows
a set of controls using the wiimote. The corresponding movements of the robot
arm end-e�ector are depicted in the second row.
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wrist rotate gripper open/close

Figure 5.4: Gripper and wrist rotate controls. The gripper of the Lynx 6 arm is
controlled by the buttons A/B (open/close). The wrist rotate (q4) joint is con-
trolled by using the left/right arrow buttons on the wiimote. The wrist rotate joint
only a�ects the orientation of the end-e�ector, not the position. These controls
are the same for all the teleoperation modes presented in section 5.2.

However, by controlling the position in a cartesian coordinate frame, it is quite
di�cult do realize round "natural" end-e�ector trajectories like the ones an ex-
cavator typically performs. This can be achieved by controlling the end-e�ector
position in a spherical coordinate frame which is described in the following section.

Note that, as mentioned in section 5.1 not the actual end-e�ector position is con-
trolled with the wiimote. It is rather the target position, that the end-e�ector tries
to follow. There can be a di�erence between the two positions when the algorithm
has to catch up with the target position as the operator controls the arm.

5.2.2 Inverse Kinematics Control in Spherical Coordinates

When controlling the end-e�ector position in spherical coordinates, the operator
moves the robot arm with respect to the coordinates φ (rotation about x axis),
θ (rotation about z axis), and r (radius from the base to the end-e�ector) rather
than with respect to the cartesian coordinates x, y, and z. See Figure 5.5 for a
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description of how the controls are assigned.

tilt 1 tilt 2 arrow buttons

φ θ r

Figure 5.5: Control assignment for teleoperation of a robot arm end-e�ector in a
spherical coordinate system using the wiimote. The end-e�ector is controlled in a
spherical coordinate frame φ, θ, and radius r.

This method of control enables a set of movements that is quite di�erent from the
one described before. Therefore it could be a good alternative and enhance the
capabilities of the robot arm.

5.2.3 Forward Kinematics Control Joint-By-Joint

The forward kinematics control option was adopted because in combination with
the methods mentioned before it gives the operator more �exibility in using the
robot arm. For example, by moving the end-e�ector in 3D space and calculating
the correspondent joint angles, the operator can not choose the elbow joint move
"up" or "down" since both cases result in the same end-e�ector position. The op-
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erator may choose to control single joints directly by using the forward kinematics
control option. Figure 5.6 shows how the controls are assigned on the wiimote.

waist shoulder

elbow wrist

Figure 5.6: Control assignment for joint-by-joint teleoperation of the Lynx 6 arm
using the wiimote. The robot arm is controlled directly (forward kinematics) and
each joint can be controlled separately.

5.3 Demonstration: Teleoperation of the Lynx 6
Robot Arm using the Wiimote

The Lynx 6 robotic arm was chosen for demonstration purposes since it was readily
available and easy to use. The Lynx 6 is a robotic arm with 5 dof and a gripper.
All joints are revolute, but only 4 joints contribute to the position of the end-
e�ector (gripper). One joint rotates the gripper (wrist). The joint are actuated
by servo motors. The kinematic model of the Lynx 6 is described in section 3.2.3.
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The aim of this section is to describe how the demonstration with the Lynx 6 arm
has been realized.

Figure 5.7: The Lynx 6 robotic arm as used for the demonstration with the Wii
remote controller. The mini SSC II control board for the servo motors of the Lynx
6 joints is powered by a 9 V source for the board itself and 5 V for the servos.

Figure 5.7 contains a snapshot of the setup as it has been used for demonstration
of teleoperation of the Lynx 6 arm using the wiimote as input device. The servo
motors of the Lynx 6 joints are powered and controlled by the mini SSC II control
board depicted in �gure 5.8. The board takes two power sources: 9 V to power the
board and 5 V to power the servos. The board takes joint angle values and joint
identi�er numbers as input. The servos realize and try to maintain the commanded
joint angles.

Communication with the Lynx 6 control board is achieved through a serial port.
The control sequence to be sent by the serial port is comprised of three bytes:

1. The sync byte: 255.

2. The joint identi�er number i: 0 (waist), 1 (shoulder), 2 (elbow), 3 (wrist), 4
(wrist rotate), 5 (gripper).

3. The joint angle θi in raw values: 0 ≤ θi ≤ 254.
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Figure 5.8: The Mini SSC II control board controls the servo motors of the Lynx
6 robot arm. The communication with the PC is through a serial port. The board
takes two power sources: 9 V to power the board and 5 V to power the servos.

However, the mechanical limits of the robot arm need to be taken into account.
That is, not all the joint angles can be 0 ≤ θi ≤ 254. To see the joint limits for
the Lynx 6, please refer to table 3.4.

A serial port communication has to be established from Matlab in order to send
the joint angles of the simulation to the real Lynx 6 arm. Before sending the
commands, the calculated joint angles have to be checked if they do exceed the
limits of table 3.4.



Chapter 6

Results and Suggestions for Future
Work

6.1 Results of the Thesis

The literature review in the chapters 1 and 2 has covered important issues and
examples of space robotics. Its purpose was to prepare for and devise the practical
part of the thesis. Some examples of robotic systems in space have been presented
in chapter 1 along with relevant contributions of projects not speci�cally related to
space. In particular, the review focused on how robots can help humans in space
now and in the future. An outlook of space robotics tried to distinguish further
e�orts and activities in space robotics in the near future.

One major conclusion is that the limited level of autonomy combined with the need
for dexterous manipulation in complex environments calls for sensible teleoperation
interfaces in order for the robots to be used e�ciently. Furthermore, teleoperation
can help reduce the risks for astronauts posed by extravehicular activities.

The second part of the review in chapter 2 contains an introduction to teleopera-
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tion and related issues. State-of-the-art teleoperation and man-machine interface
devices were presented. When applicable, the teleoperation interfaces associated
to the presented robotic systems have been discussed.

In the course of this work, the motion sensing capabilities of the Wii remote con-
troller by Nintendo were analyzed with regard to the possible use as teleoperation
interface device for robot arms. The wiimote has been successfully interfaced to
Matlab by programming a dynamic link library in C++ with MS Visual Basic,
and by using a standard Bluetooth device. The motion data as well as the buttons
can be read out using only Matlab commands. LEDs and rumbling can be set.
The IR sensor data can not be read out in the current version of the interface.

However, the accelerometer data is not accurate enough to successfully calculate
the position by double integrating the acceleration. Also, a gyro would be needed
to track the Earth gravity vector, in order to take into consideration only the
accelerations corresponding to actual displacements of the wiimote. Due to the
integration errors, it seems unlikely that the Wii remote can be used to satisfyingly
determine its position, even over short periods of time.

The way the wiimote was eventually used for teleoperation is as an incremental
pointing device in 3D. A combination of inclination sensing and arrow buttons
enables the operator to incrementally change the position of the robot arm end-
e�ector.

Forward and inverse kinematics approaches have been successfully implemented
in Matlab with simulations of all three robot arms presented in section 3.2. The
models of the robot arms according to the modi�ed Denavit-Hartenberg convention
have been derived. The damped least squares method discussed in section 3.3.4
to solve the inverse kinematics problem has proven to be reliable and fast enough
to enable continuous teleoperation of the robot arm. The principle of the damped
least squares method is easily adaptable to di�erent robot arms with varying dof
and it can be used for redundant robot arms as well. With the damping constant
chosen appropriately, the damped least squares method yields well behaved solu-
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tions even in the vicinity of singularities. The joint angular velocities were kept in
bounds. The damping constant had to be chosen by trial and error in such a way
that it is big enough to avoid oscillations but still small enough for the method to
follow a target position fast and accurately. Even if target positions happen to be
unreachable, the damped least squares method keeps stable and tries to follow the
target as much as possible (Figure 6.1).

Figure 6.1: Example of teleoperation of the Lynx 6 model in Matlab using inverse
kinematics. When the target position is moved out of the reach of the arm, the
algorithm still follows the target position as much as possible.

Joint limits have been realized also for inverse kinematics operation. The weighted
damped least squares method derived in section 3.4.2 tries to avoid joint limits by
using redundancy. For robot arms that have more than 3 joints contributing to
the end-e�ector position, this redundancy is exploited in order to minimize self
motion that would lead the arm to reach its limits. However, it can happen that
the robot does reach one or more joint limits. For example, because the arm tries
to follow a target position out of bounds. In that case, the weighted damped least
squares method causes the arm to be somewhat stuck at that position at �rst.
That is, when the target position moves back within the reach of the robot arm,
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the arm lags behind the target at �rst, but eventually succeeds in catching up with
the target (see �gure 6.2). The damping constant of the DLS method had to be
adapted when the method for joint limit avoidance was included. With the joint
limit avoidance, the DLS method seemed to perform a bit less accurately, that is,
the arm displays a slightly higher inertia when trying to follow the target position.

Three di�erent modes of teleoperation using the Wii remote controller as input
device have been discussed and implemented for the Matlab simulations (see sec-
tion 5.2). First, the end-e�ector position of the robot arm can be controlled in
a cartesian coordinate frame x, y, z → forward/back, left/right and up/down.
Alternatively, the end-e�ector can be controlled with respect to a spherical coor-
dinate frame φ, θ, r. These two modes of teleoperation involve inverse kinematics
calculations. The algorithm to solve this problem has been presented in section
5.1. The algorithm is not limited to the robot arms presented. It implements a
damped least squares method taking only rigid bodies into consideration. It limits
the changes in joint angular velocities, but it does not account for forces or torques.

However, the operator does not have the possibility to make single joints move as
he might want with the approaches mentioned above. For instance, moving in y

direction might cause the elbow joint to go up or down, depending on the initial
pose of the arm. Therefore, a third mode of teleoperation has been added in which
the joint angles can be set individually. This forward kinematics method does not
involve further calculations and gives the operator a higher degree of control over
the robot arm.

The operator can choose between the modes of teleoperation online by using the
buttons on the Wii remote. The LEDs on the wiimote indicate an established
connection and which mode is executed. If a joint limit is reached this is commu-
nicated to the operator by rumbling of the wiimote.

Figures 6.3, 6.4, and 6.5 show some examples of teleoperation of the Kesla arm,
the Lynx 6 arm, and the Workpartner arm, respectively.



6.1 Results of the Thesis 82

−0.4
−0.2

0
0.2

0.4

−0.4
−0.2

0
0.2

0.4

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

XY

Z

Inverse kinematics control: actual/target position = cyan/magenta line

 Lynx6 Joint Limit

x
yz

Lynx Teleoperation

0 2 4 6 8 10 12

−1
0
1

Inv.Kin. result: joint angles[rad] − waist

[r
ad

]

0 2 4 6 8 10 12
0.5

1
1.5

2
2.5

shoulder

[r
ad

]

0 2 4 6 8 10 12

−2
−1

0

elbow

[r
ad

]

0 2 4 6 8 10 12
−3
−2
−1

0
wrist

[r
ad

]

time [sec]

Joint Angles

Figure 6.2: Teleoperation of the Lynx 6 using the wiimote. The cyan line is the
path the arm has actually taken whereas the magenta line is the path of the target
position controlled with the wiimote. When a joint limit is reached, the arms
seems to lag behind the target at �rst, but eventually succeeds in catching up with
the target. The joint angle graph shows that the joint angular velocities and their
changes are successfully kept in bounds by the DLS method. The joint limits (red
lines) are never exceeded.
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Figure 6.3: The simulation of the Kesla 2024 loader crane teleoperated with the
Wii remote controller. Here, the trajectory shows that the algorithm managed to
always follow the target trajectory commanded with the wiimote. The damping
constant for the weighted damped least squares method was λ = 0.8.
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is the path the arm has actually taken whereas the magenta line is the path of
the target position. The damping constant for the weighted damped least squares
method was λ = 0.1. The blue dots are projections of the target position to make
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remote controller. The damping constant for the weighted damped least squares
method was λ = 0.1. No joint limits have been implemented in this simulation of
the Workpartner.



6.2 Suggestions for Future Work 86

The inverse kinematics algorithm together with the di�erent modes of teleoperation
have been demonstrated using the Lynx 6 robot arm and the Wii remote as input
device. The algorithm proved to work fast enough and stable so that teleoperation
experiments could be conducted.

6.2 Suggestions for Future Work

The algorithm presented in this work to solve the inverse kinematics problem and
to provide for various modes of teleoperation is not limited to the Wii remote as
input device. A 3D mouse or joystick, or any position tracking device will work in
principle. If needed, also a mouse in combination with a set of keyboard buttons
could be used.

Moreover, the algorithm could easily be adapted to other robot arms. In the
course of this thesis, inverse kinematics solutions only took the position of the
end-e�ector into account. In principle, the damped least squares method can be
used to include the orientation as well. Also redundant robot arms can be treated.

It was one of the driving ideas of this thesis to use wireless teleoperation rather
than or in addition to traditional joint-by-joint operation of robot arms, like the
presented Kesla 2024 loader crane. Position tracking solutions as man-machine
interface devices could be used to intuitively control the position or pose of the end-
e�ector of excavators, cranes and other manipulators. Wireless interface devices
like the Wii remote could be a real innovation in the business as robot arm control
gets safer and more reliable.

Eventually, alternative solutions to operate robot arms could be employed also for
space manipulators like the Canadarm on the space shuttle or the ISS. Astronauts
working on extravehicular activities are hampered by their space suits. Wireless
position and motion tracking devices could be included in the gloves or a kind
of joystick that is easier for the astronauts to operate. Thus, astronauts could
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teleoperate robot arms in di�cult situations in orbit or on planetary missions.

The wiimote can be used as a two dimensional pointing device by using the IR
sensor bar. Including the IR sensor capabilities would be quite helpful and increase
the usability of the wiimote as teleoperation device. All it takes is an IR sensor
bar which really is just a set of infrared LEDs serving as a reference for the optical
sensor within the wiimote.

As mentioned before, the wiimote as it is can not be used to calculate the position
based on the forces acting on it. This is also because of the rather bad accuracy
of the acceleration measurements and the limited update rate via the bluetooth
connection. It remains to be determined whether the update rate of the motion
sensing data can be changed or the accuracy improved. With an additional gyro, it
could be feasible to calculate the position of the wiimote by tracking and �ltering
out the Earth gravity vector and only taking the forces causing displacements into
consideration. This way, the wiimote could operate as some sort of inertial mea-
surement unit (IMU). However, the measurement error, accumulating by double
integration of the acceleration data would probably limit this approach to a rather
short time interval after which it will be needed to reset the position externally.

Using pattern recognition methods, the user could trigger preprogrammed move-
ments and actions of the robot arm by simple gestures. To do so, the wiimote has
to identify several complex movements by the user. This is similar to the way the
wiimote is used for game playing. Gestures could help to increase the usability of
the Wii remote as a teleoperation device. For instance, the operator could set the
robot arm to automatically move to a preset position or pose by a distinguished
gesture, rather than actually controlling the arm until it reaches that position.

Force feedback methods are a great means to enhance the level of telepresence
and help the operator accomplish a given task. With the wiimote or similar input
devices, force feedback could be realized with rotating masses that make it di�cult
to rotate the remote control by the law of constant angular momentum. Thus the
operator could feel some resistance tilting the wiimote if the control algorithm
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triggers the force feedback in that direction.



Chapter 7

Summary and Conclusions

In the course of this thesis, inverse kinematics solutions and various approaches to
teleoperate robot arms using the Nintendo Wii remote controller as input device
have been studied.

The literature review covered important contributions to and prospects of space
robotics together with other relevant achievements. Moreover, teleoperation issues
and a variety of man-machine interface devices are presented in order to introduce
the reader to the state-of-the-art in teleoperation in space and on Earth.

Three multi-jointed robot arms have been modeled with Matlab according to
the modi�ed Denavit-Hartenberg convention: the workpartner (TKK, Helsinki),
a loader crane (Kesla), and the Lynx 6 robot arm (Lynxmotion). The inverse
kinematics problem was solved using a damped least squares method that works
for robot arms with arbitrary dof and also with redundant arms. A method for
joint limit avoidance has been implemented that uses redundancy to inhibit self
motion of the arm towards a joint limit. Thus, a weighted damped least squares
method for inverse kinematics solutions and joint limit avoidance has been devel-
oped. With this, an algorithm for continuous teleoperation of the end-e�ector of
robotic arms has been built.
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The Wii remote controller by Nintendo is used as the man-machine interface de-
vice for teleoperation. The wiimote has been successfully interfaced with Matlab.
Thus, the wiimote can be accessed from within Matlab. However, it was not fea-
sible to calculate the position of the wiimote using the acceleration measurement
data. Therefore, the wiimote is used as an incremental pointing device in 3D by
inclination sensing.

Three di�erent modes of teleoperation are presented. The end-e�ector of the robot
arm can be controlled with respect to a cartesian or a spherical coordinate frame.
In addition, the robot arm can be operated joint-by-joint in order to achieve a
higher degree of control over the arm.

The presented robot arms can be teleoperated in Matlab simulations using the
wiimote as input device. The algorithm and the teleoperation modes have been
demonstrated with a real robot arm.

It was one of the driving ideas of this thesis to use wireless teleoperation rather
than or in addition to traditional joint-by-joint operation of robot arms like cranes
and excavators. Wireless interface devices like the Wii remote could be a real
innovation in the construction business as robot arm control gets safer and more
reliable. Eventually, alternative solutions to operate robot arms could be em-
ployed also for space manipulators like the Canadarm on the space shuttle helping
astronauts in di�cult extravehicular missions in orbit or on planetary surfaces.
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Appendix A

Summary of the Modi�ed
Denavit-Hartenberg Convention

Figure A.1 shows the Denavit-Hartenberg parameters for successive links. The
four parameters to describe a transition from link i− 1 to link i are:

ai−1 = the distance from ~Zi−1 to ~Zi, measured along ~Xi−1 (usually, ai−1 > 0).

αi−1 = the angle from ~Zi−1 to ~Zi, measured about ~Xi−1.

di = the distance from ~Xi−1 to ~Xi, measured along ~Zi.

θi = the angle from ~Xi−1 to ~Xi, measured about ~Zi.

In the case of a revolute joint i, the angle of rotation θi about the joint axis ~Zi is
the joint variable. If joint i is prismatic, then the displacement di along ~Zi is the
joint variable.

The following steps describe how to assign frames to the links of a robot arm
(Craig, 2005). A frame {i} is simply a right-handed coordinate system composed
of the vectors ~Xi, ~Yi and ~Zi vectors.
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Figure A.1: The modi�ed Denavit-Hartenberg notation for assigning frames to the
links of a robot arm.

1. Identify the joint axis for each joint. For revolute joints, this is the axis of
rotation. For a prismatic joint this is the sliding axis. For the following
steps, consider two neighboring links i and i + 1.

2. Assign the link frame origin at the common perpendicular between the joint
axes or the point of intersection of the joint axes.

3. Assign the ~Zi axis pointing along the ith joint.

4. Assign the ~Xi axis pointing along the common perpendicular. If the axes
intersect, assign ~Xi to be normal to the plane containing the two axes.

5. Assign the ~Yi axis to complete a right-hand coordinate system.

6. Assign the base frame {0} to match frame {1} when the �rst joint variable is
zero. For the end-e�ector frame {N}, choose an origin location and ~XN di-
rection freely (trying to cause as many link parameters as possible to become
zero).
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Generally, the mapping from a frame {A} to another frame {B} can be described
by a 4 × 4 homogeneous transfer matrix T . A homogeneous transform is a con-
struction that contains rotation and translation operations in a single matrix form.
Any homogeneous transform A

BT for said purpose has the structure

A
BT =

[
A
BR ADBorig

0 0 0 1

]
. (A.1)

A
BR is a 3× 3 rotation matrix (orientation of frame {B} expressed with respect to
frame {A}). ADBorig is a 1×3 displacement vector (origin of frame {B} expressed
in frame {A}). If the homogeneous transform between two frames is known, a
point BP expressed with respect to one frame {B} can be described also in the
other frame {A}. This mapping BP → AP is calculated with

[
AP

1

]
= A

BT

[
BP

1

]
=

[
A
BR ADBorig

0 0 0 1

][
BP

1

]
. (A.2)

Equation A.2 is the same as writing the following

AP = A
BR ·B P +A DBorig. (A.3)

For the Denavit-Hartenberg notation, the mapping from frame {i− 1} to the next
frame {i} is described by

i−1
i T = R ~Xi−1

(αi−1) ·D ~Xi−1
(ai−1) ·R~Zi

(θi−1) ·D~Zi
(di). (A.4)

Here, R ~Xi−1
(αi−1) and D ~Xi−1

(ai−1) are a rotation about and a translation along
~Xi−1, respectively. Rotation R~Zi

(θi−1) and translation D~Zi
(di) are both with re-

spect to ~Zi. The order in which to apply these operators is crucial since rotations
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and displacements do not commute if the axis of rotation and the axis of displace-
ment are di�erent. To obtain frame {i} out of frame {i−1} �rst apply the rotation
and displacement with respect to ~Xi−1, then the rotation and displacement with
respect to ~Zi.

It can be shown that for the Denavit-Hartenberg notation, the homogeneous trans-
form between two successive frames has the form

i−1
i T =




cθi −sθi 0 ai−1

sθicαi−1 cθicαi−1 −sαi−1 −sαi−1di

sθisαi−1 cθicαi−1 cαi−1 cαi−1di

0 0 0 1




(A.5)

with the conventions cα = cos α and sα = sin α.

Concatenating all link transformations starting from the robot's base frame {0}
up to the end-e�ector {N} yields one big homogeneous transform matrix 0

NT .

0
NT = 0

1T ·12 T ·23 T · ... ·N−1
N T (A.6)

Equation A.6 relates the end-e�ector frame to the base frame. If the Denavit-
Hartenberg parameters are known, the end-e�ector position and orientation can
be calculated given a set of joint angles ~Θ = [θ0, θ1, ..., θn]. This is how forward
kinematics can be calculated.



Appendix B

A Short Comparison Of Tracking
Technology Devices

Figure B.1 is a brief summary of the most important tracking methods. The
di�erent technologies introduced in section 2.3 are reproduced here with examples.
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Figure B.1: A short description of the most important tracking technologies in-
cluding some comments and examples.
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the last page ...

Ricky: Bubbles, are you sure we gotta play space here? This is kind of stupid.

Bubbles: Come on, Ricky, look at this! This is awesome! Mission control this
is Commander Bubbles. I'm getting an NPS warning light on the link monitor
control subsystem. I'm requesting reallocation to main OMS �ring to CDS at
level six, please advise.

Julian: Copy there, Commander. Reallocating there, Commander Bubbles.

Bubbles: Try some, Ricky!

Ricky: (sighs) Breaker breaker, come on Earth. This is rocket ship 27. Aliens
fucked over the carbinator in engine number 4, I'm gonna try refuckulate it and
land on Juniper.

... from Trailer Park Boys


