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Natural resolution of ill-posedness of inverse
kinematics for redundant robots: a challenge to
Bernstein’s degrees—of—freedom problem

Suguru Arimoto Masahiro Sekimoto
Hiroe Hashiguchi Ryuta Ozawa
(Advanced Robotics Vol. 19 No. 4)
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Slip—compensated path following for planetary
exploration rovers
Daniel M. Helmick Stergios 1. Roumeliotis
Yang Cheng Daniel S. Clouse
Max Bajracharya Larry H. Matthies
(Advanced Robotics Vol. 20 No. 11)

A system that enables continuous slip compensation for a Mars rover
has been designed, implemented, and field—tested. This system is com-
posed of several components that allow the rover to accurately and con-
tinuously follow a designated path, compensate for slippage, and reach
intended goals in high—slip environments. These components include:
visual odometry, vehicle kinematics, a Kalman filter pose estimator, and
a slip—compensated path follower. Visual odometry tracks distinctive
scene features in stereo imagery to estimate rover motion between suc-
cessively acquired stereo image pairs. The kinematics for a rocker—
bogie suspension system estimates vehicle motion by measuring wheel
rates, and rocker, bogie, and steering angles. The Kalman filter process-
es measurements from an Inertial Measurement Unit (IMU) and visual
odometry. The filter estimate is then compared to the kinematic esti-
mate to determine whether slippage has occurred, taking into account
estimate uncertainties. If slippage is detected, the slip vector is calculat-
ed by differencing the current Kalman filter estimate from the kinemat-
ic estimate. This slip vector is then used to determine the necessary

wheel velocities and steering angles to compensate for slip and follow
the desired path.

Daniel Helmick received his B.S degree in
Mechanical Engineering from Virginia Polytechnic
Institute and State University and his M.S. in
Mechanical Engineering with a specialization in con-
trols from Georgia Institute of Technology in 1996
and 1999 respectively. Since June 1999 he has been
working at the Jet Propulsion Laboratory on robotics

research projects involving vision/sensor based control of robots, state
estimation, and navigation and mobility algorithms. He has worked on
robotic vehicles covering a wide range of functionality, including: Mars
research rovers for rough terrain mobility; small, tracked robots for
urban mobility; a cryobot for ice penetration; and reconfigurable
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wheeled robots for Mars exploration. His research interests include: sen-
sor-based control of robots, sensor fusion and state estimation, and rover
navigation and mobility.

Stergios Roumeliotis received his diploma in electri-
cal engineering from the National Technical
University of Athens (NTUA), Greece in 1995, and
his M.Sc. and Ph.D. degrees in Electrical Engineering
from the University of Southern California (USC),
Los Angeles, CA in 1996 and 2000, respectively.
Between 2000 and 2002, he was a Postdoctoral
Fellow at the Division of Engineering and Applied Science at the

California Institute of Technology, Pasadena, CA. Currently, he is an
Assistant Professor in the Department of Computer Science and
Engineering and a faculty affiliate with the Digital Technology Center
at the University of Minnesota. His research has focused on inertial nav-
igation, sensing and estimation for distributed autonomous systems, sen-
sor networks, and fault detection and identification. He has authored or
coauthored more than 30 journal and conference papers in the above
areas. He was the recipient of the Myronis fellowship (USC, 1998 ~
2000). Finally, he has received grants from the Jet Propulsion
Laboratory (JPL) and the National Science Foundation (NSF) for work
pertinent to autonomous vehicle state estimation.

Max Bajracharya is a member of the Mobility and
Manipulation Group at the Jet Propulsion
| Laboratory, Pasadena, CA. His research includes
. vision-based tracking, manipulation, navigation, and
pose estimation for Mars rovers.

Larry Matthies obtained a Ph.D. degree in Computer
Science from Carnegie Mellon University in 1989,
then moved to the Jet Propulsion Laboratory, where
he is currently a Principal Member of Technical
Staff and supervisor of the Machine Vision Group.

] His research has focused on terrain sensing and
LG, . obstacle avoidance algorithms for autonomous navi-
gation of robotic vehicles. At JPL, he pioneered the development of real-
time algorithms for stereo vision-based obstacle detection and he con-
tributed to the development of the structured light sensor used by the
Sojourner Mars rover. He has also developed algorithms for visual
motion estimation from image sequences, 3—D scene reconstruction
from image sequences, real-time terrain classification using multispec-
tral imagers, and environmental mapping using sonar and stereo vision
sensors. His group currently has research projects on computer vision
for robotic vehicles sponsored by NASA, DARPA, and the US. Army;
these projects include work on navigation of Mars rovers, asteroid and
comet landers, and Earth—based robotic vehicles for urban and cross—
country missions. He is a member of the editorial board of the
Autonomous Robots journal and an adjunct member of the Computer
Science Department at the University of Southern California. He has
also been an invited speaker at the Frontiers of Engineering Symposium
organized by the National Academy of Engineering.
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2008 IEEE International Conference on
Mechatronics and Automation

August 5 - 8, 2008
Takamatsu, Kagawa, Japan

- May 9, 2008
i ﬂ ’

: For, g&iled up-to-date information, please visit the IEEE ICMA2008 conference

Sponsored by IEEE Robotics and Automation Society, Kagawa University,

Takamatsu City, Kagawa Prefecture

Technical Co-Sponsors: Harbin Engineering University, Japan Society of Mechanical Engineers,
Robotics Society of Japan, Japan Society of Precision Engineers, UESTC, CUST, BUT

Call for ®Papers

The 2008 IEEE International Conference on Mechatronics and Automation (ICMA
2008) will take place in Takamatsu, Kagawa, Japan from August 5 to August 8,
2008. Takamatsu is the small city located at Sikoku which is the smallest island in 4
main islands of Japan. Shikoku contains a lot of temples including Zentsu-ji,
where one of the most famous Buddhists, Kukai, was born. In addition, you can
feel the Japanese history through several historical architectures.
The objective of ICMA 2008 is to provide a forum for researchers, educators,
engineers, and government officials involved in the general areas of mechatronics,
robotics, automation and sensors to disseminate their latest research results and
exchange views on the future research directions of these fields. The topics of
interest include, but not limited to the following:

- Intelligent mechatronics, robotics, biomimetics, automation, and control

systems

- Elements, structures, mechanisms, and applications of micro and nano systems

- Teleoperation, telerobotics, haptics, and teleoperated semi-autonomous systems

- Sensor design, multi-sensor data fusion algorithms and wireless sensor

networks

- Biomedical and rehabilitation engineering, prosthetics and artificial organs

- Control system modeling and simulation techniques and methodologies

- Al, intelligent control, neuro-control, fuzzy control and their applications

- Industrial automation, process control, manufacturing process and automation

Contributed Papers: All papers must be submitted in PDF format prepared strictly
following the IEEE PDF Requirements for Creating PDF Documents for IEEE
Xplore. The standard number of pages is 6 and the maximum page limit is 8 pages
with extra payment for the two extra pages. See detailed instructions in the
conference web site. All papers accepted by ICMA 2008 will be indexed by EI and
included in IEEE XploreRr.

Organized Sessions: Proposals with the title, the organizers, and a brief statement
of proposal of the session must be submitted to an OS Chair by January 15, 2008.
Tutorials & Workshops: Proposals for tutorials and workshops that address related
topics must be submitted to one of the Tutorial/Workshop Chairs by March 1, 2008.

Important Dates:

Feb. 15,2008
March 1, 2008
March 31, 2008

Full papers and organized session proposals
Proposals for tutorials and workshops
Notification of paper and session acceptance
Submission of final papers in IEEE PDF format

at:

_ http://www.icma2008.org
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ADVANCED ROBOTICS Call for Papers

Special Issue on Mobiligence

Editor: Prof. Koh Hosoda (Osaka University, Japan)
Guest Co-Editor: Prof. Hitoshi Aonuma (Hokkaido University, Japan)

Publish in Vol. 22, No. 15 (December 2008)

SUBMISSION DEADLINE: February 29, 2008

Animals behave adaptively in diverse environments. However, the mechanisms for the
generation of intelligent adaptive behaviors are not thoroughly understood. Such an
adaptive function is considered to emerge from the interaction of the body, brain, and
environment, which requires that a subject acts or moves. Therefore, the intelligence
for generating adaptive motor function is called mobiligence. Mobiligence is expected
to establish a research organization that integrates biology and engineering.

This special issue will focuses on such various adaptive motor function mechanisms
used by animals and robots. Especially, it will focus on collaborative research in
biology and engineering. Papers on all aspects of adaptive intelligence are welcome,
including, but not limited to the following topics:

¢ Dbiological and physiological examinations of animals

modeling of biological systems

¢ construction and experiments on artificial systems by utilizing robotic
technologies

¢ creation of a hypothesis on mobiligence and its verification

*

Submission: Pdf format file of the complete manuscript should be sent by February 29,
2008 to the office of Advanced Robotics, the Robotics Society of Japan
through our homepage (www.advanced-robotics.org). Sample form of the
manuscript is available at the homepage, too. Also send the same file to
Prof. Koh Hosoda (hosoda@ams.eng.osaka-u.ac.jp) for the confirmation.

JRSJ Vol. 25 No. 8 —BHSE 22— Nov., 2007



B 5 ke

ADVANCED ROBOTICS Vol. 21, No. 11 abstract

Full papers

Robust motion/force control of nonholonomic mobile manipulators using hybrid joints
ZHIJUN LI, CHENGUANG YANG, JUN LUO, ZHUPING WANG and AIGUO MING
Abstract—In this paper, robust force/motion control strategies are presented for mobile manipulators under both
holonomic and non-holonomic constraints in the presence of uncertainties and disturbances. The proposed control
strategies guarantee that the system motion converges to the desired manifold with prescribed performance and
constraint force control is developed using the passivity of hybrid joints rather than force feedback control. Experiment
results validate that not only the states of the system asymptotically converge to the desired trajectory, but also the

constraint force asymptotically converges to the desired force.
Keywords: Nonholonomic mobile manipulators; motion/force control; holonomic constraints; hybrid joints.

Kinematic modeling of wheeled mobile robots with slip
LUIS GRACIA and JOSEP TORNERO

Abstract— This work presents a kinematic modeling method for wheeled mobile robots with slip based on physical
principles. First, we present the kinematic modeling of a mobile robot with no-slip considering four types of wheels:
fixed, centered orientable, off-centered orientable (castor) and Swedish (also called Mecanum, Ilon or universal). Then,
the dynamics of a wheeled mobile robot based on Lagrange formulation are derived and discussed. Next, a quasi-static
motion is considered to obtain the kinematic conditions that provide the slip modeling equations. Several types of
traction models for the slip between the wheel and the floor are indicated. In particular, for a frictional force linearly
dependent on the sliding velocity, the no-slip kinematic equation of the wheeled mobile robot is related, through the
weighted least-squares algorithm, with the slip modeling equations. To illustrate the applications of the proposed
approach a tricycle vehicle is considered in a real situation. The experimental results obtained for the slip kinematic
model are compared with the ones obtained for the well-known Kalman filter.

Keywords: Slippage; sliding friction; traction model; Kalman filter.

Multi-hypothesis localization with a rough map using multiple visual features for outdoor navigation
JOOSEOP YUN and JUN MIURA

Abstract— We describe a method of mobile robot localization based on a rough map using stereo vision, which users
multiple visual features to detect and segment the buildings in the robot’s dimensions and locations of objects so that it
can be built easily. The robot fuses odometry and vision information using extended Kalman filters to update the robot
pose and the associated uncertainty based on the recognition of buildings in the map. We use a multi-hyupothesis
Kalman filter to generate and track Gaussian pose hypotheses. An experimental result shows the feasibility of our
localization method in an outdoor environment.

Keywords: Outdoor mobile robot; vision-based localization; rough map; multiple hypotheses

Short papers

Mechanical design of the humanoid robot platform, HUBO
ILL-WOO PARK, JUNG-YUP KIM, JUNGHO LEE and JUN-HO OH

Abstract—The Korea Advanced Institute of Science and Technology (KAIST) humanoid robot-1 (KHR-1) was
developed for the purpose of researching the walking action of bipeds. KHR-1, which has no hands or head, has 21
d.o.f.: 12 d.o.f. in the legs, 1 d.o.f. in the torso and 8 d.o.f. in the arms. The second version of this humanoid robot,
KHR-2 (which has 41 d.o.f.) can walk on a living-room floor; it also moves and looks like a human. The third version,
KHR-3 (HUBO), has more humanlike features, a greater variety of movements and a more human-friendly character.
We present the mechanical design of HUBO, including the design concept, the lower-body design, the upper-body
design and the actuator selection of joints. Previously we developed and published details of KHR-1 and KHR-2. The
HUBO platform, which is based on KHR-2, has 41 d.o.f., stands 125 c¢m tall and weighs 55 kg. From a mechanical
point of view, HUBO has greater mechanical stiffness and a more detailed frame design than KHR-2. The stiffness of
the frame was increased, and the detailed design around the joints and link frame was either modified or fully
redesigned. We initially introduced an exterior art design concept for KHR-2 and that concept was implemented in
HUBO at the mechanical design stage.

Keywords: HUBO; KHR-3; humanoid; biped walking robot.
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Rendering stiffer walls: a hybrid haptic system using continuous and discrete time feedback
HARI VASUDEVAN, MANOHAR B. SRIKANTH and MANIVANNAN MUNIYAND

Abstract— Instability in conventional haptic rendering destroys the perception of rigid objects in virtual environments.
Inherent limitations in the conventional haptic loop restrict the maximum stiffness that can be rendered. In this paper we
present a method to render virtual walls that are much stiffer than those achieved by conventional techniques. By
removing the conventional digital haptic loop and replacing it with a part-continuous and part-discrete time hybrid
haptic loop, we were able to render stiffer walls. The control loop is implemented as a combinational logic circuit on an
field-programmable gate array. We compared the performance of the conventional haptic loop and our hybrid haptic
loop on the same haptic device, and present mathematical analysis to show the limit of stability of our device. Our
hybrid method removes the computer-intensive haptic loop from the CPU—this can free a significant amount of
resources that can be used for other purposes such as graphical rendering and physics modeling. It is our hope that, in
the future, similar designs will lead to a haptics processing unit (HPU).

Keywords: Haptics; instability; passiveness; continuous time; programmable logic devices.

ADVANCED ROBOTICS Vol. 21, No. 12 abstract

Full papers

Emergent transportation networks by considering interactions between agents and their environment
DAISUKE KURABAYASHI, KATSUNORI URANO and TETSURO FUNATO
Abstract— We have formulated and examined an autonomous organization system for a transportation network system.
In this paper, we have considered costs not only for traversing the network, but also for maintaining some routes on it.
We assume that a working agent utilizes pheromone-like items for navigation. We have formulated a traversing cost of
a route by considering the density of the items, which reflects the density of agents using the route. An agent arranges
its route iteratively, then a whole network converges a state. As the cost function becomes a nonlinear equation, the
topology of the emerged network depends on the resource of the system, i.e., the population of the agents. The results
show that the proposed algorithm can change a transportation network into a feasible topology with a minimum
traversing cost and the properties of a small world network.
Keywords: Emerged network; autonomous agents; small world.

Experience-based imitation using RNNPB
RYUNOSUKE YOKOYA, TETSUYA OGATAL, JUN TANL, KAZUNORI KOMATANI and HIROSHI G.
OKUNO

Abstract— Robot imitation is a useful and promising alternative to robot programming. Robot imitation involves two
crucial issues. The first is how a robot can imitate a human whose physical structure and properties differ greatly from
its own. The second is how the robot can generate various motions from finite programmable patterns (generalization).
This paper describes a novel approach to robot imitation based on its own physical experiences. We considered the
target task of moving an object on a table. For imitation, we focused on an active sensing process in which the robot
acquires the relation between the object’s motion and its own arm motion. For generalization, we applied the RNNPB
(recurrent neural network with parametric bias) model to enable recognition/generation of imitation motions. The robot
associates the arm motion which reproduces the observed object’s motion presented by a human operator. Experimental
results proved the generalization capability of our method, which enables the robot to imitate not only motion it has
experienced, but also unknown motion through nonlinear combination of the experienced motions.

Keywords: Imitation; active sensing; humanoid robot; recurrent neural network.

An omni-directional mobile millimeter-sized microrobot with 3-mm electromagnetic micromotors for
a micro-factory
JIANGHAO LI, ZHENBO LI and JIAPIN CHEN
Abstract— This paper presents an omni-directional mobile microrobot for micro-assembly in a microfactory. A novel
structure is designed for omni-directional movement with three normal wheels. The millimeter-sized microrobot is
actuated by four electromagnetic micromotors whose size is 3.1 mm X% 3.1 mm % 1.4 mm. Three of the micromotors are
for translation and the other one is for steering. The micromotor rotors are designed as the wheels to reduce the
microrobot volume. A piezoelectric micro-gripper is fabricated for grasping micro-parts. The corresponding kinematics
matrix is analyzed to prove the omni-directional mobility. A control system composed of two CCD cameras, a host
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computer and circuit board is designed. The macro camera is for a global view and the micro camera is for local
supervision. Unique location methods are proposed for different scenarios. A microstep control approach for the
micromotors is presented to satisfy the requirement of high positioning accuracy. The experiment demonstrates the
mobility of the microrobot and the validity of the control system.

Keywords: Mobile microrobot; omni-directional; micromotor; micro-factory; kinematics.

A geometric constraint-based approach to force and motion coupling between real and virtual
mechanisms
NACI ZAFER and GREG R. LUECKE

Abstract— This paper presents a new stable controller design for use with a general 6-d.o.f. robotic haptic device. A
virtual manipulator concept is developed that couples the haptic device kinematics with the constraints of a simulated
manipulator. Using impedance-based constraints, the haptic device is controlled to oppose applied forces in directions
orthogonal to the motions of the virtual manipulator. The virtual manipulator kinematics constrains the haptic device
motion, allowing motion to simulate specific virtual mechanisms. The implementation is illustrated using experimental
simulations.

Keywords: Impedance control; haptic display; virtual mechanism; kinematic constraint.

Feeling a rigid virtual world through an impulsive haptic display
EMMANUEL B. VANDER POORTEN and YASUYOSHI YOKOKOHJI

Abstract— In this paper the first haptic display capable of applying a true impulse to the operator is presented. The
applied impulse results in an immediate change of the user’s momentum. Such a change is considered to be invaluable
in making interactions with rigid virtual objects feel realistic. Conventional methods can only approximate impulses by
outputting a constant force over a certain number of sample periods. The quality of these impulses is therefore limited
by the maximum torque of the motor. At high interaction velocities these methods lose realism. The usage of large
motors not only brings along safety issues, it also compromises the feeling of free motion. The new haptic display can
generate an arbitrarily large impulse by continuously adapting the amount of momentum of a momentum wheel. At the
predicted instant of contact with the virtual object, an electromagnetic tooth-clutch is engaged. The momentum wheel is
mechanically connected to the handle of the haptic display and a real, but controlled, collision between the operator and
momentum wheel is realized. The impulse generation part of the device is in fact the first ‘generalized encountered
haptic display’. Like typical encountered haptic displays its influence is not felt in free motion, but in contrast to them
it is not limited to only static encounters, but effectively applicable to make encounters over a full velocity spectrum.
Keywords: Haptic display; impulse-based control; rigid virtual world.

Intention-based walking support for paraplegia patients with Robot Suit HAL
KENTA SUZUKI, GOUJI MITO, HIROAKI KAWAMOTO, YASUHISA HASEGAWA and YOSHIYUKI
SANKAI

Abstract— This paper proposes an algorithm to estimate human intentions related to walking in order to comfortably
and safely support a paraplegia patient’s walk. Robot Suit HAL (Hybrid Assistive Limb) has been developed for
enhancement of a healthy person’s activities and for support of a physically challenged person’s daily life. The assisting
method based on bioelectrical signals such as myoelectricity successfully supports a healthy person’s walking. These
bioelectrical signals, however, cannot be measured properly from a paraplegia patient. Therefore another interface that
can estimate a patient’s intentions without any manual controller is desired for robot control since a manual controller
deprives a patient of his/her hand freedom. Estimation of a patient’s intentions contributes to providing not only
comfortable support but also safe support, because any inconformity between the robot suit motion and the patient
motion results in his/her stumbling or falling. The proposed algorithm estimates a patient’s intentions from a floor
reaction force (FRF) reflecting a patient’s weight shift during walking and standing. The effectiveness of this algorithm
is investigated through experiments on a paraplegia patient who has a sensory paralysis on both legs, especially his left
leg. We show that HAL supports the patient’s walk properly, estimating his intentions based on the FRF, while he keeps
his own balance by himself.

Keywords: Robot suit; paraplegia; walking support; intention estimation; floor reaction force.
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